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A MULTIDIMENSIONAL HARDY-HILBERT’S INTEGRAL INEQUALITY
INVOLVING ONE DERIVATIVE FUNCTION OF HIGHER-ORDER

ZHILAI YAN, BICHENG YANG* AND DONGMEI XIN

(Communicated by M. Krni¢)

Abstract. By means of the weight functions, the idea of introduced parameters and using the
techniques of real analysis, a multidimensional Hardy-Hilbert’s integral inequality involving one
derivative function of higher-order is obtained. As applications, the equivalent statements of the
best possible constant factor in the new inequality related to several parameters are considered.
Some corollaries are obtained.

1. Introduction

Supposethat p>1, 1+ 1 =1, ay, b, >0,0< 35 ah <eoand 0< 77 b <
co. We have the following Hardy-Hilbert’s inequality with the best possible constant
factor m (cf. [5], Theorem 315):
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Setting f(x), g(y) =0, 0 < [5" fP(x)dx < e and 0 < [;g?(y)dy < o, we have the
integral analogue of (1) as follows (cf. [5], Theorem 316):

/om /: %giy)d’“dy < m ( /:fp(x)dx)% ( /0 mgq(y)@) %, 2)

where the constant factor Wg/p) is the best possible.

In 2006, by means of the Euler-Maclaorin summation formula and the techniques
of real analysis, [15] gave the following extension of (1):
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where, A1, A2 € (0,2], A1 +A2 = A € (0,4], the constant factor B(4;,A;) is the best
possible, and
oo tufl
B(I/L,V):/O Wdl, I/L,V>O (4)
is the beta function.

In 2019, by means of the result of (1) and Abel’s partial summation formula,
Adiyasuren et al. [1] deduced an extension of (1) involving two partial sums. In 2020,
Mo et al. [21] gave an extension of (2) involving two upper limit functions. Inequalities
(1)—(2) with their extensions played an important role in analysis and its applications
(cf. [2,3,6,14,16,22,24-28]).

In 2016-2017, Hong et al. [8, 10] considered some equivalent statements of the
extensions of (1) and (2) with a few parameters. Some further results were provided by
[4,7,9]. In 2023, Hong et al. [13] gave a more accurate half-discrete multidimensional
Hilbert-type inequality involving one derivative function of m-order. Some further
results were provided by [11-13,19,20,23,29].

In this paper, following the way of [20], by means of the weight functions, the
idea of introduced parameters and the techniques of real analysis. A multidimensional

Hardy-Hilbert’s integral inequality with the new kernel as W involving one
B

derivative function of higher-order is obtained. As applications, the equivalent state-
ments of the best possible constant factor in the new inequality related to several pa-
rameters are considered. Some corollaries are obtained.

2. Some formula and lemmas

In what follows, we suppose that m € Ny = {07 L, } neN={1,2,---}, p>1,
Lilo1 0 BeR;, A>0, A€ (04), A =224 /1_“'+’LZ
f(x)(=0) is a differentiable function of m-order, and " (x )(> 0) is a continuous
function unless at finite points in Ry = (0,0), for m € N,

fEDN @) =0(e™) (t>0ix—0), fEDOY)=0 (k=1,---,m),

and for £ (x), g(y) >0 (x€Ry, y €R"., m € Np), we have

o</ xp<1—11>—1(f<m>(x))1’dx<oo and
0

q(n—0dy)
0 fo INIE" g0y <=

If M >0, y(u) (u>0) is a nonnegative measurable function, then we have the
following transfer formula (cf. [27], (9.1.5)):

i\ B
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In particular, (i) in view of ||y[|g

M[ZL, (3 )ﬁ]ﬁ by (5), we have
ey @101l

Ny
Aglin‘”/ /yER" 0<3n | (3)P<1} (M[z (;—;)ﬁ}ﬁ>dyl---dyn
mrr(h)

i=1
1o n_q
— Mub )ub
M—co ﬁnr(%) 0 (P( )
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du

(6)

PMuP)=0,u< ()P (b>0), by (5), we have
" n(%) 1 1 n_q
(lp)y = Jim —aP= [ o(Mub yuf~"au
/{yeR" Iyl =D} b B"T(g) Jihe
5oy e
V:Ai"ﬁ B n—1
- ﬁ"*ll“(%) A (P(V)V dv. @)

REMARK 1. For b=1, c € Ry, by (7), we have

n(l
/ [Iyllg ™™ "dy—%~
{yeR™ |llp>1} acB"'I(g)
LEMMA 1. For s € (0,0), 51,52 € (0,5), define the following weight functions
g [T
aufsry) = DI [ (e RY)
5 o GrIbIEY i

)]
Ivllg™™"

By (xeR,).
Ry G |G
We have the following expressions

®)

(10)
ws(shy) :B(Slvs_sl) (yGR’i), (11)
@ (s2,%) = L%)B(s s—s2) (x€Ry) (12)
27 Bn 1F(B) 27 2 + *
Proof. In (9), setting u =

|yT\g , we find

- i) ol
o1 = Il [ e
B o Wbl DIy

0o usl—l
= ———du = B(s1,s—51),
/0 (u+1)° (s1 X
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and then we have (11).
In (10), setting @ (v) = %’ by (6), we have

(Illgy=—#

mlo) =2 [
pery) Gt IVIIE)Y
\'7&'2/ (Mai }’zﬁ%d d
2 o0 [5G
{yeR% } =M
= lim M"l—‘"(% xR cm(P(MO‘M%)M%7161’14
M= BT(f) 0
% n L = \) 1
vy T (ﬁ)n tz/ et
apIT)" o Gy
1=v/x Fn(%) /°° 9271 di
o TTE) o (1517
()
B
= B
aﬁn—lr(%) (52,5 —52),
and then we have (12).
The lemma is proved. [J
LEMMA 2. For t > 0, we have the following expression:
/ e f(x)dx=17" / e ) (x)dx. (13)
0 0

Proof. For m = 0, (13) is naturally valid; for m € N, since f(07) =0, f(x) =
o(e™) (1 >0; x — o), we find

[ errwax = [ eanw = el

0 0

—/ f(x)de ™ = lim e”xf(x)—H/ e f(x)dx
0 0

X—>00

= t/ooo e ™ f(x)dx.

Inductively, for f®(0%) =0, f®(x) = o(e™) (£ >0, k=1,---m; x — ), we still
have

/Ooo e f(x)dx =171 /Ooo e f(xX)dx ==t /0oo e £ (x)dx.

Hence, (13) is valid.
The lemma is proved. [
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LEMMA 3. We have the following inequality:
ﬂ’l
= / / )80) dxdy
{yeR™} x+|\y\|ﬁ)
1

Fn(g) LY I

1
oA L I AN O A
0 {yeR" }
In particular, for A = A + Ay, we have
0 < /wxp(lffh)*l(f(m)(x)ydx<°<,,
0

n—oky)—n
0< [ o DI 5100y < =
.

and the following inequality‘
*)s(y)
= 70’ dy
/{yeR }/ (e [y [1§)*
1
Mg\’
B
< | ——=| BA,4
(Oﬂﬁ”_lf‘(%)> ( 1 2)

1
= (=2 =1 pm) (V27| q(n—aiy)— a
<[ [argmerad [l ] as

Proof. By Holder’s inequality (cf. [17]), we have

n—oly)/p

x(=A0/q pm) () HyH s(v)
I _/ / o) | P
{yer?} Jo x+||y”ﬁ HyH
1
A=A (=1)( fm) ()P '
/ / (f)L (x) dydx
{yeR%} x+||}’”5) HyHn o

1
/ / R ] i 1)gq(y)d y !
X
pereyJo Gt I A g
- y[I5>"d by 2
— / xl—lz/ xp[l—(Tz+7')—1](f(m)(x))pdx
0 (vert) o [T

Aaz
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sz/ X aln—a (=77,
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B [/ow @5 (Do) 1=3) =1 plon) (x))pdx} "

1
q

qn— OC)LQ
x [/{yeR"} 2 (A |yl (y)dy} : (16)

If (16) keeps the form of equality, then there exist constants A and B, such that
they are not both zero, satisfying

R ) . [yllf~ ™ Dga(y)

— 3 n
oy = A ae.in Ry xR.

Il
Assuming that A # 0, there exists a y € R’} such that

KD ()2 = | 2|80 gt ) D) e i R,

Since forany A —4; — A, € R, [ x1=(A=A1=%2) gx = oo, the above expression contra-

dicts the fact that 0 <[> xP(1=4)=1(£0m) (x))Pdx < co.

Therefore, by (11) and (12) (s = A, s1 = A1, s = Ay), we have (14) and then for
A = A1+ Ay, we have (15).

The lemma is proved. [

3. Main results

THEOREM 1. We have the following multidimensional Hardy-Hilbert’s integral
inequality involving one derivative function of higher-order:

g(y)
1 _/ / 7dxdy
pert}Jo (o |[y][g)AFm

(L) "(g)
(A +m) \ af—T(

P
< n)> BF (Ao, — J2)BU (A1, A — )
i

1
il 0 P N0 ) —n q
[T pad T [l e an
0 {yeR" }

In particular, for A = A1+ Ay, by (17), we have

g(y)
I —/ / 751 dy
ert} o (x+[yl[5 )Atm
1

(1) i) \?
T(A +m) (aﬁn—lr(%) B(21,42)

1 1

- [/ wx”(”')%f(’”)(x))”dx} ,, [/ A" g1 ay| . (18)
0 {yeR" }
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Proof. By the following expression of the Gamma function:

1 1 = am—1,— et
= e S87dr (A, x>0), 19
E T e #,x>0), a9

(13) and Fubini theorem (cf. [18]), we have

1= /l+m /{GR / U tl+mle—(x+|)’|g)fdt] dxdy

y
- F(/ll+m)/ pne 1(/0 Bl Mx) ( /{yeR , _Hy”gtg(y)dy)dt
ram [ L )

v e e L
= t B dt| dxd
X—Fm /{yeR / [/0 ‘ ] o

—/ / 7)1) xdy.
L(A+m) JyeriyJo (x+|y][5)*

Then by (14), we have (17). For A = A; + A, in (17), we have (18).
The theorem is proved. [

THEOREM 2. If A = Ay + Ay, then the constant factor

(%) (%)
T(A+m) \ af" (%)

P
) B7 (Aa, A — A0)BT (A1, A — A1)

in (17) is the best possible.

Proof. For A = A1+ A;, by (17), we have (18). We need to prove that the constant
factor in (18) is the best possible. For any 0 < € < pA;, we set

0, 0<x<1,
U (x) = mHO()Ll+’__) /11—*‘1 x>1,
[
~ 0, Iyl <1
IV s
0. 0<x<1,

M—E-1
H()Ll—i—z——)fl( e JRE T dty ) )dy, x> 1,

i=0
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namely,
- 0, 0<x<1,
flx) = {xkl+m;1 o) x> L,
where, for m € N, p,,—1(x) is indicated as a nonnegative polynomial of (m — 1)-order
satisfying p,,—1(1) = 1. We denote p_;(1) :=0, ﬁ)(a+i) := 1. Then the above
i

expression satisfies for m € Np.
If there exists a constant M, satisfying

(%) KO
O<M<F(/l+m)<aﬁnlf(%) B(A1,22) (20)

such that (18) is valid when we replace the constant factor in (18) by M, then in partic-
ular, by (18) and (8) (¢ = €), we have

8L)
= 7dxdy
/yeR }/ (x+Iylg)A+m
1 1
M| [Ctagerar| " [ b ]
0 {yeR" }
1 1
T (3= 2) ([ ) Iollgray |
=M (+i—— / X X / y “dy
=0 p) \) pernig=1) P

Mo NOIRY
_H<ll+l——) (Olﬁ" 1F(%)> .

By (8),(9)and (11) (s=A+m >0, s1 =A; —%—l—me (0,A +m)), we have

g
Y e L
eriyJo (o[l [g)AFm

o(Ay—
/ — P ()yllg
{eRy|hg=1y /1 (e [[y 1) m

N

- (x)tl +m—y £

dxdy

€
x/11+m—F—1

+E) [
- g ol [ | d
pergen P B Gl

Ar+m 1
7Lz+ )y 1M 7
- g ol =7 [ | d
/{yeR1;|y|g>1} p B o G IplgA

_£)_
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/ /“pm—l(x>|)’|3 i
_ xdy
perplblig=nJt o (el
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£
> / Hy”gae nw/l+m (Al__+m7y>dy
{yeRL:|lyl[5=1} p

e A mfifl
-/ e [T A RSN Py
peRLyllg=1) P p (vl REE

a(lp—E)—n
[

_/ y/ Pn-1(x)
werlylig1} ([y[I§)Ar /2y 2y

€ &
:B()Ll——+m,7tz+—)/ [l *"dy
P P/ J{yeRLIbIG=1}

=
Aitm—3 {yGRi:I\yHg‘%}

_
—|—/ 7 d / ( )dx
Ry yg>1) bl Y /D

B(A — & +m A+ 5 (F)
= gaﬁn_lr(%’)’ —04(1).

)L|+ +m) n
H)’Hﬁ dy

==

Hence, in view of the above results, we have the following inequality
B(A — 5 +m,do+ 5 ()
B TT(f)

1
N m—1 rn(i) q
. € B

<el<M /ll—I—l——) — ] .

,-Ho< F (W"‘N%))

For € — 0™, in view of the continuity of the beta function, we have
1
ButmA)"(p)  mot (D) N
BT )

—801(1)

namely,

P
B(A+m, ) ( "
- 1

By (20), it follows that
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is the best constant factor of (18) (namely, for A = A; + A, in (17)).
The theorem is proved. [

THEOREM 3. If the same constant factor in (17) is the best possible, then we
have A = A1+ Ay.

Proof. For A; = 2+ﬂ,zzz%+%,weﬁnd11+%=l,0<21,12<

A
By Holder’s inequality (cf. [19]), we obtain
B = [ gn [T,
s = —au = ——alu
b o (I1+u)* 0o (1+u)

S gl

[

<

1
o A=A 1 q
/u il du
o (1+u)* o 1+u
— Br (Ao, A — Ma)Bi (A, A — Ay). @1

Since the constant factor

r (TG ) s
F(?L—Fm)((xﬁn—lr‘(%) B> (2,4 = 12)B4(A1,A — A1)

in (17) is the best possible. Compare with the constant factors in (17) and (18) (by
substitution of A1 = A1, A, = A,), we have

n(l P
() ( r(z) ) (s 2o — A2)BY (A, 2o — M)

|-
'u\»—

F(A —|—m) aﬁn—lr‘(%)
T'(1) r(4) P
(A +m) (aﬁnlr(%) B(A1,42),

namely, B(//il,jtz) > B%()Lz,)t - /lg)Bé()Ll,)L — A1). Hence, (21) keeps the form of
equality. The necessary and sufficient condition for taking an equal sign is: there exist
constants A and B, such that they are not both zero, and (cf. [19]) APl = gyhi—1
a.e. in Ry . Assuming that A # 0, we have ut—hh = % a.e. in R . It follows that
A=A —A; =0, andthen A = A, + A,.

The theorem is proved. [
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COROLLARY 1. For n=1 in (17), we have the following inequality:

== fx)gly)
/0 /0 (x+yoc))t+mdxa1y

1
r'(A) 1\7 1 1
< m(a) B”(/’{,LA,—/’{Q)Bq(A,],/l—/ll)

3 i > q
x[ /0 xpﬂ—’m—l(f(’"’(x))f’dx]”[ /0 yq“—a’m—lgq(y)dy} . @2

In particular, for A = A1+ Ay, by (22), we have
/ / f (x)g(? dxdy
0o Jo (xyx)rtm
1

< T (1)‘1’19(&1,&2) [ [ wypa

[/ yell-oda) 1 ga ()dy] - (23)

where the constant factor % (é) B(A1,42) is the best possible.

COROLLARY 2. If A = A1 + Ay, then the constant factor

(%)

1
I\7? 1 1
m(a) B”(lz,/l-/lQ)Bq(/ll,/l—ll)

in (23) is the best possible. On the other hand, if the same constant factor in (23) is
the best possible, then we have A = A + A;.
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