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Abstract. In this paper we derive a series of new one-dimensional and multidimensional integral
and discrete inequalities of the Hilbert and the Hardy-Hilbert type, with non-conjugate expo-
nents. First, prove and discuss two equivalent general inequalities of such type, as well as their
corresponding reverse inequalities. The obtained results are then applied to various settings con-
sidering homogeneous functions of a negative real degree. In particular, we prove generalizations
and refinements of some recent results of Rassias et al, related to the Hilbert-type inequalities
with conjugate exponents, and some new multidimensional inequalities of the Godunova type.

1. Introduction

Suppose p and g are real parameters, such that

1 1
p>1, g>1, —+-2>1, (1)
P q
and let p’ = 1% and ¢ = q% respectively be their conjugate exponents, that is,
11 1,1 _
» + 7= 1 and p + 7= 1. Further, define
1 1
Pty @

and observe that 0 < A < 1 holds for all p and ¢ as in (1). In particular, equality
A =1 holdsin (2) if and only if ¢ = p’, thatis, only if p and ¢ are mutually conjugate.
Otherwise, we have 0 < A < 1, and such parameters p and ¢ will be referred to as
non-conjugate exponents.

Considering p, ¢, and A as in (1) and (2), Hardy, Littlewood, and Pélya, [5],
proved that there exists a constant C,,, dependent only on the parameters p and ¢,
such that the following Hilbert-type inequality holds for all non-negative functions
felP(Ry) and g € LY(Ry):

/o / Z%)yx)dxmcp,qw|U<R+>|lgllm<R+>~ G)
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However, the original proof did not bring any information about the value of the best
possible constant C, ,. That drawback was improved by Levin, [9], who obtained an
explicit upper bound for C, ,,

A
n
Cpq < (ncosec /1_p’> . (4)

This was an interesting result since the right-hand side of (4) reduces to the previously
known sharp constant ﬂcosec§ when the exponents p and g are conjugate. A simpler
proof of (4), based on a single application of Holder’s inequality, was given later by
F. F. Bonsall, [2].

On the other hand, through the years, Hilbert-type inequalities with conjugate
exponents were discussed by several authors, who either reproved them using various
techniques, or applied and generalized them in many different ways. A comprehensive
survey of the classical Hilbert and Hardy-Hilbert-type inequalities for integrals and
sums, as well as their new extensions, generalizations, and refinements, can be found
in the recent paper [3] of M. Gao and L C. Hsu. Here we just refer to a recent result
of B. Yang and T. M. Rassias, [13]. Namely, for p > 1, s > 2 — min{p,p’}, and
non-negative functions f and g, they proved that the following inequalities hold and
are equivalent:

) N P 7
<B(1+S 1 )[/ xl‘éfp(x)dx] [/ yl-bgw)dy}’
)4 p 0 0
and

o 0 p _2 -2 o0
/ YO=DE=1 U ) ﬂdx} dy < B (1+S—,1+S ; >/ X 7P (x)dx,
0 0 (-)C""_y)A p p 0

where B(-,-) is the usual Beta function. Moreover, the constant involved in the right-
hand sides of both inequalities is the best possible, that is, cannot be replaced by any
smaller constant.

Our aim in this paper is to provide a unified treatment of the mentioned results,
and extend them to cover also the case when p and g are not conjugate exponents.
In particular, we obtain a series of new one-dimensional and multidimensional integral
and discrete inequalities of the Hilbert and the Hardy-Hilbert type, with homogeneous
kernels of some negative real degree and with both conjugate and non-conjugate expo-
nents.

The paper is organized in the following way: After this Introduction, in Section 2
we state and prove a pair of equivalent Hilbert and Hardy-Hilbert-type inequalities with
conjugate and non-conjugate exponents p and ¢, related to general measure spaces X
and Y with positive o -finite measures, and to general non-negative kernels K. These
relations are also discussed with respect to parameters p and g, in order to obtain the
corresponding reverse inequalities. The results of this section are then applied to a
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range of settings considering homogeneous functions K of some negative real degree
s . First, in Section 3, we derive equivalent one-dimensional integral Hilbert and Hardy-
Hilbert-type inequalities related to intervals in R , whose right-hand sides involve
power weights with arbitrary exponents from certain intervals in R. Especially, in the
case when integrals are taken over R, , we obtain inequalities with explicit constant
factors on their right-hand sides. On the other hand, in the case of proper intervals, we
show that these relations can be strengthened. In particular, in Section 4 we perform a
detailed analysis of such relations in the case when K(x,y) = (x+y)™* and derive new
related strengthened inequalities with non-conjugate exponents. The following Section
5 is dedicated to some further generalizations of the results from Section 3, obtained
by some suitable transformations of Rﬁ, namely, translations and transformations of
the form (x,y) — (Ax*,By"). Moreover, in Section 6 we present the corresponding
discrete results, related to sequences of non-negative real numbers. Finally, in Section
7 we prove some new Godunova-type inequalities, that is, equivalent inequalities of the
Hilbert and Hardy-Hilbert type, with conjugate and non-conjugate exponents, related
to cells in R and kernels of the form x K (¥).

It is important to emphasize that the results presented in this paper cover all
discrete and integral results from [3], [6], [7], [8], [10], [11], and [13], and extend
them to the case of non-conjugate exponents. Moreover, the technique introduced
in Section 2 enables generalizations of one-dimensional integral inequalities to some
multidimensional settings.

Conventions. Throughout this paper, let ' be the conjugate exponent to a positive
real number r # 1, that is, % + rl, =1l,or ¥ = ﬁ . All measures are assumed to be
positive and o -finite, and functions to be non-negative and measurable. Expressions of
the form 0 - oo, % , % , and 8 are taken to be equal to zero. In addition, inequalities
like (7) and (8) are interpreted to mean that if the right-hand side is finite, so is the

left-hand side and the inequality holds.

2. General inequalities of the Hardy-Hilbert type

To provide a basis for our main results, in this section we first discuss two general
inequalities of the Hardy-Hilbert type. These equivalent relations are stated and proved
in the following theorem.

THEOREM 1. Let real parameters p, q, and A be as in (1) and (2), and let X
and Y be measure spaces with positive © -finite measures U and L respectively. Let
K be a non-negative measurable function on X X Y, ¢ a measurable, a.e. positive
function on X, and Wy a measurable, a.e. positive function on Y. If the functions F on
X and G on Y are defined by

L
7

P = | [ K 00| xex (5)

<

and

=

60) = | [ Ko Wam|” e (©)
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then for all non-negative measurable functions f on X and g on Y the inequalities

| [ ) ) dun (i) < V0S¥ Gl (7

and

L
7

{ / [(wcwy) / Ki<x,y>f<x>du1<x>} sz(Y)}q <NoFf ey (®)

hold and are equivalent.

Proof. We prove the inequality (7) first. Let K, ¢, and y be as in the statement
of Theorem 1 and let f and g be arbitrary non-negative measurable functions on X
and Y respectively. Since % + 1% + (1 —A4) =1, the left-hand side of the relation (7)
can be written as

[ [ &y @t = [ [ ke or@rimw]

x [K(e e w6 g7 [(0Ff Y () (wGe)' ()] dii (v)daey). (9)

Now, by using Holder’s inequality, either with the parameters ¢’,p’, ﬁ > 1 in the
case of non-conjugate exponents p and g, or with the parameters p and p’ when
q' = p (thatis, when A = 1), and then applying Fubini’s theorem, we obtain that the
right-hand side of (9) is not greater than

Qe

{ /X { /Y K(x, )y (y)duz(y)} ((ppr_‘/fP)(x)dMl(x)} o

he
o

A [ [xeno? Waww]| e emanm}

X Ux(prf)” (x)dm(x)]”, Uy("’Gg)" (y)d.blz(y)} S
L1-2

- [ / (OFfY () dm(xﬂ ‘
= |QFf || 7 (u) 1w Ggll o ()

#Hf&

| [ weer o)

so (7) is proved. The further step is to prove that (7) implies (8) to hold for all non-
negative measurable functions f on X . In particular, for any such f and the function
g defined by

’
q
q

¢0) = (WG)~7 () [ [Kwwwanw], vex
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applying Fubini’s theorem, the left-hand side of (7) becomes

NS

L= [ [Kermwer o) | [ K worednm)] " dnwaeo)

= /IV{(u/G)l(y)/}(Kl(xv)’)f(x)dﬂl(x)]ql dua(y),

that is, the integral on the left-hand side of (8), while on the right-hand side of (7) we
have

’ 1
q

VOFF { [wer=0) [ / Ki<x,y>f<x>du1<x>} sz(Y)}

=
I

||(pr ||U’(H1)Lq

Hence,
1
L < ||QFf ||y () L7,

which directly yields (8), so the implication (7) = (8) is proved. Conversly, by using
Holder’s inequality for the conjugate exponents ¢ and ¢’, together with the relation
(8), for arbitrary f,g > 0 we have

/ / (5, 9)f (1)g ) bty (s ()

- /y(ng)( { /K x, Y)f (x)dps (x )} dua(y)

L
P

< wGellaquy) {/Y {(WG)_I(Y)/XKA(xvy)f(X)dul(X)] duz(y)}
< NOFf Nl (un) |WGE | 29 -

Thus, (8) implies (7), so these inequalities are equivalent. The proof of Theorem 1 is
now completed. [

REMARK 1. Observe that the sign of inequality in (7) depends only on the pa-
rameters p’, ¢', and A, since the crucial step in proving this relation was in applying
Holder’s inequality. Therefore, besides p’, ¢’ > 1 and A € (0, 1], asin (1) and (2), we
can consider exponents which provide the reversed sign of inequality in (7). Especially,
if the parameters p and g from Theorem 1 are such that

p<0, gqe€(0,1), +-<1, (10)

SR
_Q |

and A is defined by (2), we have p’ € (0,1), ¢ < 0,and 1 — A <0, so the sign of
inequality in (7) is reversed as a direct consequence of the so-called reversed Holder’s
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inequality (for details, see e.g. [12, Chapter V]). The same result is achieved also with
the parameters p and ¢ satisfying

p€(0,1), ¢g<0, l+l<1, (11)
P 9
since from (11) we obtain p’ < 0, ¢’ € (0,1) ,and 1 — A < 0. Moreover, by using
the same arguments, p,q € (0,1) give another sufficient condition for the reversed
inequality sign in (7). In that case we have p’,¢’ < 0,and 1 — A > 0. Finally, it is
obvious that for all cases of the parameters p’, ¢’, and A, the relations (7) and (8)
hold with the same sign of inequality.

REMARK 2. Note that equality in (7) holds if and only if it holds in Hoélder’s
inequality, that is, if and only if the functions K llf’q’qol’F”’qlf P, K q)”” u/qu”” g7,
and (QFf)?(wGg)? are effectively proportional on X x Y. Of course, this trivially
happens if at least one of the functions involved in the left-hand side of (7) is a zero-
function. To discuss other non-trivial cases of equality in (7), we can without loss of
generality assume that the functions K, f, and g are positive. Otherwise, instead of
X x Y, we consider the set S = {(x,y) € X x Y : K(x,y)f (x)g(y) > 0}, which has a
positive measure. Under such assumptions, equality in (7) occurs if and only if there
exist positive real constants oy, f;, and ¥, such that the relations

oK (x, )y ()@ F'=7 f7)(x) = BiK (x,y)0 " (x) (wIGT " g%)(y)
=1 (Ff )’ (x) (wGg)" (y)

hold for a.e. (x,y) € X x Y. Further, these equalities can be written in a more suitable,
equivalent form, as

a1 (@7 P9 fP) (x) = Bu(wT GITP gh)(y), forae. (x,y) €XxY,  (12)

and
oK (x,y) = 1 F? (x) (w7 Gg%)(y), forae. (x,y) € X x Y. (13)

Since the left-hand side of (12) depends only on x € X, while the right-hand side of
this relation is a single-variable function of y € Y, (12) holds only if

@ Fr=a P — o = const. ae. onX
and ) ,

yit1 G177 g9 = BP = const. a.e. onY,

/

/ /
for some positive real constants o and (3. Considering 1 + % =p’ and 1+ % =q,
these identities can be finally transformed to

f= oup_”,F%f1 ae.onX and g = Bu/_qu%fl a.e.onY. (14)
Moreover, combining (14) with (13), we obtain

K=yF'G" ae onXx?Y, (15)
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for some positive real constant y . Therefore, we proved that the conditions (14) and
(15) are necessary and sufficient for equality in (7). Moreover, it is clear from the proof
of Theorem 1 that the equality in (8) holds only if it holds in (7).

As an example of the function K which fulfills (15), here we mention

o ()Y () (
(X)) (Y)

where the sets X and Y are such that u;(X), ux(Y) < oo and the functions ¢ and y
are arbitrary, as in Theorem 1. In particular, in this setting we have

K(x,y) = x,y) €EX XY,

J
L L

a2
F=mX) 797 and G=u(Y) III/”

~

Ql%

so K fulfills (15) with y = 1. Equality in (7) is attained for f = ag ¢ and

-1-% ...
g=Py " ,where a and [ are positive constants.

In the case of conjugate exponents, that is, when ¢ = p’ and A = 1, Theorem 1
reduces to the following corollary.

COROLLARY 1. Suppose p > 1 and X and Y are measure spaces with positive
O -finite measures |, and [y respectively. If K is a non-negative measurable function
on X XY, @ is a measurable, a.e. positive function on X, Y is a measurable,
a.e. positive function on Y, the function F on X is defined by

P

Flx) = [ [ Ko xex

and the function G on Y is given by (6), then for all non-negative measurable functions
f on X and g on Y the inequalities

| [ K6 g0)din (e s) < 10EF i WGl (16

{/[ /ny (x) dpa (x )] duz(y)}% < @Ff ) (17)

hold and are equivalent. Moreover, if 0 # p < 1, the sign of inequality in (16) and
(17) is reversed.

and

REMARK 3. Corollary 1 is a slight generalization of Theorem 1 from [7], where
M. Krni¢ and J. Pecari¢ considered only the case of conjugate parameters. Thus, our
Theorem 1 may be regarded as an extension of the mentioned result to non-conjugate
exponents.

3. The case of homogeneous functions K
In this section, we apply general results from Theorem 1 to non-negative monotone

homogeneous functions K on Ri of some negative real degree. More precisely, we
consider a non-negative function K : R2 — R with the following properties:
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(i) K is strictly decreasing in each argument, that is, for all x;,x;,y € Ry, x1 < x2,
we have

K(x1,y) > K(x2,y) and K(y,x1) > K(y,x2);

(ii) K is homogeneous of degree —s for some s € R, that is, the identity
K(tx,ty) = t—°K(x,y) holds for all 7,x,y € R, ;
(iii) K is such that k(&) < oo holds forall oc € (1 —s,1) , where we denote

k(o) :/ K(1,u)u=%u, o €R.
0

Observe that the condition (ii) implies the following sequence of identities:

oo 1 oo
k(a) = / K (—, 1) u "%y = / K(u, D' ™ 2du,
0 u 0

while from (i) we obtain that K is strictly positive on Ri . In particular, for o0 > 1,
monotonicity of K in the second argument and the fact that K(1,1) > 0 yield

o] 1 1
k(o) = / K(1,u)u %du > / K(1,u)u"%u > K(1, 1)/ u"%du = oco.
0 0 0

Analogous result holds also for o < 1 — s, since

oo 1
k(o) = / K(u,l)u‘”o‘*zdu}/ K (u, D™ 2du
0 0
1
> K(l,l)/ w2 du = oo.
0

Therefore, the interval (1 —s, 1) , considered in (iii), covers all arguments ¢ for which

k(o) may converge. The same conclusion on convergence of k() can be drawn if in

(i) we consider a function K decreasing in each argument and such that K(1,1) > 0.
Now, we can state our first result concerning homogeneous functions.

THEOREM 2. Let p, q, and A beasin (1) and (2), andlet 0 < a,b,c,d < oo be
suchthat a < b and ¢ < d. Suppose K is a non-negative measurable function on R? ,
Sulfilling the conditions (1), (ii), and (iii), and the function H is, for oo € (1 —s,1),
0<e<f <oo,andte R, defined by

L
T

H(a,e,f;t):/ K(1,u)u™%du. (18)

e

t

Then for all real parameters A, and A, such that A\p’,A2q’ € (1 —s,1), and for all
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non-negative measurable functions f on {a,b) and g on {(c,d) , the inequalities
1

/ / ¥)g(y)dxdy

b —5)Z 2
< /xw A ]

1

d
Ay—A 1—s l, Z -1, —
X l/ YT g (A — s b a sy 1)g"(y)dy] (19)

and

1
! a

/ K* (x,y)f (x)dx] dy

b gL P
) U T (g . ) () ] (20)

d e _d
{/ y(Al A2)‘1+( 1) /H 7 (2 AlP —s, b~ 1

hold and are equivalent. Moreover, if p and q are as in (10), (11), or p,q € (0,1),
the signs of inequality in (19) and (20) are reversed.

Proof. Suppose that in Theorem 1 we have X = (a,b) , Y = (c,d) , ¢(x) = x*,
v(y) = y*, and Lebesgue measures du;(x) = dx, dup(y) = dy. In this setting,
by using homogenity of the function K and some suitable substitutions, (5) and (6)
respectively read

1

d 7 s d y ) 7

P = | [k a| " =7 | [ (12)

=s_ €L
= x4 THY (A, c,dix), x€(a,b),
and

b =5 b 1
/ 4 _ s p’

60) = | [ Ky dx] 7| [ (Zr)a dx]

Il
<
]
|
=
| —— |
- <<|=\
N
—
J'S
_
~—
<
S
g
&
<
| I

1—s
=5 _ 4, H

= y7 VHY 2-Ap —s,b a7y, ye (e d),

so (19) and (20) hold directly from Theorem 1 by inserting the obtained expressions for
F(x) and G(y) in the relations (7) and (8). The conditions for the reverse inequalities
are already discussed in Remark 1. Note that the function H is well-defined since we
have A1p’, Ay’ € (1 —s,1) . O
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Evidently, the results of Theorem 2 follow mainly from the fact that K is homoge-
neous function of degree —s, that is, from the property (ii), while other two properties
of K, namely (i) and (iii), serve only to ensure that H (2 — A;p’ —s,b",a™";) and
H(Axq',c,d;-) are well-defined, that is, that k(2 — A;p’ — s) and k(A>q’) converge.
Therefore, in the statement of Theorem 2 the conditions (i) and (iii) can be replaced with
the condition that A; and A, are such that k(2 — A;p’ —s) < 0o and k(A2q") < o0.

Of course, the most important case of Theorem 2 is with integrals over R, , that is,
when a = ¢ =0 and b = d = co. The corresponding equivalent Hardy-Hilbert-type
inequalities are given in the following corollary.

COROLLARY 2. If p, q, and A are asin (1) and (2), and K is a non-negative
measurable function on R? | fulfilling (i), (ii), and (iii), then the inequalities

L
7

/ / K (x,y)f (0g(y)dxdy < k7 (2 — Aipl — kT (Aaq')
0 0

1
o B Y p 0o B 94 7
y |:/ x(Al Ay)p+(1 ‘)q'f”(x)dx} ) |:/ y(Az Ar)g+(1 A>p/ gq(y)dy] (21)
0 0

and

1

o] _ /(s i o] l]’ q
{/0 y(Al A2)q +(s l)p/ |:/0 K’l(x,y)f(x)dx} dy}

L L
7 7

i - _9k iz
< kp (2 _Alp/ —S)k‘f (Azq/) |:/ x(Al A2)p+(1—s) ’fp(x)dx] (22)
0

1

Q

hold for all real parameters A, and Ay, suchthat A\p’,A,q’ € (1 —s,1), and for all
non-negative measurable functions f and g on R, . Moreover, these inequalities are
equivalent. If p and q are as in (10), (11), or p,q € (0, 1) , the inequalities (21) and
(22) are reversed.

REMARK 4. If the parameters p and ¢ are conjugate, that is, if A = 1, Corollary
2 reduces to Corollary 4 from [7]. Thus, the relations (21) and (22) can be seen as a
generalization of the mentioned result of M. Krni¢ and J. Pecarié.

REMARK 5. Obviously, the function K(x,y) = (x +y)~*, where s > 0, fulfils
the conditions of Theorem 2 and Corollary 2. In this case, k(o) converges for all
o€ (1—ys,1) and we have

k(a) = / (I4+u)u%du=B(1—a,s+a—1) =B(s+o—1,1—a) =k(2—s—a),
0

where B is the usual Beta function. Hence, the constant on the right-hand sides of

1 4
(21) and (22) becomes C = B(1 —Ap’,Aip’ +5 —1)7" B(1 — Ayq',Arg’ +5—1)7".
Especially,for s =1 and A=A = A, € <0, min{ﬁ, %}> , we have

L
7

(np’A) cosec? (mq'A)

B

Cy=C= 7" cosecr
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//f < Glf lve.)llglo,)-

2 T L7 7 \*
1nf Ch=m cosecP ——, cosec? = | mcosec— | ,
Aq’ Ap' Ap’
we obtained (3). On the other hand, in the case of conjugate parameters p and g we get
Theorem 1 in [6], so our result extends the one of I. Brneti¢ and J. Pecari¢. Moreover,
S

forp>1, A =1, s >max{2—-p,2—-p',0},and A} = A, = pp,,weobtaln

C=B8B (‘”ﬂ —2 p J;j 2) that is, the inequalities from [13, Theorem 4.1], also stated in
our Introductlon.

and (21) reads

Since

REMARK 6. In Theorem 2 and Corollary 2 we can also consider the function K
defined on R? by K(x,y) = M . Bvidently, it is homogeneous of degree —1 and
decreasing in both arguments, k( ) converges for all o € (0, 1) , and we have

S| © 4 (I—a)t 2
k(o) :/ B =% :/ et di=vy'(a)+y'(l —a) = S~
0

u—1 oo € —1 sin2 mar’
where y(x) = FF’((;‘)) , x > 0, is the Digamma function and we used the well-known

identity w(1—x) = w(x)+mcotmx, x € (0,1) (fordetailson y see [1]). Therefore,
2 2

an old with the constant 7?* sin » A;p’sin ¢ A,q’ on their right-han
21) and (22) hold with th 2 sin” 7 A/ A>q' on their right-hand
sides.

REMARK 7. For the function K given on R? by K(x,y) = max{x,y} ™, where
s > 0, we have

l1-oa)(s+a—1)

k(o) = ae(l—s1),

1
S =Ap) (s + A = D] P [(1—Axq)(s + A = 1)] 7.

Note thatforall # € Ry and o € (1—s,1) wehave H(o,0,00;¢) = k(o) < o0,
that is, in the case when a = ¢ = 0 and b = d = oo, (19) and (20) hold with an
explicit constant factor on their right-hand sides. Therefore, our next step is to consider
other cases of the intervals (a,b) and (c,d) . In the sequel, we obtain upper bounds
for H which bring some new interesting inequalities of the Hardy-Hilbert type.

so the constant factor on the right-hand sides of (21) and (22) in this setting becomes
1

LEMMA 1. Let K be a non-negative measurable function on R2 , fulfilling (i),
(ii), and (iii). If c € (1 —5,1), 0 < e<f <00, 0 <m <t <M < 00, and the
Sfunction H is defined by (18), then

H(o,e,f51) < k(a) — Enm(a,e.f;1), (23)
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where

Em,M(OC,&f;[)
e M
_ m\ 11—« m —u t s+a—1 vl sta—2
= (7) /0 K(1,u)u“du+ (M) /0 K(u,1)u du. (24)

Proof. Starting from (18) and then applying (i), (ii), (iii), and some suitable
substitutions in integrals, we obtain

H(a,e,f;1) =k(a) — /? K(1,u)u™%du — ﬁooK(l,u)u_o‘du
0 7
e~ ()7 (1 Sy (97 (Lo
0 0
k(o) — (?)1_7011( (1, %u) W — (-)Ha 01K<1}4 > W2y

= k(a) - Em,M(a7e7f;t)’

/N

so the proof is completed. [

REMARK 8. Since

t

s+o—1 ?_/I
Ennle 0,530 = (37) [ KGO e (0.u),
0

for e = 0 the estimate (23) does not depend on m . Similarly, for f = co we have

m 1—a )7%
Enm(0,e,005t) = (7) / K(1L,w)u=%du, t>m.
0

REMARK 9. Besides functions decreasing in both arguments, we also consider non-
negative functions K : Ri — R which are homogeneous of degree —s forsome s > 0,
strictly decreasing in the first argument, strictly increasing in the second argument, and
such that k(a) < oo holds for all @ > 1. As it was shown in an analysis presented at
the beginning of this section, it can be easily obtained that such functions are positive
on R, and that k(o) diverges for all o < 1. Moreover, for o« > 1, e € [0,00) ,
f €(0,00],and 0 < m < t < M < o0, in this setting we have

H(o,e,005t) = k(o) — /0% K(1L,u)u=%u = k(a) — (;)1011K (1, ?u) u"%du

e

> k(a)(_)l_oyolK(l,iu) Oy = k(at) — Eppi(ct,e,00:1)  (25)

t m
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and

H(o,0,f ;1) = k(a) — K(1,u)u=%du

:k(a)—( )w (’ ) a2y

s+o—
< k(a) — ( ) (?u 1> w2 du = k(ot) — Epm(0,0,f31), (26)
where E,, m(ct,e,00;¢) and Em’M(a, 0,f ;1) are defined as in Remark 8.

Analogously, for a non-negative function KX : Ri — R, strictly increasing in the
first argument, strictly decreasing in the second argument, which fulfils (ii), and such
that for all o < 1 —s we have k(o) < oo, the relations (25) and (26) again hold for
oa<l—s,e€e€0,00),f € (0,00],and 0 < m <t <M < oo, but the signs of
inequality are reversed.

_wh\g

Lemma 1 provides estimates which yield further pairs of equivalent Hardy-Hilbert-
type inequalities.

THEOREM 3. Let p, q, and A be as in (1) and (2), and let 0 < a,b,c,d < o©
be such that a < b and ¢ < d. If K is a non-negative measurable function on Ri,
Sulfilling the conditions (i), (ii), and (iii), and the function E is defined by (24), then

the inequalities

/ / X)g()dxdy

P Mi—m)pr-9)L 2
< / X ' [k(AZq) a,b(AZq/aCa d’x)] e fp(‘x)d‘x X

d
o {/ y(Az A)g+(1— )I%X

x [k(2—Ap' —s) — Egmi o (ZfAlplfs,b_l,a_l;y_l)]i' 4y )dy} (27)

and

/d (A1 —A2)q +(s— l)q—,
y

R Y
X k(2= A —5) = Egr e (2 - A’ — s, bil,afl;yfl)]i’% dy}

’
q

b
/K)L(x,y)f(x)dx] X

T

b 2 2
< [/ x(Al —Az)p+(1—s) 7 [k(Azq) a,b(AZQIaCa d;x)] p fp(x)dx] (28)



250 ALEKSANDRA CIZMESUA, MARIO KRNIC AND JOSIP PECARIC

hold for all real parameters A, and A,, such that Aip',Axq’ € (1 —s,1), and for
all non-negative measurable functions f on (a,b) and g on {c,d) . Moreover, these
inequalities are equivalent. If p,q € (0,1), the relations (27) and (28) hold with the
reversed sign of inequality.

Proof. Note that the relations (27) and (28) follow directly from Theorem 2 and
Lemma 1. To prove their equivalence, we consider X, Y, ¢, y from the proof of
Theorem 2, the function

AN

gly) = [k(Z —Ap' =) —E 1 (2 —Ap — s,bil,afl;yfl)]_l’ X

/

q

b
/K*<x,y>f<x>dx] L yel(ed),

(A1—A2)q +(s—1) é
y P

and use the same technique as in the proof of Theorem 1. [

REMARK 10. For a = ¢ =0 and b = d = oo Theorem 3 reduces to Corollary 2,
since E (0, 0,0058) =0.

REMARK 11. Suppose p and ¢ are as in (10), 0 = a = ¢ < b,d < o0, and a
non-negative function K : R, — R is homogeneous of degree —s for some s > 0,
strictly decreasing in the first argument, strictly increasing in the second argument, and
such that k(o) < oo holds forall & > 1. If Ajp’ > 1 and Axq’ < 1 — s, then (27)
and (28) hold with the reversed sign of inequality as a consequence of Remark 1. and
Remark 9. For such p and ¢, the same conclusionholds alsoif 0 < a,c < b =d = o0,
Aip’ < 1—35, Ayg’ > 1, and K is a non-negative homogeneous function of degree
—s for some s > 0, strictly increasing in the first argument, strictly decreasing in the
second argument, and such that k(ct) < oo holds for all or < 1 —s. Note that the case
when p and g are as in (11) can be analyzed similarly.

REMARK 12. For a = ¢, b = d,and A = 1 in Theorem 3 and Remark 11 we
obtain Theorem 5 from [7], so our results generalize those of M. Krni¢ and J. Pecari¢.

4. Symmetric functions K and one important example

To complete our analysis, we consider a class of non-negative symmetric functions
K on R? | satisfying (i), (ii), and (iii). Since K(x,y) = K(y,x), x,y € R, for such
functions and parameters as in Lemma 1 we have

k(a) =k(2 — o —s), H(o,ef;t)=HQ2—a—sf e i),

and
Enm(cte.f11) =Ey—1 12— a—sf"" e it
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Therefore, in the case when a = ¢ and b = d, the relations (19) and (27) from
Theorem 2 and Theorem 3 together read

[L%%wwmww@

b o P
<[/ .X(Al —A2)p+(1— )’H'(Azqabx) p() 1 «

1
b 94 a4 7
xl/yWA““ H (A a by U@] (29)

1

b a2 » p
{/ A [k(A2q") — Eap(A2q’, a,b;x)] q’fp(x)dx} x

b
(A2—A1)g+(1—s i,
X {/ yo Ve [k(A1p") — Eap(Arp', a,byy)]?

while (20) and (28) become

/ by<A17A2>q’+<s71>;—ﬁ y
a
e

X [k(Aip') — Eap(Arp’,a,biy)] 7

’ L

q

b
/ﬂwwwth

_

/K)LXy)f( )dl dy

1

b e _d
< /y(m —A2)q + =1 ! V(A a,b:y)

< [/bx(AlAz)P+(1 Y)%
1

b Ry 3
< {/ x(A1 Ar)p+(1—s) 7 [k(Azq) a,b(Aqu7a,b;x)] 7 f”(x)dx} ) (30)

\I"a

HY (A, a,b; x)fP (x) dx

Especially, for A = 1, s > max { %, [%} ,and A} = Ay = 1% , our Theorem 3 reduces
to Theorem 2 from [8]. Of course, a discussion related to reverse inequalities to (29)
and (30) remains the same as in the general case.

The results obtained for symmetrical functions can be applied to the function K
defined on R2 by K(x,y) = (x+y)~*, where s > 0. First, we consider some special
choices of parameters s, A;,and A;.
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THEOREM 4. Let p, q, and A be as in (1) and (2), andlet 0 < a < b < 0.
Then the inequalities

//f ddy
: :
< /(ﬂ—2arctan\/g—2arctan\/§) x”_l_%)tfp(x)dx X
a X

b a y 1% )
X /<H—2arctan\/j—2arctan\/g) Y1724 69(y) dy (31)
a y
and

b4 b a
/(n Zarctan\/723rctan\/7> f(X);de
a u (x+y)
b L
q
< /<n2arctan\/a2arctan\/§) PR () dx (32)
Y X

hold for all non-negative measurable functions f and g on {a,b) and are equivalent.
Moreover, if p and q are as in (10), (11), or p,q € (0, 1), the signs of inequality in
(31) and (32) are reversed.

Proof. Follows directly from Theorem 2, (29), and (30), considering the function

K(x,y) = (x +y)~!, thatis, s = 1, and the parameters ¢ = a, d = b, A| = 51,,

_I=

-Q
| E——
S

<

Ay = L, In this case, for # € (a,b) and a = §, we have

1 du
H| -,a,bit) = 2arct —2arct
(Z’a7 ,> /% (l+u)\/_ =m—2arc an\/7 arc an\/7

so the function H can be calculated explicitly. [J
Since an elementary calculus yields

1 1 1
H(=,a,b;t) <supH|(=,a,b;t| =H(=,ab;Vab| = —4arctan { E,
2 ~0 2 2 b

we proved the following corollary.

~IS

COROLLARY 3. If p, q,and A areasin (1) and (2), and 0 < a < b < oo, then
the inequalities
1

[ [
< <7r4arctan ‘\‘/%)/1 l/ab)d"lgl1 p(x)dx]’% . [/abyq I=hgi(y )d)’]a (33)
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and

1
! o

[ V e "xr o
< <7r4arctan ‘{/g) [/ab)d”_l_g'1 p(x)dxr (34)

hold for all non-negative measurable functions f and g on {a,b) and are equivalent.
Moreover, if p,q € (0,1), the signs of inequality in these relations are reversed.

A

REMARK 13. Inequality (34) for A = 1 can be found in [10], while B. Yang and
T. M. Rassias, [13], proved a particular case of (33), with A =1 and p = 2.

Our further step isto consider the relations (29) and (30) with an arbitrary s > 0,
K(x,y)=(x+y)*, A = 2 2, and A; = . The case s = 1 is already described
in Theorem 4 and Corollary 3. Since A1p’ = Azq = 1— 5, here we need to use

b
t s
H (1 — %,a,b;t) :/ (14 u)"Su>"'du,
%

which, in general, cannot be calculated easily. On the other hand, in this setting we can
take advantage of the estimates from Lemma 1 and Theorem 3.

THEOREM 5. Suppose p, q, and A are as in (1) and (2), s >0, and 0 < a <
< 00. Then the inequalities

1

e {30 LT e
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hold for all non-negative measurable functions f and g on {a,b) and are equivalent.
Moreover, if p,q € (0,1), the relations (35) and (36) hold with the reversed sign of
inequality.

Proof. We apply Theorem 3 and Remark 5 with parameters described before the
statement of Theorem 5, considering (29), (30) and that

N 3 s
E.p(1—=,a,b;t) = [ } / 1 +u)"Su>"tdu
o (1= 5oabir) [

1 /s s a\? t\?
53(2’2) [(—) +(3) ]
holds forall ¢t € (a,b) . O

COROLLARY 4. Ifp, q,and A areasin(1)and (2), s > 0,and 0 < a < b < o0,
then the inequalities

< (L)@ { / bxp‘l‘%”*fp(X)dX}%~ { [y q<y>dy}

and

1

1
! o

b b q q
[ V = ")‘1 @

ce G- [ oroe)

hold for all non-negative measurable functions f and g on {a,b) and are equivalent.
Moreover, if p,q € (0,1), the signs of inequality in (35) and (36) are reversed.
Proof. Note that AG-inequality implies

L a\s 1 /t\? a\i (t\? 1 ayi
() 26 =160 G =6)
2\t 2\b t b b
so we have the first inequality. The proof that the relations from the statement of

Corollary 4 are equivalent follows the same lines as the proof of Theorem 1. [J

REMARK 14. For A = 1, the results presented in Theorem 5 and Corollary 4 can
be found in the papers [7] and [10], while, in particular, for A = 1 and p = 2 we obtain
Theorem 2.2 in [13].

Finally, we shall use the idea from Corollary 3 to consider (29) and (30) with
s> 0, K(x,y) = (x +y)~*, and general parameters A; and A, . Here we have

b
H(o,a,b;t) = / (I4uw)u%u, t>0, e (l—s,1). (37)

t
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Since
H’(a,a,b;t) — ts+oc—2 [al—oc(a + t)—s _ bl—oc(b 4 t)—s] ,

it is not hard to convince oneself that H(ct, a, b;-) attains its maximal value on R, at
the unique point

1—a 1—a
a s b—ab~s
lo = 1—a 1—a (38)
b —as
Hence,
H(Oﬂ,a,b;t) SH(aaa7b;tO()7 t>07 (39)

and some related results are given in the following theorem.

THEOREM 6. Let p, q,and A beasin (1)and(2), s >0, 0 < a < b < oo, and
A1p' Arg' € (1 —s,1) . If H is defined by (37) and ty, by (38), then the inequalities

b b
f®)e) % %
/u /u dedy S HY (Aip',a,b;t, ) HY (Asq', a,b;th,,) %

1 1

b Ry ! ? (- =)y _
y l/ i—ap( Jq/fp(x)dx] : U yr e ‘)"’g"(y)dy]

and

/by<A1—Az>q’+<s—1>p

b . q q
V (xf+( y))M dx] “

L b _a2 p
< HY (A1P/7a,b;tA1p')qu (AZC]/,ayb;tAzq’) [/ x(Al Ax)p+(1 ‘)q/fp(x)dx‘|

/

=,

hold for all non-negative measurable functions f and g on {a,b) and are equivalent.
Moreover, if p,q € (0,1), the obtained relations hold with the reversed sign of
inequality.

Proof. The first inequality follows from (39), while the rest of the proof is
analogous to the proof of Theorem 1 and Theorem 3. [

REMARK 15. For A; = 22—;,* and A; = % , the constant on the right-hand sides

of the inequalities from Theorem 6 becomes

H* (1 - %,a,b; \/%) :/ (14 u)"*u>"'du.

a

Such parameters A; and A, in the case of conjugate parameters give the central result
from [11].



256 ALEKSANDRA CIZMESUA, MARIO KRNIC AND JOSIP PECARIC
5. Some further generalizations

Like in previous sections, here we continue to analyze homogeneous functions and
related inequalities of the Hardy-Hilbert type. Starting from Theorem 2 and Theorem
3 and applying suitable transformations of integration domains, we obtain some new
interesting results.

First, we consider translations in R% . The following theorem gives a generalization
of Theorem 2.

THEOREM 7. Let p, q, and A be as in (1) and (2), 0 < a,b,c,d < oo be such
that a < b and ¢ < d, andlet U > —a, v > —c. If K is a non-negative measurable
function on R2, fulfilling (i), (ii), and (iii), and the function H is defined by (18),
then for all real parameters Ay and A, , such that A1p',Arq’ € (1 —s,1), and for all
non-negative measurable functions f on (a,b) and g on {(c,d) , the inequalities

b d
/ / K*(x+ oy + VIf (x)g(y) dxdy

b _ _g2
< / (X+M)(A1 Ag)p+(1 ‘)q/Hq/ (Azq/,C+V,d+V;X+‘bL) p(x)dx]

X

d
(A—ADg+(1-9) % 5 ,
x U (y+v) T HE (Hm aﬁ,aiy;y%)g"(y)dy] (40)

and
!

d 7
A=A +(s-1)%G -1 111
{/ o) H 7 2=aw'=s, g s v ) X
C

1
! o

b q q
/ K*(x+ u,y + V)f(X)dX] dy

3,

X

1
b - ar p iz
< l / (e W) T HT (Ayg/ e+ vid 4 vix 4 ) P(x)dx] (41)

hold and are equivalent. Moreover; if p and g are as in (10), (11), or p,q € (0,1),
the signs of inequality in (40) and (41) are reversed.

Proof. Theorem 7 follows directly from Theorem 2, rewritten with a4+ u, b+ u,
c+v,and d+v,insteadof a, b, c,and d, and the functions f : (a+u,b+u) — R,
fw)=f(u—u),and g: (c+v,d+v) - R, gv) =f(v—v),instead of f and g.
Note that

d+v

H(Ayq ,c+ v,d+ vix+u) = o K(1, u)u_Az‘/du
%
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and

yv

a+p /
;o1 1 . 1 _ Ap +s—2
H(z_mp . —bw,w,y—w) _/M K(1,u)u du,
b+u

which makes the statement of Theorem 7 more clear. [
If the same procedure is applied to Theorem 3, we get the following result.

THEOREM 8. Let p, q, and A be as in (1) and (2), 0 < a,b,c,d < oo be such
that a < b and ¢ < d, andlet u > —a, v > —c. If K is a non-negative measurable
function on R2, fulfilling (i), (ii), and (iii), and the function E is defined by (24), then
the inequalities

b pd . . "
/ / K*(x 4,y + v)f (¥)g(y)dxdy < {/ ()H_H)(Al api-95

1

3 b
X [k(A2q") = Earppiu(Ang',c + v,d + vix + p)] & f”(X)dX} X

d _ 04
y {/ o V)(Az A=) %
L.

X [k(z —Ap' —s)—E_ 1 (2*1‘\117’*57 ﬁ, Tl H—V)}

d+voctv

]

1

gq(y)dy} ' (42)

a
»

and

d B /(o q
/(y+V)(A1 Az)q +(A 1)’,/

/

/bK)L(x—&-,u,y-i- v)f(x)dx] X

_d q
7
<[t =) = o (e a5 dy}

b 3 gz
< [/ (X+M)(Al Apt(1-9) 5 o

p

L
X [k(A2q") = Eatppiu(Aag' e+ vid + vix + )| 7 f”(x)dx} (43)

hold for all real parameters A; and A;, such that A\p’,Arq’ € (1 — s, 1), and for
all non-negative measurable functions f on (a,b) and g on {c,d) . Moreover, these
inequalities are equivalent. If p,q € (0, 1) , the relations (42) and (43) hold with the
reversed sign of inequality.

Note that in (42) and (43) we have

etV

1 Azq o ,
Buswsonltadscvarvixin) = (S8 [T k1 a
X+u 0
biu

s+A2q/71 P ,
+ aax / K(u, )29 —2qy
b+u 0
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d+v

A1p’+sfl
T WP W O e 4 B P +s=2
Eo 1 (2 A’ =, g u+u’y+v) = <d+ v) /0 K(1,u)u’ du

a+pt

1-Ap' LR ,
+ (C * v) / K(u, D)= du.
y+v 0

REMARK 16. The case A = 1, with a = ¢, b = d, and u = v, was already
discussed in [7, Theorem 6]. Moreover, if additionaly K is symmetric, p > 1,

u e <max {lp— fa} ,§> ,and A = A = % , Theorem 7 reduces to Theorem 1
from [8].

REMARK 17. Note that for 4 = v = 0 Theorem 7 and Theorem 8 respectively
become Theorem 2 and Theorem 3.

We continue with another interesting transformation of integration domain, namely,
with (x,y) — (Ax*, ByY). The corresponding results are given in the sequel.

THEOREM 9. Let p, q, and A be as in (1) and (2), 0 < a,b,c,d < oo be such
that a < b and ¢ < d, and let A,B,u,v > 0. If K is a non-negative measurable
function on R2_, fulfilling (i), (ii), and (iii), and the function H is defined by (18),
then for all real parameters Ay and A, , such that Aip',Arq’ € (1 —s,1), and for all
non-negative measurable functions f on (a,b) and g on {c,d) , the inequalities

b d
/ / K*(Ax*, By")f (x)g(y)dxdy

1
P

b A—A+1;ﬁ) Fo—1)(1—p) P
<c /x(l 2t Pt =1)( H)HQ’(Azq/,BCV7BdV§Ax“) P(x)dx| x

1

d (Az A1+—)qV+(q H(l—v) 4
X l/ y Hr ! (2 —Ap —b>ﬁ>ﬁsﬁ)gq(y)dy (44)

and

d (AI—AZ‘FSP;,I)(]/V‘FV—I
y
B

/

/b K* (Ax", By")f (x)dx] X

f L
g p

-7 1
X H » (Z—Alp _57Ab“7Aa“’BvV)dy}

1
b (-4 +‘;ﬁ) +p—)(1—-p) P !
<C / x( A M)Hq’ (A2q', Bc¥, Bd"; Ax*) p(x)dx] , (45)

where

L L A A ———AA I=s__ 1
C=u7v 7 AN 2+ 7 B 17 7 (46)
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hold and are equivalent. Moreover; if p and g are as in (10), (11), or p,q € (0,1),
then (44) and (45) hold with the reversed sign of inequality.

Proof. This time we apply Theorem 2 to Aa", Ab*, B¢, Bd", instead of a, b,
¢, d, and to the functions f : (Aa",Ab*) — R and g: (Bc",Bd") — R,

=) () =) «(()):

instead of f and g. Moreover, in this setting we have

Bd”

xH ’
H(Ayq',Bc", Bd"; Ax*) = /A K(1,u)u=* du

BcY

Axt

and
ByY

H(ZfAlplfs, ﬁ, A%M; ﬁ) = /;:H K(l,u)uAlp,H*zdu. O
In particular, for a = ¢ = 0 and b = d = oo we get the following general
Hilbert-type inequalities.

COROLLARY 5. If p, q, and A are as in (1) and (2), A,B,u,v > 0, and K
is a non-negative measurable function on R%, fulfilling (i), (i), and (iii), then the
inequalities

/0 i /OOO K*(Ax*, By")f (x)g(y)dxdy

1
p

o0 A7A+1;,S) +p-1)(1-
/ (wmaer s Jomsto-n mf,,(x)dx] y
0

<D

1

oo AZ—A1+1;,S)qv+(q—1)(1—v) !
X[ /0 y( ! g"(y)dy] (47)

and

1

{/Ooy(A‘Aﬁxp_’l)q'”“ [/OO Kl(Axl*’ByV)f(x)dx] ! dy}QI
0 0

0o _ 1—s _ _ P
/ x<A1 At )le(p n( mf”(x)dx] 7 (48)
0

<D

where D = CkV’ (2—-Ap — s)kql’ (A2q') and C is defined by (46), hold for all real
parameters Ay and A, such that Aip',Axq’ € (1 —s,1), and for all non-negative
measurable functions f and g on Ry. Moreover, these inequalities are equivalent.
If p and q are as in (10), (11), or p,q € (0,1), the inequalities (47) and (48) are
reversed.
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Finally, we state a generalization of Theorem 3 related to the mentioned transfor-
mation. If E is as in (24), observe that

w(i-rad) o ,
Epan api (A2g’, Bc”, Bd"; Axt) = (E) /A K(1,u)u="7 du
0

X
+ (%)H(HAMI_I) /0% K (u, D24 2y
and
E. . <2A1p/S’L7L;L> _ (X)V(Alp/Jrs—l)/f% KL a2
BV BT Ab*’ Aat’ ByY d ;

AaM

v(1-Ap')  Ad ,
+ <£) /B K(u, )u="" du.
y 0

THEOREM 10. Suppose p, q, and A are asin (1) and (2), A,B,u,v > 0, and
0< a,b,c,d < o0 aresuchthat a < b and ¢ < d. If K is a non-negative measurable
function on R2., fulfilling (i), (ii), and (iii), and the function E is defined by (24),
then for all real parameters A| and A,, such that A\p',A>q’ € (1 —s,1) , and for all
non-negative measurable functions f on (a,b) and g on {(c,d) , the inequalities

bopd b (A=At 52 ) put(p—1)(1—
//K’L(Ax“,By")f(x)g(y)dxdySC{/ x(l 2+ )Pu p—1) M)X

1

r P
X [k(Azq/) — EAaP-,AbH (Azq/,BCV,BdV;Ax“)] q fp(x)dx} X

{/d (AZ—A1+1;ﬁ)qv+<q—1><1—v>
X y P X

x [k(ZfAlp'fs)fEB; ; (zfmpus,/ﬁ,ﬁ;ﬁv)}

dV ’ BcV

and

d (A1—Az+¥)q’v+v—l
P
y
.

/

/b K* (Ax*, By")f (x)dx] X

,4 q
X [k(2—A1p/—s)—E#’BC;V (2—A1p'—s,#7ﬁ§3—;v):| " dy

b —s
< C{/ x(Al—Aerlq—,)pqu—l)(l—u)x

S

P

X [k(Azq/) — EAaH,AbP- (Azq/,BCV,BdV;Ax“)] q fp(x)dx} ;
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where the constant C is defined by (46), hold and are equivalent. Moreover; for
p,q € (0, 1), the inequality sign in these relations is reversed.

REMARK 18. For A = 1, a = ¢, and b = d, the results from Theorem 10 and
Corollary 5 reduce to Theorem 7 and Theorem 8 from [7]. On the other hand, for
A=B=u=v=1,Theorem 9, Corollary 5, and Theorem 10, respectively become
Theorem 2, Corollary 2, and Theorem 3 from our Section 2.

To conclude this section, we emphasize that an analysis from Remark 11 can be
applied to both presented transformations.

6. Discrete Hardy-Hilbert-type inequalities with non-conjugate exponents

General results from Section 2, rewritten with the counting measure on N, lead
to some interesting inequalities of the Hardy-Hilbert type related to sequences of non-
negative real numbers. As in previous sections, we consider non-negative functions
K on R?, homogeneous of degree —s, where s > 0, and strictly decreasing in each
argument. Our first result is a discrete analogue of Theorem 9.

THEOREM 11. Let p, q, and A be as in (1) and (2), A,B,u,v > 0, and let
m,M,n,N € N be such that m < M and n < N. If K is a non-negative measurable
function on R2, fulfilling the conditions (i), (ii), and (iii), and the function H is defined
by (18), then the inequalities

M N
> O> KMAM, BY)aib;
i=m j=n
1
M 173) P
A=A+ — |put(p—1)(1—p) P
<C Zi(l e )r HY (Azq',B(nl)V,BNV;Ai“)a{?] X
=m '
N (Az—A1+l;,“)f1V+(q—l)(l—V) 4 !
y [ZJ » HY (zfAl,,/,s,/WLM,A(ml_U ;#)b}’ (49)
j=n
and

/

M q
> KA, BjV)ai] X

i=m

N (A—at 55t ) g viv—1
v
Jj=n

q

/ T
q
7 P B SRS
x H » (z_Alp 5, > AT ij)}

1

M 17,?) P

A=A+ —= |put(p—1)(1—p) P

<C lZz( ) YHT (Asq B(n — I)V,BNV;Ai“)a;-”] , (50)
where the constant C is defined by (46), hold for all real parameters A, and A,, such
thar Avp' € (max {1 = 5,1~ L },1) and Aaq’' € (max {1~ 5,1 =L}, 1), and for
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all sequences (ay)nen and (by)nen of non-negative real numbers. Moreover, these
inequalities are equivalent. If p,q € (0, 1), the signs of inequality in (49) and (50)
are reversed.

Proof. Rewrite Theorem 1 for the counting measure on N, K;; = K(Ai*,Bj"),

= 1=v
Qo = (Ai“)Al+P’H , Y= (Bj")Aer 7v , and the sequences (a,)nen and (b,)nen. In
this setting, (7) becomes

M N
> > KMAHB)aib;

i=m j=n
M 5N q
< lZ(AZM)AmHP 1) Fpap] . Z(B] )A2q+(q Ny quq 7 (51)
i=m j=n
where X
N 7
> KM (A, BY)(B}) TV ] (52)
j=n
and 1
M S
ZKWAi“?BJV)(Ai“)l’“‘”] ' (53)
Since 1 — < —Az¢’ < 0 and K fulfils (i) and (ii), we have
F = () ZKA ( )(BJ )iy
< U\ — A By vy1—L A
< [ r (1B gy by
n—1
BNMV
/ Al /
— v_lB_lv(Ai“)l_s_Azqﬁ K(l,u)u‘Azq du
n—1)Y
(Aiu)
— v'B V(A H (Ayg',B(n — 1)", BN"; AM) (54)

and, by similar arguments,

/ . 1 /
- o ()

M
s Ax* 1Ay
< (8") / KA<B.V71> (A ay
m—1 )]
ek —s—AL
= plATEBY) AIPH(Z*AII"*SvAnizu’A(ml—w;#)' (55)

Hence, (49) holds by combining (51), (52), (53), (54), and (55). The proof that
the relations (49) and (50) are equivalent follows the idea presented in the proofs of
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Theorem 1 and Theorem 3. In particular, to prove that (49) implies (50), we use the
sequence (b,),en given by

_d A=A+ ) g vv—1
g5 1 1.1 ( %
bj=H (2 —AD' =5, TN A=) BV )J

M
> KA B a

i=m

A discussion concerning reverse inequalities is as in the proof of Theorem 3. [
An important consequence of Theorem 11 is the following corollary for infinite
series.

COROLLARY 6. Suppose p, q, and A are as in (1) and (2) and A,B,u,v > 0.
If K is a non-negative measurable function on R , fulfilling the conditions (i), (ii),
and (iii), then the inequalities

iildmﬂ Bi)aib; < D
i=1 j=1

1
[ee] —s P
5 (n Az+17)pu+(pl>(1#>a€] .

i=1

==

J

ij(AzArkf)qV«r(ql)(lv)bq
=1

and

oo

s .(Al—Aer#)q’erv—l A v
> ! > KM A, BY)a;
i=1

J=1

1
oo p

D Zi(Al—Az+%)pu+(p—l)(l—u)a§,]

)

i T
where D = Ckr' (2 — A1p’ — $)k9 (A2q’) and the constant C is defined by (46), hold
for all real parameters A; and A,, such that A\p’ € <max {1 —s5,1— %4} , 1> and
Ayq' € <max {1 —s,1— %} , 1>, and for all sequences (ay)nen and (by)nen of non-
negative real numbers. Moreover, these inequalities are equivalent. If p,q € (0,1),
the signs of inequality in both relations are reversed.

Finally, applying the estimate from Lemma 1 in (54) and (55), we obtain the
following result.

THEOREM 12. Let p, q, and A be as in (1) and (2), A,B,u,v > 0, and let
m,M,n,N € N, m <M, n < N. If K is a non-negative measurable function on Ri,
Sulfilling the conditions (i), (ii), and (iii), and the function E is defined by (24), then
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the inequalities

M N
> > KMA* B )aib; < C {

i=m j=n

(A17A2+‘;,“)pu+<p71><17u>
i q

X

P

1

Il
3

S

p
X [k(Azq/) — Egpu ape (Azq’,B(n — l)V,BNV;Ai“)] q a{-’} X
N (Az—A1+l;ﬁ)qV+(q—l)(l—V>
i x
j=n

q
o

x (k@ = A’ =) = E_ o (2-al s, gher s ) | 6

BNV’ BnV

—
e

and
!

M q
> Kk (Ai“,BjV)a,] X

N (A17A2+¥)q’v+v71
. B
>
Jj=n

1

v
CA — ) — R I BT TAY A
x (k2= Aw =)~ B o (oo g s )| }

¢ {i i(A17A2+%)p#+(p*1)(1*#) o

i=m

~

1

X [k(A2g") — Eapt o (A2g',B(n — 1)¥, BN"; Ai*) | 7 a‘?}p ,

where the constant C is defined by (46), hold for all real parameters A, and A,, such
thar Avp' € (max {1 = 5,1~ L},1) and Aaq' € (max {1~ 5,1 -1}, 1), and for
all sequences (ay)nen and (by)nen of non-negative real numbers. Moreover, these

inequalities are equivalent. If p,q € (0, 1) , both relations hold with the reversed sign
of inequality.

REMARK 19. For A = B = u = v = 1 we obtain discrete analogues of Theorem
2, Corollary 2, and Theorem 3.

REMARK 20. The results for the case A = 1 are given in [7, Theorem 9).

7. Godunova-type inequalities

In the previous sections, we considered only integrals and sums over some subsets
of R, , that is, one-dimensional situations. Since Theorem 1 covers more general
settings, to conclude this paper, we apply that result to n-dimensional cells in R’ .
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Before presenting our idea, it is necessary to introduce some notation. For u,v € R",

u=(u,up,...,uy), v=(vi,v2,...,v,), we define
u uy U Uy
—=(—,—=,...,— and  uw' =ul'ul ...
v Vi V2 Vn

Especially, u' = []7, u; and w™' = ([, u;)~", where 1 = (1,1,...,1). We shall
also write u < v if u; <v;, i =1,...,n. Forsuch u and v, by C,, we denote the
following 7n-dimensional cell in R":

Cuy = (u,vi) X oo X {tp,vy) ={(x1,...,%0) ER" 1 x; € (wy,vy),i=1,...,n}.

Now, we are ready to state and prove an 7n-dimensional analogue of Theorem 2.

THEOREM 13. Let p, q, and A be as in (1) and (2), and let a,b,c,d,s € R,
be such that a < b and ¢ < d. Suppose K is a non-negative measurable function on
R, parameters Ay,Ay € R" are such that

k21— p'Ay—s) = [ K175 gy < oo (56)
R]

and

kg Ay) = | K@u 7424u < oo, (57)
RY

and the function H is, for e,f e R" , e <f, a € {21 —p'Ay —s,4'As}, and t € R’}
defined by

H(a,e,f;t):/ K(u)u~*du.
Cet
't

-l

Then for all non-negative measurable functions f on Cay and g on Ccgq, the inequal-
ities

[, L g (D wewasay

2
7

— P (1—
< [/ {(Al A2>+q/ (a S>Hq (qIAZ’ c, d,X)fp(X)dX] x
Cab

1

1

AL (1) 4
y V A2 AD (09 (21—p’A1—s,%,i'%)g"(wdy]
Ced
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and

s _d
{/ y(Al Ap)+or(s— 1>H /<21 pA_”])’%’%)X
Ced
ql
X / X ASK* (X)f(x)dx dy
Cap X

s U MO (g Ay e i) (x)d ]
Cap

hold and are equivalent. Moreover; if p and q are as in (10), (11), or p,q € (0,1),
the signs of inequality in both relations are reversed.

Proof. We apply Theorem 1to X = Cap, ¥ = Ccq, the functions ¢(x) = xA1 and
w(y) = y*2 on R", the non-negative function K : R — R, K(x,y) = x*K (),
and Lebesgue measures du (x) = dx, dus(y) = dy . By using the substitution u = ¥,
relations (5) and (6) become

1

P

1

L
7

s Y\ _./a ! —Ls Y\ y-da !
R = | [ k(v e = [k (F)y
Ced X Ced X
_ 1 L
= X ‘1/(1 S> AZH ’( /A2>c>d;x)7 XECa,b>
and
y ! #
Gly) = / K(3)x
Ca,b X

_l(1—g)— L
=y p/(l s) Aal’ (21 p/Alfs,b,;,i), y€Cc7d,
so the inequalities from the statement of Theorem 13 follow directly from (7) and (8).
The reverse inequalities hold due to Remark 1. [J
As a direct consequence of Theorem 13, we obtain the following Hardy-Hilbert-
type inequalities.
COROLLARY 7. Suppose p, q, and A are asin (1) and (2). If s e R, K is
a non-negative measurable function on R, parameters Ay, Ay € R" fulfil (56) and
L il
(57), and C = k»" (21 — p'A1 — s)k7 (¢'Az), then the inequalities

/Ri /R’i x K" (%)f(x)g()’)dxdy

1
A2 (1— P T2 -
<C {(Al A2>+ql (1 S>fp(X)dX] . |:/ y a(Az—Aq)+ /(1 S)gq(y)dy

n
+

R
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and

/

/ yq’(ArAzHZ—/(S*l) /
R R

4

e (3) ] o

n
4

<C

_ 21— P
{(Al Ag)+ (1 S)fp(x)dxl
R%

hold for all non-negative measurable functions f and g on R, and are equivalent.
If p and q are as in (10), (11), or p,q € (0,1), then both relations hold with the
reversed sign of inequality.

REMARK 21. For n = 1 we have K(tx,ty) = t—°K(x,y), forall ¢,x,y € R, , so
the function K is homogeneous of degree —s. Thus, Theorem 13 and Corollary 7 may
be regarded as n -dimensional generalizations of Theorem 2 and Corollary 2.

Finally, we explicitly state two particular cases of Corollary 7, obtained for some
special choices of parameters. The first one considers s = s1, A; = A1, and
A, = Ay1, where s,A1, A, are real numbers.

COROLLARY 8. Let p, q, and A be as in (1) and (2). If s > 0, K is a non-
negative measurable function on R"_, real parameters A1, A, are such that Ay = A1
and Az = As1 fulfil (56) and (57), and the constant C is defined by

€1

C =k (2— A — $)DK7 (¢'As1),

then the inequalities
1 1

/Ri /]M x MK (%)f (x)g(y)dxdy
' (I*S)} 1 a

<¢ V ki) lfp<x>d"] p' l/ gl g‘f(y)dY]

<
'u\lg\\

n

+ +

' a

[l [ [ xm (g)ﬂx)dx]" oyl

n
+ +

1
A=A+ 2 (1-9) |1 g
<Cl/ X|:P(1 2)+ 7 ( ):| fp(X)dX]
R

:{
hold for all non-negative measurable functions f and g on R, and are equivalent.

If p and q are as in (10), (11), or p,q € (0,1), then both relations hold with the
reversed sign of inequality.

The second special case of Corollary 7, and also the concluding result in this paper,
presents an inequality of E. K. Godunova from [4].
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COROLLARY 9. Let p, q, and A be asin (1) and (2). If s > 0 and L is a
non-negative measurable function on R, then the inequalities

- + 1 o (Y
/R n / n )y L (2) 7 @eydxdy < L1, Ly 1 oy e o
and
€1
q 7
‘i_:l 7(%+7L)1 y
Lot [ xR () rmax| avp <ty e
R R X LA (R})

hold for all non-negative measurable functions f and g on R, and are equivalent.
If p and q are as in (10), (11), or p,q € (0, 1), then the signs of inequality in both
relations are reversed.

Proof. Corollary 9 follows from Corollary 8 if we put A; = Zp’,s, Ay =0,
K=L% , and consider the functions f, g R} — R,

(s—DA—2 |1

f<x>:x[ P]f<x>, 3(y) =y

instead of f and g. Note that in this setting we have

Ye(y),

MO /A=) = kg = [ hwan= o,

>)|_
—

+

so C=|L|| s .
LF (1)

Since the first inequality in Corollary 9 was proved by E. K. Godunova in [4], all
inequalities obtained in this section will be called the Godunova-type inequalities.
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