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SOME HARDY-TYPE INEQUALITIES IN BANACH FUNCTION SPACES
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(Communicated by S. Varosanec)

Abstract. Some new inequalities of Hardy-type in Banach function space settings are proved and
discussed. In particular, these results generalize and unify several classical Hardy-type inequali-
ties. Some results are new also in the classical situation.

1. Introduction

Hardy’s famous inequality from 1925 [5] reads:

[ L) e () [rose s

for p > 1 and where f is a positive measurable function on (0, ).
In 1928, G. H. Hardy proved the following generalization of (1.1)

/()w<%/()xf(}’)dy>pxadx<< g )/fp )x® dx, (1.2)

P
whenever p > 1 and o < p— 1. The constant (—70() is sharp, see [0]. After this, a

lot of generalizations and complementary results have been published. These are called
today Hardy-type inequalities. See e.g. the monographs [7], [13], [14], [15], [19] and
the references given there. Most of these developments have been concerning inequali-
ties between weighted Lebesgue spaces. However, some results concerning Hardy-type
inequalities related to other function spaces are known. For example, Section 7.6 of
[15], from 2017, was devoted to this subject. Such inequalities are known e.g. for Or-
licz, Lorentz, rearrangement invariant, Morrey-type, Holder-type and Lebesgue spaces
with variable exponent. It was also mentioned in [15, p. 411] that very little is known
in the general Banach function space. It was only referred to [3] and Theorem 18 in
[14]. After that, another result of this type was published in [1, Theorem 3.2]. See also
[17].

The aim of this paper is to continue this research by proving and discussing some
new Hardy-type inequalities in this frame. We assume that f is a real valued function.

First we mention some classical and new results which have guided us.

Mathematics subject classification (2020): Primary 26D10; Secondary 26D15, 26D20, 47B38.
Keywords and phrases: Integral inequalities, Hardy’s inequality, PSlya-Knopp’s inequality, Hardy-
Knopp’s inequality, Banach function spaces.
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REMARK 1.1. It was recently pointed out that (1.2) is not a genuine generaliza-
tion of (1.1) because both are equivalent to the“fundamental”” Hardy inequality

= (1 [ Pdx _ =, .d
LG [ema) &< [Cew. (13)

see e.g. the new book [15] and the references given there. This equivalence follows by
p—o—1 o+l

—1 1
just doing the substitutions f(x) = g(xpT)x_F and f(x) =g(x 7 )x P ,respec-
tively.

By just replacing f(x) by (f(x))"/? in (1.1) and letting p — oo we get the follow-
ing limit inequality called Pélya-Knopp’s inequality:

/Omexp (%/Oxlogf(t)dt) dxée/owf(x)dx. (1.4)

The constant e is sharp. Moreover, by making a similar limiting procedure in (1.2) we
obtain the following weighted version of (1.4):

oo 1 X oo
/ exp (—/ logf(t)dt> xadx<61+°‘/ f(x)x* dx, (1.5)
0 X Jo 0
for o > —1.

REMARK 1.2. Sometimes the inequality (1.4) is referred to as the Knopp inequal-
ity with reference to the paper [9] from 1928. But, it is clear that it was known before,
e.g. in his 1925 paper [5] G. H. Hardy informed that G. P6lya had pointed out this
inequality to him, via the limit argument above. This is the main reason why the in-
equality has got this name.

REMARK 1.3. Note that the proof of (1.3) consists only of an application of
Jensen’s inequality and Fubini’s theorem. The power weighted inequalities are more
or less equivalent with the basic inequality. See [20] and [15, Theorem 7.10]. More-
over, in this way we see that all such inequalities are sharp since (1.3) is sharp, see again
[15].

Hardy-Knopp’s inequality

The simple proof of (1.3) presented in Remark 1.3 can be repeated for any convex
function @. Precisely, if @ is positive and convex on the range of f, then

/ @(1 /Oxf(t)dt> Lo [opun®. (1.6)

Sometimes, this inequality is called the Hardy-Knopp type inequality since it directly
implies
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(a) the inequality (1.3), and thus of (1.1) and (1.2), see Remark 1.1, when applied to
Du)=uP, p=1.

(b) the inequality (1.4) when applied to ®(u) = exp(u) and replacing f(x) by
Inxf(x).

(c) the inequality (1.5) when applied to ®(u) = exp(«) and replacing f(x) by
Inx**1f(x).

Hardy-type inequalities with kernel operators

We consider the following general Hardy-type kernel-operator A; defined by
1 X
A = —— [ k(x, dy, 1.7
)= gy [ K0 dy (7
where k(x,y) is non-negative measurable function and

K(x):= /Oxk()@y)dy. (1.8)

If k(x,y) =1, A; coincides with the usual Hardy operator H defined by Hf(x) :=
o F)dy.

With some restrictions on the kernels (e.g. so called Oinarov kernels, homoge-
neous kernels, product kernels) it is fairly much knowledge about Hardy-type inequali-
ties even in this case, see Chapter 2 and Section 7.5 of the book [15] and the references
given there. However, without such restrictions there remain many open questions, see
[15, Section 7.5]. But also in this general case there exist some results e.g. the following
(c.f. [8, Theorem 4.41]):

THEOREM 1.4. Let l <p<g<oo, 0<b< oo, s€(l,p), let @ be a positive
and convex function on (a,c), —eo < a < ¢ < oo, and let Ay be the operator defined by
(1.7). Then the inequality

(/Ob @ (Akf(x))”(x)(i_x) é <C (/Ob @7 (f(x))v(x)%) % (1.9)

holds for all functions f(x), a < f(x) <c, x € [0,b], and some constant C > 0 if

e (] (3 ) <

(1)
viTP (1 ,
1= dr, p=

X
where u(x) and v(x) are general weight functions and V(x) = [

0
p/(p—1). Moreover, if C is the sharp constant in (1.9), then

C< inf (p_l)” Als).

I<s<p\ p—5§
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In this paper, we prove some new Hardy-type inequalities in a Banach function
setting, which, in particular, generalize and unify all results mentioned above. For the
presentations of these results we need some notations and definitions.

Let (Q,Z, 1) be a complete o -finite measure space and L(u) = L°(Q,%, u) de-
note the space of (equivalence classes) of u -measurable real-valued functions endowed
with the topology of convergence in measure relative to each set of finite measure.

DEFINITION 1.5. A Banach space E C L°(u) is called a Banach function space
on (Q,X ) if there exists a u € E such that u > 0 a.e. and E satisfies the following
ideal property:

xeLu), yeE, |x|<|y| u—ae =xeEand|x|s < |yl

The non-increasing rearrangement f*(z), 0 <t < oo, of a | -measurable function
f on Q is defined by

fr(r):==inf{A > 0: ur(A) <t},
where py(A) is the distribution function defined by

ur(R) = i ({r € Q: ()] > 1)),

DEFINITION 1.6. The Lorentz spaces L9, 0 < p < oo and 0 < g < oo are defined
by the quasi-norm || f||zre defined by

e =( [ ()" S) g

with the usual modification when ¢ = eo.

1 . . .
If we replace 77 by a more general weight function w(z) we arrive at the more
general weighted Lorentz spaces A?(w). For the case p = ¢, the Lorentz space L4
coincides with the usual Lebesgue space L? with the norm

Il = (frvaw )"

For the proofs of some main results we need the following Lemma:

LEMMA 1.7. Assume that the Banach function space E has the Fatou property.
Let f(x,t) >0 on Qx T and let for almost every t € T, f(x,t) € E. If the function

1
| f"(x,2)||g is integrable on T, then, for r > 1,

| (fresns) ],

1
r 1

< [rniza.
E T
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The paper is organized as follows: In Section 2 we state and prove the main results
in this frame involving the classical Hardy operator (see Theorems 2.1, 2.7 and 2.11).
In particular, we then cover, unify and generalize all results mentioned above before
Theorem 1.4. In Section 3 we introduce a new generalized Hardy operator covering
the case with kernel operators described above. We state and prove some new Hardy-
type inequalities involving these operators (see Theorems 3.1 and 3.5). In particular,
Theorem 1.4 appears as a special case. Finally, Section 4 is reserved for some final
remarks and examples.

CONVENTION. Throughout this paper we assume that f is a measurable function
on the considered measure space.

2. The main results involving the classical Hardy operator

Our first main result reads:

THEOREM 2.1. Let 0 < b < oo, —e0o L a < ¢ Koo, let O be a positive and convex
function on (a,c) and E be a Banach function space on [0,b). If E has the Fatou
property and a < f(x) < c, then

1= b 1
o (5[ o) < [ ouo)] irnm| o e
xJo E 0 X E
provided both sides have sense.
Proof. Let D= {(x,1):0<x<b,0<7<x}. Then
Ap(x,1) = X0, (1) = Xje.p) (%)- (2.2)

By using Jensen’s inequality, the lattice property of £, Lemma 1.7 with r =1 and (2.2)
we find that

ol

e

E - H /h q)(f(t))%[o,x} (1)dt
0

X

E
— AhMXD(xat)dt g/oh MXD()C,I) dr
X E X E
b b
~ [P 0] 0= [ @000 | 30|

The proof is complete. [

Next we state the following Pélya-Knopp type inequality for Lorentz spaces:
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COROLLARY 2.2. Let 0 < b < oo, —oLa<c<Koo, | <p<ooand )< qg<oo.
Moreover, let ® be a positive and convex function on (a7c) and a < f(x) < c. Then

[/Ob K(D G/(:f(t)d’))*rx%—ldxr’
< /th)(f(t)) [/Obr (xxity%] adt'

Proof. 1tis well-known that the Banach function spaces E = LP+? satisfy the Fatou
property (see e.g. [2]). Denote k(x) = %X[hb] (x). Then k*(x) = XLH for x € [0,b—1)
and k*(x) =0 for b —r < x < b. Therefore

1 IVANEN :
ey = (1))

0 (2.3) coincides with (2.1). The proof is complete. [

2.3)

1
~Xt.b] (x)

X

Q

REMARK 2.3. In some cases the last integral on the right hand side of (2.3) can
be calculated exactly so (2.3) can be written in a more explicit form. For example, if
p=g>1lie E=LP((0,b),%), then we have

1 (Y (Y ey
x%[nb](x)E_ s ) = p) ( )7,
so that
P17 LAY Pt d
» X »

For some more such examples see our Remark 4.1.

REMARK 2.4. For p =1, (2.4) was proved in [4] (see also [8]). Moreover, by
modifying the proof we see that (2.4) holds in the reversed direction if @ instead is a
positive and concave function.

EXAMPLE 2.5. By using the fact that ®(u) = u” is convex for the cases p < 0
and p > 1 and concave for 0 < p < 1 and making the same substitutions as in Remark
1.1 we obtain the following fairly recent sharp generalization of (1.1) and (1.2) yielding
also for finite intervals (see [15, Theorem 7.10] and the references therein):

f G rowr) ware (of5) [ 7w [ (o

forO<b<eo,p2l,aa<p—1or p<0, o> p—1. Moreover, (2.5) holds in the
reversed direction if 0 < p < 1. In all cases the inequalities are sharp.

] dx (2.5)
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1
REMARK 2.6. By replacing f(x) by (f(x))? in (2.5) and performing the stan-
dard limiting procedure as p — oo we obtain the following weighted sharp version of

(1.5):

/exp( /logf dt) O‘dx<e1+°‘/f I—E>dx o> -1,

yielding also for finite intervals.

Next we state the following complement of Theorem 2.1 for b = oo:

THEOREM 2.7. Let —oo < a < ¢ < oo, let © be a positive and convex function
on (a,c) and E = E[0,) be a Banach funcnon space with Fatou property. Then, for
p>1,

o (3 [ sw) | < (L) [ b0 g0)| sz @] @ 2o
) A VEV A EEL i A

Proof. For the proof we use the Jensen inequality, Holder’s inequality and Lemma
1.7 for the function g(x,7) = yp(x,¢) and we apply (2.2) for b = e. Indeed, with
q=p/(p—1) we have that

Hdw (% /Oxf(t)dt) i < H (%/OXGD(f(t))dt)p

E

The proof is complete. []

REMARK 2.8. It is a continuity between Theorems 2.7 and 2.1. Indeed, since

—1
(ﬁ)p — 1 when p — 1T we have that (2.6) tends to (2.1) with b = oo when

p—17.

REMARK 2.9. By applying Theorem 2.7 for the case E = L9 we can state an-
other variant of Hardy-type inequality than that in Corollary 2.2.



1008 S. BARZA, L. NIKOLOVA, L.-E. PERSSON AND M. YIMER

REMARK 2.10. It is obvious that all results in this Section can be obtained in the
“dual” situation when [ f()dr is replaced by [ f(¢)dt, 0 < b < x < eo. It turns out

that it is convenient to just consider the Hardy type operator H* : H* f(x) = x [ f%dt
As an example we formulate the following “dual” version of Theorem 2.1:

THEOREM 2.11. Let —oo < a < ¢ < oo, let @ be a positive and convex function

on (a,c) and E be a Banach function space on [b,), b > 0, with the Fatou property.
Then, whenever a < f(x) < c,

Hop <x/x°° %dz) HE < /: w;mw) (x) || pdz

Proof. Let D= {(x,t) :x > b,x <t < e}. Then

AD(X,1) = Xfoo) () = Xp,1) (X)- (2.7)

By using (2.7) and the same arguments as in the proof of Theorem 2.1 we obtain that

o229,

N

| zevma

E

- /w t2q)(f( )) Ajx,e0) () dt

E

— || [ 500w

E

dr
E

SP(f(1)) X (%) Edt

<O
:/b (i;(t))HXX[b,z)(x)HEdt

The proof is complete. [

REMARK 2.12. It is possible to write a similar Corollary for Lorentz spaces as
that in Corollary 2.2. In particular, by applying Theorem 2.11 with E = L; ((b,), &),
b >0, and the function ®(u) =u”, p <0 or p > 1 we obtain the following “dual”
version of the well-known sharp inequality (see [15])

/ObG/OXf(z)dt) & 1/ 7(x 1—— & 2.8)

when 0 <b < oo, p<0or p>1 (forthe case b = oo thisisjust (1.3)and for 0 < p < 1
(2.8) holds in the reversed direction).
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COROLLARY 2.13. Let 0 < b < oo. Then

/:<x/:$dz> —<1/ FPlx (1——)7 (2.9)

whenever p <0 or p > 1. Moreover, (2.9) holds in the reversed direction when 0 <
p < 1 (for the case p <0 we as usual assume that f(x) > 0). The inequality (2.9) is
sharp.

Proof. Let p <0 or p > 1. Apply Theorem 2.11 with E = L; ((b,), %) and
@(u) = uP. Note that

1
XX ()12 = /h dx=1—b.

p
[ bea= [0 (1-2) .

Moreover, in this case
oo o0 P
E b X t X

qu(x a f’;§’>dz)

and (2.9) follows from Theorem 2.11. The case 0 < p < 1 can be proved by using
reversed Jensen inequality for this special case in the proof of Theorem 2.11. The
sharpness of the inequality (2.9) is more or less obvious but can be done in detail by
repeating the arguments of the proof of the sharpness of (2.8) (see [15, proof of Lemma
7.8D). O

Hence,

As an application of Corollary 2.13, by making substitutions similar to those in
Remark 1.1 we obtain the following (see [15, Theorem 7.10]).

EXAMPLE 2.14. Let f be a positive function on [b,0), b > 0. Then the sharp

inequality
o /] oo p
/ (— / f(t)dt) Xdx
X
oat+l—p

o b r
<<a+1— ) / FP(x)x 1—(—) dx (2.10)

holds whenever p> 1, a > p—1or p<0, oo < p— 1. Moreover, (2.10) holds in the
reversed directionif 0 < p <1, a>p—1.
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3. The main results involving some generalized Hardy operators

In order to be able to cover also situations involving more general Hardy-type
operators like that in Theorem 1.4, we consider the following more general situation:
Let o be a positive measure on the measure space S and let o, denote a o -finite
positive measure on S such that 0, (S) < eo. Moreover, we suppose that o is absolutely
continuous with respect to . We define the general Hardy type operator 7 as follows:

Tf(x) = ﬁ [ 1o,

where f is defined on S with valuesin (a,b), —ee <a <b <o, and 0x(S) = [(doy (7).
Our first main result in this section reads:

THEOREM 3.1. Let —oo < a < b < oo andlet ® be a positive and convex function
on (a,b), where ®(f) is measurable on S. Moreover, let E be a Banach function space
on S with Fatou property. Then

o se)le < [ @00 do(y) 6

Sforany f defined on S with values in (a,b) such that the right hand side is finite.

Proof. First we use Jensen’s inequality and the lattice property of the norm and
get that

(T ()]s = ch (55 fr000:00)

E

(3.2)

1
[ s @O do

Since oy is absolutely continuous with respect to &, for any x, we have, by the Radon-
Nikodym theorem, that

E

1 1 do,
/qu)(f)dﬁx=/smq)(f)£dg~

Hence, by using this equality and Lemma 1.7 with » = 1, we find that

\/Sﬁwwm E</Sd>(f)‘

The proof of (3.1) follows by just combining the last inequality with (3.2). [

1 doy
o,(S) do

E

Next, we point out the following illustrative application (c.f. Theorem 4.1 in [8]):
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COROLLARY 3.2. Let u be aweight functionon (0,b), 0 < b < e and let k(x,y) >
(0,b). Assume that k(x,y) is locally integrable

0 be a measurable function on (0,b)
on (0,b) for every fixed y € (0,b) and define v by
b k(x,y) dx
= — < oo 0,0).
v(y) =y K(00) ux)=—= < e, ye(0,0)

y

If @ is a positive and convex function on (a,c), —eo < a < ¢ < oo, then
dy

b dx b
)o@ e < [ o))

Sorall f with a< f(x) <c, 0<x<b. (Ar(-) and K(x) are defined by (1.7) and (1.8)

respectively).
&), §=(0,b), do =dy
O

Proof. Just apply Theorem 3.1 with E = L' ((0,5);u(x) %)
Xj0,x ()k(x,y)dy and make some standard calculations

and doy(y) =
EXAMPLE 3.3. By applying Corollary 3.2 with ®(u) = ¢ and replacing f(x)
p > 0, we obtain the following kernel Pélya-Knopp inequality

dx

/Ob [exp (ﬁ /Oxk(x,y) lnf(y)dy)r”(x) x (3.3)

b dx
< [ e p>o.

where k(x,y), K(x), u(x) and v(x) are defined as in Corollary 3.2.

REMARK 3.4. In particular, by applying (3.3) with p =1, u(x) = 1, k(x,y) =1
so that K(x) = x and making some obvious calculations we rediscover (1.4).

In(f(x))”,

Our next aim is to derive a generalization of Theorem 1.4 to a partly Banach func-
tion setting (we keep the same notations k(x,y), K(x) and Ay as in Theorem 1.4).

THEOREM 3.5. Let 1 <p<g<oo, 0<b< e andsc(l,p). Let E be a Banach
Sfunction space on [0,b), which has Fatou property and let ® be a positive and convex
oL a<c< oo Then

Sfunction on (a,c),
1 dx %
o (aes ol < [ oG epie ) 6
holds for all functions f(x), a < f(x) < ¢, and some constant C > 0 if
9 4q(p—s) q s—
) v )| v T < 69
E

(k(x,t)

A(s) := sup
0<t<b
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1=p'
where u(x) and v(x) are weight functions and V () = [; ! ( )dx Moreover, if C is
xi=

the best possible constant in the above inequality, then

1
—1\7_
C< inf (p )"A(s). (3.6)
I<s<p\ p—s

Proof. For simplicity we introduce the notation doy = doy(t) = xo.x) ()k(x,)dz .
First we use Jensen’s inequality and the lattice property of the norm and get that

o (e Ol = | (7 10000 ) o)

< H (ﬁ / q’(f(f))dcx(t))qu(X) s "

E

q

~ =®(g(t)). Then B can be written as

B= H ( /Sqﬁ(g<r>>v<r>*—"vm—%v(z)—%t%deWdam)" u(x)

do () K(x)?
Next we apply the Holder inequality with power p > 1 and obtain that

B< H ( / "k!’(x,t)@(g(t))vo)f—ldt)%
“( /Oxvo)*”"?l o ldz)i'lgj:

q
r

( / K (e, ) D (g (1))V (1) ldt) Vi) [l:((X)

x)4
</obk‘”<x7r><1><g<r>>v<t>f—1v<x><1’—s> v

K(x)

(3.8)

E

1
q

()
(=)

Since % > 1, also the space E ? has the Fatou property and we can apply Lemma 1.7

q
P 1
qg |P
dr
E

E
1

a
4 q

QT

=

X(0.x) (t)dt>

E

with » = £ and use (2.2) to find that

s< [ {4

=
|

—
=
S

(p—s)
Pu(x) X(1.) (%)

k(x,2)1? ¢ S
e eb v v

(3.9)
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By just combining (3.5) with (3.7)—(3.9) we conclude that (3.4) and also the estimate
(3.6) hold. The proof is complete. [

REMARK 3.6. Theorem 1.4 is just the special case of Theorem 3.5 when E =
1 . dx
L'((0,b); &).
REMARK 3.7. Since the results in this Section can be applied for kernel operators
the results in this Section may be seen as complements and further generalizations of

some results in [8], [12](c.f. also [11]) and [18]. We just give one such example of
application of Theorem 3.1 (see [8, Theorem 2.1] and c.f. also [18, Proposition 2.1]):

EXAMPLE 3.8. Let 0 < b; <o, i=1,2,....,n (n€N), —o0o < a < c< oo andif
@ is a positive and convex function on (a,c), then

[ e [ e an e, ) S
</0”'.../0"q>(f(n,.. ) (1_b_1) (“E) Lﬁjjj:ﬂ.

4. Concluding examples and remarks

REMARK 4.1. (c.f. Remark 2.3). Some more cases when the last integral on the
right hand side of (2.3) can be calculated exactly:

(a) p=q=2.Then

1 1
b—t 1 2 b—l 2 1
x| =(— — as b — oo,
Uo (x+1)? ] (zb) BV A

(b) p=2,g=1. Then

b—t 1
arctan — — as b — oo,
/0 (x—l—t)\/_ \/

() p=Y,q="~4. Then

</b—t 1 7dx>”: (6(19 18 (6b+5t)>
0 E(x—l—t)? 552h'6

6
36 \ 7
— (557) as b — oo,

In each of these cases the inequality (2.3) can be stated more explicitly like

o
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EXAMPLE 4.2. Let @ be a positive and convex function. Consider the following
integrals

a=[Tovwn Stom= 1 ([otme)

c:/ON%QG/OXf(z)dt)dxandD:/:%(cp(}c/oxf(t)dz»*dx.

By using (b) of Remark 4.1 we get that
D <7mA
By using the Hardy-Littlewood inequality and Jensen’s inequality, we find that
C<DandC<B,

respectively. Moreover, by using (1.2) with p=1, o = —% and f replaced by ®(f)
we obtain the sharp inequality
B <2A.

Hence, we have the following inequalities

C<D<mAand C < B<2A. 4.1)

REMARK 4.3. By assuming that f(x) is non-increasing and @ is non-decreasing
(or f(x) is non-decreasing and @ is non-increasing) we have A < C and then from
(4.1) we get the following:

ASCL<B<2AK<2C<2D < 2rA,

so indeed the integrals A,B,C and D are equivalent in this case.

EXAMPLE 4.4. Another example of a Banach function space with Fatou property
is the space E = L;(0,e0) + L.(0, o), which is an important space in particular in real
interpolation theory (see e.g. [2] or [10]), with the usual norm

1
lslle = [ 5" ().

|
= [ =t
E 0 (x—l—t) t

Therefore, from (2.1), we have the following new inequality in this condition:

/01 <q> G/Oxf(wdt))*dx < /Omd>(f(t))ln (#) dr,

yielding for any positive and convex function ® and where f(x) is in the definition set
of ®.

Then :
i) (x)
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REMARK 4.5. All main results in this paper have been developed for Banach
function spaces over a set with general measure dy. However, all applications have
been given in the continuous case with Lebesgue measure. But similar applications can
be given in the discrete case with counting measure dé = Y, 6, implying the corre-

n=0
sponding discrete inequalities.

In particular, by applying Theorem 2.1 with E = LP(d§) = I” we get the following
discrete inequality:

COROLLARY 4.6. Let 1 < k < oo andfor p > 1. Then

1 1
k n P k k 1 P
2 . . —
S0 (15a]] <T@ (3]
n=1 i=1 i=1 n=i
whenever {ai}’f is a non-negative sequence and @ is a positive and convex function on
this sequence.

REMARK 4.7. (Concerning sharpness) As seen all our results in Section 2 gives
the sharp constants in the special cases we have pointed out. Hence, we can claim that
our main results in Section 2 are in this sense sharp. Also Theorem 3.1 is sharp in the
same sense (see Example 3.3 and Remark 3.4). However, Theorem 3.5 depends on a
not necessarily sharp constant C.
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