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Preface

This “Lecture notes” is a basic material written as a basis for the lectures The Hardy inequality-
prehistory, history and current status and The interplay between Convexity, Interpolation and
Inequalities presented at my visit at College de France in November 2015 on invitation by Pro-
fessor Pierre-Louis Lions.

I cordially thank Professor Pierre-Louis Lions and College de France for this kind invitation.
I also thank Professor Natasha Samko, Lulea University of Technology, for some related late
joint research and for helping me to finalize this material.

I hope this material can serve not only as a basis of these lectures but also as a source of
inspiration for further research in this area. In particular, a number of open questions are pointed
out.

The material is closely connected to the following books:

[1] A. Kufner and L.E. Persson, Weighted Inequalities of Hardy Type, World Scientific Pub-
lishing Co. Inc., River Edge, NJ, 2003.

[2] A. Kufner, L. Maligranda and L.E. Persson, The Hardy Inequality. About its History and
Some Related Results, Vydavatelsky Servis Publishing House, Pilsen, 2007.

[3] L. Larsson, L. Maligranda, J. Pecaric and L.E. Persson, Multiplicative Inequalities of
Carlson Type and Interpolation, World Scientific Publishing Co., New Jersey-London-Singapore-
Beijing-Shanghai-Hong Kong-Chennai, 2006.

[4] C. Niculescu and L.E. Persson, Convex Functions and their Applications- A Contempo-
rary Approach. Canad. Math. Series Books in Mathematics, Springer. 2006.

[5] V. Kokilashvili, A. Meskhi and L.E. Persson, Weighted Norm Inequalities for Integral
transforms with Product Weights, Nova Scientific Publishers, Inc., New York, 2010.

But also some newer results and ideas can be found in this Lecture Notes, in particular from
the following manuscript:

[6] L.E. Persson and N. Samko, Classical and New Inequalities via Convexity and Interpola-
tion, book manuscript, in preparation.

College de France, November, 2015

Lars-Erik Persson
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LECTUREI

The Hardy inequality: Prehistory, history and current status
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1 The prehistory of the Hardy inequality

We consider the following statements of the Hardy inequality: the discrete inequality asserts that
if {a,, }1° is a sequence of non-negative real numbers then

00 n p 00
> (%ZG) < (%)pzaﬁ, p>1, (1.1)
n=1 n=1 n=1

the continuous inequality informs us that if f is a non-negative p-integrable function on (0, 00),
then f is integrable over the interval (0, x) for each positive x and

/Ooo (é/:f(y)dy)pdxg (Z%)p/ooofp(m)dw)’ p> 1 (12)

The development of the famous Hardy inequality in both discrete and continuous forms dur-
ing the period 1906 to 1928 has its own history or, as we call it, prehistory. Contributions of
mathematicians other than G.H.Hardy, such as E.Landau, G.Polya, E.Schur and M.Riesz, are
important here.

This prehistory was recently described in detail in

[x] A.Kufner, L.Maligranda and L.E.Persson. The prehistory of the Hardy inequality, Amer.
Math. Monthly, 113(8):715-732, 2006

In particular, the following is clear:

(a) Inequalities (1.1) and (1.2) are the standard forms of the Hardy inequalities that can be
found in many text books on Analysis and were highlighted first in the famous book Inequalities
by Hardy, Littlewood and Pdlya.

(b) By restricting (1.2) to the class of step functions one proves easily that (1.1) implies
(1.2).

(c) The constant (p/(p — 1))? in both (1.1) and (1.2) is sharp: it cannot be replaced with
a smaller number such that (1.1) and (1.2) remain true for all relevant sequences and functions,
respectively.

(d) The main motivation for Hardy to begin this dramatic history in 1915 was to find a
simpler proof of the Hilbert inequality from 1906:

(In Hilbert’s version of (1.3) the constant 27 appears instead of the sharp one 7.) We remark that
nowadays the following more general form of (1.3) is also sometimes is referred in the literature
as Hilbert’s inequality

oo /P / 1/q

n=1 m=1 m=1

where p > 1 and p’ = p/(p — 1). However, Hilbert was not even close to consider this case (the
l,-spaces appeared only in 1910).



(e) The first weighted version of (1.2) was proved by Hardy himself in 1928:

[ee] 1 x p p o]
[ o) eure () [rmewn o

where f is a measurable and non-negative function on (0, co) whenever a < p — 1,p > 1.

1.1 A new look on the inequalities (1.1) and (1.5)

Observation 1.1. We note that for p > 1

/OOO (é /Ox f(y)dy)pdx < (%)p/()oo 2 (x)dx,
&
/OOO (i /Oxg(y)dyydf <1 /Ooogp(x)df, (1.6)

where f(z) = g(z'~1/P)z= /7,

This means that Hardy’s inequality (1.2) is equivalent to (1.6) for p > 1 and, thus, that
Hardy’s inequality can be proved in the following simple way (see form (1.6)): By Jensen’s
inequality and Fubini’s theorem we have that

LG [ o) E< [T (G [ o) S [Trw [ G- [ s

By instead making the substitution f(t) = g(tpilea)t_HTa in (1.5) we see that also this
inequality is equivalent to (1.6). These facts imply especially the following:

(a) Hardy’s inequalities (1.1) and (1.5) hold also for p < 0 (because the function p(u) = u?
is convex also for p < 0) and hold in the reverse direction for 0 < p < 1 (with sharp constants

<ﬁ>p and <a+’f_p)p ,a > p — 1, respectively).
(b) The inequalities (1.1) and (1.5) are equivalent.
(c) The inequality (1.6) holds also for p = 1 which gives us a possibility to interpolate and
get more information about the mapping properties of the Hardy operator.

More information about the development of this idea can be found in

[*] L.E.Persson and N. Samko, What should have happened if Hardy discovered this?, J. Inequal.
Appl. SpringerOpen 2012, 2012:29.

Remark 1.2. In Section 3.1 of this lecture some of these results are presented.



2 On the further development of Hardy type inequalities

Some parts of this development are described in the books:

[A] A.Kufner and L.E.Persson, Weighted Inequalities of Hardy Type, World Scientific
Publishing Co. Inc., River Edge, NJ, 2003.

[B] A.Kufner, L.Maligranda and L.E.Persson, The Hardy Inequality. About its History and
Some Related Results, Vydavatelsky Servis Publishing House, Pilsen, 2007.

[C] V.Kokilashvili, A.Meskhi and L.E.Persson, Weighted Norm Inequalities for Integral
Transforms with Product Weights, Nova Scientific Publishers, Inc., New York, 2010.

Next we present some examples of information from each of the chapters of the book [A].

A1l : Introduction

One important question is the following:
For which weights © and v does it hold that

(/Ob (/j f(t)dt)QU(a:)da:> " <C </Ob fp(gj)v(gj)dm) 1/p, 0<b<oo

for some finite constant C' ?
During the last 80 years it has been a lot of activities to answer this and more general ques-
tions concerning Hardy type inequalities and a lot of interesting results have been developed.
Just as one example we mention the following well known result:

Theorem 2.1. Let 1 < p < q < oo and u and v be weight functions on R.. Then each of the
following conditions are necessary and sufficient for the inequality

3 =

/b jf(t)dt qu(m)dx "SC /bfp(x)v(x)dx o

to hold for all positive and measurable functions on R :
a) the Muckenhoupt-Bradley-type condition,

1
b q T p’

App i=sup /u(t) dt /v(t)lpl dt < 00, (2.2)

>0
T 0

with the estimation C' € [Ay g, NAyg| for the best constant C'in (2.1), where
\ = mz’n(pl/q(p’)l/l”, ql/q(q/>1/p/)_
b) The condition

1
x q T

Apg :=sup V(w)_% /u(t)V(t)th < oo, V(z):= /v(t)l_p/ dt, (2.3)

x>0
0 0



with C' € [Aps, p' Aps| for the best constant in (2.1).

Remark 2.2. The dramatic history until (2.2) was derived can be found in the book [B]. A
simple proof of the characterization (2.2) was given by B.Muckenhoupt in 1972 for p = ¢ and by
J.S.Bradley in 1978 for p < ¢. In 2002 L.E. Persson and V.D. Stepanov presented an elementary
proof of the alternative condition (2.3).

Remark 2.3. It has recently been discovered that also these two conditions to characterize
(2.1) are not unique and can even be replaced by infinite many conditions even by four scales of
conditions. In Section 3.8 of this lecture also this result will be presented.

A2 : Some weighted norm inequalities

Here we study in particular characterizations of the following more general Hardy-type inequal-
ity

1T fllgu < CSllpo: 2.4)

where u and v are weight functions and

7f) = [ ke, y)f (),

k(x,y) denote a positive kernel.
Some facts:
(a) Without restrictions on the kernel k(z, y) the problem is open.
(b) The solution of this problem is known for a number of special cases and parameters.

Remark 2.4. The really newest knowledge can be found in the following review article:
[*x] A.Kufner, L.E.Persson and N.Samko, Hardy type inequalities with kernels: the current status
and some new results, research report (submitted in 2015).
Some of these newer result will be presented in Sections 3.5 and 3.7 of this lecture.

A3 : The Hardy-Steklov operator

b(z)
Here we consider the Hardy-Steklov operator | and the “moving averaging operator”

a(x)

) B 1 b(x)
SL1@) = jor—a / L

where a(z) and b(x) are increasing functions on (0, 0o) such that a(0) = b(0) = 0, and a(z) <
b(x).



Special case: The Steklov operator
snE@=5 [ 5w
)= — t)dt.
! 27 Jory

The corresponding mapping properties of the operator S° as those for the Hardy operator H are
investigated as characterizations of weighted inequalities.

A4 : Higher order Hardy inequalities

Hardy’s inequality in modern form can be formulated

b P

/ (9() u(x)dz | <C / (¢ (@)Pu(z)de | 2.5)

0

where g(a) =0 (g(z) = Ofxf(t)dt).

Remark 2.5. This problem can be handled also when the condition ”g(a) = 0” is replaced
by the condition g(b) = 0 (the dual situation). It can also be handled for the case when g(a) =
g(b) = 0 and g € C§°[a, b] but not of course without restrictions in the end points.

The inequality (2.5) with appropriate boundary conditions is referred to as a Hardy inequality
of first order.
Hardy’s inequality of second order:

/ (9(@) u(x)dz | <C / (¢ (2)Pv(z) de

0

The first crucial question is : Under which conditions on g(a), ¢’(a), g(b) and ¢'(b) is it reason-
able to study this Hardy-type inequality? And after that study the corresponding Hardy-type
inequality in each of these cases.

Hardy’s inequality of n:th order:

1
p

Q|

b q b
/ (9() u(z)dz | <C / (4% (2))Pu(x) da

0

Remark 2.6. A number of open questions remains to be solved in this case.



AS : Fractional order Hardy inequalities

A very guiding result was the following classical Jakovlev- Grisvard inequality:

Example 2.7. Let 1 < p < 00,0 < A < 1, A # 1/p. Then for every g € C§°(0, ),

[e’s) p [e%¢} p 1/p
(/0 (z) dm) <(J(/ / |g|x_ |1+Ap| dxdy) . (2.6)

A

Remark 2.8. The inequality (2.6) was independently derived in 1961 by G.N.Jakovlev and
in 1963 by P.Grisvard but it seems to be known much earlier by J.L..Lions and others.

It is easy to derive the following complement of (2.6):

Example 2.9. Let 1 < p < 00, 0 < A < 1. Then for every g € AC(0, ),

o0 ‘g ‘ 1/p oo 1/p
< / / |x_ |1+Ap o g e ) <C ( / Ig’(af)\p:v“‘”pd:v> 2.7)
0

where C' = 21/PA\~1(p(1 — X)) ~!/? is the best possible constant.

Remark 2.10. If both the inequalities (2.6) and (2.7) hold, we have a refinement of the
classical Hardy inequality (2.5) in differential form:

9llp < Cllgllp.o

with (a, ) = (0,00), u(z) = 2=, v(z) = (=P

Next we present the following more precise version of the Grisvard-Jakovlev inequality:

Theorem 2.11. Let 1 < p < o0, 0 < A < 1, A # 1/p. Assume that fo t)dt exists for every
x > 0 and that either

1 1
- <A<l and lim— [ g(t)dt=0

p z—0 0
or
1 Y
O0<A<- and lim — [ g(t)dt=0.
P z—o0 T J
Then

(z)

A

([ pdi”) <o ([ [ s dxdy)l/p




with

_ P
Cyp =2 1/P(1+ )
. [Ap — 1

Remark 2.12. This result from 2000 is due to N.Krugljak, L.Maligranda and L.E.Persson and
the original motivation for this result was to try to supplement the theory so that the disturbing
condition A # 1/p in Example 2.7 can be understood from an interpolation point of view. This
theory was further developed by the same authors and led to a satisfactory explanation in terms
of interpolation between subspaces. This phenomenon appears also for usual power weighted
Hardy inequalities. In Section 3.2 we give a simple explanation of this idea.

The key to prove Theorem 2.11 is the following Lemma of independent interest:

Lemma 2.13. Let 1 < p < oo, a € R\ {0}. Assume that [ g(t)dt exists for every x > 0
and that either

T

1
a>0 and lim— | g(t)dt=0

x—0 0
or .
a<0 and lim = g(t)dt = 0.
z—o0 T Jg
Then

g()

T - xe

1/
P dx g
x

By combining this Lemma and using the Minkowski and Hardy inequalities in the reversed
direction we obtain the following remarkable mapping property of the I — H operator:

9

with C(a) =1+ 1/]al.

Y <o ( [Pt

Example 2.14. Let g € LP(z~*P~!) withp > 1and a > —1, a # 0. Then

(/0“’ ‘g(w) - %xifg(y)dy pd?af) " N (/0“ p@)l/p

T
with the equivalence constants 1 + 1/|«| and (o + 1)/(a + 2).

g(x)

Remark 2.15. In fact for the special case « = —1/2 and p = 2 we can even prove the
following more precise isometry of the I — H operator in L? :

/0°° <9(a:) _ i /Oxg(y)dy)QdI — /OOO ¢ (z)dz.



A6 : Integral operators on the cone of monotone functions

Recall that, for 0 < p < oo, the weighted Lorentz spaces AP(w), 1 < p < oo, are defined as
follows:

W)= {F 1 o = ([ (0P 0te)) < o0}

where f is a measurable function on a measure space X (for example R"), f* being the equimea-
surable decreasing rearrangement of | f| defined by

fr(t) :==1inf{y > 0: A\s(y) < t}.

Here )\ is the distribution function defined by

Ar(y) == meas{z € X : |f(x)] > y}.

Note that || f*||,,.., is @ norm on AP(w) if and only if w is decreasing. But the expression || f**]|,,.
with

)= [

gives a norm which is equivalent to || f*|| .-
In what follows, we take the measure in the definition of A¢(y) to be the Lebesgue measure.
Recall that the rearrangement of the Hardy-Littlewood maximal function M f is equivalent
to the Hardy (averaging) operator of the rearrangement of | f|. To be more precise, if

wmngﬁéwwaxmm

where () is a cube in R™ with sides parallel to the coordinate axes and |Q)| is its Lebesgue measure,
then

(Mf)*(t)z%/o Fi(s)ds, t> 0.

Hence, to prove that
M : AP(v) = Al(u), 1<p,q< o0,

is a bounded mapping, or, in other words, to characterize the weight functions v and v for which
M is bounded between Lorentz spaces, it is equivalent to prove that the Hardy (averaging) oper-
ator H, defined now by

(Hf)(t) := %/0 f(s)ds, t>0,

and considered on the cone of non-negative decreasing functions (notation: 0 < f |), is bounded
from LP(v) to L9(u), 1 < p,q < oo. This means that one desires to characterize the weight
functions v and v for which the (Hardy) inequality

</0°° G /Otf(S)ds)qu(t)dt)l/q < C(/Ooo fp(t)v(t)dt> 1

holds whenever 0 < f | .



A useful duality principle is given by
up b TRy
f20 <fooo fP(x)v(z)dx)l /P P wt=r

where p > 1, p' = p/(p — 1) and v is a measurable locally integrable weight function. Another
key result is the following duality principle of E. Sawyer (from 1990):

(2.8)

Theorem 2.16. Suppose 1 < p < oo. Let g,v be non-negative measurable functions on
(0, 00) with v locally integrable. Then

L @
05}1 (fy° fr(z)yv(x)dx)/P
~ ( /0 > ( /O xg(t)dt>p’ ( /01’ U(t)dt) ‘P’U(x)dx>1/p’ + ( f(){goz?g(;;i; - (2.9)

Remark 2.17. Let us consider an operator I’ defined by

(Tf)(x) = / k(e y) )y,

where k is a non-negative kernel. In order to characterize the weight functions v and v for which
the inequality

(/OOO<Tf)q(JI)u(SC)d:c> e < C(/OOO fp(x)v(x)da:> v (2.10)

with 1 < p,q < oo holds for all f, 0 < f |, we can use the duality principles (2.8) and (2.9).
They show that (2.10) is equivalent to the inequality

(/OOO (/Om(fg)(t)dt)p'(/Omv(t)dt)_p

<cf / " g i (@)

where T is the conjugate of 7" and g is an arbitrary non-negative measurable function.

/

v(m)dm) o

Example 2.18. If ' = H is the Hardy averaging operator

1 x
)@ = [ e
T Jo
then its conjugate is given by

t

(Hg)(y) = /OO @dt-

10



A simple calculation shows that
x ~ x oo t
[ iy~ [gwass [T 2 a
0 0 T

so that fom(fl 9)(y)dy is essentially the sum of the Hardy operator and the adjoint of the Hardy
averaging operator. Therefore, to characterize (2.10) is equivalent to characterize two Hardy-type
inequalities from our previous Sections.

In connection to the results presented in this Section there are many open questions. We just

mention the following ones:

Open problem 1 Find necessary and sufficient conditions on the weights u = u(z),0 < z <
b, and v = v(z,y), 0 < x,y < b, so that

(/ob |g(a:)|pu(x)dg;> " = K(/Ob b Mv(x,y)d:cdy) "

o |z =yt

holds for some finite X > 0.

Open problem 2 Find necessary and sufficient conditions on the weights v = v(z),0 < z <
b, and u = u(z,y), 0 < x,y < b, so that

</°b | Mu(x,y)dmy)l/q = K</Ob |9'($)|pv(a:)dx>1/p

o |T—y[ttw

holds for some finite K > 0.

Open problem 3 Find necessary and sufficient conditions on the (averaging) operator 7" such
that

lgll2 = (T = T)gll2
holds for all g € L? = L*(0, c0).

Remark 2.19. In Section 3.6 we present some multidimensional inequalities involving kernel
type operators and decreasing functions (and with sharp constant in each case).

11



3 Examples of complementary and newer results

3.1 Further consequences of the new look presented in Section 1.1

For the finite interval case we need the following extention of our basic observation in Section
1.1.

Lemma 3.1. Let g be a non-negative and measurable function on (0,0),0 < ¢ < oc.
a) Ifp<QOorp>1,then

/Of (i /oxg(y)dy)p d?x =b /Oe 7@ (1-7) d?x' oD

(In the case p < 0 we assume that g(x) > 0,0 < z < ().
b) If 0 <p <1, then (3.1) holds in the reversed direction.
c¢) The constant C' = 1 is sharp in both a) and b).

By using this Lemma and straightforward calculations the following can be proved:

Theorem 3.2. Let 0 < { < oo, let p € R, \ {0} and let f be a non-negative function. Then

a) theinequalﬂv
’ y)ay xr axr

( _1_a) /fp [1—( )pzl}d:c (3.2)

holds for all measurable functions f, each {,0 < { < oo and all a in the following cases:

(a1) p>l,a<p—1,

(as) p<0,a>p—1.

b) Forthe case ) < p < 1,a < p—1,inequality (3.2) holds in the reversed direction under the
conditions considered in a).
c)  The inequality

[ L o) oo () [ o 1= ()

holds for all measurable functions f, each ¢,0 < { < co and all a in the following cases:

apt+l-p

] dr (3.3)

(c1) p>1lag>p—1,

12



(co) p<0,a0 <p-—1.

d) Forthe case 0 < p < 1,inequality (3.3) holds in the reversed direction under the conditions
considered in c).

e) Allinequalities above are sharp.

f)  Letp > 1orp < 0. Then, the statements in a) and c) are equivalent for all permitted a and
ao because they are in all cases equivalent to (3.1) via substitutions.

g) Let0 < p < 1. Then, the statements in b) and d) are equivalent for all permitted a and ay.

3.2 The failure of the Hardy inequality and interpolation of intersections

There are many examples of inequalities which hold except for one or more values of the pa-
rameters involved, Sometimes this phenomenon can be explained via interpolation. We give the
following example:

Example 3.3. : The (classical) Hardy inequality in differential form

0o P 1/p 00 1/p
</ xﬁdx) <C (/ g (z) [ xﬁdx> (34)
0 0

holds with p > 1 and g € C§°(0, o0o) for every 3 # p — 1 but does not hold for 5 = p — 1.

1

59(55)

In order to be able to understand this phenomenon we first note that inequality (3.4) can be

rewritten as
[e’e] 1 x p 1/p [e%] 1/p
(/ ‘—/ f(y)dy xﬁdm) go(/ |f(x)|%ﬁdg;> (3.5)
o 1T Jo 0

for f < p—1and as

(/OOO E /:Of(y)dy pxﬁdx) " <C (/OOO |f(z) xﬂd:v) . (3.6)

for 5 > p — 1. When (3.4) is written in this form we see that it is impossible to interpolate
between 5 < p — 1 (see (3.5)) and 8 > p — 1 (see (3.6)) to obtain the inequality for 5 = p — 1.
The reason is that we have in fact two different operators involved:

H @ = [ Fwy fors<p-1.

) ) == [ )y forp>p-1

in order that these two operators coincide it is necessary that

l/oxf(y)dy:—%/:of(y)dy

T

13



i.e. that

/Ooo f(y)dy = 0.

Denote by N the set of locally integrable functions satisfying this condition. In order to
interpolate the Hardy operator on weighted Lebesgue spaces we have to consider not the spaces
themselves but their intersection with V.

Remark 3.4.: Notice that for weighted Lebesgue spaces the following interpolation formula
holds:
(LP(v1), L7 (v2)),, = L7 (01 "05),

i.e., the interpolation with two different weight functlons v1, V3 produces a new weight function

vy = vi %0§. In the case mentioned in Example 3.3 we need to interpolate between LP(v;) N N

and LP(vy) N N with vy (z) = 27,7 < 8 —1,and vy(z) = 2°,5 > B — 1.
These observations lead to the investigation of interpolation spaces of the type
B
(NN LP(z"), NN LP (7)),

In our mentioned paper from 2000 (see also the book [A]) we in particular proved the following:

Theorem 3.5. Let 1 < p < 0o and y < p— 1 < . Then
(NN LP(aP), NN LP(a7)), = N 0 LP(a-05)
fA#(B+1—p)/(B—7)and
(NN LP(2?), N N LP(27))
fA=(B+1-p)/(B—7)

Here C?(v) denotes the Cesaro function space of non-absolute type:

CP(v) = {g(m),x € (0,00) :

gllcre) = </Ooo E /Oxg(y)dy pv(m)dm) v < oo}.

Finally, let us note that Theorem 3.5 is only a special case of a more general result (with power
weights replaced by general weights), which allows to describe situations where some Hardy
inequality fails not just for one value of the parameter but even for an interval of parameters. For
illustration let us give a concrete example.

Ap

v =N

Example 3.6. : Let vp(x) = max{z®, 2%} with 0 < ap < oy and vy () = min{z =%, =}
with 0 < By < ;. Assume that ag/; < /1. Then, for

Ae(o,1)\[ QA ]

ag+ Py o+ B

14



and f € N we have both the Hardy inequalities

</OOOE/0$ o Ué b )v?(x)dx)l/pg(/*(/o‘”l F@) gz )v?(x)dar)l/p

(/fﬁ/jﬂy)dy

It follows that

and

%A(WﬁwdoupéC(Awl(Npl*()ﬁﬂwﬁué

(N AL (o). N N L)), = N 0L (o).

Moreover, for A € [aoofﬂo , al‘ilﬁl] none of these Hardy inequalities is true and we only have that

(NN LY wo), NN LM w)), = N N CHog o) N LY v 0}).

Remark 3.7.: In the same paper also the exception A # 1/p in the Jakovlev-Grisvard in-
equality (2.6) was explained in a similar way from an interpolation point of view.

3.3 A further development of Bennett’s inequalities with two sharp con-
stants

There exists very few Hardy type inequalities with sharp constant in the limit case and when the
interval (0, 00) is replaced by a finite interval (0, /), ¢ < oo. We continue by giving two such
examples (Bennett’s inequalities from 1973), which have direct applications e.g. to Interpolation
Theory.

Proposition A: Let o > 0,1 < p < oo and f be a non-negative and measurable function on

[0, 1]. Then )
([ vosteran= ([ snan) ) " <
a”! ( /0 1xp[1og(e/x>] (ral=t fp () > 3.7)
)

([ tostera ([ swan) &

™! ( /O o flo(e/)) - () d‘”) (3.8)

T

and

with the usual modification if p = co.
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The next refinements of the inequalities (3.7) and (3.8) in Proposition A was proved in 2014
by S. Barza, L.E. Persson and N. Samko:

Theorem 3.8. Let v, p > 0 and f be a non-negative and measurable function on [0, 1].

(a) Ifp > 1, then
(/f dx) +

o [ ostesmt ([ stway) & <

<[ o floge/a)) 1 r(a) (39)

and

b~ ( Olf(:c)dx)p—l-

o [ osterm ([ ) & <

< / o7 log(e/2)]0- gr(z) 2T (3.10)
0

xz

Both constants o*~! and o? in (3.9) and (3.10) are sharp. Equality is never attained unless f is
identically zero.

(b) If0 < p < 1, then both (3.9) and (3.10) hold in the reverse direction and the constants in
both inequalities are sharp. Equality is never attained unless f is identically zero.

(¢) Ifp =1 we have equality in (3.9) and (3.10) for any measurable function f and any o > 0.

3.4 The sharp constant for the power weighted case when 1 < p < ¢

By applying the general results (see Theorem 2.1 and the corresponding dual result) for the power
weighted case we get the following:

Example 3.9. The inequality

0/ O/f(t)dt vodr | <C O/fp(x)xﬁdx

holds for 1 < p < ¢ < 00, if and only if

at+l [B+1
q p

— 1.

B<p—1 and
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Example 3.10. The inequality

o0 ) q ) I
/ f)ydt | z%dz | <C /fp(:c)a:ﬁdx
0 \z 0
holds for 1 < p < ¢ < 0o, if and only if
at+l [B+1
¢

8>p—1 and 1.

For the next result we need the following Lemma.

Lemma 3.11. Let 1 < p < q < 0. The following statements (a) and (b) hold and are
equivalent:
(a) The inequality

(/000 (/Ox f(t)dt)q:po‘dq:> v <C (/: fp(x)xﬁdx) v 311

holds for all measurable functions f(t) on (0,00) if and only if
at+l p+1
q p

b <p—1 and 1. (3.12)

(b) The inequality

(/000 (/:O f(t)dt)q:raodx> . <C (/OOO fp<x)xﬁodl,) v (3.13)

holds for all measurable functions f(t) on (0,00) if and only if
Qg + 1 . 50 +1 _
p

Bo>p—1, 1. (3.14)

Moreover, it yields that
(c) the formal relation between the parameters (3 and By is By = —[ — 2 + 2p and in this case
the best constants C'in (3.11) and (3.13) are the same.

The next result was recently proved in 2015 by L.E.Persson and S.Samko and thus finally an
old question, where G.A.Bliss in 1930 found the best constant for the case 5 = 0 in (3.11), was
finally solved.

Theorem 3.12. Let 1 < p < q < oo and the parameters o and 3 satisfy (3.12). Then the

sharp constant in (3.11) is C' = C, , where

_ Tt (o \ i
c;q:(p—flf ﬁ) (%) - (Lp)jq(qul)> | 3.15)




—. Moreover,

<d$ppi16 '(gl)+1> r
_r
p—1-0

Equality in (3.11) occurs exactly when f(x) =

Chy — as q — p.

By using this result and Lemma 3.11 we obtain the following sharp constant in (3.13):

Theorem 3.13. The sharp constant in (3.13) with parameters satisfying (3.14) for the case
l<p<qg<oois C};q, where C’qu coincides with the constant C; , with (3 replaced by — [y —
2+ 2p.

Equality in (3.13) occurs if and only if f(x) is of the form

cxPo/p—1

fz) = TEE— a.e..

(dx( p—1 )(%_1)4—1)5%5

Moreover, we have the continuity between sharp constants when q — p, i.e.

p
Ct 5 — 2 asq—p.
PO Bo+1—p a=p

Remark 3.14. In the same paper also the sharp constants in the corresponding multi-
dimensional Hardy type inequalities were derived.

3.5 Another new result for the kernel operator case

The following new result was recently proved for the general kernel operator case (in the previ-
ously mentioned review article by A.Kufner, L.E.Persson and N.Samko from 2015):

Theorem 3.15. Let 1 < p < ¢ < 00, a < b < 00, u and v are weights. Let k(x,y) be a

non-negative kernel.
(a) Then (2.4) holds if

b P 1/q
Ay == sup (/ kq(x,y)u(x)v(‘w)(g;)da:) VP (y) < oo, (3.16)
y

a<y<b

forany s < p—1.

(b) * The condition (3.16) can not be improved in general for s > 0 because for product kernels
it is even necessary and sufficient for (2.4) to hold.

(¢) For the best constant C'in (2.4) we have the following estimate

1/
C < inf <L> A,

s<p—1\p—s—1
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Here and the sequel we use the following notations

U(x) = / u(y)dy, V(z) = /x Ul_p/(y)dy, (3.17)

Remark 3.16. This result opens a possibility that the condition (3.16) can be a candidate to
solve the open question we have pointed out in Section A2.

Remark 3.17. In Section 3.6 we present some multidimensional inequalities involving kernel
type operators and decreasing functions (and with sharp constant in each case).

3.6 Some multidimensional weighted inequalities involving generalized ker-
nel operators and non-increasing functions

Let (/\/lj, ,LLj), J = 1,2, denote two o-finite measure spaces. Further, for every x € M; let
do§ (y) denote a positive measure on R’} and define T} by

(T;f)(x) = / f)dot(y), j=1,2

In the next Theorem by S.Barza, L.E.Persson and S.Soria from 2000 we give sharp estimates of
the type

(] @pyr@anm)” <c( [ @mrreinm)”

Definition 3.18. We say that a set D € R} is decreasing (and write D € A,) if the function

X p 1is decreasing (separately in each variable). Similarly, we say that a set I € R’} is increasing
(and write I € A,) if the function Y is increasing (in each variable).

We need the following constant:

(Taxp)?(x)dp ()"
Cn = Cn(p7Q7T17T2) = Ssup

(S,
DeAq (fM2 (Toxp)P(z)dus(z))/P’ (3.18)

Theorem 3.19. Let C,, be defined by (3.18) and let f be non-negative and decreasing.
(1) Let 0 < p <1 < q < o0. Then the inequality

(] mpyeime)

1/q 1/p

<o [ mprwine)
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holds with C > 0 independent of f if and only if C,, < oc.
(ii) Let 0 < max(1,p) < q < oo and Ty = 1, (identity operator). Then the inequality

o 1/q 1/p
([ r@an@) <o [ @er@din)
0 Mo
holds with C > 0 independent of f if and only if C,, < oc.
(iii) Let 0 < p < min(1,q) < oo and Ty = 1;. Then the inequality

1/p

@ @dm (@) <o [ @)@
(/. ) 0

holds with C > 0 independent of f if and only if C,, < oc.
(iv) Let 0 < p < g < oo and Ty =Ty = 1. Then the inequality

(/000 fq(x)dul(x)>l/q < C(/Ooo fp(x)dm(x))l/p

holds with C > 0 independent of f if and only if C,, < oc.
(v) In all cases, C' = C,, is the sharp constant.

3.7 Some sharp inequalities for multidimensional integral operators with

homogeneous kernel

We consider the inequality

( IKf(w)Ipdw)pSCk,p< \f(w)|”dx)p, 1 <p< o,
Rn Rn

for multidimensional integral operators

Kf(e) = [ Kw.o)fw)dy
with a kernel k(z, y).

We assume the following:
1°. the kernel k(z, y) is homogeneous of degree —n, i.e.

k(tx, ty) =t "k(z,y), t>0, z,ye€R",
20, itis invariant with respect to rotations, i.e.
klw(z),wy)] = k(z,y), zyeR"

for all rotation w(z) in R™. Let

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)



where S"~! is the unit sphere in R". In the sequel

|3

27

n—1| __
5=

|3

)

denotes its surface measure.

The following result was proved in 2015 by D.Lukkassen, L.E.Persson, S.Samko and P.Wall:

Theorem 3.20. Let 1 < p < oo and », be defined by (3.23). Moreover, let the kernel k(x,y)
satisfy the assumptions (3.21)-(3.22). If

7, < 00,
then the inequality (3.19) (with K f (x) defined by (3.20)) holds with C(k,p) = »,. If k(z,y) > 0,
then the condition sz, < oo is also necessary for (3.19) to hold and sz, is the sharp constant.

The following multidimensional Hilbert type inequality is obtained from Theorem 3.20 by
just calculating the integral in (3.23).

Example 3.21. (Hilbert type inequality) Let A > 0, > 0 and 1 < p < oo. Then

p

d
/ ‘x’ﬁm_n/ \ylﬁ((;(lz)flylx)“ A < s / F )P
Rn R

Rn”

holds if and only if 5 < 1% and a\ > I% — [ and

1

L [y s / o 7)- _ s, (1 <ﬁ _ 5) o L (2 _ 5))
» (L+[y[M)" A (14 0)* A AP A\
0

R”

is the sharp constant.

Our next interest is the best constant in the following multidimensional Hardy inequalities
with power weights:

_n d -
] / fﬁz)'a Y < Cip )Ny, L <p <00, <, (3.24)
Jyl<le] Lp(Rn)
. d .
2| f(\z)!ﬁ Y < Gop, Al llr@ny, 1< p<oo, B> 5. (323)
ly[>|z| LP(R™)
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The best constant for (3.24) was calculated before only in the non-weighted case @ = 0,
where it was shown that
Ci(p,0) = [B(0, 1)|p',

where |B(0,1)| = 52_4| = % is the volume of the unit ball. The weighted case with general
niiz
weights was studied before, but by using Theorem 3.20 the sharp constant can never be obtained.

However, by applying our result we obtain the following:

Proposition 3.22. The sharp constants for (3.24) and (3.25) are given by

_»|Sn—1

Sn—l
Ca<p7a)‘_ | |

zgi::;; resp. C&<p75):: 6__ :

ﬁJg

Remark 3.23. The result in Theorem 3.20 can be used to obtain most of the results which
in the literature are called Hardy-Hilbert-type inequalities both in one- and multi-dimensional
cases.

3.8 Some new scales of conditions to characterize the modern forms of
Hardy’s inequality

We have recently proved that the conditions Ay, < 0o and Apg < oo in Theorem 2.1 can be

replaced by infinite many equivalent conditions even by scales of conditions as presented below.

We refer to a review article by A.Kufner, L.E.Persson and N.Samko from 2013, and references
therein.

Theorem 3.24. Let 1 < p < q < 00,0 < s < 00, and define, for the weight functions u,

v, the functions U and V' by (3.17). Then (2.1) can be characterized by any of the conditions
A;i(s) < oo, where A;(s),i =1,2,3,4 are defined by:

1/q

A(s) == sup < / bu(t)Vq(pl’s)(t)dt) Ve (2);

0<z<b

As(s) := sup ( /0 xvlfp’(twﬂ(%—s) (t)dt) W U*(x);

0<z<b

As(s) = sup ( /0 StV (t)dt) ()

0<z<b
1/p’

Ay(s) == sup ( / bvl—P/<t>Up’<é+S>(t)dt) U= ().

0<z<b
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Remark 3.25. Note that

1 1
Awp = Ay (—) . Aps = As (—) .
p p

Also all other known alternative conditions are just points on these cases.

The main result for the case 1 < ¢ < p < oo (Theorem 3.26) is taken from a paper 2007 by
L.E. Persson, V. Stepanov and P. Wall. For simplicity we here only consider the case b = co.

Let 1/r := 1/q—1/p. We now introduce the following scales of constants related to previous
constants and their dual ones:

For s > 0 we define the following functionals:

1/r

00 00 r/p
Bs(s) = ( /0 [ / uvqﬂ/p’S)} vq<1/1*s>+m(t)u(t)dt) ,
t

0 t r/p 1/r
BSY(s) := ( /0 { /0 qu(l/p/“)] uu)vq(l/ﬂ“)-s"(t)dt) ,

1/r

o t r/p
Bp(s) = ( / { / Up’“/q-%ﬂ U”_l(t)u(t)dt> |

[e%e] (e%¢] 7’/17 1/T
BR(s) = ( /0 { / Uq@/p’“)dv] Uq<1/p’+8>”(t)dV(t)>
t

The main theorem in this case reads:

Theorem 3.26. a) Let ) < g <p < o0, 1 <p < oo and q # 1. Then the Hardy inequality
(2.4) with b = oo holds for some finite constant C' > 0 if and only if any of the constants
B](\}[)R(s) or Bg;(s) is finite for some s > 0. Moreover, for the best constant C' in (2.4) we have

1 1
C = Bip(s) = Bpi(s).

b) Letl < q < p < oo. Then the Hardy inequality (2.4) with b = oo holds for some finite
constant C > 0 if and only if any of the constants B](\?R(s) or BI(DQ;(S) is finite for some s > 0.
Moreover, for the best constant C'in (2.4) we have

2 2
C = B](W)R(s) ~ B};(s).

Remark 3.27. Note that Theorem 3.26 is a generalization of the original results of Maz’ya-

Rozin in 70:th and Persson-Stepanov from 2002 since B](\})R(]%) = By g and Bg;(%) = Bps.
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3.9 More on multidimensional Hardy-type inequalities

In this Section by a weight we mean a non-negative, measurable and locally integrable function
on R’ , n € Z. The main information in this section can be found in recent papers by L.E.Persson
and h1s students A.Wedestig (PhD 2004) and E.Ushakova (PhD 2006). We refer to the book
[C] and the review article by L.E.Persson and N.Samko from 2011, where also complementary
information can be found.

Some two-dimensional results
We first recall that the following two-dimensional inequality, which was proved by E.T.
Sawyer in 1985:

Theorem 3.28. Let 1 < p < ¢ < oo and u and v be weights on R%. Then the inequality

xr1 T2 q %
// //ftl,tQ Ydtidty | u(xy, x2) dryday <
<C //fp($1>372)v($1,$2)d$1d$2 (3.26)

holds for all non-negative and measurable functions on R2, if and only if the following three
conditions are satisfied:

1
Y1 Y2 /

Q=

sup // w(wy, To)dw day //v(:cl,xQ)lp/dxld:cg < 0, (3.27)
(y1,y2)€RT
0 0
Y1 y2 [/ x1 T2 , q q
(ff (f f?)(tl,tg)l_p dtldtg) U(ml,l'g)dmld.l’g)
sup —2 2 00 . < 00, (3.28)
42)ER2 Y1 Y2 >
(yl yQ)G + (f fv(x1,$2)l_p/d$1dx2>
00
00 00 4 %
ff <ff tl,tg dtldt2> U(xl,lfg)lip/dl’ldl'g
Y1 Y2 1 T2
sup . <oo. (329

7

(y1,y2)€ER? a
ff l’l,IQ dl’ldl’z

Y1 Y2

All three conditions (3.27)-(3.29) are independent and no one may be removed.

Remark 3.29. Note that (3.27) corresponds to the Muckenhoupt-Bradley condition (2.2),
(3.33) corresponds to the condition (2.3) and (3.29) corresponds to the dual condition of (2.3).
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According to Theorem 3.24 and Remark 3.25 all these conditions are equivalent in the one-
dimensional case but it is not so in the two-dimensional case.

One of the recent progresses related to Theorem 3.28 was obtained in A. Wedestig’s PhD
thesis from 2004. It was shown there that in the case where the weight v(x;, z5) on the right-
hand side of (3.26) has the form of the product v;(x1)vs(z2), then only one condition appears
(but this condition is not unique and can in fact be given in infinite many forms). Namely, the
following statement holds:

Theorem 3.30. Let 1 < p < g < oo and let u be a weight on Ri and vy and vy be weights
on R,. Then the inequality

[e’olle'e] xr1 T2 q 7
// //f(tlth)dtldtQ u(l‘l,xz) dﬂfld[)ﬁ'z S
0 0 0 O
<C //fp(xla@)vl(xl)vz(%)dfﬁldl’z (3.30)
0 0

holds for all non-negative and measurable functions f on R2, if and only if

so—1

T (Va(ta)) T x

s1

Aw(s1,82) == sup (Vi(t1))

2
(t1 ,t2)€R+

77“(%@2)(%(%1))#? (Va(22)) 7 dyds | < 00

t1 to

holds for some si,s5 € (1,p) (and, hence, for all si,ss € (1,p))), where Vi(t;) =
t;
[vi(€)17P'dE, i = 1,2. Moreover for the best constant C in (3.30) it yields that C = Ay (s1, s9).
0

A limit result of Theorem 3.30 is the following two-dimensional Pélya-Knopp type inequal-
ity, which was also proved in the same PhD thesis:

Theorem 3.31. Let 0 < p < q < oo and u and v be weights on Ri. Then the inequality

1
00 00 T1 To q q
1
exXp logf(tl,tg)dtldtg U(%l,xg)d.fldl’g
T1Z2
0 O 0 0
<C //fp(xl,mQ)v(xl,mQ)dxldxg (3.31)
0 O
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holds for all non-negative and measurable functions f on Ri if and only if

(o oo ]
s1—1  so—1 _s%19 _ 529
p p p p
sup -y Yo //«Tl Ty w(l’l,mg)dl’ldxz < 00,
y1>0,y2>0

1 Y2

holds for some s1 > 1,s9 > 1 (and thus for all s; > 1,55 > 1 ) and where

LSRN

] T2

1 1
. log ————dtdt
w(@1,w2) := u(ey, x3) | exp 33151720/0/ " ot t)

Remark 3.32. Observe that this limit inequality indeed holds for all weights (and not only
for product weights on the right hand side) and also for 0 < p < 1. The reason for this comes
from the useful technical details when we perform the limit procedure, e.g. that we first do a
substitution so we only need to use the case when the weight in the right hand side in (3.30) is
equal to 1. Also here we have a good estimate of the best constant C'in (3.31).

Remark 3.33. The corresponding statements as those in Theorems 3.30 and 3.31 hold also
for any dimension n. However, in our next Subsection we will present some results mainly from
the PhD thesis of E.Ushakova from 2006, where also the case with product weights on the left
hand side was considered. The proofs there are completely different from those before and the
obtained characterizations are different.

Some more multidimensional results

In the sequel we assume that f is a non-negative and measurable function.

Letz = (21,...,%,),t = (t1,...,t,) € R,n € Z, and 1 < p < g < oo. We consider the
n— dimensional Hardy type operator

(Hnf)(x) = 7 --7f(t)dt

and study the inequality

D=

/(an)q(:v)u(a:)da: <C /fp(x)v(x)dx : (3.32)

o

Sometimes we assume that one of the involved weight functions v and w is of product type,
i.e. that

w(z) = uy(zy)ug(xs) « - - up(xy,),  (LP)
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v(x) = vi(x1)ve(xs) - - - v (). (RP)

Ult) = Uty - - / /
V() = Vb, / / D

The next Statement gives a necessary condition for (3.32) to hold with help of some n—
dimensional versions of the constants Ay, and Apg in Theorem 2.1.

Moreover,

and

Theorem 3.34. Let 1 < p < q < oo and assume that (3.32) holds for all non-negative and
measurable functions f on R’} with a finite constant C, which is independent on f. Then

Ag(;})B = suI[))(U(th .. 7tn))1/q(V(t1,- ) .’tn))l/pl < 00,
ti>

00 oo 1/q
Agg :=sup (V(tq,- - ,tn))_l/p (/ .. / u(a:)Vq(a:)da:) < 00,
t;>o t1 tn

Our next result is that in the case of product weights on the right hand side we get a complete
characterization of (3.32).

and

Theorem 3.35. Let 1 < p < q < oo and the weight v be of product type (RP). Then (3.32)
holds for all non-negative and measurable functions f on R’} with some finite constant C, which

is independent on f, if and only ing\Z)B < 00 or Agg < 00. Moreover, C ~ AS})B ~ Agfg with
constants of equivalence only depending on the parameters p and q and the dimension n.
Note that here it yields that V (¢, - -,t,) = Vi(z1)Va(zs) - - - Vi (z,), where Vi(t;) =
0 (vl(xz))l‘p' dx;,i = 1,- - -, n. For a proof we refer to the mentioned PhD thesis (see also the
book [C)).

We can also consider the case when u is of product type (LP) and where we need the dual

of the constants Ag\Z)B and Ag‘; :

Aﬁ%) = sup (U1(t1) e Un(tn))l/q(V(tl, .. ’tn))l/pl < 00,

t;>0

and
A}Z(g) = sup (Ul(tl) ce

ek ( / / ) (Un(ar) - Un(xn))p'dx) "
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Theorem 3.36. Let 1 < p < q < oo and the weight u be of product type (LP). Then (3.32)
holds for all non-negative and measurable functions f on R, with some finite constant C, which

is independent of f, if and only if A}k\;") < oo or A};(g) < 00. Moreover, C =~ A}k\g") A A;@(g)
with constants of equivalence only depending on the parameters p and q and the dimension n.

Also the case 1 < ¢ < p < oo can be considered and the following multidimensional
versions of the usual Mazya-Rosin and Persson-Stepanov constants in one dimension can be

defined:
By = ( /
RY
s ( [
R

1/r
(U @) " WVi0)" - (Valta) " aVi(tr) dvn@n)) ,

(/0“ . /Ot” u(@) (Vi) - - Vn(%))qu) "

X (V1 (t) - Vn(tn)) _T/qdvl (1) - an(tn))

Here, as usual, 1/ = 1/q — 1/p. For technical reasons we also need the following additional
condition:

n
+
1/r

Vi(oo) = -+ = V,(00) = 0.

Theorem 3.37. Let 1 < ¢ < p < oo and 1/r = 1/q — 1/p. Assume that the weight

v is of product type (RP). Then (3.32) holds for all non-negative and measurable functions f
on R’} with some finite constant C, which is independent on f, if and only if B](\%% < o0, or
B](;g) < 00. Moreover, C' ~ B(M”}% ~ 1(372 with constants of equivalence depending only on p and

q and the dimension n.

Remark 3.38. Also for 1 < p < ¢ < oo the case when the left hand side is of product
type can be considered and a theorem similar to Theorem 3.37 can be proved by using some dual
forms of the constants B(an and B},"S).

We finalize this Section by shortly discussing some limit multidimensional (PSlya-Knopp
type) inequalities. Consider the inequality

]

where the n— dimensional geometric mean operator G, is defined by

(an)(x):exp (ﬁ/o 1---/0nlnf(xl,...,a:n)da:l...da:n).

1/q 1/p
(an)q(x)u(x)dx> <C ( fp(:p)v(x)dx) ) (3.33)

n n
+ R%
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We denote
t tn 1/q
A(Gn) ‘= sup(ty---t,,) VP (/ / w(x)d:v)
t; >0 0 0

w(z) = ((Gpv)(2)) ar u(z).

with

Theorem 3.39. Let 0 < p < q < o0. Then (3.33) holds for all non-negative and measurable
functions on R} if and only if Agf ) < . Moreover, C' = A(C?) with constants of equivalence
depending only on the parameters p and q and the dimension n.

Remark 3.40. Our proof shows that Theorem 3.39 may be regarded as a natural limit case
of Theorem 3.35 characterized by the condition Ag;g < 00. For m =2 we get another
characterization than that in Theorem 3.31. Note that also in this case the limit result holds in a
wider range of parameters and for general weights.

Remark 3.41. A similar result can be derived also for the case 0 < ¢ < p < oo now as a
limiting case of Theorem 3.37.
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