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Abstract

Let an almost everywhere positive function 8 be convex for p > 1 and p < 0, concave for p ∈ (0, 1), and
such that Ax p

≤ 8(x) ≤ Bx p holds on R+ for some positive constants A ≤ B. In this paper we derive a
class of general integral multidimensional Hardy-type inequalities with power weights, whose left-hand
sides involve 8(

∫ x1
0 · · ·

∫ xn
0 f (t) dt) instead of [

∫ x1
0 · · ·

∫ xn
0 f (t) dt]p , while the corresponding right-

hand sides remain as in the classical Hardy’s inequality and have explicit constants in front of integrals.
We also prove the related dual inequalities. The relations obtained are new even for the one-dimensional
case and they unify and extend several inequalities of Hardy type known in the literature.
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1. Introduction

Let p > 1 and f ∈ L p(0, ∞) be a nonnegative function. If the function F is defined
on R+ by

F(x) =

∫ x

0
f (t) dt,

then the inequality ∫
∞

0

[
F(x)

x

]p

dx ≤

(
p

p − 1

)p ∫
∞

0
f p(x) dx (1.1)

holds and the constant (p/(p − 1))p on its right-hand side is the best possible, that is,
it cannot be replaced with any smaller constant. This highly important result, today
referred to as the classical Hardy integral inequality, was obtained by Hardy, who
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first announced it in 1920 [5] and then proved it in 1925 [6] (see also [8, Chapter 9,
Theorem 328]).

Three years later, in 1928, Hardy [7] (see also [8, Chapter 9, Theorem 330])
improved relation (1.1) by deriving its generalized form, namely that if p > 1, m 6= 1,
and the function F is defined on R+ by

F(x) =


∫ x

0
f (t) dt, m > 1,∫

∞

x
f (t) dt, m < 1,

then the inequality∫
∞

0
x−m F p(x) dx ≤

(
p

|m − 1|

)p ∫
∞

0
x p−m f p(x) dx (1.2)

holds for all nonnegative functions f , such that x1−m/p f ∈ L p(0, ∞), and the
constant (p/|m − 1|)p is the best possible. In the same paper (see also [8, Chapter 9,
Theorem 347]), he also pointed out that if m and F fulfill the conditions of the above
result, but 0 < p < 1, then the sign of inequality in (1.2) is reversed, that is,∫

∞

0
x−m F p(x) dx ≥

(
p

|m − 1|

)p ∫
∞

0
x p−m f p(x) dx (1.3)

holds.
On the other hand, the first unweighted Hardy-type inequality for p < 0 was

considered by Knopp [12] in 1928, but in a discrete setting, for sequences of positive
real numbers (see also [14] and the references therein). It is also interesting to note
that general weighted integral Hardy-type inequalities for exponents p, q < 0 and
0 < p, q < 1 were first studied much later, by Beesack and Heinig [1] and Heinig [9].
They obtained some necessary as well as some sufficient conditions for the reverse
Hardy inequality[∫

∞

0
( f v)p(x) dx

]1/p

≤ C

[∫
∞

0

(
u(x)

∫ x

0
f (t) dt

)q

dx

]1/q

and its dual version to hold with a positive real constant C , independent of f .
For further information and remarks concerning the rich history, development,
generalizations, and applications of Hardy’s integral inequalities (1.1) and (1.2) see,
for example, [8, 13–15, 18] and the references therein.

In this paper we consider Hardy’s integral inequalities (1.2) and (1.3) in a
multidimensional setting, with integrals taken over n-cells, that is, over axis-parallel
rectangular blocks in Rn

+. The first such result, a natural n-dimensional generalization
of the classical Hardy integral inequality (1.1), was given by Pachpatte [19]. Using
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Fubini’s theorem and Jensen’s inequality, he proved that the inequality∫
∞

0
· · ·

∫
∞

0

( n∏
i=1

xi

)−p

F p(x1, . . . , xn) dx1 . . . dxn

≤

(
p

p − 1

)np ∫
∞

0
· · ·

∫
∞

0
f p(x1, . . . , xn) dx1 . . . dxn (1.4)

holds for p > 1 and all nonnegative functions f ∈ L p(Rn
+), where the function F is

defined on Rn
+ by

F(x1, . . . , xn) =

∫ x1

0
· · ·

∫ xn

0
f (t1, . . . , tn) dt1 . . . tn,

and the constant (p/(p − 1))np is the best possible. The corresponding results for
the case 0 6= p < 1 were recently obtained by Oguntuase et al. [16] as consequences
of much more general inequalities for convex and concave functions (see [17] for
further details). Moreover, applying some different techniques (for example, mixed-
means inequalities in [3]), Pachpatte [20] and Čižmešija and Pečarić [3] proved a
multidimensional generalization of (1.2), but only for p > 1.

To present our idea, first note that the term F p(x), involved in the left-hand sides
of the relations (1.1)–(1.4), is only a particular case of the expression 8(F(x)), where
an almost everywhere positive function 8 is convex for p > 1 and p < 0, concave
for p ∈ (0, 1), and such that Ax p

≤ 8(x) ≤ Bx p holds on R+ with some positive
real constants A ≤ B. Motivated by this simple observation, as a main result of this
paper, we derive a general class of integral multidimensional Hardy-type inequalities
with power weights, whose left-hand sides involve 8(F(x)) instead of F p(x), while
the corresponding right-hand sides remain as usual, with explicit constants in front of
integrals. The relations obtained are new even for the one-dimensional case (n = 1).
As special cases, we obtain natural n-dimensional generalizations of (1.2) and (1.3)
for all parameters p ∈ R \ {0, 1} and prove that the constant factors appearing on their
right-hand sides are the best possible.

Our results unify and further extend several results of this type in the literature,
including Pachpatte’s results in [19, 20], as well as the fairly new results in [2–
4, 10, 16, 17]. A technique used in our proofs is based on a convexity argument,
essentially different from the classical one used by Hardy and others (see, for
example, [6–9, 15]).

The paper is organized as follows. In Section 2 we introduce some necessary
notation and state some already existing lemmas, germane to the proofs of our main
results. General Hardy-type inequalities are presented, discussed and proved in
Section 3. Finally, the concluding Section 4 is dedicated to some special cases of the
general relations obtained, that is, to the previously mentioned direct n-dimensional
generalizations of (1.2) and (1.3), and to some further remarks and examples.

CONVENTIONS. All functions in this paper are assumed to be measurable and expres-
sions of the form 0 · ∞, 0/0, a/∞ (a ∈ R), and ∞/∞ are taken to be equal to zero.
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As usual, by a weight function (or simply weight) we mean a nonnegative measurable
function on a subset of Rn

+, while an interval in R is any convex subset of R.

2. Preliminaries

Before presenting our ideas and results, we need to introduce some notation.
Throughout this paper we use bold letters to denote n-tuples of real numbers, for
example x = (x1, . . . , xn) or y = (y1, . . . , yn). In particular, we set 0 = (0, . . . , 0)

∈ Rn and 1 = (1, . . . , 1) ∈ Rn . Of course, it will be clear from the text whether (a, b)

represents an open interval in R or a point in Rn for n = 2. Further, relations <,
≤, >, and ≥ are, as usual, defined componentwise. For example, for x, y ∈ Rn ,
we write x < y if xi < yi , i = 1, . . . , n. Moreover, 0 < b ≤ ∞ means 0 < bi ≤ ∞,
i = 1, . . . , n. Finally, we introduce a notation for n-cells, that is, axis-parallel
rectangular blocks in Rn . For a, b ∈ Rn , a < b, let

(a, b) = (a1, b1) × · · · × (an, bn) = {x ∈ Rn
| a < x < b},

(a, b] = (a1, b1] × · · · × (an, bn] = {x ∈ Rn
| a < x ≤ b},

and analogously also for [a, b) and [a, b]. In particular, we have Rn
+ = (0, ∞),

(0, ∞] = {x | 0 < x ≤ ∞} and [0, ∞) = {x ∈ Rn
| x ≥ 0}.

As announced in the Introduction, to prove our main results, we need two lemmas
from the recent paper [17].

LEMMA 2.1. Suppose that b ∈ (0, ∞], that u : (0, b) → R is a weight function, such
that x 7→ u(x)/(x2

1 · · · x2
n) is locally integrable in (0, b), and that the weight function

v is defined by

v(t) = t1 · · · tn

∫ b1

t1
· · ·

∫ bn

tn

u(x)

x2
1 · · · x2

n

dx, t ∈ (0, b).

Let I be an interval in R, 8 : I → R, and f : (0, b) → R be an integrable function,
such that f (x) ∈ I , for all x ∈ (0, b).

(i) If 8 is convex, then the following inequality holds:∫ b1

0
· · ·

∫ bn

0
u(x)8

(
1

x1 · · · xn

∫ x1

0
· · ·

∫ xn

0
f (t) dt

)
dx

x1 · · · xn

≤

∫ b1

0
· · ·

∫ bn

0
v(x)8( f (x))

dx
x1 · · · xn

. (2.1)

(ii) If 8 is concave, the sign of the inequality in (2.1) is reversed, that is,∫ b1

0
· · ·

∫ bn

0
u(x)8

(
1

x1 · · · xn

∫ x1

0
· · ·

∫ xn

0
f (t) dt

)
dx

x1 · · · xn

≥

∫ b1

0
· · ·

∫ bn

0
v(x)8( f (x))

dx
x1 · · · xn

. (2.2)
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PROOF. Lemma 2.1 is an easy consequence of Jensen’s inequality and Fubini’s
theorem (for details, see [17]). 2

REMARK 2.2. In this paper, we shall particularly consider Lemma 2.1 for u(x) ≡ 1.
Then

v(x) = t1 · · · tn

∫ b1

t1
· · ·

∫ bn

tn

dx

x2
1 · · · x2

n

=

n∏
i=1

(
1 −

xi

bi

)
, x ∈ (0, b),

so (2.1) reads∫ b1

0
· · ·

∫ bn

0
8

(
1

x1 · · · xn

∫ x1

0
· · ·

∫ xn

0
f (t) dt

)
dx

x1 · · · xn

≤

∫ b1

0
· · ·

∫ bn

0
8( f (x))

n∏
i=1

(
1 −

xi

bi

)
dx

x1 · · · xn
, (2.3)

while (2.2) reduces to (2.3) with the sign reversed.

The second lemma is dual to Lemma 2.1.

LEMMA 2.3. For b ∈ [0, ∞), let u : (b, ∞) → R be a locally integrable weight
function in (b, ∞), and the weight function v be given by

v(t) =
1

t1 · · · tn

∫ t1

b1

· · ·

∫ tn

bn

u(x) dx, t ∈ (b, ∞).

Suppose that I is an interval in R, 8 : I → R, and that f : (b, ∞) → R is an
integrable function, such that f (x) ∈ I , for all x ∈ (b, ∞).

(i) If 8 is convex, then∫
∞

b1

· · ·

∫
∞

bn

u(x)8

(
x1 · · · xn

∫
∞

x1

· · ·

∫
∞

xn

f (t) dt

t2
1 · · · t2

n

)
dx

x1 · · · xn

≤

∫
∞

b1

· · ·

∫
∞

bn

v(x)8( f (x))
dx

x1 · · · xn
. (2.4)

(ii) If 8 is concave, then the sign of the inequality in (2.4) is reversed, that is,∫
∞

b1

· · ·

∫
∞

bn

u(x)8

(
x1 · · · xn

∫
∞

x1

· · ·

∫
∞

xn

f (t) dt

t2
1 · · · t2

n

)
dx

x1 · · · xn

≥

∫
∞

b1

· · ·

∫
∞

bn

v(x)8( f (x))
dx

x1 · · · xn
. (2.5)

PROOF. Similarly to the proof of Lemma 2.1, it follows by applying Jensen’s
inequality and Fubini’s theorem (see [17] for details). 2

REMARK 2.4. As already mentioned in Remark 2.2, we shall take advantage of
Lemma 2.3 in the case where u(x) ≡ 1. In this setting,
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v(t) =
1

t1 · · · tn

∫ t1

b1

· · ·

∫ tn

bn

dx =

n∏
i=1

(
1 −

bi

xi

)
, t ∈ (b, ∞).

Thus, (2.4) becomes∫
∞

b1

· · ·

∫
∞

bn

8

(
x1 · · · xn

∫
∞

x1

· · ·

∫
∞

xn

f (t) dt

t2
1 · · · t2

n

)
dx

x1 · · · xn

≤

∫
∞

b1

· · ·

∫
∞

bn

8( f (x))

n∏
i=1

(
1 −

bi

xi

)
dx

x1 · · · xn
. (2.6)

Similarly, (2.5) reduces to (2.6) with the sign ≥.

REMARK 2.5. It is important to observe that if the function 8 is both convex and
concave, that is, affine (8(x) = αx + β), then inequalities (2.1), (2.3), (2.4), and (2.6)
become equalities. One such particular case is 8(x) = x .

REMARK 2.6. Note that in the one-dimensional case (n = 1), Lemmas 2.1 and 2.3
reduce to the corresponding results from [4].

3. Main results

We are now ready to state and prove our main results in this paper. Applying
Lemmas 2.1 and 2.3, we obtain a new class of general multidimensional strengthened
Hardy-type inequalities with power weights, related to all possible choices of
parameter p ∈ R \ {0} and to arbitrary almost everywhere positive convex (or concave)
functions 8, such that Ax p

≤ 8(x) ≤ Bx p holds on (0, ∞) with some positive real
constants A ≤ B. As particular cases of the relations obtained, we derive sharp natural
n-dimensional generalizations of (1.1)–(1.3).

First, we consider the case with the parameter p > 1. The corresponding
strengthened Hardy-type inequalities are given in the following theorem.

THEOREM 3.1. Let 1 < p < ∞ and m = (m1, . . . , mn) ∈ Rn be such that mi 6= 1,
i = 1, . . . , n. Let 8 : [0, ∞) → R be a convex, almost everywhere positive function,
such that Ax p

≤ 8(x) ≤ Bx p holds on [0, ∞) for some constants 0 < A ≤ B < ∞.

(i) If b ∈ (0, ∞] and m > 1, then the inequality∫ b1

0
· · ·

∫ bn

0
8

(∫ x1

0
· · ·

∫ xn

0
f (t) dt

) n∏
i=1

x−mi
i dx

≤
B2

A

( n∏
i=1

p

mi − 1

)p ∫ b1

0
· · ·

∫ bn

0
f p(x)

×

n∏
i=1

x p−mi
i

[
1 −

(
xi

bi

)(mi −1)/p
]

dx (3.1)

holds for all nonnegative integrable functions f : (0, b) → R.
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(ii) If b ∈ [0, ∞) and m < 1, then the inequality∫
∞

b1

· · ·

∫
∞

bn

8

(∫
∞

x1

· · ·

∫
∞

xn

f (t) dt
) n∏

i=1

x−mi
i dx

≤
B2

A

( n∏
i=1

p

1 − mi

)p∫ ∞

b1

· · ·

∫
∞

bn

f p(x)

n∏
i=1

x p−mi
i

[
1 −

(
bi

xi

)(1−mi )/p
]

dx

(3.2)

holds for all nonnegative integrable functions f : (b, ∞) → R.

PROOF. The proof follows from Lemmas 2.1(i) and 2.3(i) by choosing the weight
function u(x) ≡ 1, that is, by using relations (2.3) and (2.6).

First, we consider case (i), that is, b ∈ (0, ∞] and m > 1. The crucial step is to
rewrite the inequality (2.3) with a ∈ (0, ∞] and the function g : (0, b) → R, instead
of b and f respectively, where ai = b(mi −1)/p

i , i = 1, . . . , n, and

g(x) = f (x p/(m1−1)

1 , . . . , x p/(mn−1)
n )

n∏
i=1

x p/(mi −1)−1
i .

Hence, the left-hand side of (2.3) in this setting becomes∫ a1

0
· · ·

∫ an

0
8

(
1

x1 · · · xn

∫ x1

0
· · ·

∫ xn

0
g(t) dt

)
dx

x1 · · · xn

≥ A
∫ a1

0
· · ·

∫ an

0

(
1

x1 · · · xn

∫ x1

0
· · ·

∫ xn

0
g(t) dt

)p dx
x1 · · · xn

= A
∫ a1

0
· · ·

∫ an

0

( n∏
i=1

xi

)−p−1(∫ x1

0
· · ·

∫ xn

0
g(t) dt

)p

dx

= A

( n∏
i=1

mi − 1
p

)p ∫ a1

0
· · ·

∫ an

0

( n∏
i=1

xi

)−p−1

×

(∫ x
p/(m1−1)

1

0
· · ·

∫ x p/(mn−1)
n

0
f (s) ds

)p

dx

≥
A

B

( n∏
i=1

mi − 1
p

)p ∫ a1

0
· · ·

∫ an

0

( n∏
i=1

xi

)−p−1

×8

(∫ x
p/(m1−1)

1

0
· · ·

∫ x p/(mn−1)
n

0
f (s) ds

)
dx

=
A

B

( n∏
i=1

mi − 1
p

)p+1 ∫ b1

0
· · ·

∫ bn

0
8

(∫ y1

0
· · ·

∫ yn

0
f (s) ds

) n∏
i=1

y−mi
i dy,

(3.3)
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where the second line in (3.3) is obtained by using the lower bound 8(x)

≥ Ax p from the statement of Theorem 3.1, the fourth line by substituting si

= t p/(mi −1)
i , i = 1, . . . , n, in the inner integral, the fifth line by applying the condition

x p
≥ 8(x)/B, while the last line follows by substituting yi = x p/(mi −1)

i , i = 1, . . . , n,
in the outer integral. Note that p/(mi − 1) > 0, i = 1, . . . , n. Similarly, the right-
hand side of (2.3), rewritten with the parameters mentioned, reads

∫ a1

0
· · ·

∫ an

0
8(g(x))

n∏
i=1

(
1 −

xi

ai

)
dx

x1 · · · xn

≤ B
∫ a1

0
· · ·

∫ an

0
f p(x p/(m1−1)

1 , . . . , x p/(mn−1)
n )

×

n∏
i=1

(
1 −

xi

ai

)
x p(p/(mi −1)−1)−1

i dx

= B

( n∏
i=1

mi − 1
p

) ∫ b1

0
· · ·

∫ bn

0
f p(y)

n∏
i=1

y p−mi
i

[
1 −

(
yi

bi

)(mi −1)/p
]

dy.

(3.4)

Thus, (3.1) follows by combining (2.3), (3.3) and (3.4).

Case (ii), that is, b ∈ [0, ∞) and m < 1, holds analogously. Here we start from
relation (2.6), considered with the parameter a and the function g, instead of b and f
respectively, where ai = b(1−mi )/p

i , i = 1, . . . , n, and

g(x) = f (x p/(1−m1)

1 , . . . , x p/(1−mn)
n )

n∏
i=1

x p/(1−mi )+1
i .

Considering that p/(1 − mi ) > 0, i = 1, . . . , n, and applying the same estimates
from the statement of Theorem 3.1 as in the previous case, together with the
substitutions si = t p/(1−mi )

i and yi = x p/(1−mi )
i , i = 1, . . . , n, the left-hand side of

(2.6) transforms to

∫
∞

a1

· · ·

∫
∞

an

8

(
x1 · · · xn

∫
∞

x1

· · ·

∫
∞

xn

g(t) dt

t2
1 · · · t2

n

)
dx

x1 · · · xn

≥
A

B

( n∏
i=1

1 − mi

p

)p+1 ∫
∞

b1

· · ·

∫
∞

bn

8

(∫
∞

y1

· · ·

∫
∞

yn

f (s) ds
) n∏

i=1

y−mi
i dy,

(3.5)
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while the right-hand side of (2.6) in this setting becomes∫
∞

a1

· · ·

∫
∞

an

8(g(x))

n∏
i=1

(
1 −

ai

xi

)
dx

x1 · · · xn

≤ B

( n∏
i=1

1 − mi

p

) ∫
∞

b1

· · ·

∫
∞

bn

f p(y)

n∏
i=1

y p−mi
i

[
1 −

(
bi

yi

)(1−mi )/p
]

dy.

(3.6)

Inequality (3.2) now follows from (2.6), (3.5) and (3.6). 2

As a special case of Theorem 3.1 we get the following new multidimensional
generalization of Hardy’s inequality (1.2).

COROLLARY 3.2. Let 1 < p < ∞ and m = (m1, . . . , mn) ∈ Rn be such that mi
6= 1, i = 1, . . . , n. Let 8 : [0, ∞) → R be a convex, almost everywhere positive
function, such that Ax p

≤ 8(x) ≤ Bx p holds on [0, ∞) for some constants 0 < A
≤ B < ∞. Then the inequality∫

∞

0
· · ·

∫
∞

0
8(F(x))

n∏
i=1

x−mi
i dx

≤
B2

A

( n∏
i=1

p

|mi − 1|

)p ∫
∞

0
· · ·

∫
∞

0
f p(x)

n∏
i=1

x p−mi
i dx (3.7)

holds for all nonnegative functions f : Rn
+ → R, such that

n∏
i=1

x1−mi /p
i f ∈ L p(Rn

+),

where the function F is on Rn
+ defined by

F(x) =


∫ x1

0
· · ·

∫ xn

0
f (t) dt, m > 1,∫

∞

x1

· · ·

∫
∞

xn

f (t) dt, m < 1.

(3.8)

PROOF. Corollary 3.2 follows directly from Theorem 3.1 by setting b = ∞ in (3.1) if
m > 1, and b = 0 in (3.2) if m < 1. 2

REMARK 3.3. Obviously, the function 8(x) = x p fulfills the conditions from
Theorem 3.1 and Corollary 3.2, with A = B = 1. In that case, inequalities (3.1),
(3.2), and (3.7) reduce to the results from [3, 16], that is, to a natural multivariable
generalization of the one-dimensional Hardy integral inequality (1.2) and its sharp
strengthened versions given in [2, 4]. Those results will be addressed in the concluding
section of this paper.
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REMARK 3.4. Note that for m = m1, that is, for m1 = · · · = mn = m, where
1 6= m ∈ R, relations (3.1) and (3.2) respectively read∫ b1

0
· · ·

∫ bn

0
8(F(x))

( n∏
i=1

xi

)−m

dx

≤
B2

A

(
p

m − 1

)np ∫ b1

0
· · ·

∫ bn

0
f p(x)

n∏
i=1

x p−m
i

[
1 −

(
xi

bi

)(m−1)/p
]

dx, (3.9)

for m > 1, and∫
∞

b1

· · ·

∫
∞

bn

8(F(x))

( n∏
i=1

xi

)−m

dx

≤
B2

A

(
p

1 − m

)np ∫
∞

b1

· · ·

∫
∞

bn

f p(x)

n∏
i=1

x p−m
i

[
1 −

(
bi

xi

)(1−m)/p
]

dx, (3.10)

for m < 1, where F is defined by (3.8). In particular, for m = p, relation (3.9) becomes∫ b1

0
· · ·

∫ bn

0
8(F(x))

( n∏
i=1

xi

)−p

dx

≤
B2

A

(
p

p − 1

)np ∫ b1

0
· · ·

∫ bn

0
f p(x)

n∏
i=1

[
1 −

(
xi

bi

)(p−1)/p
]

dx,

while for m = 0 the inequality (3.10) reduces to∫
∞

b1

· · ·

∫
∞

bn

8(F(x)) dx

≤
B2

A
pnp

∫
∞

b1

· · ·

∫
∞

bn

f p(x)

n∏
i=1

x p
i

[
1 −

(
bi

xi

)1/p
]

dx.

Moreover, for m = p1, the generalized Hardy inequality (3.7) can be written in the
form ∫

∞

0
· · ·

∫
∞

0
8(F(x))

( n∏
i=1

xi

)−p

dx ≤
B2

A

(
p

p − 1

)np

‖ f ‖L p(Rn
+),

while for m = 0 we obtain∫
∞

0
· · ·

∫
∞

0
8(F(x)) dx ≤

B2

A
pnp

∫
∞

0
· · ·

∫
∞

0

(
f (x)

n∏
i=1

xi

)p

dx.

Finally, we emphasize that all the results obtained in this section are new even
for n = 1.
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We continue our analysis by exploring the case where p < 0. Since the function
x 7→ x p is positive, convex, and decreasing on R+, we obtain the following theorem,
corresponding to Theorem 3.1.

THEOREM 3.5. Suppose that −∞ < p < 0 and that m = (m1, . . . , mn) ∈ Rn is such
that mi 6= 1, i = 1, . . . , n. Let 8 : (0, ∞) → R be a positive convex function, such
that Ax p

≤ 8(x) ≤ Bx p holds on (0, ∞) for some constants 0 < A ≤ B < ∞. If
b ∈ (0, ∞] and m < 1, then inequality (3.1) holds for all positive integrable functions
f on (0, b). If b ∈ [0, ∞) and m > 1, inequality (3.2) holds for all positive integrable
functions f on (b, ∞).

PROOF. The proof follows the same lines as that of Theorem 3.1, so it will be
omitted. If m < 1 here, then p/(mi − 1) > 0 for all i = 1, . . . , n, while if m > 1,
then p/(1 − mi ) > 0 holds for all i = 1, . . . , n . 2

In particular, as limit cases of the parameter b, namely for b = 0 and b = ∞, we
get an analogue of Corollary 3.2, that is, a new n-dimensional Hardy-type inequality
related to a convex function 8 and a real parameter p < 0.

COROLLARY 3.6. Suppose that −∞ < p < 0 and that m = (m1, . . . , mn) ∈ Rn is
such that mi 6= 1, i = 1, . . . , n. If 8 : (0, ∞) → R is a positive convex function,
such that Ax p

≤ 8(x) ≤ Bx p, x ∈ (0, ∞), for some constants 0 < A ≤ B < ∞, then
inequality (3.7) holds for all positive functions f , such that

n∏
i=1

x1−mi /p
i f ∈ L p(Rn

+),

where the function F is on Rn
+ given by

F(x) =


∫ x1

0
· · ·

∫ xn

0
f (t) dt, m < 1,∫

∞

x1

· · ·

∫
∞

xn

f (t) dt, m > 1.

(3.11)

REMARK 3.7. It is evident that the rest of analysis done for p > 1 can be repeated for
p < 0 as well. Therefore, all relations from Remark 3.4 hold also in this setting if the
condition m > 1 is replaced with m < 1, and vice versa. Moreover, as in the previous
case, the function 8(x) = x p is convex and fulfills the conditions from the statement of
Theorem 3.5 and Corollary 3.6 with A = B = 1, so these results can be regarded as n-
dimensional generalizations of the classical one-dimensional Hardy integral inequality
(1.2). For m = m1, they also cover the recent multidimensional results from [16].

The next case to be considered is 0 < p < 1. Since the function x 7→ x p is now
concave, the sign of inequality in the corresponding relations will be reversed.
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THEOREM 3.8. Let 0 < p < 1 and m = (m1, . . . , mn) ∈ Rn be such that mi 6= 1,
i = 1, . . . , n. Suppose that 8 : [0, ∞) → R is a concave, almost everywhere positive
function, such that Bx p

≤ 8(x) ≤ Ax p, x ∈ [0, ∞), for some constants 0 < B ≤ A
< ∞. For a function f let F be defined by (3.8).

(i) If b ∈ (0, ∞] and m > 1, then∫ b1

0
· · ·

∫ bn

0
8(F(x))

n∏
i=1

x−mi
i dx

≥
B2

A

( n∏
i=1

p

mi − 1

)p∫ b1

0
· · ·

∫ bn

0
f p(x)

n∏
i=1

x p−mi
i

[
1 −

(
xi

bi

)(mi −1)/p
]

dx

(3.12)

holds for all nonnegative integrable functions f : (0, b) → R.
(ii) If b ∈ [0, ∞) and m < 1, then∫

∞

b1

· · ·

∫
∞

bn

8(F(x))

n∏
i=1

x−mi
i dx

≥
B2

A

( n∏
i=1

p

1 − mi

)p∫ ∞

b1

· · ·

∫
∞

bn

f p(x)

n∏
i=1

x p−mi
i

[
1 −

(
bi

xi

)(1−mi )/p
]

dx

(3.13)

holds for all nonnegative integrable functions f : (b, ∞) → R.

PROOF. To prove (3.12), we start from Lemma 2.1(ii), rewritten for the same
function g and parameter a as in the proof of (3.1). Relation (3.12) follows by the
same sequence of transformations and estimates as in (3.3) and (3.4), but with the
inequalities reversed. Similarly, Lemma 2.3(ii) and relations (3.5) and (3.6), with the
inequalities both reversed, yield (3.13). 2

For b = 0 and b = ∞, Theorem 3.8 can be written in the following form.

COROLLARY 3.9. Let 0 < p < 1 and m = (m1, . . . , mn) ∈ Rn be such that mi 6= 1,
i = 1, . . . , n. If 8 : [0, ∞) → R is a concave, almost everywhere positive function,
such that Bx p

≤ 8(x) ≤ Ax p holds on [0, ∞) for some constants 0 < B ≤ A < ∞,
then ∫

∞

0
· · ·

∫
∞

0
8(F(x))

n∏
i=1

x−mi
i dx

≥
B2

A

( n∏
i=1

p

|mi − 1|

)p ∫
∞

0
· · ·

∫
∞

0
f p(x)

n∏
i=1

x p−mi
i dx

holds for all nonnegative functions f on Rn
+, such that

∏n
i=1 x1−mi /p

i f ∈ L p(Rn
+),

where the function F is on Rn
+ defined by (3.8).
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REMARK 3.10. Note that for 0 < p < 1 and under the same conditions on m, all
relations obtained in Remark 3.4 hold with the inequality reversed. Since the function
8(x) = x p is concave in this setting, and trivially fulfills the conditions from the
statement of Theorem 3.8 and Corollary 3.9, the inequalities obtained may be seen
as new multidimensional generalizations of (1.3). In particular, the relations related to
m = m1 generalize recent results from [16].

We conclude this section with the parameter p = 1. It is not hard to see that
Theorem 3.1 and Corollary 3.2 hold also for such p, as well as Theorem 3.8 and
Corollary 3.9, together with their special cases (3.9) and (3.10) from Remark 3.4 if
8 is convex, and the corresponding relations with inequality reversed, mentioned in
Remark 3.10, if 8 is concave. In particular, if p = 1 and 8(x) = x (that is, A = B = 1
and 8 is both convex and concave), all the Hardy-type inequalities obtained become
equalities. Therefore, the case p = 1 is not of particular interest.

4. Concluding remarks

This final section is dedicated to natural multidimensional generalizations of
Hardy’s inequalities (1.2) and (1.3), that is, to the case where 8(x) = x p,
p ∈ R \ {0, 1}. First, we state n-dimensional strengthened Hardy inequalities. For
1 6= p > 0, we get the following consequences of Theorems 3.1 and 3.8.

COROLLARY 4.1. Let 1 < p < ∞, m = (m1, . . . , mn) ∈ Rn be such that mi 6= 1,
i = 1, . . . , n, and for a real-valued, locally integrable function f on a subset of Rn

+,
let F be defined by (3.8). If b ∈ (0, ∞] and m > 1, then∫ b1

0
· · ·

∫ bn

0
F p(x)

n∏
i=1

x−mi
i dx

≤

( n∏
i=1

p

mi − 1

)p∫ b1

0
· · ·

∫ bn

0
f p(x)

n∏
i=1

x p−mi
i

[
1 −

(
xi

bi

)(mi −1)/p
]

dx (4.1)

holds for all nonnegative integrable functions f on (0, b). If b ∈ [0, ∞) and m < 1,
then∫

∞

b1

· · ·

∫
∞

bn

F p(x)

n∏
i=1

x−mi
i dx

≤

( n∏
i=1

p

1 − mi

)p∫ ∞

b1

· · ·

∫
∞

bn

f p(x)

n∏
i=1

x p−mi
i

[
1 −

(
bi

xi

)(1−mi )/p
]

dx (4.2)

holds for all nonnegative integrable functions f on (b, ∞). The constant factor
(
∏n

i=1 p/|mi − 1|)p is the best possible for both inequalities (4.1) and (4.2).
Moreover, if p ∈ (0, 1), then (4.1) and (4.2) hold with the inequalities reversed.
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PROOF. The proof follows directly from Theorems 3.1 and 3.8, considering 8(x)

= x p. In particular, for p > 1 here we provide a new proof of (4.1) and (4.2) which is,
in our opinion, simpler that the proof by mixed-means techniques from [3]. Moreover,
the reversed inequalities in the case p ∈ (0, 1) are new.

We now prove that the constant C = (
∏n

i=1 p/(mi − 1))p is the best possible for
(4.1). If this is not true, then there exists a smaller constant 0 < D < C , such that∫ b1

0
· · ·

∫ bn

0
F p(x)

n∏
i=1

x−mi
i dx

≤ D
∫ b1

0
· · ·

∫ bn

0
f p(x)

n∏
i=1

x p−mi
i

[
1 −

(
xi

bi

)(mi −1)/p
]

dx (4.3)

holds for all nonnegative functions f on (0, b). Since 0 < (
∏n

i=1 p/(mi − 1 + ξ))p
↗ C

as ξ ↘ 0, there exists a small ε > 0, such that 0 < D < (
∏n

i=1 p/(mi − 1 + ε))p < C .

Hence, for the function fε : (0, b) → R, defined by fε(x) =
∏n

i=1 xmi −1+ε/p−1
i ,

∫ b1

0
· · ·

∫ bn

0
f p
ε (x)

n∏
i=1

x p−mi
i

[
1 −

(
xi

bi

)(mi −1)/p
]

dx

≤

∫ b1

0
· · ·

∫ bn

0
f p
ε (x)

n∏
i=1

x p−mi
i dx

=

∫ b1

0
· · ·

∫ bn

0

n∏
i=1

xε−1
i dx =

(
∏n

i=1 bi )
ε

εn ,

so ∫ b1

0
· · ·

∫ bn

0

(∫ x1

0
· · ·

∫ xn

0
fε(t) dt

)p n∏
i=1

x−mi
i dx

=

( n∏
i=1

p

mi − 1 + ε

)p (
∏n

i=1 bi )
ε

εn > D ·
(
∏n

i=1 bi )
ε

εn

≥ D
∫ b1

0
· · ·

∫ bn

0
f p
ε (x)

n∏
i=1

x p−mi
i

[
1 −

(
xi

bi

)(mi −1)/p
]

dx.

This contradicts (4.3), so the constant C is the best possible for (4.1). The proof that
(
∏n

i=1 p/(1 − mi ))
p is the best possible constant for (4.2) follows the same lines,

considering fε(x) =
∏n

i=1 x (mi −1−ε)/p−1
i , for a small enough ε > 0. The same goes

also for the reversed inequalities in the case 0 < p < 1. Note that the analysis of the
best possible constants presented here is different and more elegant than that in [3]. 2

The remaining case, p < 0, is given in the next corollary.

https://doi.org/10.1017/S0004972708000245 Published online by Cambridge University Press

https://doi.org/10.1017/S0004972708000245


[15] Multidimensional Hardy-type inequalities 259

COROLLARY 4.2. Let −∞ < p < 0, m = (m1, . . . , mn) ∈ Rn be such that mi 6= 1,
i = 1, . . . , n, and for a real-valued, locally integrable function f on a subset of Rn

+,
let F be defined by (3.11). If b ∈ (0, ∞] and m < 1, then inequality (4.1) holds for
all positive integrable functions f on (0, b). On the other hand, if b ∈ [0, ∞) and
m > 1, then inequality (4.2) holds for all positive integrable functions f on (b, ∞).
Moreover, the constant (

∏n
i=1 p/|mi − 1|)p is the best possible for (4.1) and (4.2).

PROOF. Corollary 4.2 is a direct consequence of Theorem 3.5 for the concave function
8(x) = x p. To prove that the constant (

∏n
i=1 p/|mi − 1|)p is the best possible, we

use the same test functions as in the proof of Corollary 4.1. 2

REMARK 4.3. Note that, for m = m1, Corollaries 4.1 and 4.2 reduce to the recent
results in [16]. Moreover, for n = 1 we obtain the results in [4].

REMARK 4.4. Observe that, by setting b = ∞ in (4.1) and b = 0 in (4.2), we get∫
∞

0
· · ·

∫
∞

0
F p(x)

n∏
i=1

x−mi
i dx

≤

( n∏
i=1

p

|mi − 1|

)p ∫
∞

0
· · ·

∫
∞

0
f p(x)

n∏
i=1

x p−mi
i dx, (4.4)

thus obtaining a natural multidimensional Hardy inequality with power weights and
with the best possible constant. As above, the function F is defined either by (3.8)
if 1 6= p > 0, or by (3.11) if p < 0. Of course, if p ∈ (0, 1) the inequality in (4.4) is
reversed. The result obtained is a special case of Corollaries 3.2, 3.6, and 3.9 from
the previous section. On the other hand, for n = 1 (4.4) reduces to (1.2), while the
corresponding reversed inequality becomes (1.3). In particular, for m = p we obtain
(1.1). Hence, (4.4) can also be considered as a generalization of the classical Hardy
integral inequality.
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e-mail: larserik@sm.luth.se
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