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1 Introduction

The Hilbert inequality is one of the most important inequalities in mathematical
analysis. Applications of this inequality in diverse fields of mathematics have cer-
tainly contributed to its importance. After its discovery, the Hilbert inequality was
studied by numerous authors, who either reproved it using various techniques, or
applied and generalized it in many different ways. For a comprehensive inspection
of the initial development of the Hilbert inequality, the reader is referred to a
classical monograph [14].

Nowadays, more than a century after its discovery, this problem area is still of
interest to numerous authors. In 2005, Krni¢ and Pecari¢ [17] established a unified
treatment of Hilbert-type inequalities with a general measurable kernel and weight
functions. Here we just refer to Hilbert-type inequalities from [17] regarding a
homogeneous kernel and power weight functions. Namely, if p and g are non-
negative mutually conjugate exponents, that is, if % + é =1,p>14q9 >1,
then
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where K : Ri — R is a non-negative homogeneous function of degree —A, A > 0,
f.g : R+ — R are non-negative functions such that f,g # 0 a.e. on R, and
1 1

L =k{ (pA)k] 2—A1—qA), ki(e) = [5° Ki(1,)17*dt. Of course, Ay and A,
are real parameters such that all integrals in above inequalities converge.
Inequalities (1) and (2) are equivalent. Considering (1) with the kernel
K,(x,y) = (x + y)_1 and parameters A} = A, = ﬁ, it follows that A = 1
and L = 7, so (1) reduces to one of the earliest versions of the Hilbert inequality
(for more defails, see [14]). Hence, inequalities related to (1) are usually referred to
as Hilbert-type inequalities. On the other hand, inequality (2) and its consequences
are referred to as Hardy—Hilbert-type inequalities, since (2) is a generalization of the
classical Hardy inequality (for more details, see [17]). In this paper, for the reason
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of simplicity, a whole class of inequalities related to (1) and (2) will sometimes be
referred to as Hilbert-type inequalities.

In paper [17], authors also derived discrete versions of inequalities (1) and (2),
i.e., the relations
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which hold under some stronger conditions. Namely, when dealing with discrete
Hilbert-type inequalities, some integral bounds are used for certain sums. Usually,
such sums may be recognized as the lower Darboux sums for the corresponding
integrals. Therefore, inequalities (3) and (4) hold if in addition K, is strictly
decreasing in each argument, and parameters A; and A, are chosen so that pA, > 0
and2 — A — gA; > 0. Moreover, (a,;,)men and (b,),en are non-negative sequences,
not identically equal to zero, and we assume convergence of all series appearing in
(3) and (4).

Considering inequalities (1)—(4) with parameters 4; and A, fulfilling condition
pAr + qA; = 2 — A, the constant L reduces to L = kj(pA,). It was shown
that such constant is the best possible in the corresponding inequalities (for more
details, see [18,24]). Hilbert-type inequalities may also be considered in the setting
of non-conjugate exponents (see [10, 11]), but in that case there is no evidence that
the constants appearing in the corresponding inequalities are the best possible. For
comprehensive accounts on Hilbert inequality including history, different proofs,
refinements and diverse applications, we refer to recent monograph [19] and
references therein.

In the last few years, considerable attention is given to a class of Hilbert-type
inequalities where the functions and sequences are replaced by certain integral or
discrete operators. As an example, the classical Hardy operator f % fox f()dt
represents the arithmetic mean in integral case. Such inequalities may be derived
by virtue of Hilbert-type inequalities from this Introduction and several well-known
classical inequalities, such as the Hardy, the Knopp inequality etc. But the most
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interesting fact in connection with this topic is that the constants appearing in these
inequalities remain the best possible.

The present work is a review article of research of several authors in this area.
More precisely, this paper is based on some 15 significant papers dealing with
Hilbert-type inequalities including some integral and discrete operators (such as
above mentioned classical Hardy operator), published in the course of the last few
years. All results that will be discussed refer to homogeneous kernels and involve
the best constants on their right-hand sides.

The paper is divided into six sections as follows: After this Introduction, in Sect. 2
we introduce notation and list some important classical inequalities necessary for
studying Hilbert-type inequalities including classical means operators. In Sect. 3,
we present the recent result about a unified treatment of two-dimensional Hilbert-
type inequalities including classical mean operators in both integral and discrete
case. To illustrate the technique, some proofs are also given, as well as some
applications. Further, Sect. 4 deals with the so-called half-discrete case, while in
Sect. 5 we discuss an extension to a multidimensional case. Finally, in Sect. 6, we
discuss several new Hilbert-type inequalities involving some differential operators.

Since the present work is based on numerous papers written by different
authors, the terminology in the paper is not quite unified. However, to avoid
misunderstandings, some extra notation and definitions are presented when it is
necessary.

2 Notation and Preliminaries

Throughout this paper L?(Ry), p > 1 denotes the space of all Lebesgue

measurable functions f : Ry — R such that || f|lLrr,) = ('[R+ |f(t)|Pdt)% <
oo. Similarly, [?, p > 1, denotes the space of all real sequences a = (a,),en such
that [lall;, = (X, |an|1’)% < o0. In addition, L? (R4, ¢), where ¢ : R4 — R
is a non-negative measurable function, stands folr the weighted Lebesgue space with
the norm || fllzr @4 = (fr, 9OIf(O)]Pdt)? < co.

Hilbert-type inequalities we deal with in this article will often contain constants
expressed in terms of some special functions. Throughout this article B(-,-) stands
for the usual Beta function B(a,b) = fol t7N(1 = 1)P=Ydt, a,b > 0, while I'(-)
denotes the usual Gamma function defined by I'(a) = fR+ t“le=t dt,a > 0.

Besides Hilbert-type inequalities presented in the Introduction, we will need
several other important inequalities. The first of them is the well-known Hardy

inequality
1 x P p P
/ (—/ f(t)dt) dx < (—) fP(x)dx, (5)
Ry \X Jo p—=1) Jr,
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which holds for p > 1 and for all non-negative functions f : Ry — R, provided
that 0 < || f|lzr(ry) < o0. Its discrete version asserts that

2(3%n) () Ex
— ay <|— a;,

=1 \"" i r—1) = '

where p > 1 and a = (a,),en is a non-negative sequence such that 0 < |la||;» <
oo. It should be noticed here that the constant (#)p is the best possible in both
inequalities. For comprehensive accounts on Hardy inequality including history,
different proofs, refinements, and diverse applications, we refer to recent monograph
[21] and references therein.

Observe that the Hardy inequality includes arithmetic mean in integral and
discrete case. We shall also be occupied with the corresponding inequalities
including a geometric mean. The integral version of such inequality is known as
the Knopp inequality, i.e.,

1 X
/]R+ exp (;/0 log f(t)dt) dx < e/l;+ f(x)dx, @)

while its discrete version is known as the Carleman inequality:

n

1
Z ( ak) < eZa,,. ®)
n=1 \k=1 n=1

The constant e appearing in both inequalities is the best possible (see [23]).
In 2005, Yang [31] derived the corresponding inequalities equipped with a
generalized harmonic mean. Namely, integral version asserts that

X % 1
/ ) (—f(; = dl) dx<ant [ rwa ©

holds for r > 0, while its discrete analogue holds for 0 < r < 1:

00 1
Z ( n )r

~n =
e\ k=1 4

Moreover, Yang also proved that inequalities (9) and (10) include the best constant
1+ r)%. In accordance to [31], inequalities (9) and (10) will be referred to as the
integral and discrete Hardy—Carleman inequality.

For the reader’s convenience, we define integral arithmetic, geometric, and
harmonic mean operators <7, %, 3¢ : L?(Ry) — L?(Ry) by

<+ an. (10)

n=1
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@ e = [ roa.

@ )(x) = exp (% [ 1o f(t)dt) ,
X

NG = T

Obviously, the above operators are well-defined since inequalities (5), (7), and (9)
may, respectively, be rewritten as

P
19/ Flerey < 21 oo an
1
19 fllLrey) <e? |l fllLery)s (12)
1
1 f iy < (1 + ;) T (13)

Moreover, since these inequalities include the best constants on their right-hand
sides, we are able to compute norms of the corresponding integral operators.

ot
” f”Lp(R*), it follows that ||.«7| = -Z, and

Namely, since ||</| = supfﬁm p=

similarly |4 = e7. | ] =1+ L.
Discrete versions of means operators «, ¢, % : L?(Ry) — L?(R4), i.e., the
operators &7, 9, 7 : [P — I? are defined by

(%a)n _ Zk 1ak

(?a)n = (l—[ ak)n )
k=1

— n
(%a)n =
Zk pap!
With this notation, discrete inequalities (6), (8), and (10), respectively, read
— )4
l«alir < lallir, (14)
p—1
— 1
[“allir < erllalr, (15)

— 1
17alir < (1 + ;) lall. (16)
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Clearly, due to the best constants, above inequalities provide norms of the corre-

sponding operators, that is, || .<7|| = #, 19 = e%, and |7 =1 + %.

3 Hilbert-Type Inequalities Involving Means Operators

In this section we deal with two-dimensional Hilbert-type inequalities, in both
integral and discrete case, involving arithmetic, geometric, harmonic, as well as
some related operators. It should be noticed here that the inequalities appearing in
this section refer to non-negative conjugate parameters p and ¢, i.e., to parameters
suchthat 1 +1 =1, p > 1,andg > 1. A pair of non-negative conjugate parameters
will be denoted in this way throughout the whole paper.

We start this overview with some particular results involving arithmetic mean
operators ./ and 7.

3.1 Some Particular Results

In 2010, based on the Hardy integral inequality, Das and Sahoo [12] obtained
the following pair of Hilbert-type inequalities involving the arithmetic mean
operator .7 .

Theorem 1 ([12]). Ifr, s, A are positive real parameters such that A = r + s, then
the inequalities

xr_iys_%
XY Py >
/R+ /R+ (x + y)* (o f)(x) (' g)(y)dxdy

< pgBr, ) fller@pllglie®y) (17)
and
X1 P
[/R +y”“"1(R+m(ﬁff)(x)dX) dy} <aBE D flrmy (18)

hold for all non-negative functions f, g : Ry — R such that 0 < || f'||Lr(ry) < 00
and 0 < ||g||Lery) < oo. In addition, the constants pqB(r,s) and qB(r, s) are the
best possible in the corresponding inequalities.

It should be noticed here that some particular cases of inequality (17) were
studied in [28], few years earlier. Furthermore, with the assumption A > 2, Das
and Sahoo also proved a discrete version of Theorem 1.
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Theorem 2 ([12]). Letr,s > 0 and A > 2 be real parameters such that A = r + s.
Then the inequalities

1 1

o 0 r—f s
n;;; m +n)* (@) (7 b)n < pgB(r.s)lallir [b]la (19)
and
0 -~ L -
|:,,Z=:1 P51 (ngl #(Ea)no :| < gB(r,s)|al» (20)
hold for all non-negative sequences a = (am)men and b = (by)nen satisfying

0 < |lallir < 0o and 0 < ||b|1a < oo. In addition, the constants pgB(r,s) and
qB(r, s) are the best possible in the corresponding inequalities.

Observe also that reference [13] provides the corresponding result for the kernel
1/ max{x*, y*}, with the best possible constant. Moreover, Adiyasuren and Batbold
[3] also obtained some related inequalities:

Theorem 3 ([3]). Let o and B be such that p > +.q > %,0 <a, B <1,andlet
A,s,r > 0withs + r = A. Then the inequalities

/ %(d ) (x) (< g)P (y)dxdy
Ry Jr, max{x*, y*}
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hold for all non-negative functions f, g : Ry — Rsuchthat0 < || f*||Lr@,) < 00

and 0 < || gf |l ery) < 0o. In addition, the constants appearing on the right-hand
sides of (21) and (22) are the best possible.

Theorem 4 ([3]). With the assumptions of Theorem 3, inequalities
/R /R |A (df)a(x)(dg)ﬂ(y)dxdy <(B(s,1—X) + B(r,1 = 1))
+ JR4

ap \*( Bg \' P
“ 23
(255) (5255) 1 I le s @3
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and
1
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hold for all non-negative functions f, g : Ry — R suchthat 0 < || f*||Lr@y) < 00

and 0 < ||g? a4y < 00. Moreover, the constants appearing on the right-hand
sides of (23) and (24) are the best possible.

All inequalities in this subsection are simple consequences of Hilbert-type
inequalities (1)—(4) and the Hardy inequality. For the proofs of the best possible
constants, the reader is referred to the corresponding references.

3.2 A General Homogeneous Kernel

Observe that all results in the previous subsection have a homogeneity in common.
Now, we give an extension of Theorems 1-4 to a general homogeneous case.
Throughout the whole paper, we deal with the constant

ca(s) = K, (1,0)t " dt,
R4

where K : Ri — R is a non-negative homogeneous function of degree —A and s
is a non-negative real parameter. Observe that ¢, (s) = k(1 — ), where k(-) is the
constant appearing in relations (1)—(4).

It should be noticed here that Sulaiman (see [29, 30]) investigated some related
results with a homogeneous kernel, without considering the problem of the best
constants.

In already mentioned reference [3], Adiyasuren and Batbold derived a pair of
Hilbert-type inequalities with the arithmetic mean operator <7, referring to a general
homogeneous kernel.

Theorem 5 ([3]). Let o and B be such that p > é,q > %,O <a,B <1, and

let s +r = A, where A,s,r > 0. Further, let K, : R%I— — R be a non-negative
homogeneous function of degree —A, provided that

0<cu(s) <00,0< | Ki(lup' 7 Pdu<oco,0< | Ki(l,upu' "1 *du<co.
Ry Ry
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Then the inequalities

/ Ka(x, y)X" 19" 77 (o £)*(x) (7 )P (y)dxdy
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and
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1
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hold for all non-negative functions f, g : Ry — Rsuchthat0 < || f*||rm) < 00

o B
and 0 < ”gﬁ”Lq(R+) < 00. In addition, the constants (a;fl) (%) ca(s) and

(a;‘fl) ¢, (s) appearing in (25) and (26) are the best possible.

Remark 1. Clearly, if K3(x,y) = (x + y)™ and « = B = 1, Theorem 5 reduces
to Theorem 1. In a similar manner, Theorem 5 also represents an extension of
Theorems 3 and 4.

Recently, Adiyasuren et al. [5] derived discrete analogues of relations (25) and
(26), as well as the corresponding analogues with geometric and harmonic mean
operators in both integral and discrete case. We first give the corresponding integral
results including operators ¢4 and 7.

Theorem 6 ([S]). Let r, s, A be non-negative real parameters such that A = r + s.
Further, suppose K, : Rﬁ_ — R is a non-negative homogeneous function of degree
—A such that 0 < ¢, (s) < oo. Then the inequalities

/ Ka (v y)x" 4y 5@ £) ()@ g) (y)dxdy
Ry JRy

<e-aa@flrepliglea®y) 27)

and

1

P P
|:/ yrsl ( Kx(x,y)xr_;(%f)(x)dx) dy] <ercx@fllerey
]R+ R+
(28)
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hold for all non-negative functions f.g : Ry — R such that 0 < || f||Lr®,) < o0

and 0 < | gllrewry) < oo. In addition, the constants e - ¢;(s) and e%cx(s) are the
best possible in (27) and (28).

Theorem 7 ([5]). With the assumptions of Theorem 6, the inequalities
1 1
/ Ky (x, )X "0y "0 (A f)(x) (A g)(y)dxdy
Ry JRy

1
b (2 " E) @I @ lglee@y) 29)

and

1

p P
[/ y'“—l( Kx(x,Y)xr_‘;(c%ﬂf)(x)dx) dy]
Ry Ry
< (1 + %) @S (30)

hold for all non-negative functions f,g : Ry — Rsuchthat 0 < || f||Lr®,) < 00
and 0 < ||g|lLary) < oo. In addition, the constants (2+ p—lq)CA (s) and (1 + %)CA (s)
are the best possible in the corresponding inequalities.

The methods of proving Theorems 57 are quite similar. For an illustration, we
give the proof of Theorem 6.

Proof (Proof of Theorem 6). The starting point in the proof is inequality (1) with

—S

parameters A} = %, Ay = 17, and with functions f and g, respectively, replaced

by X (¢ f)(x) and ys_%(%g)(y), that is, the inequality
pl o1
/ Kyp(x,y)x ey (4 f)(x)(Gg)(y)dxdy
Ry JRy
< ka1 =Y fllerep¥gllLary) = aONG fllr@pll9 ey
Now, due to the Knopp inequality (12), it follows that | f || Lr &) < e% I/ ey

and [|9gllLe®,) < eé lgllLa (&), which yields inequality (27). Similarly, inequality
(28) follows from Hardy-Hilbert-type inequality (2) and the Knopp inequality.
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In order to prove that inequalities (27) and (28) involve the best constants on their
right-hand sides, we first suppose that there exists a positive constant C, smaller than
e - ¢)(s), such that the inequality

1

/R A Ka(x.y)x" "0y 0 (& ))& g)(n)dxdy < C| f Loy gl o)
+ /R4
€1y

holds for all non-negative functions f, g : Ry — R with 0 < || f|lLr®,) < oo and
0 < llgloey) < oo. )
Considering the above inequality with functions f, g : Ry — R defined by

~ 1, 0<x<l1 N 1, O0<y<l1
SX)=9 "1 =1 8 =1 1 ==
e rx » ,x>1 et/yq,yzl
where ¢ > 0 is sufficiently small number, its right-hand side reduces to
~ - C 1
Clfllr@plgliomy = — e+ ) (32)

On the other hand, since

(@) (x) = § Lo, =<l

er wx r ,x>1

and
~ L, 0<y<l1
(gg)(y) = § e_e  —el
ed yay 4 |y > 1
the well-known Fubini theorem and the change of variables ¢ = % imply the

following series of relations:
bl 1, .
[ [ xwow T @) w@e) sy
Ry JRy
0o oo bl 1 B ;
- [ [ Ko T T @ Hm @Ry
o0 o0 £ £ £ £
:/ / Ky (x, y)x" "7y e et T T dxdy
1

o0 o0 X . e
> / / Ki(x, y)x" "7~y e dxdy
1 1
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o0 o0 .
/ x ! / K,(1,0) "« "dedx
1 '

1 00 . o) 1 .
= —/ KA(l,t)t“_T‘dt+/ x‘f“/ Ky(1, )¢« 'drdx
€ J1 1 1

1 © —_£_ 1 £ _
:-(/ Ky(1,6)t ‘dz+/ K,(1,0) s ldt). (33)
& 1 0

Now, multiplying both sides of inequality (31) by &, relations (32) and (33) yield
inequality

o0 e ! e 1
/ Ky(1,0) "4 1dt+/ K10t ‘dt<c(e+—).
1 0 e

Finally, when & goes to 0, it follows that e - ¢) (s) < C, which is in contrast to our
hypothesis. Therefore, the constant e - ¢ (s) is the best possible in (27).

It remains to show that e%c 1 () is the best possible constant in (28). Similarly to

1
above discussion, suppose that there exists a constant C’ smaller than e ” ¢, (s) such
that inequality

Y
[/ yﬂf—l( Kux,y)x"—é(%f)(x)dx) dy} <Clf lurmy
Ry R

holds for all non-negative functions f : Ry — Rsuchthat 0 < || f||zrr,) < 00.
Then, utilizing the well-known Holder and the Knopp inequality, we have

/ Ko(x, )X "1y 77 (G £)(x)(@g) (y)dxdy
]R+ R+

= / ( Kux,y)x"‘éy““é(%fxx)dx) (@2)(y)dy
Ry \JRy

P »
< [/ yps=l (/ KA(X,y)xr_‘i(gf)(x)dx) dy} 198l )
Ry Ry

1
<C'et|l fllr@y)lglliLa@y),

1
which results that the constant e - ¢, (s) is not the best possible in (27), since C'ed <

11 . -
ca(s)eres = e - cy(s). This contradiction completes the proof.

In order to prove Theorem 5, it is necessary to use Hardy integral inequality
(5), while the proof of Theorem 7 is accompanied with Hardy—Carleman integral
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inequality (9). Of course, to establish the best constants in these theorems, it is
necessary to find suitable functions to obtain contradiction, as in the proof of
Theorem 6 (for more details, see [5]).

Paper [5] also provides discrete versions of Theorems 5-7, including discrete
means operators </, ¢, and #. Discrete Hilbert-type inequalities are more
complicated than the integral ones. Namely, in order to derive discrete forms of
the corresponding integral inequalities, it is necessary to estimate certain sums by
integrals, which requires some extra conditions regarding a kernel and the weight
functions.

Theorem 8 ([S]). Let r, s, A be real parameters such that 0 < r,s < 1 and A =
r + s, and let K : Ri_ — R be a non-negative homogeneous function of degree
—A, strictly decreasing in each argument, such that 0 < ¢, (s) < oo. Then the
inequalities

SN Kamomym' ™00 (@) (Fb), < pger)llallin (bl (34)

m=1n=1
and
00 00 r %
s—1 r—i —
[Z"” (Z K (m.mym ,,(m,)m) } <qa@lale (33
n=1 m=1
hold for all non-negative sequences a = (ay)men and b = (by)nen satisfying

0 < |lallir < coand 0 < ||b|lis < oo. In addition, the constants pqcy(s) and
qca(s) are the best possible in the corresponding inequalities.

Theorem 9 ([S]). With the assumptions as in Theorem 8, the inequalities

S S Kalmonym' ™ in" " @a)u @b < e - ca()lalli bl (36)

m=1n=1

and

==

[’} o0 P
[Zn"rl (Z Kx(m,n)mr_;(ga)m) ] <erca(s)llall 37

n=1 m=1

hold for all non-negative sequences a = (am)men and b = (bp)yen, 0 < |lallir <

1
00, 0 < ||b|lie < oo. In addition, the constants e - c)(s) and e? c,(s) are the best
possible in the corresponding inequalities.

Theorem 10 ([S]). With the assumptions of Theorem 8, the inequalities

a 11— — 1
>N Kaln.nym' 0"~ (Fa), (), < (z+ E) ca®lalls bl (38)

m=1n=1
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and

00 [ p %
[Zn‘”‘l (Z Kx(m,n)mr_;(%a)m) ] < (1 + %) @ allr - (39)

n=1 m=1

hold for all non-negative sequences a = (ay)men and b = (b,),en, provided that
0 < [lall;» < coand 0 < ||bl|;s < co. In addition, the constants (2 + ﬁ)cx(s) and

(1 + %)cl (s) are the best possible in the corresponding inequalities.

To illustrate the discrete case, we provide the proof of Theorem 8. For the proofs
of the remaining theorems, the reader is referred to [5].
Proof (Proof of Theorem 8). Utilizing discrete Hilbert-type inequality (3) with

% (a/b),, and with parameters 4, = lq;’, A, = =2,

1 —
sequences m' 4 (a)y,, n >

we have
SN Kalm.mym' ™0 (a)u(Fb), < ca ()| Fallin [bls.
m=1n=1

Now, double use of discrete Hardy inequality (14) yields (34). Similarly, inequality
(35) follows by virtue of discrete Hardy—Hilbert-type inequality (4).

Now, we prove that the constants appearing in (34) and (35) are the best possible.
First, suppose that there exists a positive constant 0 < K < pgc;, (s) so that

SN Kalmomym' "0 (Fa)(Zb), < Klallinlblie — (40)
m=1n=1

holds for 0 < |ja|l;» < oo and 0 < ||b|;s < oo. Let L and R, respectively, denote
the left-hand side and the right-hand side of (40) equipped with the sequences

_1 1
o= )M m=N g p -)nn=N (41)
0, otherwise 0, otherwise

where N € Nis fixed. Then, the right-hand side of (40) may be bounded from above
by a natural logarithm function:

~ N N 1 N |
R = Kl Bl = K (Z a) _ K (1 s a)
m=1 m=2

N
<K (1 +/ i—x) = K(1 +1ogN). (42)
1
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Our next intention is to estimate the left-hand side of inequality (40) from below.
1
More precisely, considering Y ;' k™ 7 as the upper Darboux sum for the function

h(x) = x~7 on the segment [1,m + 1], we have

- 1 m+l mn 1 1

Zk_ﬁ > / xrdx > / x rdx =q(mi —1),
1 1

and consequently,

1
_ i1 L L
Fayy > 1 =D A —m ). m <N,
m

p(n7 —1)
n

(Th), > —pni(1—n"7), n<AN.

Therefore, L may be estimated as follows:

N N
L>pg > S Kmomym™™ w1 —m™ ) (1 —n"7).
m=1n=1

_1 1 11 T
Moreover, since (1—m™ 7)(1—n"7) > 1—m™ ¢ —n" 7, the above relation implies
inequality

£ > ﬁ:iK r—1,s—1
7 A(m,m)m"'n

m=1n=1

N N 1
- Z Z Ky(m,n)ym"""ap*~!

m=1n=1

N N 1
- Z Z Ky(m,nym" ™ 'n* 77, (43)

m=1n=1

The next goal is to establish suitable estimates for double sums on the right-hand
side of inequality (43). The first double sum may be regarded as the upper Darboux
sum for the function K; (x, y)x"~'y*~! defined on square [I, N + 1] x [I, N + 1],
since this two-variable function is strictly decreasing in each argument. Hence,
utilizing suitable variable changes and the well-known Fubini theorem, we have

N N
Z Z Ky(m,n)m 'n*7!
m=1n=1

N N
> / / Ky (x, y)x" "'y~ ldxdy
1 N
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N ¥
:/ d_x/ Ky (1,0t~ 'dt
1 x Ji

1 N N X
=/ (/ d—x) Kk(l,t)t“"ldt+/ (/ d—x) Ki(1, )t dt
L \Jr x 1 1 X

N
! log ¢
:logN/ K (1, 1) (1+ o8 )dt
1 log N
N
N logt
—HogN/ K (1,05 (1— o8 )dt. (44)
1 log N

The second sum on the right-hand side of (43) may be rewritten as

N N 1 N N N 1
SN Kamomym ™ o TI= 3 K (LY S Kamomym ™ i
m=1n=1 n=1

m=2n=1

and both sums on the right-hand side of this relation may be regarded as the lower
Darboux sums for the corresponding functions. More precisely, we have

N N 0o
X:IQ(l,n)n“"1 </ Ky(1,0)t5 dt </ Ki(1,0) 7 dt = ¢ (s)
n=1 0 0

and
N N N N
r_l_l s—1 r—l—l s—1
ZZKl(m,n)m in </ / K(x,y)x ey dxdy
m=2n=1 1 0
N d %
:/ xl/ K (1,0)t* " dt
1 xta Jo
N d o)
</ XI/ K,(1,0) ' dt
1 x1+5 0
q
= (q - 1)C)»(s)7
Na
so that
N N
r=1-1 1 q
ZZKl(m,n)m in <(1+q— l)cl(s). (45)
m=1n=1 q
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In a similar manner, it follows that

p

N N
3 Ky (m,n)ym™'n* ™77 < (1 +p— pi ) 2 (s). (46)
m=1n=1

Now, relations (40), (42)—(46) yield inequality

K(1 +1log N 1 log ¢
w>logN/ Ko(1, 065! (1+ °g )dt
1
N

r4q log N
N log ¢
+10gN/ Ky (1,0)5"! (1— °g )dt
1 log N
—(2+pq— L ql)cx(s). 47
P Na

Dividing inequality (47) by log N and letting N to infinity, it follows that p—lz >
¢, (s), which contradicts with the assumption that K is smaller than pgc;(s).
Therefore, the constant pgc; (s) is the best possible in (34).

It remains to prove that gc; (s) is the best constant in (35). For this reason, suppose
that there exists a positive constant 0 < K’ < gc; (s) such that inequality

[ee) 0 r %
[an—l (Z Kx(m,n)m"_‘l’(ga)m) ] < K'llalir

n=1 m=1

holds for all non-negative sequences ¢ = (&, )men, provided that 0 < |la||;» < oco.
Then, utilizing the Holder and the Hardy inequality, we have

>

m=1n=1

Ky (m, n)ym" 41"~ 5 (Za)m(Zb)»

WK

=3 ( Kl(m,n)m"‘én“‘f"(%)m) (b),
=1

IA

o) o0 r %
S (S mmmi@an) | i@

n=1 m=1

< K'pllallir b,

which is impossible since K'p < pgca(s) and pqc; (s) is the best constant in (34).

As the application of Theorems 8—10, we consider the function K : Ri_ — R,
defined by K, (x,y) = 22X Eyidently, it is homogeneous of degree —1 and
y—x
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strictly decreasing in both arguments, c,(s) converges for all s € (0, 1), and we

72

have c)(s) = prc

(see [1,5]). Now, Theorems 8—-10 equipped with this kernel

and parameters r = é, s = % read as follows:

Corollary 1 ([S]). The series of inequalities

m
n

log

m-—n

(Ea)m (Eb)n

log

m-—n

m
n

(9a),(9h),

(Ha)m (HD),

m-—n

and

>

n=1

(=

<

<

<

2

pqr

2z el bl
P

2
erw

——llalli|5]l;
smz%” v l1D1la s

(45

2

lallizIblla,

sin® Z
Iz

==

==

2

-2 ||(l||]p

(+3) o
<1+ —
p /) sin

hold for all non-negative sequences a = (apy)men and b = (by,)nen, provided that
0 < |lall;r < c0and0 < ||b|l;e < 0o. Moreover, above inequalities include the best

constants on their right-hand sides.

3.3 Inequalities with Some Related Integral Operators

We continue our discussion with a few related Hilbert-type inequalities involving
some other integral operators. In 2012, Adiyasuren and Batbold [2] gave the
following analogue of Theorem 5, where the arithmetic mean operator .27’ is replaced

by integral operator (27 f)(x) = % Jox =) f(t)dt.

Theorem 11 ([2]). Lets+r = A, A,s,r > 0,and K} : Rﬁ_ — R be a non-negative
homogeneous function of degree —A, provided that

0<c)(s)<o0,0< s
Rt

K, (1, u)u’ " » 'du<oo, 0<

K, (1, u)ur_é_ldu<oo.
Rt
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Then the inequalities

1_

/ K (e, n)x" "7y 57 e ) () (1 9) (v)dxdy
Ry JR4

- (pq)?

48
1+2pqck(s)||f”Ll’(lR+)||g||L’/(]R+) (48)

and

1

P P
[ / yr! ( Ki(x, y)x" "1 (e f)(x)dx) dy}
Ry Ry

2
<17
1+

pcl(s)||f||L”(R+)v (49)

hold for all non-negative functions f, g : Ry — R such that 0 < || f||Lr®y) < o0

(rg)*
1+2pq

2
and 0 < ||gllLary) < oo. The constants ¢ (s) and li—pcl(s) are the best

possible in (48) and (49).

It should be noticed here that Theorem 11 follows from inequalities (1), (2), and
general version of the Hardy integral inequality (5). On the other hand, Liu and Yang
[22] obtained a pair of inequalities, based on the so-called dual Hardy inequality
(see relation (83), for more details see also [21]). The following result deals with an
integral operator .27;* defined by (27" f)(x) = % fxoo -’;#d t.

Theorem 12 ([22]). Let Ay + A, = A < 2, and let K, : Ri — R be a non-
negative homogeneous function of degree —A, provided that 0 < c; (A1) < oo for
any A1 € (A — 1,1). Then, for p(x) = xPCA=A0=1 y(y) = yel=A)=1 o <
I fllr @y <00 and0 < ||gllLaw.y) < OO, the inequalities

/ Ko (e, y)xy (o ) x)(g) () dxdy
R+ R+

(A1)
—_— 50
< U=an( -7 I/ e @y llgllLe @y v (50)
and
» 1
P
- (A1)
[ V) ( / Kx(x,y)X(%*f)(X)dX) dy} < 2 f s
Ry Ry — Al
(51
hold and the constants — ) and 2%V qre the best possible.

(1=A(1-22)
Observe also that Yang and Xie proved discrete versions of inequalities (50) and
(51)1in [34].

1=
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3.4 Applications

In Sect.2 we have defined a class of operators representing arithmetic, geometric,
and harmonic mean in both integral and discrete case. Their norms were determined
as a simple consequences of the corresponding inequalities. With the same reason-
ing, Hardy—Hilbert-type inequalities established in this section enable us to define
another class of integral and discrete operators and to determine their norms.

Regarding notations from this section and Sect. 2, we define integral operators
A,G,H: LP(Ry) — LP(Ry) by

1

AN = ys_%/o K(x, y)x" "0 (o f)(x)dx,

(GﬂuﬁwF%A Ko (x, y)X""1(4 f)(x)dx,

Mﬁmzfﬁﬁ Ka(xo y)x"~F (A f)(@)dx.

Due to inequalities (26), (28), and (30), the above operators are well-defined.
Moreover, since the corresponding inequalities include the best constants, it follows

1
that A]| = gea(s), Gl = e7ca(s), and [H|| = (1 + 5)eals).

Similarly to integral case, we also define discrete operators A, G, H : [? — [? by

(Aa), = ntr Z Kl(m,n)mr_é (),

m=1

(Ga), = nt Z Kl(m,n)mr_é (“Ga),,

m=1

1 b 1
Ha), =n""7 Y Ky(m.mym" "1 (Ha)y.
m=1
Due to inequalities (35), (37), and (39), these operators are well-defined. Moreover,

by virtue of the best constants, it follows that IAll = gca(s), |G| = e%cx(s), and
I = (14 L)eats).

4 Half-Discrete Versions

Nowadays, considerable attention is given to the so-called half-discrete Hilbert-
type inequalities, that is, to inequalities which include both integral and sum.
Recently, Krnié et al. [20] provided a unified treatment of half-discrete Hilbert-type
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inequalities with a homogeneous kernel and in the setting with non-conjugate
exponents. In this article we only refer to a conjugate version, since in this case
one may obtain the best constants.

More precisely, if K, : Ri — R is a non-negative homogeneous function of
degree —A, A > 0, Krni¢ et al. [20] have showed that the following triple of half-
discrete Hilbert-type inequalities

Zan/ K)(x,n) f(x)dx = / f(x) (Z Kk(x,n)a,,) dx
- Ry R+ n=1
<L |:/ xl—k+p(a1—az)fp(x)dxi| ' [an—k+q(az—a1)azi|q . (52)
Ry n=1

oo ’ i
[an—l)(x—l)ﬂ(m—az) (/ Kx(x,")f(x)dx) ]
R4

n=1

1

<L [/ xl—A+p(a1—0t2)fP(x)dx:| , (53)
R4

and

00 q 5
|:/ x@=DOA=D+q(e2—a)) (Z Kx(x,n)an) dx:|
R4

n=1

o0 7
<L [an—“m—“l)ag] , (54)

n=1

1 1
where L = k] (pa)k] (2 — s — qay), ky(a) = fR+ Ky(1,2)t7*d¢t, and o, ap

are real parameters such that the function K(x, y) y_‘f/‘)‘2 is decreasing on R for
any x € Ry, holds for any non-negative measurable function f : Ry — R and a
non-negative sequence a = (a,),en- Clearly, in the above inequalities all integrals
and sums are assumed to be convergent, and the function and the sequence are not
equal to zero. For some related half-discrete Hilbert-type inequalities, regarding
some particular classes of kernels and weight functions, the reader is referred to
the following references: [15,26,32,33].

Based on the above half-discrete inequalities, Adiyasuren et al. [8] derived
half-discrete versions of inequalities from Sect.3. Clearly, the following set of
inequalities include both integral and discrete mean operators.



Hilbert-Type Inequalities Including Some Operators 39

Theorem 13 ([8]). Let K : Ri — R be a non-negative homogeneous function
of degree —A, A > 0, and let oy and ay be real parameters fulfilling condition
por + qay = 2 — A. If the function K)(x,y)y~?*? is decreasing on Ry for any
fixed x € R, then the inequalities

an%(;a)n Ky (x,n)x 5 (o f)(x)dx

R4
- [« (Zlﬁ(x mn (da)n)
Ry

< (= pa) pgll fllLr@pllalia, (55)

1
2l
1—pgo 1—pqa
(,12‘” K (x,n)x l;ql(;sz)(x)dX):| < ex(1=pa)qll f oy
R4
(56)

g q
|:/]R ( pq 1—pqaj ZKA(X I’l)n ‘1 (ﬂa)n) dx:| < L’/\(l —Paz)pllallm (57)
+

hold for any non-negative measurable function f : Ry — R and a non-negative
sequence a = (anp)nen, provided 0 < || fllLrry) < 00 and 0 < |lal;s < oo. In
addition, the constants c)(1 — paz) pq, c; (1 — paz)q, and c)(1 — pay) p are the
best possible in the corresponding inequalities.

Theorem 14 ([8]). Under the same assumptions as in Theorem 13, inequalities

>on 5 @a), / KiGeon)x 7 (@ f)(x)dx
n=1

Z/R+

< (1 = pa)ell fllLrwpllalia, (58)

K (x, n)n @ (%a),,
(= )

n=1

ad 1—pqap r % 1
[Z (n o K mx 7 (%f)(x)dx)] < c(l=pa)er||fLrzy),
JF
(59)

n=1
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and

Y
|:/1R ( pquKA(x n)n n (%a)n) dx:| < (1= paz)ed|aliia (60)
=+

hold and the constants appearing on their right-hand sides are the best possible.

Theorem 15 ([8]). With the assumptions of Theorem 13, inequalities

S Gay [ KaGemx 5 f)x)dx

Ry
[

1
<ex(1= pay) (2 + E) i, 61)

K, (x, n)n ¢ (%”a)n
(= )

n=1

ad 1—pgap P %
[Z (n g Ki(enmx 7 (%f)(x)dx)]

= Ry

< (1= pa)(1+ p)||f||LP(R+)v (62)

and

'Y
|:/1; ( " Z K (x, n)n @ (%a)n) dx] <a(l— pa)(1+ é)”a“”
+

n=1
(63)
hold and the constants appearing on their right-hand sides are the best possible.

The idea of proving Theorems 13-15 is quite similar to theorems from Sect. 3,
except that we utilize half-discrete inequalities (52)—(54) instead of integral and
discrete Hilbert-type inequalities. Moreover, to obtain the best constants, we
simultaneously plug the appropriate function and the sequence in the corresponding
inequality. For detailed proofs of these theorems, the reader is referred to [8].

Remark 2. Similarly to Sect. 3.4, by virtue of Hardy—Hilbert-type inequalities from
Theorems 13-15, one can define certain half-discrete operators and determine their
norms.
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Namely, with the assumptions of Theorem 13, it follows from (56) and (57), that
a pair of half-discrete arithmetic operators A; : L?(R+) — [? and A, : /7 —
L1(Ry),

Arf)e=n 00 [ K@mx 5 (o f)(x)dx.

Ry

(Asa)(x) = x 7 ZK(x mn i (La),

is well-defined. Moreover, inequalities (56) and (57) may be rewritten as
IALf lir < ex (1= paa)qll f oy and [Azall oy < cx(1— pas) pllallis. Due
to the best constants, it follows that ||A1|| = ca(1—poaz)gq and ||Az|| = ¢, (1—paz) p.

In the same way, Theorems 14 and 15 are utilized to define the corresponding
half-discrete geometric and harmonic operators. For more details, the reader is
referred to [8].

5 Extension to a Multidimensional Case

The main goal of this section is to present extensions of Theorems 5-7 to a
multidimensional case. Such results are consequences of multidimensional Hilbert-
type inequalities.

In 2005, Brneti¢ et al. [10] (see also [11]) provided a unified treatment of
multidimensional Hilbert-type inequalities with non-conjugate exponents, with
a basic result including a general non-negative measurable kernel and weight
functions. Moreover, Peri¢ and Vukovi¢ [25] studied the latter inequalities for the
case of a homogeneous kernel. For some related multidimensional Hilbert-type
inequalities, regarding some particular classes of kernels and weight functions, the
reader is referred to the following references: [19,27].

Before we state the basic result, we need some conventions. Recall that the
function K : R — Ris said to be homogeneous of degree —A, A > 0, if K(¢x) =

t~*K(x) foralls > 0and x = (x1,X5....,X,) € R} Ifa = (ar,ar....,a,) €R",
we define
k,-(a):/ K@) ]"[ “fd' i=1,2,....n, (64)
Rnfl
-+ j=1,j#i
where W = (uy,...,ui—1, Luity,...,u,), diu = duy...dui—ydu;iyq...duy,

and provided that the above integral converges. Further, in the sequel du is the
abbreviation for duydu, ... du,.

Although the general Hilbert-type inequalities are derived in the setting with non-
conjugate exponents, we consider here only the conjugate case. More precisely, in
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this section {p;, pz, ..., P} represents the set of non-negative conjugate parame-
ters, that is, > /_, + o =1.pi > 1 i = 1,2,...,n. The parameters p; are defined
as associated conjugates, that is, - + 4 = 1.

Here we refer to a pair of 1nequa11t1es derived in [25], regarding a homogeneous
kernel K, and some particular parameters. More precisely, the authors obtained
inequalities

/ KA@IIfumn<kmmIIwwwm+{Fm5 (65)
i=1 !
and
Pn 1/py
[ [ v ( [ xe T Ao ) dxn]
R4 i=1
. n—1

skmAu]ufmﬁﬁ i) (66)

where the parameters /f,-, i =1,...,n, fulfill conditions

kl(zi) <oofor Ay, ..., A, >—1,Z/f,- <A—n+1,and2/f,- =A—n. (67)
i=2 i=1

In addition, the constant kl([&), appearing in (65) and (66) is the best possible in
both inequalities.

Utilizing the above two inequalities, Krni¢ [16] obtained the following multidi-
mensional version of Theorem 5.

Theorem 16 ([16]). Let K, : R — R be a non-negative measurable homoge-
neous function of degree —A, A > 0, such that for everyi = 2,3,...,n,

Kl(l,l‘z,...,li,...,ln)fCKK/\(I,Iz,...,O,...,Z,,), 0<t <1,

where Ck is apositjve constant. Further, let 1/p; < pu; < 1,1 =1,2,...,n, and
let the parameters A;, i = 1,2,...,n, fulfill conditions as in (67). If f; : Ry — R,
i =1,2,...,n, are non-negative measurable functions, then

‘ L4 . _ ~ - .
| &[T @ fy woax < mp A w [T 16 I ©9)
+

i=1 i=1
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and

i Pr P
/ (pn_l)(l+pnA11) (/ KA(X) Hx A (ﬂfz)m (xi)c?nx) dx,
R4

i=1

n—1

<m0 A ) [T I e @y (69)

i=1

where the constants

piri \"
AmAm—mmﬁKj;7),

i=l1

and

Wi
nlmAM—mmﬂiﬂfﬁ7)

i=1
are the best possible in the corresponding inequalities.

Remark 3. Considering inequality (68) with the kernel K xX)=(x+x2+---+
X,)"*, A > 0, and the parameters A; =s; —1,i = 1,2,...,n, the constant on its

RN
right-hand side reduces to W [T, C T2, (pi”;t‘il) , where I' stands for
the usual Gamma function. This particular result was obtained by Adiyasuren and

Batbold [4], in 2012.

Recently, Adiyasuren et al. [6] gave analogues of inequalities (68) and (69), with
the weighted geometric and harmonic mean operators, instead of the arithmetic
operator. The weighted geometric mean operator 4, « > 0 is defined by

%ﬂm=mﬂ%4w”MKMﬁ, (70)

while the weighted harmonic operator .7, « > 0 is given by

xa

el )O) = B i ar

(71)

Theorem 17 ([6]). Let K : R", — R be a non-negative measurable homogeneous
function of degree —A, A > 0. Further let v, u;, and a > 0 be real parameters such
thatA <y < il + A,, i =1,2,...,n, where the parameters A,,l =1,2,...,n,
fulfill conditions as in (67). If f; : R+ — R i = 1,2,...,n are non- negatlve
measurable functions, then the following two inequalities hold
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A K@ G todx < my@ AN TR N gy T2
JF

i=1 i=1

and
) 1 Pn 1/p;,
|:/ xn(prg_l)(l‘FPnAn) (/ KA(X) l_[x;)i (gaﬁ)ﬂi (xi)d"X) dxn]
n—I1

R4 R i=1

n—1
A N i

<m)_ (@A) [TIA N @y i (73)

i=1
pivi—pi Ai—1

where @; (x;) = x , and the constants

m(p, A, v) = ky (A)ed A+ Ti=v]
and
m*_ (p.A,v) = ki (A)esl A+t Xiziv]

are the best possible in the corresponding inequalities.

Theorem 18 ([6]). Suppose K, : R — R is a non-negative measurable
homogeneous function of degree —A, A > 0, and let a,v;, and p; > 0 be real
parameters such that « + %(v,- —A;))>0,i =1,2,...,n, where the parameters

A, i = 1,2,...,n, fulfill conditions as in (67). If f; : Ry - R, i =1,2,...,n
are non-negative measurable functions, then the following inequalities hold

| K [T O fiy s = o Aovein) [T e oy (74
+

i=1 i=1

and

nl Pn 1/p,
/ xn(P;,_l)(1+PnAn) / KA(X) l—[ x;}i (%ﬁ)“i (.Xj)dAnX dxn
Ry Ry

i=1
n—1

< @A, ) [TIA ler @i (75)

i=1
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pivi—pi Ai—1

where ¢; (x;) = X; , and the constants

n Hi
mh(p.Av.w) = k(A ]] [a + i (vi — /i,-)}
i=1 !

and

n—1 )
~ ~ ~ 1 - Hi
mi—l(pv A, v, [J«) = k](A) 1_[ I:a =+ — (vi — Al)i|

i=1 !

are the best possible in the corresponding inequalities.

The methodology of proving Theorems 16—18 follows the lines of proofs of
Theorems 5-7, except that multidimensional Hilbert-type inequalities (65) and
(66) are utilized instead of two-dimensional ones. In addition, in Theorems 16-18
one deals with the weighted versions of the Hardy, Knopp, and Hardy—Carleman
inequality (for more details, see [6]). It should also be noticed here that the
condition regarding a homogeneous kernel in Theorem 16 may be omitted (see
[16]). However, the proofs of these multidimensional theorems are technically more
complicated. As an illustration, we give the part of the proof of Theorem 18 referring
to the best constant.

Proof (Proof of the Best Constant in (74)). Suppose that the inequality

/R K[ i @dx < G TR ey e T6)
+

i=1 i=1

holds with the constant 0 < C,, < nﬁﬁ (p.A, v, w). Considering this inequality with
the functions

Ai—vj e
i Pi ki .
fE) =4 X LO0<x =1,
O, X; > 1,

where ¢ is sufficiently small number, its right-hand side reduces to

d | G,
Cu [T Nz g = = (77)

i=1
Moreover, since

- Ai—v; e
vi—A; e Hi Wi pi
o _— — — | X O0<x <1
o = | o+ 5 = ] R
0, X; > 1,
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the left-hand side of (76), denoted here by L, reads

L= [ &[] (4f)" codx
n

i=1

=¢(e) -1,

where

n g i
go(g):n[aw—f‘f_i]

im1 Hi i pi

and

n ~
Ai+£
I =/ K& ]| |x "dx
©.1" [T~

i=1

Obviously, the integral I can be rewritten as

1 n ~
1 =/ X! / K@) [T d " | dxi,
0 (0,1/x1]1 iy

providing the estimate

1 noo
I 3/ X! U Kx(ﬁl)l—[uf"ﬂ/”"dlu] dx,
0 R .
+ i=2
1 n n -
_/ xi:—l Z/ Kl(ﬁl) 1_[ I,t;lj-l—s/pjdlll dx,
0 i=2 ' Ei j=2

%

1 T A A

- KA(UI) | | u ,+€/Pld1u
—1

& Jry i=2

1 n n ~
_ . Aj+elp; 5
o AR DY XTI ) R P
0 i=2 VEi j=2

(78)

where E; = {(up,u3,....u,):1/x1 < w; < oo,u; > 0,j # i}, 1/p =

(l/pls---s l/pn)

Clearly, it suffices to estimate the integral [y Ki(&")[]}_,u;

4; te/pi jig

Namely, choosing @ > 0 so that Ay +1 > —¢/p;, — a, since —uy* log% —
0 (up — 00), there exists M > 0 such that —u;“ log t < M (uy € [1, 00)). Further,
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considering the parameters a; = A2+(£/p2+0{) anda; = A; +e/pi,i =3,...,n,
we have

/xl /KA( )]_[ Wl dud,

5M-kl(A2+(8/p2+oc),/f3+£/p3,...,/fn+8/pn)<oo,

and utilizing (78), it follows that
1 ~
L > ¢(e)- (gkl (A + sl/p) — 0(1)) . (79)

Finally, taking into account (77) and (79), we have that 7} (p, A v,i) < C, when
& — 0T, which is in contrast to our hypothesis.

6 Hilbert-Type Inequalities with Differential Operators

So far, we have discussed Hilbert-type inequalities with certain operators on their
left-hand sides. To conclude the paper, in this section we deal with some related
inequalities accompanied with operators on their right-hand sides.

Recently, Azar [9] derived several new forms of Hilbert-type inequalities accom-
panied with some operators on their right-hand sides. The constants appearing in
these inequalities are also the best possible.

His first result refers to the homogeneous kernel K (x,y) = (x + y)™, 1 > 0
and the Hardy (or integration) operator (77 f)(x) = fdx f(@t)dt.

Theorem 19 (I9D). IfA > O, |7 f || Lr @, x——1) < 00, and [| gl Lo, y——1) <

00, then

/ f(x)gy)
Ry JR4 (X _'_y))L
/\2
PCI

dxdy

A A
B(q p)nzwnm+ |8l agy iy (80)

A A

) is the best possible.
q’p

2
where the constant % B(

In the same paper, Azar also obtained an analogue of Theorem 19, with a differential
operator instead of the Hardy integration operator. Moreover, Adiyasuren et al. [7],
extended that result to hold for an arbitrary homogeneous kernel. Before we state
the corresponding pair of Hilbert-type inequalities, we first introduce some notation.
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We denote by 7'}, n > 0, a differential operator defined by 7'} f(x) = f M (x),
where £ stands for the n-th derivative of a function f : Ry — R. In addition,
throughout this section, A, denotes the set of non-negative measurable functions
f :Ry — Rsuchthat f™ existsa.e.onRy, f®(x) >0,k =0,1,2,...,n, ae.
onRy,and f®0)=0,k=0,1,2,...,n—1.

The following theorem deals with a homogeneous kernel K : Rﬁ_ — R, of
degree —A, A > 0, such that the integral

k(a) = Ky(1,0)t%dt,
R4

converges for —1 <o < A — 1.

Theorem 20 ([7]). Let oy, ap be real parameters such that ay, 05 € (n — 1,1 — 1)
and oy + o = A — 2, where n is a fixed non-negative integer and A > n, and
let p(x) = xP=e0=1 yr(y) = yi0==l Jf K, : RZ — R is a non-negative
measurable homogeneous function of degree —A, then the inequalities

/ Ka(x.y) f(0)g(y)dxdy
]R+ R+

< M| ZL fllLr®y pon | 258l La®y vy 81)

and

1

p P
|:/ y(P=D+qe) ( K (x, y)f(x)dx) dy:|
R4 Ry

<m|| 2} fllLr®y .ok (82)

hold for all non-negative functions f,g € A’ . In addition, the constants M =

k(o) ”'ﬁlg;i};;ggi:ﬁ” and m = k(az)% are the best possible in the

corresponding inequalities.

Inequalities (81) and (82) are consequences of Hilbert-type inequalities (1) and
(2), equipped with the weighted Hardy inequality. The idea of proving the best
constants in (81) and (82) is similar to the proofs presented in this article. Namely,
starting from the opposite assumption, it is necessary to plug suitable functions in
inequality to obtain a contradiction (for more details, see [7]).

Remark 4. Considering (81) with a homogeneous kernel K (x,y) = (x 4+ y)7%,
A > 0, and the parameters «; = % -1, a = % — 1, where A > nmax{p,q},

PG i varti -
the above constant M reduce to —*—7=7-*—=. This particular case was studied by
Azar [9], and it was derived by a different technique.
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Observe that Theorem 20 covers the case when the degree of homogeneity of
the kernel, i.e. —A is less than —n, for a fixed non-negative integer n. The next
result from [7], that is in some way complementary to Theorem 20, covers the case
0 < A <1, and it follows by virtue of the weighted dual Hardy inequality.

The dual Hardy inequality, accompanied with the dual integration operator or the
dual Hardy operator J7* f(x) = fxoo f(t)dt, asserts that

/R+ XA f(x) dx < (&)p/ xR (x)dx, (83)

Ry

holds for p > 1 and r < 1, provided that 0 < fR+ xP7" fP(x)dx < oo. We define

a differential operator Z'{ by 7'} f(x) = (=1)" f (" (x), where n is a non-negative
integer. Moreover, the following theorem holds for all non-negative functions f :
R, — R such that the n-th derivative £ exists a.e. on R, @i f(x) >0,k =
0,1,2,...,n,ae.onR, and lim, 5o f®(x) =0fork =0,1,2,...,n—1. This
set of functions will be denoted by A’ .

Theorem 21 ([7]). Suppose that o, oy are real parameters such that oy, 0y €
(LA —=1)and a1 + o = A —2, where 0 < A < 1, and let p(x) =
xPO=eD=l yp(y) = ya=)=l K, Rﬁ_ — R is a non-negative homogeneous
function of degree —A, then the inequalities

/ Ka(x.y) f(x)g(y)dxdy

< M* DL fllLr@y oo 2L gl La®y () (84)

and

1

p P
[ / y P Dga) ( Kl(x,y)f(xwx) dy]
Ry Ry

<m* | 2L flLr®y o) (85)

hold for all non-negative functions f, g € A", where n is a fixed non-negative inte-

ger. In addition, the constants M™* = k(az)% and m* = k(o) If(;__ogl)),

appearing in (84) and (85) are the best possible.

For an illustration, we only give the proof of inequality (84).

Proof (Proof of Inequality (84)). The starting point is inequality (1) accompanied
with the dual Hardy inequality (83). Namely, utilizing (1) with parameters A; =
—";—‘ and A, = —“72, its right-hand side may be rewritten as
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k(@) [/R x‘”““‘f”(x)dX] UR y—qaz—lg'fmdy]
+ +

= k(a2) [/R x_(‘”“+”(«7“i”*(9if)(X))PdX} p
+

x [ / y“q”“’(ff*(%g)(y))"dy} : (86)
R+

since *(Z+ f)(x) = — [, XOO f'(t)dt = f(x).Moreover, applying the dual Hardy
inequality to the expressions on right-hand side of (86) n times, it follows that

[ / x—“’“l+”(%*(ézif)(x>)l’dx] '
R4

1

Ry

(—ay)"

<

and

1
q

[ / y‘<q“2+”w*(@ig)(y))qdy}
R4

1

< —
(—a2)"

[ / yq<"—“2>‘1(@1g(y>)qdy} , (88)
R4

where x” stands for a rising factorial power or a Pochhammer symbol, that is, x” =
x(x+1)(x+2)--- (x+n—1). Now, since (—a;)" = I;f(”__o‘fll)) and (—an)" = 1;(:':023) ,
the inequality (84) holds due to (1), (86)—(88).

Remark 5. Considering dual inequalities (84) and (85) accompanied with the kernel
Ki(x,y) = (x + y)™*, A > 0, the constants M * and m* become, respectively,

n? 1
M = :
! sin(oyr) sin(apr) I'(A) ' (n — o) (n — az)
r 1
mt = —— @D a el A—1)0<A<l.

Csin(r) T (n—ay)

In addition, if Kj(x,y) = max{x,y}™*, A > 0, these constants M* and m*
reduce to
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M = A T (-a) I (—aa)
2T (g + D+ 1) T'n—a)l (n—a)
m;: A . F(_Oll) al,aze(—l,/\—l),0</\§1.

(a; + Dz +1) I'(n—ap)’

For some other applications of Theorems 20 and 21, the reader is referred to [7].
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