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HARDY-TYPE INEQUALITIES VIA CONVEXITY
STEN KAIISER, LUDMILA NIKOLOVA, LARS-ERIK PERSSON AND ANNA WEDESTIG

(communicated by S. Saitoh)

Abstract. A recently discovered Hardy-Pdlya type inequality described by a convex function is
considered and further developed both in weighted and unweighted cases. Also some corre-
sponding multidimensional and reversed inequalities are pointed out. In particular, some new
multidimensional Hardy and Pélya-Knopp type inequalities and some new integral inequalities
with general integral operators (without additional restrictions on the kernel) are derived.

1. Introduction

The classical Hardy inequality reads

07 %O/Xf(r)d; pdxs (%)p(ffp(x)dx, p> 1L (L.1)

It was proved in 1925 by G. H. Hardy in [7] but it has also an interesting prehistory, e.g.

it was formulated almost in the paper [6]. By replacing f with f 7 in (1.1) and letting
p — oo we obtain the limiting inequality

7exp —/lnf( /f (1.2)

0 0

This inequality is many times referred to as Knopp’s inequality, with the reference to
the paper [11]. However, inequality (1.2) was known before and Hardy himself (see
[7, p. 156]) claimed that it was G. PSlya who pointed it out to him (probably by using
just the limit argument above). Note that the discrete version of (1.1) is surely due to

P
T. Carleman [2]. We also remark that the constants (p%l) and ¢ in (1.1) and (1.2)

are sharp. The inequalities (1.1) and (1.2) have been investigated and generalized in
several directions, e.g. one chapter of the book [14] is devoted to this subject. Moreover,
there are two books ([12] and [17]) completely devoted to this subject. We also refer
to the references in these books and the classical book [8]. For some complementary
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historical remarks connected to this development we also refer to [13]. Concerning
several proofs, generalizations and the history of Carleman’s inequality we refer to [9]
and the references given there. Recently it was pointed out by S. Kaijser et al. in [10] that
both (1.1) and (1.2) are just special cases of the much more general (Hardy-Knopp

type) inequality
/ / o) & < o) (13)

0

where @ is a convex function on (0, c0). And obviously, (1.3) just follows by using a
standard application of Jensen’s inequality and the Fubini theorem. This idea was further
developed and applied in the thesis [18] and [5]. Concerning some new developments
in the theory of convex functions in this connection we also refer to the book [15].

In this paper we generalize the crucial inequality (1.3) in various ways and point
out some corresponding applications. In Section 2 we prove some multidimensional
versions of (1.3) and also some corresponding reversed inequalities for concave func-
tions. Moreover, we point out that these results imply new multidimensional versions
of (1.1) and (1.2) and the corresponding reversed inequalities. In Section 3 we prove
some weighted versions of the results in Section 2 and derive the corresponding gen-
eralizations of Hardy and Pélya-Knopp type inequalities. Finally, in Section 4 we
prove some new results of the type (1.3), where the Hardy operator H defined by

Hf (x) =1 j S (¢)dr is replaced by the more general integral operator Hx defined by
H () = g [ Ky o
X) = X
KX Y y)ay,
0
where K(x j k(x,y)dy and k(x,y) > O without any further (e.g. Oinarov type)

restrictions on the kernel. Also results for the dual operator of Hg are proved and
it is pointed out that most of the results in [5] follow by just using our results with
k(x,y) = 1. Hence our results unify, generalize and complement also several other
recent results e.g. some results in [3], [4], [19] and [20].

Conventions. Throughout this paper all functions are assumed to be positive and
measurable and expressions on the form 0 - oo, 5= and 8 are taken to be equal to zero.
Moreover, by a weight # = u(x) we mean a non-negative measurable function on the

actual interval or more general set.

2. A multidimensional Hardy-type inequality

In this Section we prove and discuss the following Hardy-type inequality:

THEOREM 2.1. Let 0 <b; < o0, i=1,2,...,n (n€Z;), —c0o<a<c< oo
and let ® be a positive function on [a,c].
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(a

) If @ is convex, then

by b

[~
X1

0 0 0
T dx,...d

X1 Xn X1...dx,
<o oFG,. ) (1=22) (1) e

/ / (f(XI X))< bl) ( bn) X1 Xp
0 0

Sor every function f on (0,b) such that a < f (x) < c.
(b) If @ is concave, then

by b
//cp
0 0
by bn
>/ /(I)(f(x ) 1__ 1__ dx; ...dx,
> Tyeeesy X by .. by 7)(1,,,)("7
0 0

Sor every function f on (0,b) such that a < f(x) < c.

Here and in the sequel the notations b, x, etc. as usual means b = (by, b, . .., b,),
X = (X1,X2,...,%),... and b < x means that b; < x;, i =1,2,...,n

dxi ... dxy
J)dy . dr, | S (2.1)

X1...X

dx; ...dx,

X1...Xp

dll .dt,

Proof. Let ® be convex. Then, according to Jensen’s inequality and the Fubini
theorem, we have

Y dx, .. .d
/.../cp t)dty .. dr, | S
X1 ... X
0 0
by by x Xn
g// /.../(I)(f(tl,...,tn))dtl...dt,, X2 x2dxy L dxy,
0 0
bl n

:/ /CID(ftl,..., / /xl cea X, 2dxy .. .dx, | dry .. .dt,
t dt; ...dt,
() 1—— 1—— ) —.
/ / (ftl’ ’ ))( bl) ( bn> f...1,

By making the same calculation with @ concave we see that only the inequality sign
will be reversed and the proof is complete. [

By choosing ®(7) = # in Theorem 2.1. we obtain some natural multidimensional
forms of the classical Hardy and reversed Hardy inequalities.

COROLLARY 2.2. Let 0 <d; < o0, i=1,2,...,n (n€Zy).
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(@) If p>1 or p <0, then

dy dp
0 0

p

g(sl, coySp)dsy . odsy | dyr .. dy, (2.3)

p—1

| T
< 1) / / y1>"'7yn _<d_1>
Yn %
- (2 L dyn,
(dn) dyi....dy

Sor each positive function g on (0,d).
() If 0 <p <1, then

/ / " / /g StyeevySp)dsy...dsy | dyy...dy, (2.4)
< P > / /8py1>~-~7Yn 1_(_1>
4

N
P
1(—") dyy ...dyy,
Yn

Sor each positive function g on (0,d).

REMARK 2.1. For the case n = 1, p > 1, the improvement (2.3) of Hardy’s
inequality was proved in [5]. It has been known for a long time that Hardy’s inequality
(for n = 1) in fact holds also for p < 0. See e.g. [1] and the book [12] and the
references given there. This multidimensional generalization of these facts seems to be
new.

Proof. Apply (2.1) with ®(u) =u?, p > 1 or p < 0 and we obtain that

T .
// tdt .. dhy | S (2.5)
X1...Xp
0 0
y; X1 dxy . ..dx,
<o e, (1= (=) S B
/ /f(xl x)( b1> ( b,,) P
0 0

p=1 p=t  _p_
Let p > 1. Now, first put ; = 5;* in (2.5) and thenlet x; = y;* , bf™' =d;
for i = 1,2,...,n. Then the proof of (2.3) follows by defining the relation between
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the functions f and g by

P p—1 p—l g 1
P P P )
flx? %", x X Py U xn T =g (X, X)),

The proof of the case p < 0 is completely similar. Moreover, for the case 0 < p < 1
the function @ is concave and the proof of (2.4) follows in an analogous way by

applying (2.2).
The proof is complete. [

By choosing ®(7) = exp(#) in Theorem 2.1. and replacing f by Ing” we obtain
the following multidimensional form of the so called Pdlya-Knopp’s inequality:

COROLLARY 2.3. Let 0 < b; < o0, i=1,2,...,n. If p >0, then
1
by P P

/ /exp

lng oo dll .dt, dx; ...dx,

by bn ;
/.../g”(xl,... ( )dxl Ldx, |,
0 0 =1

Tl

Sor each positive function g on (0,b).
Proof. 1t is obviously sufficient to prove the inequality for the case p = 1. By
applying (2.1) with ®(u) = expu and replacing f by Inf we obtain that
bl bn

dxy ...dx,
/.../exp lnf fyee ty)dt . dny | ST (206)
X1...X,
0 0
T d dx; . ..dx,
X1 .
e Xy l—— | ———
/ /f(X1, X)H< b,) X1 ... X
0 0 =l
The proof follows by using this inequality with g(xi,...,x,) = % g

REMARK 2.2. For the case n = 1 Corollary 2.3. was proved in [3] by using
another technique (via a mixed mean inequality).

REMARK 2.3. By instead applying (2.2) with ®(u#) = Inu and replacing f by
expf we obtain the following reversed version of (2.6) :

by by
dx .. .dx,
/.../ln expf (t1,...,t,)dt .. .dt, b Kl
X1...Xp
0 0
bl bn n d d
X1 - Xn
> s Xy l—— ) —— |,
/ /f(xl X)H< bl> X1...Xp
0 0 =l

which we think is new also for n = 1.
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3. On the weighted case

Our main result in this section reads:

THEOREM 3.1. Let 0<p<g<ooand 0 <b; < oo, i=1,...,n. Let ®(x)
be a positive and convex function on (a,c), —o00 < a < ¢ < oo, and let u(x) and
w(x) be weight functions on (0,b) such that a < f (x) < c¢. Then

N

q
by bn 1 X1 Xn P d d
X1...dXy
// () /.../f(tl,...,t,,)dtl...dtn W(X1, ey Xy) ————
X1...Xp X1...Xp
0 0 0 0

1
by bn P

<C /.../(I)(f(xl,...7)6,,))l,t()cl,...7)c,,)M
0 0

X1...Xp

holds for some finite positive constant C if

1 by by
fr.. b \? —(4 —(4
A= sup ! coo [ w(x)x (1) e Xn ("H)dxl ...dx, < 00.
u(t) !
1 In

0<t;<bi

_Q=

Moreover, if C is the least constant for (3.1) to hold it yields that
C<A.

Proof. We apply first Jensen’s inequality and then Minkowski’s inequality and find
that

Q-

q

by by

X1 Xn
1 dx,...dx,
// ) /.../f(tl,...,tn)dtl...dtn w(xl,...,xn)u
X1...Xp X1...Xp
0 0 0 0

X Xn P

N

1

bn
[-]\&
<
X1...Xp
0 0

by by by bn

< 0/...0/@(f(rl,...,tn))tl.-.tn% /,_./W(X)xl—(%ﬂ)

dxi...dx,
/.../CD(f(tl,...,t,,))dtl...dt,, WXL, ..., ) ke
X1...Xp

0 0

=



HARDY-TYPE INEQUALITIES VIA CONVEXITY 409
Thus, (3.1) holds with C = A so the proof is complete. [

REMARK 3.1. If p = g, then Theorem 3.1. implies that for ® convex

by by X1 Xn
1 dx;...dx,

. | P t, ..., 1)dt...dt, Sy X)) ————— 3.2
/ / xl...xn/ /f(17 In)dty Wt o ) X1 Xy (3.2)
0 0 0 0

by by
dt; ...dt,
<A1/.../(I)(f(tl,...J,,))u(tl,...t,,)tlit,
1---in
0 0
where
by by
,...t dx; ...dx,
A= s —_— | ... ey X)) —————. 33
! 0<,];l£biu(t1,...tn)/ /W(XI X) X%...X% ( )
h In

Moreover, by modifying the proof of Theorem 3.1. we find that if @ is concave, then
(3.2) holds in the opposite direction with (3.3) replaced by

by by

Ay = inf M/.../w(xl,...,xn)m. (3.4)

0<u<biu(ty, ... 1,) Xj...x2
n n

EXAMPLE3.1. Inthecase p = ¢, w = 1 and u(xy, ..., x,) = (1 - Z—i) (1 — 2—’;)

a simple calculation shows that A = A, = 1 (A; and A, are defined by (3.3) and
(3.4)) and we get (2.1) and (2.2)).

4. Hardy-type inequalities with a general kernel

In this section we consider the following general Hardy-type arithmetic mean

operator:
X

% / Kry)f O)dy, x>0, (4.1)
0

Akf (x) :== e

where f (x) is real-valued and measurable, k(x,y) is measurable and nonnegative, and

X

K(x) := /k(x,y)dy.

0

We also consider the natural limit (geometric mean) operator
X

Gif (x) = exp ﬁ / k(x,y) Inf (3)dy

0
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There are some results concerning the mapping properties of these operators (see
e.g. [16] and the book [12] and the references given there) but we need always to
assume some extra assumptions on the kernel k(x,y) (i.e. that it satisfies the so called
Oinarov condition). Here we will present some results which can be achieved without
any restriction on k except that it is nonnegative. We start by stating the following
elementary but surprisingly powerful generalization of many forms of the classical
Hardy and Pélya-Knopp inequalities (see e.g. the examples and remarks below).

THEOREM 4.1.  Let u be a weight function on (0,b), 0 < b < oo, and let
k(x,y) =0 on (0,b) x (0,b). Assume that k(%())cu)&) is locally integrable on (0, b) for
each fixed y € (0,b) and define v by

b

v(y) ::y/ kl((x(’x);) u(x)% < oo, ye€(0,b).

y

If @ is a positive and convex function on (a,c), —o0o < a < ¢ < 00, then

X

b b
Jeug@unT < [T,
0 0

forall f with a <f(x) <ec, 0<x<b, where Ak is defined by (4.1).

Proof. By using Jensen’s inequality and the Fubini theorem we find that

b X

b
Jeug@uws = [o| o [kro | uns
0

0

= [ e o)ay | un

dx

0
b
/
b b
— [oron | [ grtteonto |
0 y
b
/

(x)

dx
<

The proof is complete. [
For the special case k(x,y) = 1 we have:
COROLLARY 4.2. Let u be a weight function on (0,b), 0 < b < oo, and let

b
v be defined by v(y) =y [ @dx. If @ is a positive and convex function on (a, c),
y
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—o0o < a<c< oo, then

/b(I) }C/Xf()’)dy u(x)% < /b(l)(f(x))v(x)%7
0 5 /

Sorall f suchthat a < f(x) <c¢, 0 <x<b.

REMARK 4.1. The result in Corollary 4.2. was also recently presented and dis-
cussed in [5, Theorem 1]. For the unweighted case see also [10].

EXAMPLE 4.1. By applying Theorem 4.1. with ®(x) = expx and replacing f
by Inf? we obtain the following generalization of the Pdlya-Knopp type inequality
(see [9] and [12] and the references given there):

X

b p b
[ |ew | 5 [remroiar || a0 < [repeS p>o. @2
0 0 0

where k(x,y), K(x), u(x) and v(x) are defined as in Theorem 4.1.

REMARK 4.2. By applying (4.2) with p =1, u(x) =1 (and hence v(x) = 1—7)
we get

/ I b
O/eXp ﬁo/k(x,y)lnf(y)dy %g O/f(x) (1 B %) %7

which is a generalization of (14) from [5] and hence we can get e.g. the results from
their Corollary 2 (i) with oo = 1, in particular that

b X b

/exp }C/lnf(y)dy xfdx < / 17 - VxEdx.

0 0 0

EXAMPLE4.2. Let k(x,y) = & (x—y)" "1 if 0 <x <y, and k(x,y) = 0 if x > y.
Then K(x) = 1 and

/ WY 0)dy = Ryf (1), 7 >0,
0

where R, is the Riemann-Liouville operator. If u(x) = 1, then v(x) = (1 — 3)”, and
the inequality from Theorem 4.1. reads

b b
[ownwE < [ogw (1-5) 2
0 0



412 STEN KAUSER, LUDMILA NIKOLOVA, LARS-ERIK PERSSON AND ANNA WEDESTIG

In particular, for the case ®(x) =x”, p > 1 or p < 0 and k > 1 we get, after some
variable substitutions and changes of notations,

x p

b
/xy<k;11>+1 /(xk%l_t’%l)%lf(t)dt dx
0 0
() Jrol =) ] o

Note that if ¥ = 1 we get Corollary 1 (i) from [5] and an equivalent form is

b

/ i/xf(t)dt pxgdx< <#>p/bfp(x) [1_ (%)"ﬁg]xedx, (4.3)
0 0

0

where p>1lorp<0Oand € <p—1.

REMARK 4.3. For the case b = co (4.3) reads

[ee] X P i
(8] e (i) Jracacecomran
0 0 0

which for the case p > 1 is the most elementary form of weighted Hardy’s inequality
(see [8]). By making some substitutions we find that (4.4) can be equivalently rewritten
on the basic form ( (1.3) with ®(u) = )

o x r o

1 dx dx

= i s 4.
[ 5[] E< [ows (43)
0 0 0

1te

p—1—¢
where f (1) = g(t’ 7 )t~ 7 . Note that (4.5) also holds for p = 1. This shows that
(4.4) in fact is not more general than the unweighted Hardy inequality (1.1) because
both equivalently be rewritten on the same form (4.5).

REMARK 4.4. The fact that Hardy’s inequality holds also for the case p < 0,
b = oo was known earlier (see e.g. [1] and the references given there). Our approach
give both cases p < 0 and p > 1 directly as a consequence of Theorem 4.1. Some
other new information concerning the case p < 0 can also be found in the PhD thesis
[16] of V. D. Prokhorov.

Now let K(x) := [ k(x,y)dy < co and define

k%g



HARDY-TYPE INEQUALITIES VIA CONVEXITY 413

Then from Jensen’s inequality we have

@ (Ag(f (x) %/ (f (v)) k(x,y)dy, x > 0.

By making similar calculations as in the proof of Theorem 4.1. we also have the
following:

THEOREM 4.3. For 0 < b < o0, let u be a weight function such that kxp)ux) Kzt)()()

locally integrable on (b, 00) for every fixed y € (b, 00). Let the function v be defined
by

is

v(y):y/%dx<oo y € (b, 00).
b

If @ is a positive and convex function on (a,c), —oo < a < ¢ < 00, then

g W < [ oW,

X

Sorall f with a <f(x) <c¢, 0<x<b.

REMARK 4.5. Infact Theorem 4.3. may be seen as a generalization of [5, Theorem

2]. This fact can be seen by choosing k(x,y) = iz Then K(x f Sdy = 1,

and

Adf (x / e

THEOREM 4.4. Let l <p < g<oo, 0<b< o0, s€(l,p),let ® beaconvex
and strictly monotone function on (a,c), —oo < a < ¢ < 00, and let Ak be a general
Hardy type operator defined by (4.1). Then the inequality

and the statement follows.

Our final result reads:

1
b D

[ 1@ e i) /wv 0% (46)
0
holds for all functions f (x), a < f(x) <¢, x €[0,b], if

>
Q-

A(s) == sup / (";{’&?) uV T E ) VT < o, (4.7)

0<t<b X
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t ’
Vlfp (X)

holds, where V(1) = [ =7 dx. Moreover, if C is the best possible constant in (4.6),
0 X
then X
1N\
C< inf <” >” As). (4.8)
I<s<p \p— S

Proof. First we apply Jensen’s inequality to the left hand side of (4.6), and get

1 ~
q b x q

b
[oagwruw) < [ |o ﬁ [ty | |
0 0 L 0
b T X q ‘Li
1 dx
< / T / Ko )@ (1) di| ()™

Thus we can give an upper bound for the inequality (4.6) if we can prove the following
estimate:

b X q cli b
1 dx dx
0/ ) O/k(x, Ho (f (1)) dt u(x); <C O/CDP(f(x))v(x)y . (4.9)
Now let CD”(f(x))@ = ®(g(x)) in (4.9). Then (4.9) is equivalent to
b q X 1 4q d é b IL’
1 t P X

0/ i / 0ot ) () ar| w® | <c / @(g())dx

(4.10)

We apply Holder’s inequality, Minkowski’s inequality, (4.7) and find that

1
q q

J i oo ()’ ] st

b [ x q q
1 1 s=1 —(=1 _11 dx
_ ( O/ o 0/ ke )F (2(0) V) T V)T v P u(
b [ x % X ,%
< ( / / ¥ (5.0 (5(1) vw*m] [ / vOF 0 e | £

I
7 N\
e ]
\
—_
~_
~ -
o .
<
=
N
L]
Py
og
=
S~—
<
=
|
QL
-~
<<
-
¥
=
X =
|~
1)
)
=&

_I—
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<(’;‘1)’% O/b<1><g<r>>v<r>f-l / oo () & Pl
<(’;_1)#A<s> 0/b<b<g<r>>dr;

Hence (4.10) and, thus, (4.9) holds with a constant C satisfying the inequality (4.8)
and the proof is complete. [

EXAMPLE 4.3. Let ®(x) =x, k(x,#) =1 and p = g in (4.6). Then we get the
following Hardy inequality

b ] X P d ILF b d P
[ 3 [roa) o) <c| [eropwT) o @
X x x
0 0 0
for which the well-known Muckenhoupt condition reads (see e.g. [12] or [17])
L 1
Foa (e N
t
A:= sup /u(t)f”— / 4 —dt < 0. (4.12)
0<x<b t t=r
X 0
Moreover, for the best constant C in (4.11) it yields that
1
C < (p))7 prA. (4.13)

If we now takein p =2, b =1, u(x) = x*> and v(x) = x(1 — x) we get the following
inequality:

2

1 / x 2 3 1
/ /f(t)dt }Cdx <C /fz(x)(l —x)dx | . (4.14)
0 0 0

By using the weight characterization (4.12) and the estimate (4.13) we get that
C < 1n4<1.386294361.

Obviously the condition (4.7) is fulfilled for the weights we have chosed and using the
estimate (4.8) with s = 1.27 we get that

C <1.131316436

which is a much better estimate of the best constant C in (4.14).
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REMARK 4.6. Example 4.3 illustrates the important fact that in Theorem 4.4. we
have a scale of conditions (one for each s € (1,p)) and in each case we get an upper
estimate of the best constant. Therefore, we get more possibilities to get better estimates
of the best constant then by just using the (single) Muckenhoupt condition.
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