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Abstract. This article presents a unified framework that extends the scope of
two existing theorems on multivariate Hardy-Hilbert-type integral inequal-
ities. Key to this extension is the use of two additional adjustable param-
eters that increase flexibility and generality. The framework also has the
originality of including the incomplete lower gamma function in the inte-
gral definitions governed by a parameter. Detailed proofs are given, mainly
based on the Laplace transform, the generalized Young inequality, the gener-
alized Holder integral inequality and changes of variables. This article thus
provides a new comprehensive foundation for future research in generalized
multivariate integral inequalities.

1. Introduction

A classic bivariate result in analysis is the Hardy-Hilbert integral inequality. It
provides a sharp upper bound for a double integral with integrands that depend on
two functions through a particular ratio product form. The upper bound is defined
by the multiplication of a constant and the norms of the two functions. A possible
statement of this inequality is given below. Let p, ¢ > 1 such that 1/p+1/¢ = 1 and
fyg: (0,400) = (0,400) be two functions under some integrability assumptions.
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Then the following applies:

[ ds,,
(0,400)2 U1+ 12

<[l [ oa] [, o]

provided that all the integrals involved converge. The classical Hilbert integral
inequality corresponds to the special case p = 2, with the peculiarity of having
7 as a constant factor. See [6] 24]. In the context of bivariate analysis, the
Hardy-Hilbert (or Hilbert) integral inequality has provided the basis for numerous
variants. A selection of key references on this topic are [11 2, 5] [10] [12] [T'7], (19} 20,
211, 221 23, 25], 126, 27]. Among them, we emphasize the variant in [12], which is
related to the main result of this study. Let p,q > 1 such that 1/p+ 1/q = 1,
a>max(p—1,g—1) and f,g: (0,+00) = (0,400) be two functions under some
integrability assumptions. Then the following applies:

f(t)g(tz) 1 [T(a—p+1) a1
/<0 pop (b1t 1S F(a){ p /< L

P(a—q+1 1/a
+ (04 q—+ ) / tq—a—lgq(t)dt] ,
q (0,4-00)

(1.1)

(1.2)

where T'(e t*le~tdt with € > 0 denotes the standard gamma function,

fO 9]
provided that all Jtrhe) integrals involved converge. The originality of this result lies
in the presence of the adjustable parameter «, the sum integral expression of the
upper bound, and the consideration of special weighted integral norms of f and g.
It is extended to the multivariate case in [I2]. Other multivariate variants of the
Hardy-Hilbert integral inequality can be found in [4} [7, [8 @} [T}, 13}, 14} [15] 28] 29]
30].

For the purposes of this article, we present two such multivariate variants,
which are [I12, Theorem 3] and [I3, Theorem 2]. Possible statements are presented
below.

THEOREM 1.1 ([I2] Theorem 3])

Let n € N\{0}, p1,...,pn be such that min,—y . ,p; > 1 and Z?zl(l/pi) =1,
a>maxi=1,. n(pi—1) and f1,..., fn: (0,400) = (0,+00) be n functions under
some integrability assumptions. Then the following applies:

H" 1 fz . 1 S F(Oz —Di + 1) pi—a=1 rPi (1)
/(0,+00)" (Z 1;[ (Oé) Z Di /(0,+oo)t fz (t) ta

=1

provided that all the integrals involved converge. If we set n = 2, then it is reduced

to the inequality in (1.2)).
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THEOREM 1.2 ([13} Theorem 2])

Let n € N\{0}, p1,....p, be such that min;—y,_,p; > 1 and >, (1/p;) = 1,
a > max [0,n(1 —2/max;=1, . npi) +1] and f1,..., fn: (0,400) = (0,+00) be n
functions under some integrability assumptions. Then the following applies:

/(0,+°°)n 1(_126 1 fills ﬁ Flﬁ { <( )pi ) 2)} 1/pi

=1

1/pi
(0,+00)

provided that all the integrals involved converge. If we set n =2 and o = 1, then
we get the classical Hardy-Hilbert integral inequality, as presented in (|1.1)).

These results are particularly interesting because they include several Hardy-
Hilbert-type integral inequalities found in the literature. They are very flexible
due to the presence of the adjustable parameter o and the n functions fi,..., fy.
Furthermore, they allow for n dimensions, which are often encountered in multi-
variate analysis and related applications.

In this article, we make some contributions to Theorem and Theorem
Specifically, we first propose an unified framework in the form of a single theorem
that extends the scope of these two results. This is done by introducing two
additional adjustable parameters, thus achieving a higher degree of flexibility. A
notable consequence of these extensions is the inclusion of the incomplete lower
gamma function in the definition of the integrals involved. One of the parameters
also modulates this particular function through a direct mathematical link. The
tunable effect of the incomplete lower gamma function is an important innovative
aspect of our extensions. The proof makes use of the generalized Young inequality,
the generalized Holder integral inequality, the Laplace transform, suitable changes
of variables, and technical manipulations of the incomplete lower gamma function.
This result is then complemented by another theorem, which can be seen as a
functional generalization. Again for the sake of clarity and completeness, a detailed
proof is given. It is mainly based on the first theorem and suitable changes of
variables. We thus provide a comprehensive framework for generalizing existing
multivariate integral inequalities, which may inspire future studies in this area.

The rest of the article consists of three sections: Section [2| presents the main
results, along with some discussion. Section [3|is devoted to the corresponding
proofs. A conclusion is given in Section [

2. Results

2.1. Main theorem

The main theorem of the article is given in the statement below.

THEOREM 2.1

Letn € N\{0}, p1,...,pn be such that min,—y . p; >1and Y . (1/p;) =1, 3>
0,0>0o0r"9=+c0’, and f1,..., fn: (0,4+00) = (0,400) be n functions under
some integrability assumptions (clarification of this aspect is described below).
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(a) Let a such that o > max;=1, »(p; —1). Then the following applies:

(2.1)
<§jp / (B4 PO P )y (o — ps + 1,08 + 1)) dt
2 J,»oo)

where v(e,() = fOC tle~tdt with € > 0 and ¢ > 0 denotes the standard
lower incomplete gamma function, provided that all the integrals involved
converge.

(b) Let o such that o > max [0,n(1l — 2/ max;=1,...np;) + 1]. Then the follow-
ing applies:

[T, fi(t:) - .
Joon st i (@e(r+ X)) I
ﬁ [/ (6% + 'f) [1-(&-1)/7@_2]0? (t) (2.2)
i=1 0,400)
1 ﬁ 1/pi
X’Y((T—l)pz-i-Q 9( pri-t))dt] )

provided that all the integrals involved converge.

The proof of this theorem is given in detail in Section The main novelty
is the introduction of two adjustable parameters, 5 and 6, and the inclusion of
the incomplete lower gamma function in the integrals involved. This gives the
theorem a high degree of flexibility, in contrast to most multivariate Hardy-Hilbert-
type integral inequalities in the literature. More essentially, as explained in the
introduction, it has the property of unifying [I2, Theorem 3] and [I3, Theorem 2].
Indeed, if we take S = 0 and "§ = +oo", we have

(a@(ﬂ—i-z )) D(a), B+t=t, B+ t;=Y t,
i=1 i=1
and, for any i = 1,...,n,

Ve —pi+1L0(B+1) =T(a—pi +1),

(= oo ) < r((55 )

n

and
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It follows from Theorem 2.1] that

— if & such that @ > max;=1, . »(p; — 1),

I, At Ty
/w,m)n oty L

=1

1 1 / v v
<= - e P T (o — pi + 1)dt
I(e) = pi J(0,100)
1 ¢ F(a—PH‘l)/ —a—1 i
= P P dt,
[(e) ; pi (0,-+00) '

provided that all the integrals involved converge, which corresponds to the
inequality in [12, Theorem 3],
— if @ > max[0,n(1 — 2/ max;=1,_,p;) + 1],

[y At 4
/(0,+oo>" (i ta) H f

=1
A (e U
Y I (G

1/pi
% [/ t[l(al)/n]pi2fipi(t)dt:| ’
(0,4-00)

provided that all the integrals involved converge, which corresponds to the
inequality in [I3] Theorem 2].

2.2. A functional generalization

With little effort, Theorem [2.I] can be extended to a broader framework. To
support this claim, a functional generalization is proposed in the theorem below.

THEOREM 2.2

Let a € R or 'a = —o0", b € R or ' = 400" with b > a, n € N\{0},
P1,...,Pn be such that minj—y __,p; > 1 and Z?Zl(l/pi) =1,8>060>0
or "0 =+o00’, fi,..., fn: (a,b) = (0,400) be n functions and g1,...,¢gn: (a,b) —
(0, +00) ben differentiable non-decreasing functions such that, for anyi=1,...,n,
lims o ¢;(t) = 0 and lim;—,p g;(t) = 400, under some integrability assumptions
(clarification of this aspect is described below).
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(a) Let a such that & > max;—1,_n(p; —1). Then the following applies:

Joor s i (o] *ggi(“)bﬁldt"

3
<> / )ﬁ+gi(t)]pi““1m (2.3)

lgi(B)]Pi—t
a—pi +1,0[8 + gi(t)])dt,

< i
gl

where v(e,¢) = foc te=te~tdt with € > 0 and ¢ > 0 denotes the standard
lower incomplete gamma function, provided that all the integrals involved
converge.

(b) Let o such that o > max [0,n(1l — 2/ max;=1,...np;) + 1]. Then the follow-
ing applies:

/< 5 +H£f Jfg(i)z)] ”(a’a{ﬂ *égl’(“)D f[ldt"
ﬁ {/a ; [ i+ it )} [1(a1)/n]pi2w2{itp;](;)l o)

=1

X ’Y((% - 1);01 +2 9{52% +9i(t)Ddt] 1/”1"

provided that all the integrals involved converge.

The proof of this theorem is given in detail in Section[3] It is mainly based on
Theorem and appropriate changes of variables. Obviously, taking g;(t) = t for
any ¢ = 1,...n, Theorem 2.2 reduces to Theorem [2.1]

Three examples of applications of Theorem are given below.
(1) If we take a = 1, "b = +", g1,...,9n: (1,+00) — (0,400) defined by

gi(z) = log(z) for any ¢ = 1,...,n and « such that o > max;—1, _,(p;—1),
then we have

/ T [ﬂfgzlﬁigl() £ (aﬂ[ﬁ +_anlog(ti>Dﬁdti

=1

l i—a—1yp;—1 £pi
<y /( g

x v (a — pi + 1,08 + log()]) dt,

provided that all the integrals involved converge.
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In addition, for a such that o > max[0,n(1 — 2/ max;=1,_._, p;) + 1], we

have
/ Ltoon 1B +HZ:: 11f 1<§g() G (a’ b [5 * Zj; 10g(ti)D f[ldti

" 3 N-(a-V/mp—2
< —p; + log(t it
H |:~/(1,+oo) [n ( )} ( )

=1
x 7((0‘771 — l)pz +2 o{ﬂpi +log(t)Ddt] Upi,

provided that all the integrals involved converge.

(2) If we take "a = —o0", "b = 400", g1,...,9n: R = (0,400) defined by
gi(x) = €” for any ¢ = 1,...,n and « such that o > max;=1_. ,(p; — 1),
then we have

< Z ]% /R(B + et)pi—oc—let(l—m)ffi (t)'y(oz —pi + 1, 9(/3 + et))dt

provided that all the integrals involved converge.
In addition, for o such that a > max [0,n(1 — 2/ max;=1,.»p;) + 1], we

have
/” 3 Jl}%ifi(;z)))aV(a, G(ﬁ + g et")> f[ldti
< U [ Cne) T gy
X 7((047—1 - 1)1%’ + 2,0(%101' + 6t>)dt} 1/’”’

provided that all the integrals involved converge.

(3) If we take a = 0,b =1, g1,...,9n: (0,1) — (0,400) defined by g;(x ) =
—1/log(z) for any ¢ = 1,...,n and « such that & > max;=1,__,(pi — 1),
then we have

/<> wggﬁf f;(lzém)} ( [ Zlog D Hdt
pl /o o 7 log(t) riiai 7~ og? P (1) £ (¢)

xv(a—pi—l—l,e{ﬁ—@])dt
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provided that all the integrals involved converge.
In addition, for  such that a > max [0,n(1 — 2/ max;=1,..,p;) + 1], we
have

Jon T (2]~ X g ) T
ﬁ {/0 1) [ b logl(t)}[l(al)/n]pi2tpi110g2(pi1)(t)fzpi (t)

_ 1/pi
(5ol gl o]

provided that all the integrals involved converge.

More complex examples can be presented similarly, varying the natures of the
functions g1, ..., gn.
The rest of the article is devoted to the proof of the two theorems.

3. Proofs of Theorems and

Before developing the proofs, two technical lemmas must be presented. These
are the subject of the next subsection.

3.1. Two key lemmas

The lemma below can be seen as a generalization of the standard Young in-
equality.
LEMMA 3.1 ([12] Lemma 2])

Let n € N\{0}, a1,...,a, be such that min,—1 _,a; > 0 and p1,...,p, be such
that min;—1 . ,p; > 1 and S (1/p) =1 Then the following applies:

The proof proposed in [I2] is by induction.

The lemma below is a possible statement of the generalized Holder integral
inequality.
LEMMA 3.2
Let n € N\{0}, p1,...,p, be such that min;—y,_,p; > 1 and > (1/p;) = 1,
0 >0 o0r'"0=+o00", and hy,...,hy: (0,0) = (0,400) be n functions. Then the
following applies:

[ G (TR

provided that all the integrals involved converge.

The historical facts and technical details of the generalized Hoélder integral
inequality can be found in [3] [16].
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3.2. Proof of Theorem

The proofs of the two points have the same mathematical basis. They use
ingredients similar to those in the proofs of [I12, Theorem 3] and [I3], Theorem 2],
but with more theoretical developments to consider a bounded integration interval
depending on 6, i.e. (0,6), and the parameter j.

First, let us introduce the notion of Laplace transform. For a given function
h: (0,+00) — (0,+00), we define the Laplace transform of h by

L(h)(s) = /(H e

with s > 0. See [I§].
Based on this, the key term of the proof of Theorem [2.1]is defined by

T = /(0’9) s lehs L]_E[l L(fl)(s)} ds. (3.1)

We will show that T is in fact equal to the common left term in equations (2.1])
and (2.2]), and we will majorize it in two different ways, distinguishing the points

[(a)] and respectively.

Using standard integral developments, we can express T as

L “df] g
— a 1 —ﬁg ‘ —stl
= /0 0 [H/O +00) dt; :|d8 (32)
g1 fs(ﬁ+z7 L ti |: & (L, :|< - 1) .
/09)/0+oo)n il;[lf(t) Z.ljldt ds

Changing the order of integration by the Fubini-Tonell integral theorem (the inte-
grand is non-negative), applying the change of variables u = s (8+ >, ;) and
identifying the lower incomplete gamma function, we find that

n n
o lems B, 1) { fi(ti)] ( dti) ds
/(0,0) /(0,+oo)” H };[1
= / { fi(ts ] { §4T 16_8(6+22L1t'i)ds} Hdti
(0,+OO)" i=1 (0 9) i=1

a—1
(,9(5+Z" - <¢)

B+Zzl 4

x e~ du] I (3:3)
;=1

— / Hz 1 fl ) |:/ ua—le—udu:| Hdtz

(0400 (B+ 251t ©0.0(8+3" ) <
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_ /(0,+oo)" M’y <a,9<,6 n it)) ﬁdti.

=1

Putting (3.2) and (3.3)) together, we get
T = = ~yla, 0B+ ) dt;. (3.4)
(0,+00) (B + 22521 )™ ; ,1;[1

This gives us the common left term in (2.1) and (2.2). Let us now distinguish
between @ and @ by using different mathematical techniques to majorize Y.

(a) The key is the expression of Y given in (3.1)). Using the inequality in Lemma
B.1] with, for any i =1,...,n, a; = L(fi)(s) and s € (0,60), we obtain

n

[[£0)6) < 30 L)),

i=1

so that

T = /(0’9) s9lemhs Lﬁlz(fi)(s)} ds

</ sa-le—ﬁs[é;ww(s)} ds (35)

= 1 s e TP LPi(£)(s)ds.
= Pi J0,0)

For any ¢ = 1,...,n, the classical Holder integral inequality applied with
the parameter p; gives

eww=[f e ar]

r pi
= / fi(t)est/mest(ll/m)dt]
L/ (0,400)

pi—1
< / fr (t)e—stdt] [ / e_Stdt}
L/ (0,+c0) (0,40c0)

=gl7Pi / frit)e stdt,
(0,+00)

so that

/ s LB LPi(f)(s)ds
(0,0)

§/ sV lemAsglopi [/ fPi(t)e "tdt|ds (3.7)
(079) (0,+OO)
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2/ / s27PifPi(t)e BT dtds.
(0,0) / (0,400)

Changing the order of integration by the Fubini-Tonell integral theorem
(the integrand is non-negative), applying the change of variables v = s(5+t)
and identifying the lower incomplete gamma function, we establish that

/ / sOTP P (t)e_s(5+t)dtds
(0,0) J(0,4+00)
:/ / §O7P P (e P dsdt
(0,400) J(0,0)

= / /7 "(t){ / sa—l’ie—8<ﬁ+t>d5] dt
(0,400) (0,6)

o Naom ) (3.8)
- FPt [ / e dv] dt
/(o,+oo) © (0,0(8+1)) (5 + t) B+t
(0,4-00) (0,0(8+1))
= [ B Oa - pior 1,65+ D)
(0,400)
Combining , , and , we get
21 a1 i
T<Y — (BA+OP T P )y —pi+ 1,0(8+ 1)dt.  (3.9)

S Pi J(0,400)

It follows from (3.4]) and (3.9)) that

/(0,+oo)“ (B+Z?=1 ti)a7 @ ﬁ+;tl 21;[1 N

<3 pi /( L BT e 1,008+ )

K2

which is the desired inequality, i.e. the one in (2.1)). The proof of @ is
achieved.

(b) A different strategy is used for [(b)] Based on the expression of Y in (3.1,
a basic product manipulation gives

T= /(070) s L= hs Lf[l/;(fi)(s)} ds

= /(0 ) {ﬁ s(o‘_l)/"e_ﬁs/"ﬁ(fi)(s)} ds.

i=1

(3.10)
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Using the inequality in Lemma with, for any i = 1,...,n, hy(s) =
sla=/ne=Bs/nL(£)(s) and s € (0,6), we obtain

N /s (3.11)
< H [/ S(Q—l)pi/ne—ﬁsm/nﬁpi(fi)(s)ds] )

If we re-use the exact developments in (3.6)), for any ¢ = 1,...,n we have

) s / P (e,

(0,400)

so that
/ 5(a*1)pi/n6*,35pi/n£pi(fi)(s)ds
(0,9)
§/ sla=Dpi/ng=fspi/n g1=p: {/ fPit)etdt|ds  (3.12)
(0)0) (0,+OO)

_ / / o) /m=tlpit L g () ==(8m: n0) gy,
(0,0) J(0,400)

Changing the order of integration by the Fubini-Tonell integral theorem
(the integrand is non-negative), applying the change of variables w =
s(Bpi/n+1t) and identifying the lower incomplete gamma function, we find
that

/ / 5[((1_1)/”_1]Pi+1fipi (t)e—s(ﬁpi/n—‘rt)dtds
(0,0) J (0,400)

_ / ff”’(t)[ / S[(a—l)/n—l]pi+1e—s(ﬁpi/n+t>ds} it
(0,400) (0,0)

‘ w A\ le-1)/n—1lp+1
:/ 1 (t)[/ (7t>
(0,+50) (0,6(8p: /n+t)) \BPi/n+

1
X ewdw} dt
Bpi/n+1t

1—(a=1)/n]p;i—2
— [ (Cn+i) (1) (3.13)
(0,400)

n

X [/ w[(o‘_l)/”_l]piﬂe_“’dw} dt
(0,0(Bpi/n+t))

(i—(a=1)/nlpi=2
- [ (n+y) 0
(0,400) T

X 7((%_1 — 1)pi +2,0(§pi +t>>dt.
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Combining (3.10)), (3.11)), (3.12), and (3.13), we get

- B [(1—(a=1)/nlp;—2 »
- 21;[1 [/(O,Jroo) (np’ +t> fit (@)

X 7((% — 1)10Z +2 9(51% + t))dt] 1/1%-
It follows from (3.4) and (3.14) that

/w“z“% (o0
<[ G

i=1

(G IR D)

which is the desired inequality, i.e. the one in (2.2)). The proof of @ is
concluded.

(3.14)

The two points having been established, the proof of Theorem ends.

3.3. Proof of Theorem

The proofs of the points @ and@have the same mathematical ba81s Making
the changes of variables u; = g;(t;) for any i = 1,...,n, so that ¢; = g; *(u;) and
dt; = 1/gi(g; * (u;)) for any i = 1,...,n, we get

/(a,b)" 8 +Hin‘§_fig(f8iw<w[ﬂ + Zgz D dt;

=1

:/Hw l?mfz(()) (e (f” :“Z> ﬁlg; PITR R

g e CUES )i 62

=1 =1

where, for any i = 1,...,n,

OO}
gi(g; (1)

Let us now distinguish between @ and @

ki(t) =

(a) Tt follows from the point @ of Theorem applied to ki, ...k, instead of
f1,---, fn, respectively, that
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/0+oo m< <ﬂ+zul)>iﬁldui

n

1 ,
<Y ek )
i—1 Pi J(0,400)
X y(a—p; +1,0(8 +u))du (3.16)

U plfa 1 fpl( _1(u))
N Z pz /O ,Fo0) B * [gi(gi (u))]pl
X fy(a —pi+1,0(8+u))du

Making the change of variables u = g;(¢) with ¢ = 1,...,n, we obtain

- l u pi—a—1 fzpl (gjl(u))
; Pi /(o,+oo>(ﬁ o [97(g; * (w))]P:

X y(a—p; +1,0(8 +u))du

_ - l . pi—a—1 fzpq(t)

=2 o PO (317)
X y(o—pi +1,0(8+ gi(t)]) g (t)dt

— - i . pi—a—1 fzpl(t)

— ; o S B+ gi(t)] TP

x y(o— pi + 1,008 + g;(1)])dt.

Combining (3.15), (3.16]) and (3.17)), we get

/<a,b>n (B +H§§:{ig ELHQ " (a’ 0 [5 + i gi (m)]) f[l dt;

<yt [ﬁ+gi<t>]m-al[fpl”n<a Pt 160 + (Bt
(a,b) g;(t)]P

which is the desired inequality, i.e. the one in (2.3). The proof of @ is
completed.

(b) It follows from @ of Theorem applied to ki, ...k, instead of f1,..., fn,
respectively, that

/(0 +o0)" (BHJZlki)) ( <5+ Z“)) f[ldui
<TI[f G
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1/pi

7((0‘7_1 - l)pi+2,0(§pi —&-u))du} (3.18)

O B 1-(a=1)/nlpi=2 fPi (g~ (u))
- =1 [/((HOO) <Epi +u> m

(G R CI) T
Making the change of variables v = g;(t) with i = 1,...,n, we obtain
i B (1—(a=1)/nlpi=2 fPi(g *1(u))
11 MO,M (are+) (g ()l
(G R ) T

. B 1-(a=1)/nlpi=2 fPi
B 1;[ U(a,w bpi i gi(t)} [gé(tgll?’i

=1

) 7((06 . 1)pi + 279[51% - gi(t)Dgg(t)dt} v

n

n 8 1-(a=1)/nlpi=2  fPi
-11 ua,b) [P+ ot Foe
X 7((%_1 - 1)pi + 2,9[21% + gi(t)])dt} 1/pi~
Combining (3.15)), (3.18) and (3.19), we get
[T, fi(t:) =
/(ab Bt > it (“ 9[“291 D [ Lt
" [(a=D/nlpi=2  fPi(t)
<1l [/ " [+ )] B
X 7((%_1 - 1)p¢ + 2,0[51% +gi(t)Ddt} l/pi

which is the desired inequality, i.e. the one in (2.4). The proof of @ ends.

)

(3.19)

The two points having been established, the proof of Theorem is concluded.

4. Conclusion

In conclusion, this article has presented a unified framework that significantly
extends the applicability of [I2, Theorem 3] and [I3] Theorem 2] by introducing
two additional adjustable parameters. An originality of this extension is the in-
clusion and modulation of the incomplete lower gamma function in the integrals
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involved. A functional version of the main theorem is also established. provid-
ing detailed proofs and comprehensive techniques, such as the generalized Young
inequality and the generalized Hoélder integral inequality, this work may inspire
further development of multivariate inequalities in mathematical analysis.
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