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WEIGHTED HARDY AND POLYA-KNOPP
INEQUALITIES WITH VARIABLE LIMITS

L. NIKOLOVA, L.-E. PERSSON, E. USHAKOVA AND A. WEDESTIG

(communicated by S. Saitoh)

Abstract. A new scale of characterizations for the weighted Hardy inequality with variable limits
is proved for the case 1 < p < g < oo. A corresponding scale of characterizations for the
(limit) weighted Pélya-Knopp inequality is also derived and discussed.

1. Introduction

Let a = a(x), b = b(x) be strictly increasing differentiable functions on [0, 0]
satisfying

(x) for 0 < x < o0, (1.1)

In [1] it was proved that for the case 1 < p < ¢ < oo the inequality

1
p

[ee) b(X) q ‘_1’ [ee)
/ f(yde | ulx)dx] <C /f”(x)v(x)dx (1.2)
0 \a(v) 0

holds for some finite constant C and for all positive measurable functions f if and only
if

x 5 b 7
A = sup /u(z)dz /vl_pl(z)dz < 00, (1.3)

! )
where supremum is taken over all x and ¢ such that

O0<t<x<oo and alx)<b(r). (1.4)
Moreover, if C is the best constant for which (1.2) holds, then

1 1
q '\
A<c<2(1+1,) (1+’i>’A, (1.5)
P

q
where p' =p/(p — 1).
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In this paper we prove that the condition (1.3) is not unique for characterizing
(1.2). More exactly, inspired by results in [5] we will prove that there is a whole scale
of conditions for characterizing (1.2) (see Theorem 2.1). In fact, (1.3) may be regarded
as just an endpoint case of this scale (see Remark 2.2). We note that (1.2) describes the
(continuous) mapping properties of the (arithmeticb 0 ean) Hardy type operator

HHE) = s —arg [ O
a(x)

In [4] the corresponding geometric mean operator with variable limits was intro-
duced as

b(x)
1
(Gf )(x) = exp b0 — al) zlnf(t)df ;
and the Pdlya-Knopp type inequality
/(Gf)"(x)u(x)dx <C /fp(x)v(x)dx (1.6)
0 0

was characterized for the case 0 < p < g < oo with the following weight characteri-
zation:

o~ (b(x)) i
App = sup wx)dx | (b(t) — a(t)) "7 < oo, (1.7)
>0
o~ (a(x))
where b
S OE0)
2
and .
b(x) P
(x) =ex ! /lnldt (x) (1.8)
X) = —Y——— — u\x). .
" Plee —at ] "0
a(x)

In this paper we also prove that the condition (1.7) is not unique for characterizing
(1.6). In fact, we will prove that also in this case there exists a scale of conditions for
characterizing (1.6) (see Theorem 3.1). The method of proof is completely different
(and simpler) than that in [4].

2. A scale of weight characterizations for the Hardy inequality
with variable limits

Our main result in this Section reads:

THEOREM 2.1. Let 1 < p < q < 0. Then the inequality (1.2) holds for some
finite constant C and for all positive measurable functions f if and only if for any

s € (L,p)
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1
qp—s) q
x b(2) P b(t)

B(s): = sup / u(z) / =7 (n)dn dz / VP ()dz | < oo, (2.1)
¢ (2) (x)

where supremum is taken over all x and t such that (1.4) holds. Moreover, if C is the
best constant in (1.2), then

p D
L) 1
(5 17
sup 5 B(s) <C<2 inf (” ) Bs).  (22)
1<s<p ( P ) + l1 I<s<p
p—s s—

REMARK 2.2. Note thatif s — p, then B(s) — A as defined in (1.3) and also the
lower bound in (2.2) converges to the lower bound in (1.5).

For the proof of Theorem 2.1 we need the following result of A. Wedestig [3]:
LEMMA 2.3. Let 1 <p < g < 00. Then for 0 < a < b < oo the inequality

1
p

/b jf(t)dt qu(x)dx a <C /bfp(x)v(x)dx (2.3)

holds for some finite constant C and for all measurable functions f > 0 if and only if
forany s € (1,p)

1
qp—ys) q s—1

b x 12 t D

Aw(s) = iutlgb /u(x) /vl_p/(y)dy dx /vl_pl(y)dy < oo. (2.4)

Moreover, if C is the best constant in (2.3), then

Sup P 1 = 1<s<p —
I<s<p (#) + = S p
By using a standard duality argument (see e.g. [3]) we also have:
LEMMA 2.4. Let 1 <p < q < 00. Then for 0 < a < b < oo the inequality
1 1
b b 4 q b iz

/ / fde | ux)dx| <c / F2()v(x)dx (2.6)

a X a
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holds for some constant C and for all measurable positive functions [ if and only if
forany s € (1,p)

<
<
|
“
<
©
|

v = sup | fu | [y o] ax| | v o) < @)

a<i<b

Proof of Theorem 2.1.

! /
Necessity: Put V() = [ v!™7 (n)dn and suppose that (1.2) holds. Consider the
test function 0

FO) = =L (Vb)) = V(@) "7 " (0) a0 )

Here ¢ and x are fix numbers, 0 < ¢t < x < oo, such that a(x) < b(f). It yields
thatif # < z < x, then a(z) < a(x) < b(f) < b(z) < b(x). The right hand side integral
in (1.2) can be estimated as follows:

b(1)

7f”(X)dx T /(- )p<v<b<r>>v<a<z>>>‘fv””<y>dy
0

p—s
(2)

-
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Moreover, for the left hand side in (1.2) we have
1
q

X

oo [ bz) q a b(z) a
/ fdy | ul@dz| = / / f)dy | u(z)dz
0 (2) ! (@)

= / S (Vb)) = Vi) TP )y
4 (2)
b(2) a @
+,,<)(V<Y>v<a<z>>>-%vl Py | u(z)dz (2.10)

1

p=s ; /u(z)(V(b(z))—V(a(z)))‘””,—T‘”dZ (V(b(1)—V(a(x)) T < C.

(&) )

We conclude that (2.1) and, by taking supremum, the left hand side inequality in
(2.2) holds.

Sufficiency: Assume that (2.1) holds. Here we first use some arguments from
[1] (see also [3, p. 127]) and define a = a(x), b = b(x) to be strictly increasing
differentiable functions on [0, co] satisfying the conditions (1.1) and, consequently, the
inverse functions a~! and b~! exist and are strictly increasing and differentiable, too.
We define a sequence {my}recz as follows: for fixed m > 0 define my = m and

miy1 = a Y(b(my)), if k>0, 2.11)
my = b’l(a(mkﬂ)), if k<O0. ’
Thus, we have
a(mgyy) = b(my) for all k € Z. (2.12)
Moreover, we define the weight functions u, and u;, by
ualy) = u(a ()@Y (), 2.13)

up(y) = u(d='(») (>~ (¥),
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and a = a(my), by = b(my), k € Z (note, that (0,00) = Ulax, by] ). It follows that
the left hand side of (1.2) (with f replaced by £v!~7" ) is less than or equal to

1
q q

by [ by
LW (0dr | ua(y)dy
A
. (2.14)
bk+1 y 4 a
+ FeV ' (ar | u()dy| =1 +0.

For details see the book [3, p. 133].

Fix + > 0 and let t+ < z < x. Write y = a(x) in (2.1) and make the variable
transformation a(z) = r. Then

qw=s) q s—1
a”'(y) b(z) ? b(r) P
b0z | [ | [V oan| e | [y e
t a(z) y
1
qp—s) q s—1
y [ bla'(r) P b(r) P
— / / V7' (m)dn u(a™ (r)) (@YY (r)dr / V7 (2)dz
a(t) r v
1
5 s—1

a(p—s) s—1
14 b([) 14

u,(r)dr / v (2)dz ;

\Y
\ -
—

<b—t

2

S

QU

=

where u, is defined by (2.13). In the last estimate we have used that b(t) < b(a=!(r))
(which holds because ¢ < z < a~!(r) ). We conclude that

il q =1
y b P b P
/ / v (mdn ttg(r)dr / V(@) | <B(s) < oo (2.15)

a r y

for all (a,b) = (a(t),b(r)) (and, thus, in particular for all (a,b) = (ax,bi), k € Z).
Hence, (2.7) is satisfied and we can use Lemma 2.4 repeatedly (with a uniform bound
of the best constant) and obtain
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bk Ig’ q
g 17[)/ p
n< || (o e)) vildy
keZ o
(2.16)
by Il’ 9 Il’
<c| X [rowrvas| =e| [ropoa) .
= o
where, by (2.8) and (2.15),
L L
C< inf <”1>” Aw(s) < inf <”1>” B(s). (2.17)
I<s<p \p— S I<s<p \p— S

Next, we let x be fixed, write y = b(¢) in (2.1) and make the variable transforma-
tion b(z) = r. Similar as above we find that

1

ap=s) i s—1

b r P M Y;
/ /Vl—”'(n)dn up(r)dr /Vl_p,(z)dz SB(s) <00 (2.18)

for all (a,b) = (a(z),b(r)) and where u), is defined by (2.13). Thus, (2.4) holds and
we can use Lemma 2.3 to find that

1
bk+1 ;_Z !
/ p
nelyo| [ ron o) wa
kez Gk+1
(2.19)
by % oo ll’
<c| X [roroa| =c| [rowma] .
kez,” 0
+1
where, by (2.5) and (2.18),
1 1
—1\7 —1\7
C< inf <” >” Aw(s) < inf <” >” B(s). (2.20)
I<s<p \p— S I<s<p \p— S

By now combining (2.14) with (2.16) and (2.19) we find that the left hand side of
(2.1) can be estimated by

c /f”(y)V(y)dy
0

(here we have replaced f (y)v!~?'(y) by f(y) again), where by (2.17) and (2.20) the
best constant can be estimated as stated in the right hand side inequality of (2.2). The
proof is complete.



554 L. NIKOLOVA, L.-E. PERSSON, E. USHAKOVA AND A. WEDESTIG

3. A scale of weight characterizations for the Pélya-Knopp inequality
with variable limits

Our main result in this Section reads:
THEOREM 3.1. Let 0 < p < g < oo. Then the inequality (1.6) holds for all
positive measurable functions f if and only if for any s > 1

1

X

D(s): = sup /w(z)(b(z)—a(z))%qsdz (b)) —a(x)T <00, (3.1)

t

where the supremum is taken over all x and t such that (1.4) holds and w(z) is defined
by (1.8). Moreover, if C is the best constant in (1.6), then

ap (240 ) oo <

cop (220) (58) o

Proof. Sufficiency: Assume that (3.1) holds. If we define w(z) as in (1.8) and
replace f7(x) by g(x)/v(x) we see that (1.6) is equivalent to

(32)

1
oo b(x) ;_Z a o ’l,
/ exp b —al) /lng wx)dx | <C /g(x)dx . (3.3)
0 a(x) 0

Now we let g(x) = f*(x). Then we have that (3.3) and, thus, (1.6) is equivalent to

00 b(x) % g oo F

1
/ eXp M /lnf(t)dt W()C)d.x < C /fs(x)dx . (34)
0 a(x) 0

Moreover, by Jensen’s inequality it follows that

N

00 b(x) v
1
/ eXp m/lnf([)d[ w(x)dx
0 a(x) 35
! , 69
b(x) P
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We only need to consider the inequality

Q=

0o [ b2 G 0 ;
/ fde | wx)bE) —alk) 7de| <cC / x| . (3.6)
0 \a(x) 0

In order to be able to compare with (1.2) we note that (3.6) can equivalently be
written as

/ /f(t)dt w(x)(b(x) — a(x))_%dx < Gy /f“(x)dx . (3.7)
0 \a(x) 0

where Co = C%. Note that (3.7) is just (1.2) with v(x) = 1, u(x) = w(x)(b(x) —
a(x))f%, p replaced by s and g replaced by 4. Hence, according to [1], it holds (see
(1.3)) if

P
X qs
s—1

A = A(s) = sup /W(Z)(b(Z) —a(x)"Tdz| (b(r) —a(x)T < oo,

t

where supremum is taken over all x and ¢ such that (1.4) holds. In fact, this condition
holds in view of the assumption (3.1) (note that A(s) = D(s)5 ). Therefore, (3.6) holds
and, according to (3.5), it follows that (3.6) and, thus, (1.6) holds. Moreover, if C is
the best possible constant in (3.7), then (see (1.5))

v <inf2 (M) 1))% (* Z(z(jnl))%f‘“)'

We conclude that (3.6) and, thus, (1.6) holds and for the best constant C in (1.6)
it yields that

1

< (P0)' (Pt oo o

Necessity: Assume that (1.6) and, thus, (3.3) holds with some finite constant C.
Let 7 and x be fix numbers, such that 0 < 7 < x < oo and a(x) < b(t). For any
z € (t,x) ityields that a(z) < a(x) < b(t) < b(z) < b(x). To (3.3) we now apply the
following test function:
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Then the right hand side of (3.3) can be estimated as follows:

1

h g(y)dy I% (/" (b(r) —a(z)) " dy + e " (y —a(z))""dy p
0 a(z) b(1)

1

s —

< <(b(t) —a(z) " e*

1
< <1—|—e“
s—1

For the left hand side in (3.3) we have

I
/-~
\
VN
[¢]
>

o
/-~
SN
—
Al
N2
| |~
Q
—
Al
N2
—
:\
Sy

i

=
—

o
—

-~
=

Q
—

2\l
N
=
&

(2)

N

=: (/tr (exp <m [I+II]> ;_Z) w(z)dz) ;

I=—s(b(t) — a(z))In(b(t) — a(z)),

b(z) b(z)
I = —s/ dy — s/ In(y — a(z))dy
b(r) b(r)

= —s(b(z) — a(2)) In(b(z) — a(z)) + s(b(1) — a(z)) In(b(1) — a(z)).
Summing up we have
I+11 = —s5(b(z) —a(z))In(b(z) — a(z)),
and we conclude that

> / " (exp (=5 - In(b(2) — a(2))F w(e)dz
! 1 (3.10)

= ([ w0 -sor Fucse)’

where

and
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Thus, by combining (3.8) and (3.9) we find that

C> (1 +e‘vﬁ)_‘l’ D(s) = <%>%D(5) (3.11)

Hence, (3.1) holds and, moreover, by combining (3.8) and (3.11) we see that also
(3.2) holds so the proof is complete.
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