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Abstract: Hardy-Hilbert-type integral inequalities are among the classics of mathematical analysis. In
particular, this includes well-known variants involving homogeneous power-max kernel functions. In this
article, we extend the theory by studying the non-homogeneous case using specially designed power-max
kernel functions. Additionally, we explore different integration domains to increase the flexibility of our
results in a variety of mathematical contexts. We also establish several equivalences, modifications and
generalizations of our main integral inequalities. The proofs are detailed and self-contained. To support
the theory, we provide numerical examples together with the corresponding implementation codes for
transparency and reproducibility.
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1. Introduction

1.1. Context

G.H. Hardy and D. Hilbert made significant contributions to the study of integral inequalities. In
particular, D. Hilbert established the classical Hilbert integral inequality in 1908, which G.H. Hardy later
extended and generalized in 1925, leading to the well-known Hardy-Hilbert (HH) integral inequality. This
inequality plays an important role in mathematical analysis, especially in the study of function spaces, operator
theory, and Fourier analysis. The essence of these classical results can be found in [1,2].

To lay the foundation for this article, a formal statement of the HH integral inequality is given below, using
conventional notation. Let p > 1, g = p/(p — 1) be the Holder conjugate of p, and f, g : (0, +c0) — (0, +o0)
be two functions. Then we have

L7 s rwsmanr < s [T preagas] v [ o

under the condition that the integrals defining the upper bound converge, i.e., f0+°° fP(x)dx < oo and

f0+°° 99(y)dy < 4o0. The left-hand side term is thus a double integral of the form

[ [ ke sy,
0 0

where k is the kernel function defined by k(x,y) = 1/(x +y). A key property of this function is its
homogeneity, meaning that there exists € € R such that, for any x,y > 0 and A > 0, the following scaling
property holds:

k(Ax, Ay) = A%k(x,y).

Here, we have ¢ = —1. Notably, if we take p = 2, the HH integral inequality reduces to the
classical Hilbert integral inequality, with 7t as the constant factor. Beyond these fundamental results, various
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modifications and generalizations have been studied. Some of these are characterized by the inclusion of
different kernel functions. Despite the extensive literature on the subject, this remains an active area of research
with ongoing developments. For further references and recent advancements, see [2—-40]. Important results
from some of these references are discussed below.

1.2. Power-max kernel functions

In this article, we focus on HH-type integral inequalities for a certain class of kernel functions that depend
on the power and the maximum of the two variables x and y, i.e., max(x, y). These are called power-max kernel
functions (including the case where the power exponent is reduced to 1 for simplicity). A fundamental result
in this area was established in [2], which states that, within the framework of the HH integral inequality,

1/q

/Om /;oo Mf (x)g(y)dxdy < pq { /:oo f (X)dx} v [ /0 g (y)dy] ,

(again under the condition that the integrals defining the upper bound converge, as for all upper bounds
presented in this section). The considered power-max kernel function is simply given by k(x,y) =
1/ max(x,y). This result was revisited in [29] by introducing a parameter 7y > 0, which leads to

R T I AR

The corresponding kernel function is k(x,y) = 1/ max(x7,y7). Note that, if we take ¥ = 1, we do not
exactly recover the previous result, dealing with weighted L, and L, integral norms of f and g, respectively.
A more original HH-type integral inequality was introduced in [18] for the case p = 2, given by

- fz(x)dX} - ['/;m gz(y)dy]

Here, the kernel function considered is k(x,y) = 1/[x +y + max(x,y)]. This result was further
generalized in [23] by including an arbitrary norm parameter p > 1, yielding

400 400 1
/0 /o x+y+max(x’y)f(x)g(]/)dxdy

<V2 [7{— 2arctan(\f2)} [/Oﬂo xP/2—1fP(x)dx] v [./OJFOO Y121 (y)dy

1/q

1/2

/O+OO ./O.Jroo P ! )f(x)g(y)dxdy <V2 [77 - 2arctan(\f2)} {

max(x, y 0

1/q

Still in [23], a one-power-parameter extension of this result was investigated. It ensures that, for any
u>1,

+o00 o0 1
/0 /0 [x+y+ f(x)g(y)dxdy

max(x, )]

= 2(#1— 1) (2#1—2 a 3#11) UO+°° xlyfp(x)dx]l/p [/o+ v l‘gq(y)dy}

Here, the kernel function is

1/q

1
[x + y + max(x, y)|*

k(xy) = )
The more technical case y € (0,1) was also examined in [23], along with functional generalizations. We
complete this brief state of the art by mentioning that general homogeneous power-max kernel functions were
introduced in [2,5,18,19,25,26], with the use of intermediate functions and adjustable parameters. Based on
these, HH-type integral inequalities were established with detailed developments and original techniques.
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1.3. Contributions

A key observation in all the HH-type integral inequalities discussed above is that the considered kernel
functions are homogeneous. This raises a natural question:

Question 1. Can we establish relevant HH-type integral inequalities with non-homogeneous power-max functions?

To answer this question, we first propose to study a new class of kernel functions of the form

1
xy + max(x,y)]*’

k(x/ y) = [

where « > 1. Compared to the kernel function in Eq. (1), the sum term x + y is thus replaced by xy.
Although this change may seem minor at first glance, it has a significant impact on the behavior of the kernel
function. Indeed, the presence of this product term disrupts its homogeneity (as detailed later), and leads to an
innovative mathematical framework. In addition, we extend the analysis by introducing a varying integration
domain, assuming that (x,y) € (B, +c0)? with 8 > 0. The upper bounds obtained are of the form

1/q

[T wwpma] [ ],

where ¥ > 0 is a certain constant and w is a carefully chosen weight function. An integral equivalence result
is also established, as well as more tractable integral inequalities. To improve applicability, we also give a
functional generalization using two intermediate functions.

Next, we introduce a class of related kernel functions where the maximum term is modulated by a
parameter J. More specifically, we consider

1
xy + d max(x, y)|?’

k(x,y) = [

with § > 0. Three integration domains are considered, assuming that (x,y) € (0,1)?, (x,y) € (1,+0)? and
(x,y) € (0,+00)2. An integral equivalence of our main result is given. Then some variants are studied, one of
which is

/()+Oo /Oﬂo [xy + (5mlax(x,y)]2f(x)g(y)dxd}/ = (532 [_/;00 if’”(x)dx] " [/Om ;gq(y)dy]

Beyond these cases, we establish additional HH-type integral inequalities with other non-homogeneous
kernel functions, as well as functional generalizations that extend their applicability.

To support the theory, we provide numerical examples wherever possible. For transparency and
reproducibility, the implementation codes used in the computations are also included.

1/q

1.4. Article organization

§2 and §3 present the first and second HH-type integral inequalities, respectively. §4 provides the
conclusion. The appendix includes the codes used in the numerical examples.

2. First HH-type integral inequalities

2.1. Main result

The proposition below is an integral result for an integrand involving a (ratio) power-max function. Note
also an integration domain that can vary depending on an intermediate parameter.

Proposition 1. Let « > 1and B > 0. Then, for any x > B, we have

/+°° 1 Ju — 1 1 _ 1
5 yt+max(ry) Y T @—Dxr [(Br1)r 1 (xR
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Proof of Proposition 1. By means of the Chasles integral theorem, combined with the definition of max(x,y),
standard power primitive rules and « > 1, for any x > B, we get

+oo 1 +o0 1
d
/ﬁ [xy + max(x, y)]* ay = / xy+max( )]¥ 4y + / [xy + max(x, y)]* Y
:/,5 xy+x / xy—i—y
1 /x 1 /+°° id
p G T ko
1 y=x 1 1 1 ]Vt
=a[1 +1>a ] MEEa [wcx ,H}
]/ y=p y y=x

1 1 1 1 1 1
% [(BH) = <x+1>a—1} Tz

_ 1 { 1 _ 1 n X }
@=Dx [+ DT e Do G

B 1 1 1
Co(a—1)x* (BT (x+1)2] 7
The proof of the proposition ends. [

The expression of the considered integral is therefore relatively manageable. Based on this, we concentrate

on a double integral of the form
—+o00 —+o00
), Ko f@stay,

where @ > 1, > 0 and k is the power-max kernel function given by

1
xy + max(x,y)]*

k(x/ y) = [

This kernel function is non-homogeneous, meaning there is no € € R such that, for any x,y > 0 and
A >0, k(Ax, Ay) = A°k(x,y). To substantiate this claim, notice that

K(Ax, Ay) = ! - ! - !
)T (%) (Ay) + max(Ax, Ay)E [A2xy + Amax(x,y)]*  A%[Axy 4+ max(x,y)]*’
This suggests that the only possible candidate for € is ¢ = —a. However, due to the additional factor A

in the xy term of the denominator, the equality k(Ax, Ay) = A°k(x,y) does not hold. The kernel function thus
deviates from the standard homogeneous form, introducing a distinct analytical framework compared to those
explored in [2,18,23,25,26,29]. In addition, we emphasize the adaptable integration domain, i.e., (5, +oo)2, with
B > 0, which includes the commonly studied case (0, +c0)? when g = 0.

In this context, the theorem below presents the first HH-type integral inequalities. Proposition 1 is central
to the proof.

Theorem 1. Leta >1,>0,p>1,q=p/(p—1)and f,g: (B, +00) — (0, 400) be two functions. Then we have

/ﬁ:w -/!jw [xy-l-m;x(x,y)]“f( x)g(y)dxdy < il {/;00 % {(ﬁ +11)a1 - (le)a} fp(X)dX}l/p

A e w s}

under the condition that the integrals defining the upper bound converge.
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Proof of Theorem 1. A suitable product decomposition of the integrand using the equality 1/p +1/q = 1,
followed by an application of the Holder integral inequality with the parameters p and g, gives

+0o  p+o00 1
//5 /ﬁ [xy+max(x,y)]af(x)g(y)dxci]/
— +oo  poo 1 () x 1 -
/ﬁ //5 [xy + max(x,y)]a/pf oy T max(x,y)]tx/qg y y

: {'/;w /;m [xy + mJX(x,y)]“f (x)dxdy }W . {/ﬁm -/;m [xy + m;x(X,]/)]agq (y)dxdy}l/q )]

By means of the Fubini-Tonelli integral theorem (which allows the exchange of the order of integration,
the integrand being of constant sign, i.e., non-negative here) and Proposition 1, we have

/ﬁ*“’ /ﬁ*‘” [y + mix(x/y)],xfp(X)dxdy = /l;oofp(x) {/l;oo oy m;x(x,y)}“dy} dx

1 rfoo 1 1 1
Ta-l //5 x [(ﬁ+1)“1 - (x+1)a} fr(x)dx. ®)

Similarly, we have

+o0 o0 1 g dxdy = +o0 g 400 1 P p
A e R O AR e e
1 teo ] 1 1
S AN (v i v B
Combining Egs. (2), (3) and (4) and using the equality 1/p +1/g = 1, we get
+oo ptoo 1 1 [t 1 1 p
Fh mrema sty < {5 [ (e = o) 70
1 oo 1 1 1 1/q
Rt ] e g eon)
1 oo 1 1 1/p
il w G e o]

A e e g }w'

This ends the proof of the theorem. [

To the best of our knowledge, this theorem provides a new integral inequality result in the literature. It is
one of the few that mixes a non-homogeneous power-max kernel function and an adaptive integration domain.
An equivalent formulation of this theorem with only one function will be described later, in Proposition 2.

Remark 1. Some basic or technical remarks on Theorem 1 are formulated below.

¢ Noticing that xy = max(x,y) min(x,y), the main double integral can be rewritten with min(x,y) and
max(x,y), as follows:

oo oo 1 +oo  r4oco 1
/ﬁ /ﬁ [y + max(x,y)}af(x)g(y)dxdy = /ﬁ /ﬁ maxt (%, y) [min(x, 1) T 1]“f(x)g(y)dxdy.

From this point of view, we deal with a non-homogeneous min-max-power kernel function, which is
k(x,y) = 1/{max*(x,y)[min(x, y) + 1]*}.
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¢ Using the expression max(x,y) = (1/2)(x +y + |x — y|), the main double integral can be rewritten as
follows:

Foo oo 1 L [T e 1
//3 //5 [xy+max(x,y)]le(x)g(y)dxdy:2 /ﬁ /,3 [2xy+x+y+|x—y|]“f(x)g(y)dXdy'

So we have

/1:00 //;OO [2xy + x +;+ |x _yl]af(x)g(y)dxdy
o Y
S e A [ e U
0 Ve
g {//3+ yl‘" {(ﬁ —I—ll)zx—l - (yil)a] gq(y)dy} :

To the best of our knowledge, this is a new HH-type integral inequality. It is defined with a
power-absolute value kernel function.

e For any x > 0, we have —1/(x +1)* < 0, and, for any y > 0, we have —1/(y + 1)* < 0. Using this and
the equality 1/p +1/q = 1, we get

oo oo )
/ﬁ /ﬁ [xy+max(x,y)]af(x)g(}/)dxdy

<t [ ] o] e o]
- COETT L ] " A E

The weight functions in the integrals of the upper bounds are thus reduced to power functions, with an
original constant factor that can be small, depending on the values of « and .

2.2. Numerical work

We now illustrate Theorem 1 with some numerical examples. The values of x and  are arbitrarily chosen
from those to which the integrals of the upper bound converge. For the sake of reproducibility, the free software
R is used with the package named pracma. See [41]. The corresponding codes are given in the appendix.

Example 1. If we takea =25,8=1,p=2(sog =2), f(x) =1and g(y) = 1, we have

400 p4oo 1 +o0o 400 1
dxdy — / / dxdy ~ 0.09268775,
b e @y = [ [ ey

and

ﬁ {/l:oo;a [(/3+11)“—1 B (le)“] fp(x)dx}l/r’ y {/ﬁ+°°y1“ [(/3 +11)“—1 B (y—il)”‘} gq(y)dy}l/ﬂ
_ 2.517 . {/1+°° % {(1 . 11)2_5_1 G +11>2.5] dx} ~ 0.1170915,

Since 0.09268775 < 0.1170915, this is consistent with Theorem 1.

Example 2. If we takea = 1.1, =2, p =3 (soqg =3/2), f(x) = 1and g(y) = e ¥, we have

+o00 p+oo 1 +o0o  pr+4o00 1
dxdy = / / “Yixdy ~ 02857713,
b e g @y = [ [ e iy
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and

zxil {//:oo % {(ﬁ +11)“1 - (xil)“] fp(x)dx}l/p ) {/;:ooyl”‘ [(ﬁ +11)1x1 - (yjl)ﬂ} gq(y)dy}l/q
« 1/3
B 1.11— 1 {/2+ % {(24_11)1.11 - (x +11)1,1] dx}

x{/+wl{ t 1 ]e?’y/zd }2/3~07654846
» 2P ()i y ~ 0 .

Since 0.2857713 < 0.7654846, this is in accordance with Theorem 1.

Example 3. If we takea =2, =0,p=4/3(soqg=4), f(x) = e~1/** and g(y) = e71/¥, we have

/ﬁm [m [y + m;x(x,y)]*f gty = [ [T [y + mix(x,}/)Pe_l/ Yo Ydxdy ~ 0220281,
and
1 +oo 1 1 1 1/p +oo 1 1 1 . 1/q
a—1 {//a x® [(ﬁ+1)al T (x+1)® ] } { [ B+ (y+1)“}g (y)dy}

1 /+°° 1 1 1 o4/ (32%)
S 2—11Jo 22 [(0+1)21  (x+1)2

+ool 1 1 74/}, }1/4
— — d 0.5251761.
><{/o y2[<o+1>21 <y+1>] Y

Since 0.220281 < 0.5251761, this is consistent with Theorem 1.

2.3. Additional results

The proposition below is complementary to Theorem 1, dealing with only one function.

Proposition 2. Leta >1,8>0,p>1,9g=p/(p—1)and f : (0,400) — (0, +00) be a function. Then Theorem 1
is rigorously equivalent to

'/[:roo {yl'x [(/3 +11)“1 ( ‘i 1)“] }1_p {./;OO [xy + m;x(x,y)]“f(x)dx}p dy

1 too ] 1
<=1 x“[(ﬁ+1>“—l_(x+1> ]fp( )

under the condition that the integral defining the upper bound converges.

Proof of Proposition 2. Let us first prove that Theorem 1 implies the stated inequality. To do this, let us set

e /*""{ { (B+1)*= (yil)“]}lp{/ﬁm [Xy+m;x(x,y)]“f(x)dx}pdy'

A suitable product decomposition of the integrand gives

- /M{ [ (B+1)2 (yil)“} }Hj {//jm [xy+m;><(x/y)]“f(x)dx}

) {/ﬂm [xy + mix(x,y)]af(x)dx}p_l dy

+oo  ptoo 1
://5 /.3 [xy+max(x,y)]af(x)gi(y)dXdyf )
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where

gi(y) = {yla [(ﬁ _|_11)zx—1 - (yjl)a} }1p {/;w [xy+mix(x,y)}af(x)dx}pl.

It follows from Theorem 1 applied to the functions f and gt that

L e sty < {7 5 (e ) 00

A e e swar} o

Using q = p/(p — 1) and the definition of g}, we have

1/p

+oo ] 1 1
//s }/"‘[(5+1)“1_<y+1>“}
_/“"1{ 11
g oy LB+ (y 1)

|

" {; [<ﬁ+11>“1 B <y+11>“ }q(l_p) {./;w [xy-irm;x(x,]/)]“f “‘)d"}q(p_l)d”
|
|

N /;myla [(ﬁ+11)"“1 - <y+11>“
-P ) p
X{i[wfl)w—l‘(y:l)w} {1//; [xy+m;x<x,y>1af<x>d"} a
-P +o0 p
/ { [BH) <y+11>a” {/ﬁ [xy+mix<x,y>wf(’“>d"} dy
T.

Combining Egs. (5), (6) and (7), we obtain

r< ) w lgre o) fp(")d"}l/pf/q'

Using the equality 1/p + 1/ = 1, we get

e {/ﬁmxla [(/3+11)”“1 B (x+11>“]fp(x)d"}l/p’

@)

so that, by the definition of Z,

/ﬁm{ ; {(ﬁ”ll 1 y+11) ]}1”{/;@ [xy+m;x(x,y)]"‘f(x)dx}pdy
+oo 1 1

S(oc—l {ﬁ+1 N x+1)w]fp(x)dx'

This is the desired inequality.

Let us now prove that this inequality implies Theorem 1. A suitable product decomposition of the
integrand, the Holder integral inequality with respect to y and with the parameters p and g, and the assumed
inequality, give

+oo  ptoo 1
/ / xy+max(x,y)]af(x)8(y)dxdy

- /+oo [{ [ (B +11) (yjl)"‘} }1/q //;oo [nyrm;x(x,y)]“f(x)dx
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X

{ [ (B+1)n (yjl)”‘”wg(y)dy
o - o0 1/p
- [//5 Wl ;a+11> ) W{/; g (x)d"}pdy]
{/; { /5+11) <y+11>“] 8"y)dy }W
V; Gl i)} U memeae o) pdyl
AL [ g son)
{((X / lﬂ [([3+11) - (le)"‘] fP(x)dx}l/P
1/
A e e e L, q
o0 1/
_ ail {/l: 1 {(ﬁjull)“‘l — (x_:l)a]fp(x)dx} P

: {/1:003/1"‘ {(ﬂ +11)"“1 - (yil)"‘] gq(y)dy}l/q.

The inequality in Theorem 1 is established, proving the equivalence. This concludes the proof of the
proposition. [

X

1/p

The proposition below provides a simplified upper bound for the HH-type integral inequality established
in Theorem 1.

Proposition 3. Leta >1,p>1,9=p/(p—1)and f,g: (0,400) — (0, +00) be two functions. Then we have

400 400 1
/0 /0 [xy+max(x,y)]af(x)g(y)dXdy

g [ () ] [ () ]

under the condition that the integrals defining the upper bound converge.

Proof of Proposition 3. Applying Theorem 1 to 8 = 0, we have

/O+°° /0+°° [xy + m;x(x,y)]af (x)g(y)dxdy
o0 1/p . "
<z i 1 {/O+ % {1 - (9:4—11)“} fP(x)dx} {/0+ yla {1 - (erll)a} g”(y)dy} ' ®)

It is well known that, for any z € [0,1], we have z(1 —z) € [0,1/4]. For any x > 0, applying this to
z=1/(x+1)* € [0,1], we obtain

LN P S x+1\" 1 o1 1.1 x+1\"
ot (x+1Dr 0\ x (x+1)* |7 (x+1)*] 4\ «x '

Similarly, for any y > 0, we have

=

1, 1 _<y+1> I _1
vl w+1r] \y y+Dx [ (y+1)~] 4
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Using these inequalities and the equality 1/p +1/9 = 1, we get

o i 1 {/o+0c> % {1 N (x+11)‘"] fp(x)dx}l/p {/;00 x {1 - 1)“] gq(y)dy}l/q
T e () o)

e [ (2 o] [ (45 o

Combining Egs. (8) and (9), we obtain

+o00 o0 1
/0 /0 [xy + max(x,y)]af(x)g(y)dXdy

ol ) ][ (5 o]

y

This concludes the proof of the proposition. [

The result below completes Proposition 3 by providing an alternative upper bound for a varying
integration domain.

Proposition 4. Leta >1,>0,p>1,g=p/(p—1)and f,g: (B, +0) — (0, +00) be two functions. Then we
have

400 400 1
/ﬁ //5 [Xy+max(x,y)]ucf(x)g(y)d36dy

A e s} e o)

under the condition that the integrals defining the upper bound converge.

Proof of Proposition 4. It follows from Theorem 1 that

+0o0 400 1
/ﬁ /ﬁ [xy+max(x,y)}af(x)g(]/)dxd]/

Sall{/,;wxl“hmlm—l‘<x+11>a}fp(")dx}l/px{/ﬁ+w AN T )a}g””dy}w'

LB+ (y+1

(10)
The well-known Bernoulli inequality gives, for any z > —1 and r € R\(0,1),

(14+2z)" >1+rg,

(and the reversed inequality holds for r € [0,1]). For any x > B > 0 > —1, applying this to z = x and
r=—acR\(0,1), weget (1+x)"*>1—ax,so that

(x+1)%

<ax—1.

Similarly, for any y > , we have

—— <ay—1
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On the other hand, applying the Bernoulli inequality toz = fand r =1 — & < 0, we get
1
Wﬂéﬁ_l: AI+p) " +ap—1>1+(1—a)p+ap—1=p>0.

It follows from these inequalities (the last one being necessary to check that the terms in square brackets
are positive), we obtain

R A T e L }w U g wr) gq<y>dy}l/q

<o) e e pwe }wx{/,;wyla[wfm—l”y‘l]gw’dy}w'

Combining Egs. (10) and (11), we find that

oo oo .
/ﬁ /ﬁ [xy +m, )]af(x)g(y)dxdy

ax(x,y

L R o< e v )

This concludes the proof of the proposition. [

In particular, if we take B = 0, the following integral inequality is established:

/O+oo /0+00 [xy_i_mix(x,y)]rxf(x)g(y) <- i : {/O“’" xl—afp(x)dx} 1/p {/(:00 yl_“gq(y)dy} 1/‘1.

The form of the upper bounds is similar to some obtained for HH-type integral inequalities defined with
homogeneous power-max kernel functions. See, for example, [5,19,23,29].

The theorem below can be seen as a functional generalization of Theorem 1. It follows the methodological
spirit of [23], but with a different approach based on changes of variables.

Theorem 2. Let a,b € RU{—o0,+co} witha < b, c,d € RU{—o00,+00} withc < d,a >1,>0,p > 1,
g=p/(p—1), f:(ab) — (0,400)and g : (c,d) — (0,+00) be two functions, and ¢ : (a,b) — (0,+o0) and
P : (c,d) — (0,+00) be two differentiable non-decreasing functions such that lim,_,, $(z) = B, lim, _;, p(z) = +oo,
lim, . ¢(z) = Band lim, . ; ¢(z) = +oo. Then we have

/d /b {p(x _|_mellx[q)(x),w(y)]}af(x)g(y)dxdy
1 1 1/p
a (Xil {/ P (x { ,3+1) [(P(x)+1]tx}fp(x)[¢/(x)]p_1dx:|

1/q
. [/c 56 G [¢<y>1+ i £'0) [¢'<y1>]q1d4 :

under the condition that the integrals defining the upper bound converge.

Proof of Theorem 2. Applying the changes of variables u = ¢(x) and v = ¥(y), so that x = ¢ (u) and

y =19 1(v), withdx = [1/¢' (¢~ (u))] duand dy = [1/¢'(¢1(v))] dv, and paying attention to the integration
domain, we get

d b .
/C /” {¢p(x)p(y) +max[<p(x),¢(y)]}véf(x)g(y)dxfiy
1

L 9 s @) o
B g [uv+max(u,v)]* (o L)' (¢ 1(v))
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+oo  pHo0 1
- /ﬂ /ﬁ [uv + max(u, U)]“f+(u)g+(v)dudv, (12)
where . )
Uu) = Ty — = -1y
f‘l‘( ) f((P ( ))4)/(4>_1(M))’ g‘f( ) g(l)b ( ))1/1/(1,[7_1(0))

Applying Theorem 1 to the functions f; and g+, we obtain

o 0o 0o 1/
[ g wsote < (T [ | o
" {/,;w = [(/5 T gi(”)dz’}w

RN (et U R D = 1 v
“—1{//3 u"‘[(ﬁﬂ)“ <u+1>w}f”(¢ (””[¢'<¢1<u>>1p"”}
1/q

. {/ﬁm - [(/5+11)“1 - e 107 E) w'(wll(v))wd”} ' a3)

Now, reversing the changes of variables process in the upper bound by setting u = ¢(x) and v = ¢(y),
we get

1/p

vcil {/,;ooultx [(5+11)1x1 - (u+1) }fp( Hu ))Mdu}
+o0
X{/ﬁ 1[(ﬁ+11> - _(v+11>“]gq(“’1(””mdv}

1/p
Ca—l {/ <P"‘1(x { ﬁ +1)* [¢(x)1+ 1] }fp(x) [¢/(1x)]p 4’/(’6)‘1’(}

) [/ (v { (B+1)x +1]a}gq(3/) [lp/(ly)}qlpf(y)dyr/q
1/
= {/ e { ﬁ+1 BT 11“}f ") [¢/<x1>]p—1‘jx] ,,
1/q
[/ P (y { 5+1 - [¢(y)1+1]a}gq(]/>wlﬂq_1d4 . (14)

Combining Egs. (12), (13) and (14), we get

1
~/C a {(P y)+max[ ( ),lp(y)]}af(x)g(]/)dXdy

< U A /5+1 BT [4>'<x1>v1d’“r/p

[/ P (y { (B+1)* [¢(y)1+ e } g"(y)wl)]qldy} . .

This concludes the proof of the theorem. [

In particular, if we takea = 0, "b = 400", c = 0,"d = +00", =0, p(x) = x" with T > 0 and ¢(y) = v*
with ¢ > 0, since ¢/ (x) = Tx7 ! and ¢/(y) = ty*~!, we have

T ! dxd
/0 /0 [XT]/l—I—max(x'f,y‘)]“f(x)g(y) xay

1 +eo 1 1 1 1 1/p
Sa1 [/0 X { CE <xr+1>a}f”<x>(w—1)p—ld’f
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) 1/

g M = { 5 e <yti1>a}gq(y>wl1>qldy] q
o0 1/
= (= 1)T111/plll/q [/0+ xT("‘ﬂil)_pH {(,B—i—ll)"‘l — (xT—1|—1)“ }fp(x)dx} p

© 1/
. [/o+ yt<a+q—11>—q+l {(/3+11)“1 - <yti1>a}gq(”d4 g

If we take T = 1 and ¢ = 1, we obtain the inequality in Theorem 1. Much more functional examples of this
kind can be presented, extending the scope of this theorem.
The rest of the article is devoted to the second HH-type integral inequalities, defined with other

non-homogeneous kernel functions.

3. Second HH-type integral inequalities

3.1. Main result

The proposition below is a variant of Proposition 1. It provides an integral result for an integrand
involving a (ratio) power-max function under three integration domains. The main novelty lies in the presence
of the parameter ¢, which modulates the term max(x, y) in the denominator.

Proposition 5. Let § > 0.

1. Forany x > 0, we have

2—-x)0+x

1 1 x(urop el
/ 2y = 1
0 [xy+ dmax(x,y)] x>
O(1+0)x?
2. Forany x > 0, we have
1 )
oo 1 4oy ifx € (0,1],
J oy omax(ry) P | _@x- 1o+ x> 1
(6+1)x2(x+6)2 '
3. Forany x > 0, we have
/+°° 1 . 20+4x
o [y tomax(x, )20 T ox(x +0)2

Proof of Proposition 5. 1. For x € (0,1], using the Chasles integral theorem, combined with the definition
of max(x,y) and standard power primitive rules, we get

1 1 x 1 1 1
d :/ d / d
/0 [xy + d max(x,y)]? Y 0 [xy+ émax(x,y)]? y+ x [xy+ dmax(x,y)]? Y

I
S—
=
—

S N
xy + 0x)? y+./x (xy + dy)? Y
11 1 11
*ﬁ/o (y+5)2dy+(x+5)2/x 2

1 1 1 1Y~
ES [_ +5] PRNCEE {_ny

A1y 1
S xa2\6 x+6 (x+0)2 \x
—x
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For x > 1, since y € (0,1), we have max(x,y) = x. Using this and a standard power primitive rule, we
have

1 1

/()[xy+5max(xy)2y /(xy+5x)
1 1
xz/o y+(5

1
T2 y+5

_ 1
T2 <5 1+5>

_ 1

C0(1+06)x2

The desired results are established.
2. For x € (0,1], since y > 1, we have max(x,y) = y. Using this and a standard power primitive rule, we
get

400 1 400 1 1 +oo 1 1 1 Yy—r+oo
J v [ = g | v ]
1 [xy+ dmax(x,y)] 1 (xy+dy) (x+6)* ) (x+6)* 1 ylym

(x+0)*

For x > 1, using the Chasles integral theorem, combined with the definition of max(x,y), and standard
power primitive rules, we obtain

Foo 1 x 1 oo 1
dy = | dy+ | d
/1 [xy + 6 max(x,y)]? = h [xy + 6 max(x,y)]? v+ x [xy 4+ dmax(x,y)]? Y
LI PR LS S
_/1 (xy + 6x)2 y+/x (xy + dy)? 4
x 1 1 T ]
d JAT
J o T Grop ) Y

1
x2
1 1 v 1 1Yt
= — _—— —.—7 _——
A =
1
22

y y=x
B 1 1 1 1
1+5_x+5> M
 (2x—1)5+ 22
(6+1)x2(x+9)?2

The desired results are obtained.
3. Combining the results of the two points above and using the Chasles integral theorem at the intersection
value "x = 1", for any x > 0, we get

oo 1 J 1 1 J +oo 1 J
/o [xy + 6 max(x, y))2 y‘/o [xy + 6 max(x, y)]2 y+/1 [xy + 6 max(x, )27

(2—x)d+x 1 .
f 1
dx(x +6)? + (x+9)? ifx € (01,
_ 2
1 (2x—1)0 +x ——

5(1+6)x2  (0+1)x2(x+9)?
After some developments, we find that

(2—x)5+x+ 1 20+x
Sx(x+6)2 " (x+0)2  Sx(x+6)?
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and

1 (2x—1)64+x>  26+«x
S(14+06)x2 " (0+1)x2(x+06)2  ox(x+0)2

For any x > 0, we therefore have

/+°° 1 . 20+x
0 [xy+dmax(x,y)]? y= dx(x+6)

The desired formula is obtained.

This concludes the proof of the proposition. O

The expressions for the integrals are therefore tractable. Based on this, we concentrate on a double integral
of the form

//D k(x,y)f(x)g(y)dxdy,

where D € {(0,1)?, (1, +00)?, (0, +00)2},a > 1, > 0 and k is the power-max kernel function given by

1
xy + d max(x, y)]?’

k(x,y) = [

with § > 0. Compared to the first HH-type integral inequality, a new parameter ¢ is introduced, which
modulates the maximum term, and the exponent & is set to 2. The presence of é clearly adds a degree of
flexibility. The choice of 2 for the power parameter is for reasons of integrability and simplicity. This new kernel
function is also non-homogeneous, so there is no € € R such that, for any x,y € D and A > 0, k(Ax,Ay) =
A¢k(x,y). To illustrate this, we develop

1 1 1
k(Ax,Ay) = = = .
(Ax Ay) [(Ax)(Ay) + édmax(Ax, Ay)]2  [A%2xy + 6Amax(x,y)]?  A%[Axy + d max(x,y)]?
This suggests that the only possible candidate for € is e = —2. However, due to the additional factor A in

the xy term of the denominator, the equality k(Ax, Ay) = A°k(x,y) does not hold. In addition, we emphasize
the adaptable integration domain D which can be either (0,1)?, (1, +c0)? or (0, +00)2.

In this context, the theorem below presents a new HH-type integral inequality. The proof is mainly based
on Proposition 5.

Theorem 3. Let 6 >0, p > 1landg=p/(p—1).

1. Let f,g:(0,1) — (0, +c0) be two functions. Then we have

0 arsmasc s = {1 G2t ] [ [ B0

max(x,y x(x+96

under the condition that the integrals defining the upper bound converge.
2. Let f,g: (1,400) — (0,400) be two functions. Then we have

400 400 1
/1 /1 [xy+5max(x,y)]2f(x)8(y)dxdy
1/q

1 +o0 (2 — 1)6 + x2 U e 2y —1)6 4 o2
sl S o] [ S won]

under the condition that the integrals defining the upper bound converge.
3. Let f,g: (0,400) — (0, +00) be two functions. Then we have

400 400 1
/0 /0 [xy+5max(x,y)}zf(x)8(y)dxdy
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<1 ] o]

under the condition that the integrals defining the upper bound converge.

Proof of Theorem 3. Let us prove the items 1, 2 and 3 in turn.

1. A suitable product decomposition of the integrand using the equality 1/p +1/g = 1, followed by an
application of the Holder integral inequality with the parameters p and g, gives

1 r1
/0 /0 [xy+5rnlax(x,y)]2f(x)8(}/)dxdy
L 1
:/0 /0 [xl/+‘5ma><(x,y)]2/”f(x) - [xy+5max(x,y)]2/qg(y)dx‘iy

U om0y }w SIvs [xy+(srrllax(x,y)]ﬁq(”d"dy}l/q' 5

Using the Fubini-Tonelli integral theorem and the item 1 of Proposition 5 for the case x € (0, 1], we have

I s s @i = Lo { [ [xy+(5mlax(x,y)]2dy jax

— x)6
=5 / xx+ 5+2fo( )z (16)

Similarly, we have

/01 /01 [xy+5lrllax(x,y)]2gq(y)dxdy = /1 1(y) {/01 [xy—l—Jmlax(x,y)]zdx} dy

(2— y5+yq
=3 / T o)E § Wy (17)

Combining Egs. (15), (16) and (17) and using the equality 1/p +1/q = 1, we get

1 1 1
/0 /0 [xy + J max(x, y)]zf(x)g(y)dxdy

<[t W)f &l T”’ 4 e wal

The desired inequality is established.
2. A suitable product decomposition of the integrand using the equality 1/p + 1/q = 1, followed by an
application of the Holder integral inequality with the parameters p and g, gives

+oo oo 1
/1 /1 [xy+5max(x,y)]2f(x)3(y)dXdy

+o0  ptoo 1 1
- /1 /1 [xy + 5max(x,y)}2/pf(x) 8 [xy + (5max(x,y)}2/qg(y)dXdy

) co 1/ 0o o0 1/
S{/1+ /1+ [xy+5mla><(x,y)]2fp(x)dxdy} ” X{/1+ /1+ [xy+5mlax(x,y)]2gq(y)dxdy} .
(18)




Open J. Math. Anal. 2025, 9(1), 101-130 117

By means of the Fubini-Tonelli integral theorem and the item 2 of Proposition 5 for the case x > 1, we
have

A e e e R A VA e e B

+eo (2x —1)6 + x?
b . 1
5+1/ x2x+5 fr(x)ax (19

Similarly, we obtain

Feo oo 1 Fo0 +o00 1
L1 mrsmacyre @it = [ e[ et @

1 Foo (2y—1)5+y2 g
= . 2
5+1/1 Ay a7 S Wy (20)

Combining Egs. (18), (19) and (20) and using the equality 1/p +1/q = 1, we get

00 +o00 1
/ / ey + o max(x, g HI8W)dxdy
oo (20 — 1) + 2 VP e 2y - 1)8 4y v
[5+1/ 22 x+52 TR2aaep 1WA } LS+1/1 2y +0)2 gq(y)dy}

1 [t (x—1)d+x VT e 2y — 1)8 4 32 1
1l e o] [ s ew]

The desired inequality is established.
3. A suitable product decomposition of the integrand using the equality 1/p +1/g = 1, followed by an
application of the Holder integral inequality with the parameters p with g, gives

+o00o  p+4o0 1
/0 /0 [xy+5max(x,y)]2f(x)8(y)dxdy
AR e 1 .
) '/0 /0 [xy + ‘Smax(xry)}z/pf(X) . [xy + 5max(X,y)}2/qg(y)dXdy

0 o 1/ 00 00 1/
A A e i Lo IR Y e e L

21
Using the Fubini-Tonelli integral theorem and the item 3 of Proposition 5, we have
+o0 oo 1 . e, +00 1
b h Gy omace g sty = [ (x){/o [xywmax(x,y)]zdy}d"
=5, ot @)
Similarly, we have
too  poo 1 +oo +eo 1
bk [xywmax(x,ynzgq(y)dxdy:/ A e e
=3 / - 2;:; 87(y)dy. (23)

Combining Egs. (21), (22) and (23) and using the equality 1/p +1/qg = 1, we get

400 400 1
/0 /0 [xy + 5max(x,y)]2f(x)g<]/)dxdy
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<[ e [ eeon]
_ % [,/Om (zfi;)zf " }Up Uo+oo y(zji(sy)qu(y)dyr/q~

The desired inequality is established.

The proof of the theorem ends. [

If we take § = 1, the item 2 of Theorem 3 recovers Theorem 1 with # = 2 and = 1, and the item 3 of
Theorem 3 recovers Theorem 1 with x = 2 and B = 0. These cases emphasize their complementary nature.
Like Theorem 1, Theorem 3 stands out as one of the few results that explore HH-type integral inequalities with
a non-homogeneous power-max kernel function. Proposition 6 will describe an equivalent formulation of this
theorem with only one function.

Remark 2. Let us now formulate some remarks on the item 3 of Theorem 3, considering the standard
integration domain (0, 4-00)2.

 Using the fact that xy = max(x,y) min(x,y), the main double integral can be expressed in terms of
min(x, y) and max(x, y), as follows:

e peo 1 oo oo 1
/0 /O [Xy + 5max(x,y)]2f(x)g(y)dxd]/ = /0 /0 maxz(x’y) [min(x,y) T 5}2f(x)g(y)dxdy.

From this point of view, we deal with a one-parameter non-homogeneous min-max kernel function,
which is k(x,y) = 1/{max?(x,y)[min(x,y) + 6]*}.
* Noticing that max(x,y) = (1/2)(x +y + |x — y|), the main double integral can be rewritten as follows:

too ptoo 1 +o0 oo 1
/0 /o [xy+5ma><(x,y)]2f(x)g(y)dx‘iy:4/0 /0 Byt oty +x —yPp’ )sW)dxdy.

So we have

~+00 400 1
./0 /0 [2xy+(5(x+y+|x,y‘)]zf(x)g(y)dxdy

415[/+w oW T/p [/(;mmgq(y)dy "

This is a new HH-type integral inequality, also defined with non-homogeneous kernel function.

IN

3.2. Numerical work

We now illustrate Theorem 3 with some numerical examples. The values of § are taken arbitrarily among
the values for which the integrals of the corresponding upper bounds converge.

Example 4. We consider the item 2 of the theorem. If we take 6 =2, p =2 (sog =2), f(x) =1land g(y) =1,
we have

B : dxdy= [ [ ! dxdy ~ 0.1765864
/1 /1 [xy+5max(x,y)]2f(x)g(y) * y_/l /1 [xy + 2 max(x, y)]? Hy T ’

and
1 too (2x—1)(5+x2 . 1p +oo (2]/—1)54']/2 ] 1/q
5+1 [/1 TG rop S /1 IO R (y)dy
1t (e —1) x2+2%
=371 /1 21 2) dx = 0.2159728.

Since 0.1765864 < 0.2159728, this is in accordance with the item 2.
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Example 5. We consider again the item 2 of the theorem. If we take 6 = 1.5, p = 3 (so g = 3/2), f(x) = 1 and
g(y) = e Y, we have

Feo oo 1 +o0o  p+o00 1
= -y ~ 0.
/1 /1 [xy + 6 max(x, y)]zf(x)g(y)dxdy /1 /1 [xy + 1.5 max(x, y)]? ¢ Vdxdy ~ 002270384,

and

A B ] [ B8R ]

y*(y+9)
1 /+°° (2x—1) x15+2% 13 /-+°° 2y —1) X154+ 50, 2/3
T 1541 22(x +1.5)2 1 V2(y + 1.5)2 Y

~~ 0.04039752.
Since 0.02270384 < 0.04039752, this is consistent with the item 2.

Example 6. We consider the item 3 of the theorem. If we take 6 = 3, p = 4/3 (so g = 4), f(x) = e~V * and
g(y) = e ¥, we have

/+oo /+oo 1 f(x)g(]/)dxd]/ _ /""00 /+oo 1 Eil/xzeil/ydxdy ~ 0.07572791
o Jo o [xy+dmax(x,y)? o Jo [xy+3max(x,y)?

and

(1;[/0“0 (Zfi;)zf (x)d T/p U;mmgq(y)dy]l/q

1 [ /+oo 2X34% 450 dx}3/ ! { / Te2x34y, 4/ydy}l/4 ~ 0.1407864.
3o x(x+3)?2 0o yly+3)?

Since 0.07572791 < 0.1407864, this is in accordance with the item 3.
3.3. Additional results

The proposition below complements the item 3 of Theorem 3, dealing with only one function.

Proposition 6. Let 6 > 0, p > 1,9 = p/(p—1) and f : (0,+00) — (0,+00) be a function. Then the item 3 of
Theorem 3 is rigorously equivalent to

o 1- o o N
/04r L/(zyéiéy)z} p{/oJr [xy—i—5mlax(x,y)]2f(x)dx}pdyS(51f’/+ (2;:—7-_5)2]( (x)dx

under the condition that the integral defining the upper bound converges.

Proof of Proposition 6. Let us first prove that the item 3 of Theorem 1 implies the stated inequality. To simplify

the notation, let us set
B +oc0 25+y 1-p 400 1 P
A A Froee e e e A

A suitable product decomposition of the integrand gives

o 1— o o~ -1
7= [Z;Ifsy } p{/()+ TG ) { [ SRR TeEan (x)dx}P dy

+o0 +o00 1
= mrrema g s iy, e

max(x,y
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where

gu(y) = [mrp 7 wsmecor f(X)dx}pl.

The item 3 of Theorem 3 applied to the functions f and g, ensures that

+00 o0 1
/0 / xy+5max(x,y)]zf(x)gA(y)dxdy

Using g = p/(p — 1) and the definition of g, , we have

teo 254y g to 254y { 25+y ]q(lp){ +oo 1 }q(pl)
dy = d d
/o y(y+5)2g*(y) Y /o y(y+6)% Ly(y +9)? /o [xy+5ma><(x,y)]2f(x) g Y

=} i béf i) : - SRR Teea (’C)d"}pdy

- /+oo { 2::(? ]1_p {/OJroo [xy—I—Jmlax(x,y)]2f(x)dx}pdy

Combining Egs. (24), (25) and (26), we get

s3] e wn] " g

(26)

Using the equality 1/p +1/q = 1, we obtain

so that, by the definition of .7,

I b?ﬁi%z}l_p{/f TG (x)dx}pdygélv/ o

This is the desired inequality.
Let us now prove that this inequality implies the item 3 of Theorem 3. A suitable product decomposition

of the integrand, the Holder integral inequality with respect to y and with the parameters p and g, and the
assumed inequality, give

+o0o oo 1
/0 /0 [xy+5max(x,y)]2f(x)8(y)dxdy

oo f[ 254y TV e 1 254y 1V
:/ y(y+9)? / 8(y)dy
0 Ly(y+6)*] 0 [xy+dmax(x,y)] ]/—HS
i 17 e 4 +oo 1/q
< / 257_’_]/2 {/ 1 dx} X [ Mg"(y)dy]
o Ly(y+9)2] 0 [xy+ dmax(x,vy)]? o yly+o)2
i 1 1 y
tof 24y ]! "{/+°° 1 }P [ o 254y } 7
- T+ 5)2 d d / I oA(y)d
/0 Ly(y +0)2 ] 0 [xy+5ma><(x,y)]2f(x) o Lo yy+or® w)dy

< [;P/;w et ap! T/p M*”yfj:g)zgq(y)dy]
1 1
5

=5 ] [ ]
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The inequality in the item 3 of Theorem 1 is demonstrated, establishing the equivalence. This ends the

proof of the proposition. []

Similar results can be obtained with the items 1 and 2 of Theorem 3. The details are omitted for the sake

of redundancy.
An important proposition is given below, which suggests a simplified and elegant integral inequality

derived from the item 3 of Theorem 3.

Proposition 7. Let § > 0 and f,g : (0, +00) > (0, +00) be two functions. Then we have

/OJroo /O+Oo [xy + §mlax(x,y)]2f(x)g(y)dXdy = 527 {/(foo ifp(x)dx] " [/OJ“” ;gq(y)dy] v ,

under the condition that the integrals defining the upper bound converge.

Proof of Proposition 7. It follows from the item 3 of Theorem 3 that

/O+oo /(;Jroo [xy+5n11ax(x,y)]2f(x)g(y)dXdy < % [/.+00 mefp(x)de/p [/O+°° ng(y)dy}l/q

0o x(x+9) y(y+9)

_ % [/0+°° iﬁ(x)fp(x)dx} W [/Om ;z(y)gq(y)dy} w, 27)

where
26+ x

(x) = m,

with § > 0. Let us study this function. For any x > 0, standard differentiation rules give

p 36+ x
= — < .
@) =i =0

So /¢(x) is non-increasing, and, for any x > 0, £(x) < £(0) = 2/J. This, followed by the equality 1/p +
1/ =1, gives

51 o eas] v s el ] v T <G v
2

-2 {/O“” ifp(x)dx]l/p [/0“” ;gq(y)dyr/q. (28)

Combining Egs. (27) and (28), we find that

b h G st g sty < ey N T .

max(x,y

This concludes the proof of the proposition. [

The fact that only the constant factor depends on J in the upper bound is an advantage. We can manipulate
it in various ways to derive new integral inequalities, starting with the proposition below.

Proposition 8. Let 8 > 1and f,g: (0, +00) — (0, +0c0) be two functions. Then we have

'/0+00 /Oﬂo [xy +max(x,y)][1xy + Bmax(x,y)}f(x)g(y)dxdy = % {/O*“’ if’”(x)dx} v {/;w ;gq(y)dy] Uq/

under the condition that the integrals defining the upper bound converge.
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Proof of Proposition 8. It follows from Proposition 7 that

/0+°° /0+°° [xy + (5mlax(x,y)]2f(x)g(y)dXdy = 532 Uom ,1(f”(X)dx] v [/Om ;gq(y)dy] "

with § > 0. Let us now consider ¢ as a variable. Integrating both sides with respect to § with § € (1,60) and

expressing only the upper bound, we get
= Loan] [ aar] Vas
/O 1) x} { /O ;8w y}

/16 {/()+°° /o+00 [xy+émlax(x,y)]zf(x)g(y)dxdy} 05 < /19 {522 {
- (/19 ;d5> [/0*“ ifp(x)dx]l/p [/()+m ;gq(y)dyr/q
- [E]Zj Uoﬂo glcf”(x)dxr/p [/Om ;gq(y)dy]l/q

200 [ gal [ Laga]”.
(29)

For the left-hand side term, using the Fubini-Tonelli integral theorem and standard primitive rules, we
obtain

/19 {/0+00 /0+oo [xy + 5n3ax(x,y)]2f(x>g(y)dxdy} ds
+oo poo 0
- /0 /0 {/1 [xy+5rnlax(xly)]2d5}f(x)g(y)dx”l]/

IS ) =0
- {‘maxu,ynxyi5max<x,y>}h_1f (x)gly)dxdy

oo 400 1 1 1
= ,/0 ,/0 max(x,y) [xy +max(x,y)  xy+ 9max(x,y)] f(x)g(y)dxdy
+oo  p4o0 1
=0-1 /0 /0 [xy + max(x,y)][xy + Gmax(x,y)]f(x)g(y)dxdy' (30)

Combining Egs. (29) and (30), we have

400 oo 1
(6-1) /o ./0 [xy + max(x,y)][xy + 6 max(x,y)] f(x)8(y)dxdy

< 2(99— 1) [/{)*‘” ifp(x)dxr/p UO+°° ;gﬂ(y)dyr/q.

Since 6 > 1, this is equivalent to

o0 00 o0 1/ 00 1/
/0+ /O+ [xy+max(x,y)][1xy+Qmax(x,y)}f(x)g(y)dx’iy = % {/OJF if’”(x)dx} p {/OJr ;gq(y)dy] q-

The proof of the proposition is concluded. [

A sophisticated HH-type integral inequality with a logarithmic-power-max kernel function is shown in
the proposition below.

Proposition 9. Let v > 1and f,g : (0, 4+00) — (0, 400) be two functions. Then we have

teo e 1 xy + vmax(x,y) (1 — v)xy max(x,y)
B0 w8 o et | s maxr g o e s
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< 2log(v) [./Om %f’” (X)dX} v { /Om ;gq (y)dy} Uq/

under the condition that the integrals defining the upper bound converge.

Proof of Proposition 9. It follows from Proposition 7 that

/()+OO /o+oo [xy + 5rnlax(x,y)]2f(x)g(y)dmy = 527 UOHO ifp(x)dX]

with 6 > 0. Since é > 0, this can be rewritten as follows:

/OHO /()+OO [xy + 5rfax(x,y)]zf(X)g(y)dxdy < % [/()+oo ifp(x)dx} r {/Oﬂo ;gq(y)dy} Uq.

Let us now consider ¢ as a variable. Integrating both sides with respect to § with § € (1, v) and expressing
only the upper bound, we have

TR L rremateg sty pas < [ {§ [ ] [ W} s
= (3 [ pren] T ]
= [210g(9)];) W if%)dx} v { [ ;gq(y)dy]l/q

— 2log(v) [/0+°° ifp(x)dx} v UO+°° ;gq(y)dy} o
(31)

For the left-hand side term, using the Fubini-Tonelli integral theorem and standard primitive rules, we
get

/1U {/()+OO ./oﬂo [xy + énfax(x,y)}zf(x)g(y)dxdy} do
+o0o  p+too v
:/0 /0 {/1 [xy—i—érrfax(x,y)]zdé}f(x)g(y)dxdy
400 pHo0 v x
= /0 /0 maxix,y) [/1 {xy + (5n11ax(x,y) Tyt 5mzx(x,y)]2 } d(S] x f(x)g(y)dxdy

_/~+oo /Ho# [lo [xy 4+ d max(x,y)] + i ]J_U
~Jo Jo max®(x,y) sy Y xy +dmax(x,y) | 5

400 400 1 . |
_/0 /0 maxz(x,y){ og[xy + vmax(x,y)] — log[xy + max(x,y)]

1 1
+ xy [xy+ vmax(x,y) xy+max(x,y)] }f(x)g(]/)dxdy

_/+°°/+°° 1 o xy + vmax(x,y)
—Jo 0o max3(x,y) & xy + max(x,y)

(1 —v)xymax(x,y) . .
[xy + max(x,y)][xy + vmax(x,y)] }f( )8(y)dxdy. (32)

Combining Egs. (31) and (32), we obtain

feo e 1 o xy + vmax(x,y) (1 —v)xymax(x,y)
Bh et {8 [ ey | e masce e £ omase] | sty
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+0 1 +00 1

< 2log(v) | [ f’”(X)dxr/p I ygw)dy}w.

x
The proof of the proposition is concluded. O

We can rewrite this inequality using only positive terms, as follows:

oo e 1 xy + vmax(x,y)
L1 a8 | e #swday

< 2log(v) { /Om %f” (x)dX] v [ /Om ;gq (y)dy] .

oo oo xy
+(-1) /0 /0 max(x, y)[xy + max(x,y)][xy + vmax(x,y)]f(x)g(y)dxdy'

Another HH-type integral inequality is given below, again derived from Proposition 7. It has the property

of involving a kernel function defined with a special function.

Proposition 10. Let v > 0 and f,g : (0,+00) — (0, +o0) be two functions. Then we have

2

/OHO /0+00 max21(X,y)H (1/2 maf(z(X,y)) f(x)g(y)dxdy < % {/Oﬂo 1fp(x)dx} N {/OHO ;g‘?(y)dy} ,

where, for any z > 0,

e
H(z) = rgi(n—i-z)z'

which is a special case of the Hurwitz zeta function, under the condition that the integrals defining the upper bound
converge.

Proof of Proposition 10. It follows from Proposition 7 that

/(;+°° /O+°° [xy+5rnlax(x,y)]2f(x)g(y>dx‘iy = 527 ng ifp(x)dx]l/p [/()+oo ;gq(y)dy]l/q,

with 6 > 0. Let us now consider ¢ as a variable by taking § = nv with v > 0 and n € N\{0}. So we have

/O+°° /o+00 [xy +nv 1 )]2f(x)g(y)dXd3/ < 2 UO+°° ifp(x)dx} N {/O“” 1gq<y)d4

max(x,y n2v? y

Summing both sides with respect to n with n € N\ {0} and expressing only the upper bound via the

—+00
well-known formula Y 1/n? = 712/6, we have

n=1
L mrvmmm o< E (s [ o] " [ [ Sewa] )
A (ER) [ bren] 7 [ o]
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For the left-hand side term, using the Fubini-Tonelli integral theorem and standard primitive rules, we
obtain

+°° +o0 400
/ / xy+nvmax(x y)}zf(x)g(y)dxdy
+oo  ptoo [ too 1
- /0 /O { Z [xy + nvmax(x,y)]? } f(x)g(y)dxdy
400 400 1
v / / max2 (xy) {nZ:l {n +xy/[vmax(x, y)]}Z } f(x)g(y)dxdy

B —+o00 —+o00 1 xy
2 ./0 /0 maxz(x,y)H (v2 maxZ(x,y)) f(x)g(y)dxdy. (34)

Combining Egs. (33) and (34), we get

%/Oﬂo /O+oo male(x,y);,_[ (1/2 maiz(x,y)) f(x)g(y)dxdy < 37[722 [/ © ifp(x)dx] 1/p [/OJrOO ;gq(y)dy] 1/11.

This is equivalent to

/0+oo /0+oo max21(x,y) H (1/2 mai];(x,y)) f(JC)g(]/)dxdy < %2 {/04_00 lfp( ) T/p {/O—HX) ;gq(y)dy} Uq-

The proof of the proposition is completed. [

To the best of our knowledge, it is the first HH-type integral inequality defined with a "Hurwitz zeta
power-max" kernel function, which is also non-homogeneous.

The theorem below can be seen as a functional generalization of the item 3 of Theorem 3. It follows the
framework of Theorem 2.

Theorem 4. Let a,b € RU {—o0, 400} witha < b, c,d € RU{—o00,+oo} withc < d, «a > 1,6 >0,p > 1,
g=p/(p—1), f:(ab) — (0,400)and g : (c,d) — (0,+00) be two functions, and ¢ : (a,b) — (0,+o0) and
P : (c,d) — (0, +00) be two differentiable non-decreasing functions such that lim;_,, $(z) = B, lim,_;, p(z) = +oo,
lim;—sc ¥(z) = Band lim,_,; (z) = +oo. Then we have

d b 1
dxd
I 1, ot = maviter g B

Lffr_2049(0) o 1 Yy 25+¢<) 1 i
U o Omertt UL ot O e

under the condition that the integrals defining the upper bound converge.

Proof of Theorem 4. Applying the changes of variables u = ¢(x) and v = (y), so that x = ¢~ !(u) and
y =19 1(v), withdx = [1/¢' (¢~ (u))] duand dy = [1/¢' (¢! (v))] dv, and paying attention to the integration
domain, we have

1
dxd
I, Gotowr  smtper w0y

_ [t 1 -1 “1( 1
= b s @ 00O e
+o00 +o0
ol A mlax(u/U)]2f+(u)g+<v)dudv, (35)
where 1 .
u) = 1y V) = (v
f‘l‘( ) f((P ( ))¢/(¢_1(u))/ g‘f( ) g(lp ( ))lp/(lp_l(v))
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Applying the item 3 of Theorem 3 to the functions f; and g+, we obtain

400 pHo0co 1
/0 /0 [uv+(Smax(u,v)]zﬁr(u)g*(U)d”dv

1 too 254 u Upr pteo 2540 1/q
<5[/ G ap /T } Uo v<v+5>2g3(”)‘”’}

1 [t 25+u 1 p o 254 p _ 1 /g
5{/ a(arop! @ ”)[4>/<¢1<u>>vd”} {/o ot as ¥ 1(”))[¢'<¢1<v>>wd”} '

(36)

Now, reversing the changes of variables process in the upper bound by setting u = ¢(x) and v = ¢(y),
we get

1 [+ 26+4u 1 Vp +o 2640 _ 1 L4

U e Ot L e O )

1 26+ ¢(x) 1, VP 25+ y(y) i
L st Omart @) AL e e g 0

L[ 264() 1AM 264 g(y) 1 Ve
5{/a ¢<x>[¢<x>+5]2fp()W(x)v—ld} {/c ¢<y>w<y>+5ngq(}’)[¢'<y>1q—1dy} -GN

Combining Egs. (35), (36) and (37), we find that

d b ,
dxd
/C /“ {4’(x)¢(]/)+5max[¢>(x),lp(y)]}Zf(x)g(y) xdy

1[0 _25+9() 1 1y 25+¢() 1 1a
<UL sonm e L ot g

This concludes the proof of the theorem. [

As an example, if we takea = 0,"b = 400", c =0, "d = 400", p(x) = x" with T > 0 and ¥(y) = y* with
1> 0,since ¢'(x) = tx" ' and ¢/ (y) = w'~!, we get

400 400 1
/0 /0 [xTy* +(5max(xT,yz)}2f<x)g(y)dXdy

1[ [+ 25+x7 1 VP r 4 254y 1 1/
< = P q
A i b N A e et

1 +o0 25+ x7T 1/p +o0 26 + 1! 1/q
[/0 f”(x)dx} UO s 2gq(y)dy} :

= 4&_1_1/;,[1—1/17 xp(T—l)+1(xT +(5)2 yq(z—1)+1 (yz + 5)

Especially, when T = 1 and + = 1, we obtain the inequality of the item 3 of Theorem 3. Many more
functional examples of this kind can be presented, extending the scope of this theorem.

Functional generalizations of the items 1 and 2 of Theorem 3 can be extended in a similar way. The details
are omitted for reasons of redundancy.

4. Conclusion

In this article, we have established new HH-type integral inequalities based on a less studied class of
kernel functions, called non-homogeneous power-max kernel functions. They complement the most standard
homogeneous case, as studied in [2,5,18,19,25,26]. Our theory is centered on two main theorems, from
which several propositions are derived. They are rigorously proved and provide a deeper understanding
of these new inequalities. They are supported by simple but relevant numerical examples. Like all
HH-type integral inequalities, our results can find applications in several mathematical and applied fields,
including functional analysis, integral operators, and mathematical physics. Further investigations may
explore further generalizations, possible connections with other integral inequalities and the consideration of
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non-homogeneous power-max kernel functions. As an example of the last point, we can think of investigating
HH-type integral inequalities based on the kernel function

1
min(xy, 1) + max(x,y)]*’

k(x'y) = [

with & > 1. We leave these directions for future research.
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Appendix: R codes of the numerical work

R codes associated with Subsection 2.2

library(pracma)

Listing 1: Use of the library pracma containing the functions dblquad and integral

alpha = 2.5
beta = 1
p=2

f1 <- function(x, y){ 1 / (x *x y + max(x, y)) alpha}
dblquad (f1, beta, Inf, beta, Inf)
funl <- function(x) { (1 / x~alpha) * (1 / ((beta + 1)~(alpha - 1)) -1 / ((x + 1)~alpha))}

intl = integral(funl, beta, Inf)

fun2 <- function(x) { (1 / x~alpha) * (1 / ((beta + 1)~(alpha - 1)) -1 / ((x + 1)~alpha))}
int2 = integral(fun2, beta, Inf)

(1 / (alpha - 1)) * (int1-~(1 / p)) * (int2-((p - 1) / p))

Listing 2: Example 1

alpha = 1.1
beta = 2
p =23

f1 <- function(x, y){ exp(-y) / ((x * y + max(x, y))~alpha)}

dblquad (f1, beta, Inf, beta, Inf)

funl <- function(x) { (1 / x~alpha) * (1 / ((beta + 1)~ (alpha - 1)) -1 / ((x + 1)~ alpha))}
intl = integral(funl, beta, Inf)

fun2 <- function(x) { (1 / x~alpha) * (1 / ((beta + 1)~(alpha - 1)) -1 / ((x + 1)~ alpha))
* exp(-(p / (p - 1)) x x)}

int2 = integral(fun2, beta, Inf)

(1 / (alpha - 1)) * (int1-(1 / p)) * (int2-((p - 1) / p))

Listing 3: Example 2

alpha = 2
beta = 0
p=4/3

f1 <- function(x, y){ exp(-1 / x~2) * exp(-1 / y) / ((x * y + max(x, y)) alpha)}
dblquad (f1, beta, Inf, beta, Inf)

funl <- function(x) { (1 / x~alpha) * (1 / ((beta + 1)~(alpha - 1)) -1 / ((x + 1)~alpha))
* exp(-p * (1/x72))}
intl = integral(funl, beta, Inf)

fun2 <- function(x) { (1 / x~alpha) * (1 / ((beta + 1)~(alpha - 1)) -1 / ((x + 1)~alpha))
* exp(-(p / (p - 1)) * (1/x))}

int2 = integral(fun2, beta, Inf)

(1 / (alpha - 1)) * (int1-~(1 / p)) * (int2-((p - 1) / p))

Listing 4: Example 3
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R codes associated with Subsection 3.2

delta = 2
p =2

f1 <- function(x, y){ 1 / (x * y + delta * max(x, y))~2}
dblquad(f1, 1, Inf, 1, Inf)
funl <- function(x) { ((2 * x - 1) * delta + x~2)/(x"2 * (x + delta)~2) }

intl = integral(funl, 1, Inf)

fun2 <- function(x) { ((2 * x - 1) * delta + x~2)/(x"2 * (x + delta)~2)}
int2 = integral(fun2, 1, Inf)

(1 / (delta + 1)) * (int1-(1 / p)) * (int2-((p - 1) / p))

Listing 5: Example 4

delta = 1.5
p =3

f1 <- function(x, y){ exp(-y) / (x * y + delta * max(x, y)) 2}
dblquad(f1, 1, Inf, 1, Inf)

funl <- function(x) { ((2 * x - 1) * delta + x~2)/(x"2 * (x + delta)~2) }
intl = integral(funl, 1, Inf)

fun2 <- function(x) { ((2 * x - 1) * delta + x~2)/(x"2 * (x + delta)"2)

* exp(-(p / (p - 1)) * x)}

int2 = integral(fun2, 1, Inf)

(1 / (delta + 1)) * (intl1~(1 / p)) * (int2~((p - 1) / p))

Listing 6: Example 5

delta

=3
p=4/3

f1 <- function(x, y){ exp(-1 / x~2) * exp(-1 / y) / ((x * y + delta * max(x, y))~2)}
dblquad(f1, 0, Inf, 0, Inf)

funl <- function(x) { (2 * delta + x) / (x * (x + delta)~2) #* exp(-p * (1 / x~2))}
intl = integral(funl, O, Inf)

fun2 <- function(x) { (2 * delta + x) / (x * (x + delta)~2)* exp(-(p / (p-1)) *x (1 / %))}
int2 = integral(fun2, 0, Inf)

(1 / delta) * (int1~(1 / p)) * (int2-((p - 1) / p))

Listing 7: Example 6
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