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Abstract. By using the notion of the subdifferential of a convex function, we state and prove a
new general refined weighted Hardy-type inequality for convex functions and the integral oper-
ator with a non-negative kernel. We point out that the obtained result generalizes and refines the
classical one-dimensional Hardy’s, P6lya—Knopp’s, and Hardy—Hilbert’s inequalities, as well as
related dual inequalities. We show that our results may be seen as generalizations of some re-
cent results related to Riemann-Liouville’s and Weyl’s operator, as well as a generalization and
a refinement of the so-called Godunova’s inequality.

1. Introduction

First, we recall some well-known integral inequalities. If p > 1, then Hardy’s
integral inequality

/0°° (%/Oxf(t)dt)pdxg (l%l)p/:f”(x)dx (1.1)

holds for all non-negative functions f € L(R ), where R, = (0,0). Another impor-
tant inequality, closely related to (1.1), is Hardy—Hilbert’s inequality,

(1@ ) r \" e
/0 (0 mdx) dy < | — /Ofl’(t)dt, (1.2)

T
p

which holds for p > 1 and non-negative functions f € L”(R. ). Moreover, we mention
Pélya—Knopp’s inequality,

/:exp G /Oxlnf(t)dt> dx < e/owf(x)dx, (1.3)

for positive functions f € L (Ry). Since (1.3) can be obtained from (1.1) by rewriting
1
it with the function f replaced with f7 and then by letting p — oo, Pélya—Knopp’s
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inequality may be considered as a limiting case of Hardy’s inequality. Observe that the
P

P . . . .
constants (%) , gmL,,) , and e, respectively appearing on the right-hand sides of
p

(1.1), (1.2), and (1.3), are the best possible, that is, none of them can be replaced with
any smaller constant.

Since being discovered, the above inequalities have been discussed by several au-
thors, who either gave their alternative proofs using different techniques, or applied,
refined and generalized them in various ways. Further information and remarks con-
cerning the rich history, development, generalizations, and applications of inequalities
(1.1) = (1.3) can be found e.g. in the monographs [12,20, 21, 24, 26], expository pa-
pers [6, 14, 19], and the references cited therein. Besides, we also emphasize the pa-
pers [3-5,7-9, 11, 15, 16, 18, 25], all of which to some extent have guided us in the
research presented in this paper.

In particular, recently, it was pointed out by S. Kaijser et al. in [15] that both (1.1)
and (1.3) are just special cases of a much more general Hardy-Knopp’s type inequality,

/Oood)<%/0xf(t)dt)%g/omd)(f(x))%, (1.4)

where @ is a convex function on R4 and f: R4 — R is a locally integrable positive
function. Note that (1.4) follows by a standard application of Jensen’s inequality and
Fubini’s theorem.

On the other hand, E. K. Godunova, [11] (see also [26, Chapter VIII, p. 233]),
proved that the inequality

1 dx
/(I)( /l(y—H...,y—”)f(yh...,yn)dy)
Ri X1 Xn Ri X1 Xn X1 Xn

g/ ) 4 (1.5)

RLX] e Xp

holds for a non-negative function / : R". — R, such that fm I(x)dx =1, a convex
function @ : [0,e0) — [0,c0), and a non-negative function f on R”., such that the func-
tion x — W is integrable on R’} .

Finally, K. Kruli¢ et al. [18] unified the above results by studying the measure
spaces (Q1,21, 1), (Q2,%s, U2), and the general integral operator A defined by

M) =75 [ K90 i), x €20 (1)

where f:Q; — R is a measurable function, &k : Q; x Q; — R is measurable and
non-negative, and

KW= [ kxy)dua(s) >0, xe . (17)
2
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Just by using Jensen’s inequality and Fubini’s theorem, they elegantly proved the weighted
inequality
[ w00 ) dmn () < [ v ) dua (), (18)
1

Q)

k(x.y)
K(x)

where u : Q) — R is a non-negative measurable function, x — u(x)
on Q; for each fixed y € Q,, v is defined on Q; by

) = [ w2 o 19)

is integrable

@ is a convex function on an interval I C R, and f: Q; — R is such that f(y) €1,
for all y € Q,. Some important and useful modular inequalities related to (1.8) can be
found e.g. in [13,17,22].

Although the papers [15] and [18] are fairly new, the role of Jensen’s inequality in
such type of results was known much earlier, e.g. already in [23]. However, the idea
to use the notion of the subdifferential of the convex function @, instead of Jensen’s
inequality, is new and it enables us to get a refinement of (1.8). Therefore, in this
paper we consider the operator (1.6) and prove a refined general weighted Hardy—type
inequality with a kernel, related to an arbitrary convex function. Further, we point out
that our result unifies, generalizes and refines inequalities (1.1), (1.2), (1.3), (1.4), (1.5),
and (1.8), as well as some further results from the literature. Finally, applying it to some
important particular measure spaces, kernels, weights, and convex functions, we derive
a series of new refined Hardy—type inequalities.

The paper is organized in the following way. After this Introduction, in Section 2
we introduce some necessary notation and state and prove our main result in this paper:
a general refined weighted Hardy—type inequality with a non-negative kernel and an
arbitrary convex (or concave) function. Especially, we show that our relation can be
regarded as a refinement of (1.8). In the same section, we discuss some particular cases
of the obtained general inequality, related to power and exponential functions, and to
the simplest possible kernel — the one with separate variables. Further, in the next two
sections, our general results are applied to various one-dimensional settings and the
Lebesgue measure. Namely, in Section 3 we derive refined Hardy and Pélya—Knopp-
type inequalities, as well as their dual inequalities, while Section 4 is dedicated to new
refined Hardy—Hilbert—type inequalities. Among other interesting new results, in Sec-
tion 3 we obtain new refined inequalities related to Riemann-Liouville’s and Weyl’s
operator. On the other hand, in Section 4 we get new refined Hardy—Hilbert’s and
Hardy-Littlewood—Pdélya’s inequality. The paper is concluded with Section 5, where
a particular multidimensional setting is analyzed. As a special case, a new refined
Godunova-type inequality is obtained.

Conventions. Throughout this paper, all measures are assumed to be positive and o -
finite, and all functions to be measurable, while expressions of the form 0 - oo, 8, =,
and £, where a € R, are taken to be equal to zero. By |Q| u We denote the measure of
a measurable set £ with respect to the measure . In particular, we use the symbol | |,
as an abbreviation for | ||.1(q - In addition, by a weight function (shortly: a weight)
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we mean a non-negative measurable function on the actual set, while an interval in R
stands for any convex subset of R. Moreover, Int/ denotes the interior of an interval
I C R. Finally, inequalities like (2.1) are interpreted to mean that if the left-hand side
is finite, so is the right-hand side and the inequality holds.

2. New general refined Hardy-type inequalities with kernels

For readers’ convenience, we introduce some necessary notation and recall some
basic facts about convex functions. Let I be an interval in R and ® : I — R be
a convex function. For x € I, by d®(x) we denote the subdifferential of @ at x,
that is, the set d®(x) = {ax € R : ®(y) —P(x) —a(y—x) >0,y € I}. It is well-
known that d®(x) # 0 for all x € IntI. More precisely, at each point x € Int/ we have
—oo < @' (x) < D, (x) < o0 and dP(x) = [®_(x), D/, (x)], while the set on which @ is
not differentiable is at most countable. Moreover, each function ¢ : I — R such that
@(x) € d®(x), whenever x € Int/, is increasing on Int/.

Now, we are ready to state and prove the central result of this paper, that is, a new
refined general weighted Hardy-type inequality with a non-negative kernel and related
to an arbitrary convex function. It is given in the following theorem.

THEOREM 2.1. Let (Q,%1,u1) and (€;,%, ) be measure spaces with posi-
tive O -finite measures, u be a weight function on 1, k a non-negative measurable
Sunction on Q) x Q,, and K be defined on Q; by (1.7). Suppose that K(x) > 0 for all

x € Qq, that the function x — u(x) ]CI(()E;:)) is integrable on Q| for each fixed y € Q,, and
that v is defined on Qi by (1.9). If ® is a convex function on an interval I C R and

¢ : I — R is any function, such that ¢(x) € d®(x) for all x € Intl, then the inequality

[, OO diat) [ u@(Auf () dia )

1

u(x)
> /Ql K(x) sz(X’Y)\|q’(f(y))—d>(Akf(x))|

—|@(Acf ()] - 1f (y) = Acf ()] | dpia(v) d i (x) 2.1

holds for all measurable functions f:Qy — R, such that f(y) €1 forall y € Q,, where
Arf is defined on Q| by (1.6).

Proof. First, note that for an arbitrary x € €; and the function A, : Q> — R defined by
hy(y) = f(y) —Axf(x), we have

k(xy) y)di(y / k(x,y)f(v)dpa (v / k(x,y)Axf (x)dia(y)
= K()ALf(x) = Auf(x) /Q k(x.y)diir(y) = O. 2.2)

Our next step is to show that A, f(x) € I, for all x € Q;. Otherwise, let xyp € Q; be
such that A;f(xo) ¢ I. In this setting, since I is an interval in R and f(£,) C 1,
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the function Ay, is either strictly positive or strictly negative on €2, and the product
k(x0,y)hx, () has a constant sign on €,. Moreover, by assumptions of Theorem 2.1
we have K(xp) > 0, so there exists a set Q € %5 such that [Q,[,, >0 and k(xp,y) >0
for all y € Q,. Therefore, Jo, k(x0,)hx, (v) dp2(y) # 0, which contradicts (2.2). Thus
Arf(x) €I, x € Q. In particular, if A;f(x) is an endpoint of I for some x € Q; (in
cases when [ is not an open interval), then A, (or —h, ) will be a non-negative function
whose integral over Q,, with respect to the measure u,, is equal to 0. Hence, h, =0,
that is, f(y) = Axf(x) holds for y,—a.e. y € Q;.

To prove inequality (2.1), observe that for all r € Int/, s € I, and any function
@ : I — R such that @(x) € dP(x) for x € Int/, we have

D(s) —D(r)—o(r)(s—r) = 0.
Therefrom,

O(s) = @(r) = @(r)(s—r) = |®(s) = D(r) = @(r)(s — )|
> |[|®(s) = @(r)[ = [@(r)[ - [s = r[[. (2.3)

Substituting r = A f(x) and s = f(y) in (2.3), for Aif(x) € Intl we get

O(f(v) = P(Arf(x) — @ (Acf (x)) (f (v) — Awf (x))
2 [|@(f(v)) = P(Acf (X)) — [@(Arf ()] - 1f (v) = Aef (K] 2.4)

The above analysis provides (2.4) to hold even if A;f(x) is an endpoint of /. In that
case, both sides of inequality (2.4) are equal to O for uy—a.e. y € ;.

Multiplying (2.4) by u(x) kl(;zxy)) > 0 for a fixed x € Q, and then integrating it over
Q, and Q; respectively, we obtain

L o S et du ) awa o)
o, Jo,

.X

/ / k(’ D(Arf(x))diz () d i (x)
Q) JQ, K(x)

[ 52 g 00 (109~ A4 0) s ) 0

> [ [ S 00 - @)
~ 10U W) )~ A )| i) (). @)

By using Fubini’s theorem and the definition (1.9) of the weight v, the first integral on
the left-hand side od (2.5) becomes

[ | e e ertnanean = [ voermann., o
Qp /& Q
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while for the second integral on the left-hand side of (2.5) we have

/ / k D(Arf (x)) dia () d i (x)
Q,JQ,

.X

— [ @A) (ﬁ ) duz<y>) dr (4)

Q

= [ u(x)P(Af(x))du (x). (2.7

Q

Finally, applying (2.2) we similarly get

/ [0 2 (4 1(0)) (1) — At () i) s (o)
Q, /o,

u(x)
Q, K(x)

04 (/kxy Vdua(y ))dul(w:o, (2.8)

0 (2.1) holds by combining (2.5), (2.6), (2.7), and (2.8). O

REMARK 2.1. Let ®@ be a concave function (that is, —® is convex). Then for all
r € Intl and s € I we have

O(r) = D(s) — p(r)(r—s) 20,
and (2.3) reads

O(r) = B(s) = @(r)(r—s) = [@(r) = B(s) = @(r)(r = )|
> [|®(s) = @(r)| = @(r)] - [s =],

where ¢ is an arbitrary real function on I such that @(x) € d®(x) = [/ (x), D’ (x)],
for all x € Int/. Hence, in this setting, (2.1) holds with its left-hand side replaced with

L 1P W) d )~ [ )R driy).

2

REMARK 2.2. Since the right-hand side of (2.1) is non-negative, we get (1.8) as
an immediate consequence of Theorem 2.1 and Remark 2.1. Consequently, our new
result can be regarded as a refinement of the general weighted Hardy-type inequality
(1.8). The same holds also for a concave function ®.

Although (2.1) holds for all convex (or concave) functions, some choices of @ are
of particular interest. Namely, we shall consider power and exponential functions. To
start with, let p € R\ {0} and the function ® : R; — R be defined by ®(x) = x”.
Obviously, ¢(x) = @' (x) = pxP~!, x € R, so @ is convex for p € R\ [0, 1), concave
for p € (0,1], and affine, that is, both convex and concave for p = 1. In this setting,
we get the following consequence of Theorem 2.1.



SOME NEW REFINED HARDY-TYPE INEQUALITIES WITH KERNELS 487
COROLLARY 2.1. Let Q,Q), U1, Uz, u,k, K, and v be as in Theorem 2.1. Let

p €R be suchthat p#0, f:Q; — R be a non-negative measurable function (positive
for p <0), Arf be defined by (1.6), and

Rpif(3) = |[£70) = ALF) = [pl - @I 1) - Af @)l |, 29)

forxeQp, yeQy. If p>1 or p <O, then the inequality

| v 0)duat) - [ utaf ) du )
Q, Q

1

> /gl Iu((();)) o, KOYIRpf(53) Az (v) dpia (x) (2.10)

holds, while for p € (0,1) relation (2.10) holds with
[ w0l du (0~ [ )70 i)
Q Q)
on its left-hand side.

REMARK 2.3. Note that relation (2.10) is trivial for p = 1, since both of its sides
are equal to 0.

On the other hand, for the convex function ® : R — R, ®(x) = ¢°, we have
@(x) = @'(x) = ¢* and the following new general refined weighted P6lya—Knopp-type
inequality with a kernel, which is a generalization and refinement of the classical Pélya—
Knopp’s inequality (1.3).

COROLLARY 2.2. Let Q1,Qp, U1, Us,u,k, K, and v be as in Theorem 2.1 and let
p € R, p#£0. Then the inequality

| v 0)dino) - [ 6L du ()
Q, Q

1

z /gl [’/;(();)) /92 k(x,9)Sp.af (x,y) dpia (v) d s (x) (2.11)

holds for all positive measurable functions f on Qa, where Gy f(x) and S, xf(x,y) are
for x € Qp and y € Q, respectively defined by

Gus ) =exp (s [ g0 )

and

In (2.12)

Spaf(y) = ' 70) — PG| — 1pl 6L ()

o) ‘ ' _
Gif(x)
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In particular, for p =1 we get

[0 - [ uGurdine > [ 225 [ k)
(y) = Gif(x)| = Gi(x) | In Gf;)&)Hduz(y)d,ul(x). (2.13)

Moreover, relations (2.11) and (2.13) are equivalent.

Proof. Apply (2.1) with @ : R — R, ®(x) = ¢, and replace the function f with plnf.
Note that Gyf = exp(Ax(In f)) and Gy f? = G} f, so equivalence of (2.11) and (2.13)
is evident. |

To conclude this section, we consider the simplest kernels k, that is, those with
separate variables. As a corollary of Theorem 2.1 in this setting, we get a refined
general Jensen’s inequality.

COROLLARY 2.3. Suppose Q is a measure space with a positive © -finite mea-
sure W, m € L' (Q, ) is a non-negative function such that |m|, >0, a real function ®
is convex on an interval I CR, and ¢ : I — R is any function such that ¢(x) € 0®(x)
for all x € Intl. Then the inequality

| eI ) = il D4 )
> [ m0) 19 0)) = ©Unf)] ~ 10U 1/0) - Anfl|duly) @14

holds for all measurable functions f :Q — R with values in I, where

1
MJzWHLmMﬂwWU)

If the function @ is concave, the order of integrals on the left-hand side of (2.14) is
reversed.

Proof. Suppose that in Theorem 2.1 we have Q; = Q, u, = u, u € L' (Qq, u;) such
that |u|; > 0, and k of the form k(x,y) = I(x)m(y), for some positive measurable
function [ : Q) — R. Then K(x) = |m|1l(x) and Ayf(x) = Anf €I, x € Q;, while
v(y) = %m(y), y € Q. Thus, (2.1) reduces to (2.14) and it does not depend on Q;, [,
and u. ]

REMARK 2.4. Observe that, for 0 < |Q[, < e and m(y) =1 on Q, we have
|m|; = |Q|, so (2.14) becomes classical refined Jensen’s inequality

IQ‘”/cb D(Af)
>-——1/\vbumw>—defn—w¢cxﬂ\wf@>—AfHduoo
|Q‘M Q
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where

1
AT= g /Q FO)du(y).

3. One-dimensional refined Hardy-type inequalities

In the sequel, the general results obtained in Section 2 are applied to particular
measure spaces, convex functions, weights, and kernels. This enables us to refine and
even generalize some important inequalities previously known from the literature.

First, we consider an one-dimensional setting, with intervals in R and the Le-
besgue measure, to get refined Hardy and Pélya—Knopp-type inequalities, as well as
related dual relations. In the following theorem, we state and prove a refinement of a
Hardy-type inequality obtained by S. Kaijser et al. in [16].

THEOREM 3.1. Let 0 <b < e and k: (0,b) x (0,b) — R be a non-negative mea-
surable function, such that

K(x):/oxk(x,y) dy >0, x€(0,b). 3.1

Let a weight u: (0,b) — R be such that the function x — @ . klgxy)) is integrable on

(y,b) for each fixed y € (0,b), and let the function w : (0,b) — R be defined by

_[Pk(xy) dx
=), Ko W

w(y)

If @ is a convex function on an interval  CR and @ : I — R is such that ¢(x) € 0P(x)
for all x € Intl, then the inequality

b dy [ dx bu(x) [*
[ wreron S - [Cuweng@) S [T [«

X [[P(f(y)) = P(Af (X)) = [@(Arf ()] - 1f () = Awf ()] \dy% (3.2)

holds for all measurable functions f : (0,b) — R with values in I and for A;f defined
by

Af(x) = ﬁ [ Kx)0) dy. x€ 0.0) (3.3)

If the function @ is concave, the order of integrals on the left-hand side of (3.2) is
reversed.

Proof. Denote Ty = {(x,y) € R2 : 0 <y <x< b} and set Q; =Q, = (0,b) in Theorem
2.1. Relation (3.2) follows from (2.1) by replacing du;(x), dus(y), u(x), and k(x,y)

respectively with dx, dy, @, and k(x,y)xr, (x,y). In this case, (1.6) reduces to (3.3),
while (1.7) becomes (3.1). Moreover, w(y) = yv(y), y € (0,b). O
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REMARK 3.1. Since the right-hand side of inequality (3.2) is non-negative, Theo-
rem 3.1 can be seen as a refinement of Theorem 4.1 in [16]. In particular, for k(x,y) =1,
x,y € (0,D), and the classical Hardy’s operator

i@ =1 [ 70y xe (0.0)

we get a refinement of Theorem 1 in [9], that is, the refined Hardy—type inequality for
convex functions,

[ o0 2 [ uesn &

0
b u(x) X
> [TE5 [ 1000 — @(H £~ (£ (W) () ~ HF ()] |y,
where ,
u(x
W) =y “O) gy € (0.0).
y X
Observing that the right-hand side of the above inequality is greater than

' i dx
[ ut) [ 100 - otr)lay G

b X dx
= [ u@ ot [ 170 —HF@dy S,

we obtain Theorem 2.2 in [4]. Therefore, Theorem 3.1 generalizes the result mentioned.

Applying Theorem 3.1 to power and exponential functions, we get the following
two corollaries.

COROLLARY 3.1. Let 0 < b < and k, K, u, and w be as in Theorem 3.1.
Let p € R be such that p #0, [ be a non-negative measurable function on (0,b) (f
positive for p <0), and let Aif and Ry, f be defined by (3.3) and (2.9) respectively.
If p>1o0rp<Q0,then

b b » b
/O w(y)f? (y)?— /0 u(x)A? f(x)%; /0

u(x)
K(x)

* d
/(; k(x7y)Rp7kf(x7y)dy7xv (34)

while for p € (0,1) the order of integrals on the left-hand side of (3.4) is reversed. If
p =1, then both-hand sides of (3.4) are equal to 0.

COROLLARY 3.2. Let 0 < b < oo, k, K, u, and w be as in Theorem 3.1, and let
p € R be such that p # 0. If f is a positive measurable function on (0,b),

Gof(x) = exp (ﬁ [k 1nf<y>dy) Lxe (0.5),
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and Sy, 1 f is defined by (2.12), then

b b ¥ b u(x X ¥
[0 L [Cumetro > [0 [ st . ¢s)

Moreover, for p =1 we have

[ 002 - [(utcsn D > [ 80 [k

f (y) ‘ dx
Grf(x) x

(¥) = Gif(x)| = Gi(x) | In (3.6)

and relations (3.5) and (3.6) are equivalent.

The above results can be applied to some important particular kernels. Namely,
in the following example we discuss refined Hardy and Pélya—Knopp-type inequalities
related to the Riemann-Liouville operator

Rif ) = % [ (=9 f ), @)

where y € R;. Of course, for y =1 we have R; = H, that is, the classical Hardy’s
integral operator.

EXAMPLE 3.1. Suppose 0 < b < o y € Ry, and T is as in the proof of The-
orem 3.1. If u(x) = 1, k(x,y) = L (x— ) Lyr (x,y), and Ryf(x) is as in (3.7), then
inequality (3.2) reads

[ (=2 oon 2= [[ewgwn Ly [ [ -

dx
X | |@(f(y)) — PRy f ()| — |@(Ryf(X))] - | £ () Ryf(x)deW» (3.8)

so we obtained a refinement of Example 4.2 in [16].

As in Corollaries 3.1 and 3.2, relation (3.8) can be considered with @ being a
power or exponential function. In particular, let p,k € R be such that k;—l >0, fbea
non-negative function on (0,b) (positive for p < 0), and

x k=177-1
v = [[1=() 7| o e 00)

X

Rewrite (3.8) for ®(x) = x” and substitute blﬁ_’l and f (yﬁ> yﬁ*1 instead of b and
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f(y) respectively. After suitable variable changes, for p > 1 and p < 0 we get

k—1

(o) L[ ()] e o
() £ [ -] s

Sl [ -]

s -T2 Ryt

=

X dydx

dydx|, (3.9)

while for p € (0,1) the order of integrals on the left-hand side of (3.9) is reversed. Note
that for y = 1 inequality (3.9) reduces to the refined strengthened Hardy’s inequality
from Corollary 3.1 in [4]. Moreover, for b = o and p = k we obtain a refinement of
classical Hardy’s inequality (1.1).

On the other hand, for y =1, ®(x) = ¢*, a positive function f on (0,b), f(y)
replaced with In(yf(y)), and

610 =exp (4 [“ns0)ay). x 00)

relation (3.8) becomes

dx
2

[ (1=3) 100~ [ Gromax= [ [esst) -xGreoay

_/Oth(x)/Ox m(eyf(y))’dy@

xGf(x) X

so we obtained the refined strengthened Pélya—Knopp’s inequality from Corollary 3.3
in [4]. In the case when b = oo, we get a refinement of classical P6lya—Knopp’s in-
equality (1.3). U

, (3.10)

We continue by formulating results dual to Theorem 3.1 and its corollaries. They
are derived from Theorem 2.1 by similar arguments. The following theorem is dual to
Theorem 3.1.

THEOREM 3.2. For 0 < b < oo, let k: (b,0) x (b,0) — R be a non-negative
measurable function, such that

K'(x)z/:k(x,y) dy>0, x € (b,o), 3.11)
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and a weight u : (b,0) — R be such that the function x — @ . % is integrable on

(b,y) foreach fixed y € (b,e°). Let the function w: (b,o) — R be defined by

sy [TRy) L dx

W(y> - b k(x) u(‘x> X .

If @ is a convex function on an interval  CR and @ : I — R is such that ¢(x) € 0P(x)
for all x € Intl, then the inequality

= dy > - dx > u(x) [
| o) T - [ uwedw) T > | m / K(xy) x

x| @(f () = @A f (x))| = [@(Af (x))| - | F () de— (3.12)
holds for all measurable functions f : (b,o) — R with values in I and for Aif defined
by

/ k(x,y)f(y) dy, x € (b,eo). (3.13)

If the function ® is concave, the order of integrals on the left-hand side of (3.13) is
reversed.

Proof. Let T = {(x,y) € RZ : b < x <y < }. Inequality (3.12) follows directly
from Theorem 2.1, rewritten w1th Q =Qp = (b,»), duy(x) =dx, duy(y) =dy, and

with @ and k(x,y)xr, (x,y) instead of u(x) and k(x,y). Note that (1.6) and (1.7)
respectively become (3.13) and (3.11), while w(y) = yv(y), y € (b,0). O

REMARK 3.2. Note that Theorem 3.2 provides a refinement of Theorem 4.3 in
[16]. Furthermore, by setting k(x,y) = %, x,y € (b,o°), and denoting

/f —xe ;%)

inequality (3.12) reduces to the following reﬁned dual Hardy—type inequality for convex
functions:

[ ameron - [Cuwerm <
y b X
> [Tut) [T 11000) - @ £09)] - oAg )] 0) ~ A5 | G

where L
W) =+ [ utdx,y € (b.).
Yy Jb

Since the right-hand side of this inequality is not less than

N - d
|, ) [ et - @) 5 d

. i - o
- [ lotas) [ [70) ~ )] S5 ],
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as a consequence of our result we get Theorem 2.3 in [4].

The next two corollaries are dual to Corollary 3.1 and Corollary 3.2.

COROLLARY 3.3. Let 0 < b < oo and let k, K, u, and w be as in Theorem 3.2.

For p eR, p # 0, and a non-negative measurable function f on (b,oo) (f positive for
p <0), let Aif be defined by (3.13) and

Rpsf () = |[£70) = ALF)| = Il e )] | £3) = A (o)

for x,y € (b,o0). Then the inequality
o d 0 d © © - d
[ a2 = [Cuwitre S [ 2 [ kR ey

(3.14)
holds for p > 1 and p < 0. For p € (0,1) the order of integrals on the left-hand side
of (3.14) is reversed, while for p =1 its both-hand sides are equal to 0.

COROLLARY 3.4. Suppose that p € R\ {0}, 0 < b < o, and that k, K, u, and
W are as in Theorem 3.2. If f is a positive measurable function on (b,o),

ka(>—exp( /kxylnf( )dy) x € (be),

and

/)
Gif(x)

Sy (y) = \ 1£7) — GL()| — 1pI G2 () [in

’, %y € (byos),

then the inequality

= dy * dx * u(x) [ ~ dx
J, a0 e) T = [ Tz s [ enStenas T
(3.15)
holds. In particular, for p =1 we have
il dy o u(x)
|| #0000 S = [ a6 / %o / x.3) X
— Gif (x)| — Gi(x (3.16)

and relations (3.15) and (3.16) are equivalent.

We conclude this section by giving results dual to those from Example 3.1, that
is, by explicating refined Hardy and PSlya—Knopp-type inequalities related to Weyl’s
fractional integral operator

o d
W) =y [ -0 ) i (3.17)

where y € R, . Note that W; = H, that is, for y = 1 we get the classical dual Hardy’s
integral operator and related inequalities.
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EXAMPLE 3.2. Let 0< b <, y€R,,and T, be as in the proof of Theorem 3.2.

For u(x) =1, k(x,y) = v (v — )" xz, (x,¥), and Wy f(x) as in (3.17), inequality
(3.12) becomes »

[ (1-2) eron 2 [Commsm Ly [ [ o0

< [|@(f () = Wy f (x))] = [0 Wy f(0))] - | f () Wyf(X)Hyffld (3.18)

Now, we apply (3.18) to power and exponential functions. Namely, let p,k € R
be such that (£ > 0, f be a non-negative measurable function on (b,e0) (f positive

for p <0),
Lk 71
Wit =" [1 - (y) ’ r F()dy, x € (b,e0),

r

1-k
and ®(x) = x”. Rewrite (3.18) with b7 and f (yik>y*k instead of b and f(y)
respectively. After some variable substitutions, for p > 1 and p < 0 we obtain the
inequality

A
g (V(lp—k))p l/b XT_l/x ll_<§> r ¥l x
p

dydx|. (3.19)

x 'f(y) _U-hy (f) v W)

For p € (0,1), relation (3.19) holds with integrals on its left-hand side written in the
reverse order. Moreover, if ¥ = 1, then (3.19) becomes the refined strengthened dual
Hardy’s inequality from Corollary 3.2 in [4].

In the case when ¥ = 1, ®(x) = ¢, f is a positive function on (b,e0), and

%) = exp (x/xmlnf(y)%>  x€ (byoo),
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after substituting In(yf(y)) instead of f(y), relation (3.18) reads

éém<1——> ) dx— / Gfm
—/h G (x >/x n(éjéﬁ(l))

that is, it is reduced to the refined strengthened dual Pélya—Knopp’s inequality given in
Corollary 3.4 in [4]. O

yf — xGf (x) —2y

y2

)

4. One-dimensional refined Hardy-Hilbert-type inequalities

We continue the above analysis by considering some important kernels related to
Q; =, =R, and by assuming that dy, (x) = dx, dup(y) =dy, and that ®: R, — R
is given by ®(x) =x”, where p € R, p # 0. In this setting, Corollary 2.1 provides new
refinements of some well-known one-dimensional Hardy—Hilbert—type inequalities.

First, we obtain a generalization and a refinement of classical Hardy—Hilbert’s
inequality (1.2). It is given in the following example.

EXAMPLE 4.1. For p e R\ {0}, let s € R be such that == p_z > —1 and the ker-
IMkﬂzeRM®mmm%@ﬁ:@y;@ﬂOSMMx<J?—lih4>
be arbitrary and the weight u : R, — R be given by u(x) = x*~!. Set

-2 —2 -2 -2
C1=B<S—— +1 +a+l> and C2:B<S +17S—/+1>,
p 4 p p

where B(-,-) denotes the usual Beta function. Suppose f is a non-negative function on
R4 (positive for p < 0) and

R t)
Af(x)_[) (x—|—y) dy7XER+7

is its generalized Stieltjes transform (see e.g. [2] and [27] for further information).
2—s
Corollary 2.1, rewritten with f(y)y » instead of f(y), implies that the inequality

Clcp 1/ yoc S+1fp dy / (s—1)(p— 1Apf()

s—2

il =2 [ N
>l [ / —
0 x+y-‘

AP~ f(x)
~Jpl [ e [P
0o (x+y)
holds for p > 1 and p < 0, while for p € (0,1) it holds with the reverse order of
the integrals on its left-hand side. In particular, for & =0 we get a refinement of

x(s—l)(p—l)-H

e}

PO - AP f(x)| dydx

4.1

dydx
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the general Hardy—Hilbert—type inequality from [28], with the best possible constant
C= Cp —Bp(‘ 2—|—1 +1>. Moreover, for p > 1, x =0, and s = 1, we have

_ _ 1 1 _
Ci _c2_3<1—7,7) = G

Hardy-Hilbert’s inequality (1 2). |

Z_ . so relation (4.1) provides a new refinement of classical

In the next example, we generalize and refine classical Hardy—Littlewood—Pdlya’s
inequality.

EXAMPLE 4.2. Let the real parameters p, s, ¢, and the weight function u be as

ﬂ
in Example 4.1. Define the kernel k : RZ — R by k(x,y) = (£) 7 max{x,y}~* and for
a non-negative function f on Ry (positive for p < 0) set

dy, x e R,.

¥) = / fo)
o max{x,y}*
Finally, denote

pp's
(p+s=2)(p' +s-2)

pp's

D =
! (p—pa+s—2)(ap' +p +s—2)

and D, =

Applying the same procedure as in Example 4.1, we obtain that the inequality

Dle 1/ yoc s+1fp dy / (s—1)(p— lef()
0 o max{x,y}

B |p‘/°°xa+(s—1)(p—1) = L' f(x)
0 0

max{x,y}*

x(s—l)(p—1)+1

—— L f(%)

P 2—s dvd
Py P ydx

s=2

1 =24 s2
fy) - oY Lf(x)| dydx

4.2)

holds for p > 1 and p < 0, while for p € (0,1) it holds with integrals on its left-hand

. . . / P,
side given in the reverse order. Note that the constant C = D} = [W] is

the best possible for the Hardy—Littlewood—P6lya—type inequalities with & = 0. As a
special case, for p > 1, « =0, and s =1, we get D| = D, = pp’, that is, relation (4.2)
is a new refinement of the classical Hardy-Littlewood—P6lya’s inequality (see [12] for
further details). U

REMARK 4.1. A similar approach can be applied to obtain refined inequalities
involving the generalized Stieltjes transformation defined by

_ ("B cela
0= || o pe < @)

where —eo < a < b < o and p is a positive, continuous and strictly increasing function
on (a,b) (see Remark 4.6. in [10] for further details).
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To calculate integrals in our last example of refined Hardy—Hilbert—type inequali-
ties, we used the well-known reflection formula for the Digamma function v,

2

< Inx _, ,
x %dx = 1—a)+
/Ox_1 V(1= )+ (o) = —5—.

where o € (0,1) (for details on y see [1]).

EXAMPLE 4.3. Asin previous examples, let p € R, p#£0. For o € (0,1), let the
o
kernel k be defined on R2 by k(x,y) = =i <X) and the weight u: R, — R by

—x \»y
u(x) = xP, where B € (—a—1,—1). For a non-negative function f on R, (positive
for p <0), let

“Iny—Inx

Mf(x) :/0 ny(y)dy, xeR,.

Corollary 2.1, applied with the function y — f(y)y®* instead of f, then implies the
inequality

2P

" ypoctB g d —/wxp(”BMp x)dx
sinz(p‘l)nwsinzn(a—i-ﬁ / PRI dy f)
( v ) / O,+ﬁ/"°lny—lnx oy
sino
2p
x f”(y)y”“—<$) XPEMP f (x)

° “Iny—1
_|p‘/0 xpa+ﬁMp—1f(x)/ ny—mx

dydx

0 y—x
. 2 o
x| f) = T2 (;) Mf(x)| dydx 4.3)

for p>1 and p < 0, while for p € (0,1) the order of integrals on the left-hand side
of (4.3) is reversed. Especially, for p > 1, o = —, and 8 = —1, the left-hand side of

(4.3) becomes
(Sm_> | sreay- /M”f

Since the above expression is positive (unless f = 0) and bounded from below by a
positive constant, relation (4.3) provides a generalization and a refinement of another
classical Hardy—Hilbert—type inequality. ]

5. Refined Godunova—type inequalities

In previous two sections, Theorem 2.1 was considered only in various one-dimen-
sional settings. Since it covers much more general situations, we conclude this paper



SOME NEW REFINED HARDY-TYPE INEQUALITIES WITH KERNELS 499

by applying it to n-dimensional cells in R”, . As a consequence, a generalization and a
refinement of Godunova’s inequality (1.5) is derived.

Before presenting our results, it is necessary to introduce some further notation.

Foru,v e R, u= (u1,us,...,uy), v=(vi,v2,...,v,), let

u up up u

—=(—,—,...,= ) and u’ =u]'u?---u).

v vi v Vi
I ticul 1_y1m o2 n N2 d -1 _ n et h _
nparticular, w' = [T, u;, w* = ([T, u;)", and w™" = ([T, ;) , where n= (n,n,...,n)
forne {—2,-1,0,1,2,}. We write u < v if componentwise u; < v;, i=1,...,n

Relations <, >, and > are defined analogously. Finally, we denote (0,b) = {x e R" :
0 <x<b} and (b,0) = {x €R": b < x < o}.

Applying Theorem 2.1 with Q; = Q, =R’} , the Lebesgue measure dp;(x) = dx
and di(y) = dy, and the kernel & : R”, x R — R of the form k(x,y) =1 (%), where
[ :R% — R is a non-negative measurable function, we obtain the following theorem.

THEOREM 5.1. Let | and u be non-negative measurable functions on R}, such

y
that 0 < L(x) = x! fm I(y)dy < oo for all x € R}, and that the function X — u(X) ZL((’;))

is integrable on R’ for each fixed y € R’} . Let the function v be defined on R’ by

y
W(y) = / u(x) ZL((Xg dx.

If ® is a convex function on an interval I CR and @ : I — R is any function, such that
©(x) € dD(x) for all x € Intl, then the inequality

[y @Gy [ ux)@(as ) dx

> / , % / 11(%)R¢,zf(x,y>dydx 5.1)

holds for all measurable functions f: Rl — R with values in I, where A;f(x) and
Ro f(x,y) are for X,y € R respectively defined by

afw) == [ 1(Y) ryay

L(x) X
and

Ro1f(x,y) = [|@(f(y)) = ®(Af (X)) = [@(Af (X)]- [F(¥) —AS )] (5.2)

If the function @ is concave, the order of integrals on the left-hand side of (5.1) is
reversed.

Especially, for fm I(t)dt =1 and u(x) = x!, Theorem 5.1 becomes the follow-
ing refinement of Godunova’s inequality (1.5).
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COROLLARY 5.1. Let [ : R} — R be a non-negative measurable function and
fR’; I(t)ydt = 1. If ® is a convex function on an interval I CR and ¢ : I — R is any

Sunction, such that @(x) € d®(x) for all x € Intl, then the inequality
dy <2
O(f(y) = — | D(Af(x / / R(p f(x,y)dydx  (5.3)

R y Jre

holds for all measurable functions f: R} — R with values in I, where

A =x [ 1(2) r)ay. xemy,

X

and Re 1 f is defined by (5.2). If @ is concave, the integrals on the left-hand side of
(5.3) are given in the reverse order.

To conclude the paper, we give n-dimensional analogues of some results from
Section 3, that is, some new multidimensional refined general Hardy—type inequalities.
These results can be regarded as refinements of those obtained in [25]. Namely, the
following theorem is a refinement of Lemma 2.1 in [25].

THEOREM 5.2. Suppose that 0 <b < oo, that u is a weight on (0,b), such that

the function X — % is locally integrable in (0,b), and that the weight w is defined

by
dx
W) =y [ a5 yeOb),
(y;b) x?
Let @ :1— R be a convex function and ¢ : I — R be any function, such that ¢(x) €
D(x) forall x € Intl. If f:(0,b) — R is a measurable function, such that f(y) € I

Sforall y € (0,b), and Hf(x) and Ref(X,y) are for X,y € (0,b) respectively defined
by

Hf(x)=x1[ f(y)dy

(0.x)
and
Rof(x,y) = [|D(f(y)) —P(HS(x))| - [@(Hf(x))|- [f(y) —Hf(X)]],
then

dy dx
fo RN T [ utxroirr) oy

dx
> /(o,m”("’ /(O’b)Rq)f(x,y)dyX—z. (5.4)

If ® is concave, the order of integrals on the left-hand side of (5.4) is reversed.

Proof. Let S; = {(x,y) e R%. xR : 0 <y <x<b} and Q; = Q, = (0,b). The proof

follows directly from Theorem 2.1, applied with du; (x) = dx, dus(y) =dy, k= s, ,

and with u(x) replaced with &1‘) Note that w(y) = ylv(y). O
X
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REMARK 5.1. Observe that for u(x) = 1 we have w(y) = (1— %)1.

Our last result is dual to Theorem 5.2 and provides a refinement of Lemma 2.3
in [25].

THEOREM 5.3. For 0 < b < oo, let u: (b,) — R be a locally integrable weight
in (b,e0), and the weight w be given by

w(y) =y ' [ u(x)dx, y € (b,eo).
(by)

Suppose @ : I — R is a convex function and @ : I — R is any function, such that
©(x) € 0D(x) forall x € Intl. If f: (b,e0) — R is a measurable function, such that
f(y) €I forall y € (b,), and Hf(x) and Ref(x,y) are for X,y € (b,o) respectively
defined by

. 1 dy

Hf(x) =x fy) =

(x,00) y

and

)

Rof(x,y) = |®(f(y)) - ®(Hf(x))| - [@(Hf(x))| | f(y) — Hf ()

then the inequality

dy ~ dx
[ B @RUEN T [ a0
- dy
2/(1,,00)”(}() (x7w)R¢f(X’y)y_2dX (5.5)

holds. If the function ® is concave, the order of integrals on the left-hand side of (5.5)
is reversed.

Proof. Let $> = {(x,y) € R xR’ :b<x<y <o} and Q; = Q) = (b,0). The proof
follows directly from Theorem 2.1, rewritten with the Lebesgue measures du; (x) = dx,
du(y) = dy, the kernel k(x,y) = y‘zxs2 (x,y), and with the weight “X) instead of

x1

u(x). Note that w(y) = ylv(y). O

1
REMARK 5.2. Observe that for u(x) =1 we get w(y) = <1 - ly—’) .

Of course, all results obtained in this section can be rewritten with particular con-
vex (or concave) functions, for example, with power and exponential functions. This
leads to multidimensional analogues of corollaries and examples from Section 3. Due
to the lack of space, they are omitted.
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