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Next, for a fixed domain rearrangement-invariant space, we describe the optimal,
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Introduction

Various Sobolev spaces and inequalities have played important roles in mathe-
matics for decades. Their applications include (but are not limited to) analysis
of partial differential equations, calculus of variations, or harmonic analysis. In
this thesis, we study a certain Sobolev inequality with monomial weights, which
has recently become quite fashionable. We will establish, in a sense, an optimal
version of the inequality.

One of the most standard Sobolev inequalities can be written in the following
way (e.g., [22, Theorem 11.2]). Let m,n € N, 1 < m < n. Let p € [1,n/m).
There is a finite positive constant C' such that

[ull o mny < ClV™ul|o@ny  for every u € V5" LP(R™). (1)

Here p* = np/(n —mp), V™u is the vector of all mth order weak derivatives of u,
and Vg LP(R™) is a Sobolev-type space consisting of m times weakly differentiable
functions in R™ whose mth order (weak) gradients belong to the Lebesgue space
LP(R™) and that together with their weak derivatives up to order m—1 “vanish at
infinity” (see Definition 1.14 for the precise definition). Although Lebesgue spaces
and Sobolev spaces built upon them play a prominent role, there are situations
when finer scales of function spaces are needed. An example of such a finer scale
is the scale of Lorentz spaces LP4(R™). This scale is indeed finer because, on the
one hand, for p € [1, 00| we have LP(R™) = LPP(R"), and, on the other hand, for
p € (1,00) and 1 < ¢ < g2 < 00, we have LP7(R™) C LP?(R™). The interested
reader can find more information on Lorentz spaces in [33, Chapter 8]. Having
Lorentz space at our disposal, the classical inequality (1) can be improved. The
Lebesgue LP” norm on the left-hand side of (1) can be replaced by the Lorentz
LP"? norm ([32]). Since 1 < p < p* < 0o, the Lorentz norm is indeed essentially
stronger. An imminent question is, can the inequality be improved any further?
Or is it optimal? It turns out that the Lorentz space L P(R") is in a sense
optimal, but we first need to agree on what we mean by optimal, and on how
general function spaces we allow.

What not only the Lebesgue and Lorentz norms but also other common func-
tion norms (such as the Orlicz or Lorentz—Zygmund ones) have in common is that
they depend only on the measure of level sets. By that we mean that if u and v
are two measurable functions such that the measures of the sets {x: |u(z)| > A}
and {z: |v(z)| > A} are the same for every A > 0, then their norms are equal.
For example, for the Lebesgue norm, this follows from the well-known layer cake
representation formula ([23, Theorem 1.13]). Such function spaces belong to the
class of so-called rearrangement-invariant function spaces. In this thesis, we will
consider function spaces from the class of rearrangement-invariant function space
because it is not only quite general (and so it contains function spaces appearing
in various delicate situations) but also reasonably pleasant to work with. Roughly
speaking, rearrangement-invariant function spaces are usually suitable for mea-
suring integrability, but they are not useful for measuring regularity or oscillation
of functions. We can now precisely formulate in what sense the Lorentz space
LP"P(R™) is optimal ([20, 25]). On the one hand, (1) is valid with LP(R™) replaced
by LP"P(R"), and, on the other hand, LP"*(R") is the smallest rearrangement-



-invariant function space that LP(R™) can be replaced by (i.e., if Y/(R") is a re-
arrangement-invariant function space such that (1) is valid with LP(R™) replaced
by Y (R™), then LP"P(R") C Y (R")).

In this thesis, we will study the question of optimality in a considerably
more general Sobolev inequality in the setting of rearrangement-invariant func-
tion spaces. Let n € Nyn > 2 and Ay, ..., A, € [0,00). Set D = n+A;+---+A,.
Let m € N, 1 < m < D, and let up be the measure on R"™ whose density with
respect to the Lebesgue measure is the monomial weight 24 = |24 - - - |z, |47,
that is,

dup(x) = zdax.
Namely, we will study the Sobolev inequality of the form
HUHY(R",IJ«D) < CHVmu”X(R",uD) for every u € %mX<Rn7 MD)? (2>

where X (R"™, up) and Y (R", up) are rearrangement-invariant function spaces on
R”™ endowed with the measure up and Vy"X(R™, up) is a suitable Sobolev-type
space built upon X (R"™, up). We will characterize when, for a given X (R", up),
there is a rearrangement-invariant function space Y (R", up) with which (2) is
valid, and we will describe the optimal (i.e., the smallest) such a rearrangement-
-invariant function space Y (R", up). We will also provide concrete examples of
the optimal rearrangement-invariant function spaces in (2) when X (R"™, up) is a
Lorentz—Karamata space. Lorentz—Karamata spaces form a wide subclass of rear-
rangement-invariant function spaces that contains not only Lebegue and Lorentz
spaces but also Lorentz—Zygmund spaces and some Orlicz spaces. Sobolev-type
inequalities with monomial weights have drawn a lot of attention lately (e.g.,
3, 6, 7, 19, 21, 37]). The study of weighted Sobolev inequalities with monomial
weights was initially motivated by [5], where the regularity of stable solutions to
certain planar reaction-diffusion problems was studied. Noteworthily, arguments
based on symmetrization can often be successfully used even though the monomial
weight is not radially symmetric (unless A; = --- = A, = 0). We, too, will exploit
this quite surprising feature.

The question of optimal rearrangement-invariant function spaces for a large
number of Sobolev inequalities in various settings has been intensively studied
for more than two decades (e.g., [1, 8, 10, 11, 12, 13, 14, 16, 20, 25, 26]). Despite
that, our main results appear to be new (with the exception of the trivial case
Ay = - = A, = 0, which was studied in [25]), and they answer the question
of optimality in an actively developing setting of Sobolev-type inequalities with
monomial weights. To achieve that, we will combine and make use of a lot of
different techniques developed and improved over time together with results from
both classical and contemporary theory of (rearrangement-invariant) function
spaces.

This thesis is structured as follows. In Chapter 1 we will recall some aspects
of the theory of rearrangement-invariant function spaces and Sobolev spaces built
upon rearrangement-invariant function spaces, which will be used in the thesis.
We will also introduce properties of the Lorentz—Karamata spaces that we will ex-
ploit in the thesis. In Chapter 2 we will prove a reduction principle for the Sobolev
inequality (2). The reduction principle represents a method of how to characterize



the rearrangement-invariant function spaces X (R", up) and Y (R"™, up) that sat-
isfy (2) by means of inequalities involving just one-dimensional functions. Thus,
it reduces the question of what spaces satisfy (2) from n dimensions to the real
line. In Chapter 3 we will obtain the characterization of the optimal target space
in (2) for a given rearrangement-invariant function space X (R", up), as it was
already mentioned above. We will also describe the optimal space for a Lorentz—
Karamata space.



1. Preliminaries

In the whole thesis we use the convention é =0and 0-00o =0. When £ C (0, 00)
is (Lebesgue) measurable, we denote by A\(E) its Lebesgue measure.

Let (R, i) be a o-finite nonatomic measure space. By M(R, ) we will denote
the class of all y-measurable functions on R whose values lie in RU{—o00,00}. We
will denote the class of all y-measurable functions on R whose values lie in [0, 0]
by MT(R, ). And the class of all functions in M(R, i) that are finite p-almost
everywhere in R will be denoted by M(R, u).

1.1 Rearrangement-invariant function spaces

Now we introduce rearrangement-invariant Banach function spaces and their ba-
sic poperties. The theory that is presented here follows the first three chapters
of [2].

Definition 1.1 (Banach function norm). Let p be a real valued nonnegative map-
ping on MT(R, ). We say that p is a Banach function norm if all the follow-
ing properties are satisfied for all f,g € MT(R,pn), {fr;k € N} C MT(R, u),
c €1]0,00) and A C R such that A is p-measurable.

1. the norm axiom: p(f) = 0 if and only if f = 0 p-almost everywhere in R,
plef) = cp(f), p(f +9) < p(f) + p(9);

the lattice axiom: if g < f p-almost everywhere in R, then p(g) < p(f);
the Fatou axiom: if fi T f p-almost everywhere in R, then p(fi) T p(f);

the nontriviality axiom: if u(A) < oo, then p(xa) < 0o;

A N

the local embedding in L': if u(A) < oo, then

[ fdi < Kap(h), (L)

where K4 > 0 is a real constant which may depend on A but which does not
depend on f.

Definition 1.2 (Banach function space). Let p be a Banach function norm.
The collection of all functions f € M(R,u) such that p(|f]) < oo is called
a Banach function space. We will denote it by X(p), X(R,u) or just by X,
depending on what we want to stress.

As their name suggests, Banach function spaces are Banach spaces. Text-
book examples of Banach function spaces are the Lebesgue spaces LP(R, u) for
p € [1,00]. Every Banach function space contains simple functions (i.e., linear
combinations of characteristic functions of p-measurable sets of finite measure)
and is contained in My (R, p).

To every Banach function space, there is associated another Banach function
space, which is related to its dual space, but which is usually more useful in the
theory of Banach function spaces.



Definition 1.3 (Associate norm, associate space). Let X (p) be a Banach function
space. We say that the mapping p' defined on M™ (R, i) by

p(g) = sup /fgdu, g€ M (R,p), (1.2)
feEMH(Ru),p(f)<1/R

is the associate norm of the function norm p. We say that the space X(p') is
the associate space to the space X (p) and we detone this space by X'.

For example, when X = LP(R, i) for p € [1,00], then X’ = L” (R, ). Here
p’ € [1,00] is the dual index defined by ]l) + z% = 1.

The associate norm of a Banach function norm is a Banach function norm. An
important property of Banach function spaces is that, if X is a Banach function
space, then

(X') = X. (1.3)

For every Banach function norm p, the Hélder inequality

[ 19l du < o116 (9) (14)

holds for every f,g € M(R, p).

Definition 1.4 (Continuous embedding). Let X,Y be Banach function spaces
over (R, ). We say that X (R, p) is continuously embedded into Y (R, p) if for
every function uw € X(R,p) it holds that u € Y(R,p) and that ||lullyg,, <
C'llull (g, where C is a constant that does not depend on u. We denote the fact
that X (R, ) is continuously embedded into Y (R, n) by X (R, p) — Y (R, u).

In fact, inclusion between Banach function spaces is always continuous in the
sense that

X(R,p) = Y(R,p) ifand only if X(R,u) CY(R,pu).
If X(R,p),Y (R, p) are Banach function spaces, it holds that
X (R, 1) — Y(R,p) if and only if Y'(R, u) — X'(R, p). (1.5)
Both embeddings hold with the same constant.

Definition 1.5 (Equimeasurable functions). Let (R,u) and (S,v) be o-finite
nonatomic measure spaces. Let f € M(R,u), g € M(S,v). We say that the
functions f,g are equimeasurable if

n({z € By |f(z)| > A}) = v({z € S;g(z)| > A})
for every A > 0.

In the rest of this thesis, we will be interested in an important subclass of
Banach function spaces whose norms are invariant with respect to certain rear-
rangements.



Definition 1.6 (Nonincreasing rearrangement). Let f € M(R,pu). The non-
increasing rearrangement of the function f is the function f;;: (0,00) — [0, 00
defined by

fit) = nf (u({x € B f(@)] > A}) < 1)t € (0,00). (L6)

The function f; is nonincreasing and right-continuous. The functions f and
[ are equimeasurable. If f € M(R, 1), g € M(S,v) are equimeasurable, then

fa(t) = g,(t), t€(0,00). (1.7)

When it is obvious what the measure that the rearrangement is taken with respect
to is, we often omit the subscript.

For every f,g € M(R,u), fr € M(R,pn), k € N, and o € R, we have the
following facts. Firstly, if |f| < |g| p-almost everywhere in R, then

F2(0) < gh(t), e (0,00). (1.8)

Secondly,
(af)u(t) = lal fi(t), t € (0,00). (1.9)

Finally, if | fx| T |f| p-almost everywhere in R, then

(fie) () T f2(2), t € (0,00). (1.10)

Other important properties of the nonincreasing rearrangement are the fol-
lowing. For every f € M(R,p) and t € (0,00), we have

p{e € R [f(@)] > [L(D)}) <t (1.11)

Furthermore, if fi(t) < oo and u({zr € R;[f(z)| > f;(t) —€}) < oo for some
e > 0, then

p{z € Ri[f(2)] = fi(D)}) = . (1.12)
Now, we finally introduce rearrangement-invariant norms and spaces.

Definition 1.7 (Rearrangement-invariant norm and space). Let X (p) be a Ba-
nach function space. If it holds that p(f) = p(g) whenever f; = gy, f,g €
MT(R, 1), then we say that the norm p is a rearrangement-invariant norm and
that the space X is a rearrangement-invariant space.

It follows from the layer cake representation formula that LP(R, u) spaces,
p € [1, 0], are rearrangement-invariant spaces. When X is a rearrangement-in-
variant space, so is its associate space. Furthermore, if ¢ € M(R, ) and if p is a
rearrangement-invariant norm, we have

pg) = sup / frg"dp. (1.13)
feEMH(Ru),p(f)<1 /R



The Hardy-Littlewood inequality is very important in the theory of rearrange-
ment-invariant spaces. It states that

[ 1ol du < [ (0 e) e

for every f,g € M(R, u). In particular, by taking g = yg, we have

w(E)
JAtdu< [ rwa (1.14)

0

for each pu-measurable set £ C R.

Another important result in the theory of rearrangement-invariant spaces is
the so-called Hardy—Littlewood—Pdlya principle. For every rearrangement-invari-
ant norm p, if f,g € M*(R, ) are such that

t t
| rmar< [ gar
0 0
for every t € (0,00), then

p(f) < p(g). (1.15)

We will also need the following fact. For every ¢t € (0, u(R)) and for every f €
M(R, ), we have

Each rearrangement-invariant space on (R, u) can be represented as a re-
arrangement-invariant space on (0, u(R)). More precisely, if X(R,pu) is a re-
arrangement-invariant space, then there exists a rearrangement-invariant space
X (0, u(R)) such that for every function f € X (R, i) it holds that

T

(P 1 I,

The rearrangement-invariant space X (0, p(R)) is called the representation space
of X(R,p). For example, if X(R, u) = LP(R, ), then X (0, u(R)) = LP(0, u(R)).

On the other hand, for every f € M(0, u(R)), there exists a function u €
M(R, i1) such that

fx(t) = u:;(t), t € (0,00).

Therefore, for every function f € X (0, u(R)) there exists a function u € X (R, u)
such that

1 x0umy) = NNl x () - (1.17)

Closely related to the nonincreasing rearrangement is the mazimal nonincreas-
ing rearrangement.



Definition 1.8 (Maximal nonincreasing operator). The maximal nonincreasing
operator

P,: M(R,u) = M™*(0,00)
1s defined by

PUR® =5 [ fidr feMEB ) tEO00).  (L18)

The image of a function f € M(R, p) under the mazimal nonincreasing opera-
tor P, is also commonly denoted by f;*, and it is called the maximal nonincreas-
ing function.

Note that if it is clear what the measure that the maximal nonincreasing
operator is taken with respect to is, we often write just f** or P for short,
analogously as in the case of the nonincreasing rearrangement.

The maximal nonincreasing function is nonincreasing and we have f* < f**.
The maximal noncreasing function also have the following four properties that
are similar to the the properties (1.8)—(1.10) of the nonincreasing rearrangement.
For every f,g € M(R,u), fr € M(R, ), k € N, and o € R, the following facts
hold. Firstly, if |f| < |g| p-almost everywhere in R, then

@) < g7 (), te(0,00). (1.19)
Secondly,
(af); () = lel fi7(t), te€(0,00), (1.20)
Finally, if |fx| 1 |f| p-almost everywhere in R, then

Another important property of the maximal nonincreasing function is the subad-
ditivity. It means that for every f,g € M(R, ) we have

(f +9)u () < [ @) + g, (1), te(0,00). (1.22)

Note that the nonincreasing rearrangement function is not subadditive.
If X(0,u(R)) is a rearrangement-invariant space and h € M™(0, u(R)) is
a nonincreasing function, we know thanks to (1.13) that
w(R)

Hh”X/(o,u(R)) _ sup h(t)g* (t) dt.
GEMT(0,1(R)), N9l x (0,50 (r)) <10

In general, when h € M™(0, u(R)) is not necessarily nonincreasing, we only have

w(R)
1ol 2 sup [ g wa (123)
GEMT(0,u(R)), 119l x (0, p(r)) <1 0

owing to (1.2). However, it follows from [14, Theorem 9.5] and [30, Theorem 3.10]
that

w(R)
1 F O o,y <4 sup [ (g (t)dt - (1.24)
gEMF(0,u(R)) 191l x (0,1 (ry) <1 70



for every a € [0,1] and f € M(R, p). Inequalities (1.23) and (1.24) mean that
the norm of ¢“f**(¢) can be approached, up to a multiplicative constant, by
nonincreasing functions in this case even though the function t*f**(¢) does not
have to be nonincreasing.

We conclude this subsection by introducing the dilation operator.

Definition 1.9 (Dilation operator). Let a € (0,00). The dilation operator
Dgy: M*(0,00) — M*(0, 00)
is the operator defined by
(Do f)(t) = f(at), fe MH0,0), te(0,00).

The dilation operator is bounded on every rearrangement-invariant space over
(0,00). More precisely, there exists a constant 0 < C' < max{1, i} such that

Do f |l x0,00) < C Il x0,00) (1.25)

for every f € M™(0,00), every a € (0,00) and every rearrangement-invariant
space X (0, 00).

1.2 Lorentz—Karamata spaces

Now we introduce the theory of Lorentz—Karamata spaces. For proofs and more
information see [31]. Lorentz-Karamata spaces contain a lot of classical function
spaces, such as the Lebesgue spaces, Lorentz spaces or Lorentz-Zygmund spaces.
In this subsection, we assume that u(R) = oo.

Definition 1.10 (Equivalent functions). Let f,g: (0,00) — (0,00) be functions.
We say that the function f is equivalent to the function g if there exist con-
stants Cy > 0 and Cy > 0 such that

Cag(t) < f(t) < Cig(t)

for every t € (0,00). We denote equivalent functions by

=g

Definition 1.11 (Slowly varying function). Let b: (0,00) — (0,00) be a contin-
uwous function. We say that b is slowly varying if for every ¢ > 0 there exists a
nondecreasing function p. and a nonincreasing function p_. such that t°b(t) is
equivalent to p.(t) on (0,00) and that t=°b(t) is equivalent to ¢_. on (0, 00).

A positive continuous function on (0, 00) that is equivalent to a positive con-
stant function is a trivial example of a slowly varying function. Functions of
logarithmic type constitute less trivial and very important examples of slowly
varying functions. For k € N, the function ¢;: (0,00) — (0, 00) defined as

1+ |logt| if k=1,
Ue(t) = .
1+logly_1(t) ifk>1,

10



t € (0,00), is slowly varying. More generally, the function ¢¢: (0,00) — (0, 00)
defined as
go(t) itte (0,1
Eﬁ(ﬂ: Z() 1 6(7)7
gree(t) ift e[l 00),

where A = (ag, o) € R?, is slowly varying.

We now list some important properties of slowly varying functions. If b; and
by are slowly varying functions, then so are by + by and by - by. If b is a slowly
varying function, then for every r» € R the function 0" is also slowly varying. If b
is a slowly varying function and « € (0, 00), then

b(t) ~ b(at) (1.26)

on (0,00). Furthermore, for every slowly varying function b and for every a €
(0,00) we have

t
/ T (r) dr & 1°b(1) (1.27)
0
on (0, 00),
/ T e (r) dr e tb(1) (1.28)
t
on (0, c0),
sup 7b(7) =~ t*b(t) (1.29)
7€(0,t)
on (0,00) and
sup 7 “b(T) ~ t7b(t) (1.30)
TE(t,00)

on (0, 00).
We now define Lorentz—Karamata spaces.

Definition 1.12 (Lorentz—Karamata space). Let b be a slowly varying function.
Let p,q € [1,00]. We define the Lorentz—Karamata functionals by

£ ab(t) f(¢)

”f”p,q,b =

L4(0,00)

and by

1

TAb() £ (8)

||f||(p,q,b) = L(0,00)

for every f € M(R, ). The Lorentz—Karamata spaces are defined as

LPY(R, ) = {f € MR, 1); | f,0 < o0}

and as

LP (R, ) = {f € MR, 1); | f | gy < 0} -

11



If we take p = ¢ and b = 1, we obtain the Lebesgue spaces. More generally,
we obtain the Lorentz spaces LP4(R, i) and L®P9(R, ;1) by taking b = 1. Fur-
thermore, Lorentz—Karamata spaces also include the Lorentz—Zygmund spaces,
which were thoroughly studied in [29]. We obtain them by taking slowly varying
functions of logarithmic type as above.

Even though we refer to Lorentz—Karamata spaces as spaces, they are not
always rearrangement-invariant spaces.

The space L(p’q’b)(R, ) is a rearrangement-invariant Banach function space if
and only if ¢ € [1, 00] and one of the following conditions holds:

1. pE (]-700)7
_1
2. p=1and [[175b(t)x0.00) ()], <00
_1
3. p= o0 and Ht qb(t)X(Oal)(t)HL‘I(O o) = o

The Lorentz-Karamata functional |-, is equivalent to a rearrangement-in-
variant Banach function norm if and only if ¢ € [1, 00| and one of the following
conditions is satisfied:

1. pe (1,0),
2. p=g =1 and b is equivalent to a nonincreasing function on (0, c0),

1
3. p=o00 and Ht 1b(t) X (0,1)(t)

< 0
L4(0,00)

By the equivalence, we mean that there are a rearrangement-invariant function
norm p and constants C; > 0 and Cy > 0 such that

Cip(f) <\ fllpan < Cop(f) for every f € MT(R, ). (1.31)

Since we will not be interested in exact values of constants, we treat LP%°(R, ) as
a rearrangement-invariant space whenever ¢ € [1, co] and one of these conditions
is satisfied.
The spaces LP9*(R, 1) and L®%Y (R, ;1) are closely related to each other. We
always have
1flpas < I fllpap for every f € MT(R, p).

If p > 1, then there is a constant C' > 0 such that

1 llpa) < Cllfllpge  for every f € MT(R, ).
In other words, if p > 1, then
Mg = 11l gy - (1.32)
Moreover, when either p € (1,00) or p = oo and Htiéb(t)x(o,l)(t) Liose) < O We

can take p(-) = || - || (pgp) in (1.31).

We end this subsection by describing the associate space of LP4*(R, 11). Recall
that for every p € [1, o0], the dual index p’ € [1,00] is defined by % + 1% =1. It
holds that

(Lre8 (R ) = 1" (R, ) (133)

if one of the following conditions is satisfied:

12



1. p€(1,00) and q € [1, o0,

2. p=¢q =1 and b is equivalent to a nonincreasing function on (0, co).

!

By (Lp’q’b(Ra M))l = PP (R, 1), we mean that both embeddings

(L7(R, 1)) > L7 (R, ) and LY (R, p) = (LP94(R, 1))

are true. To avoid confusion, we stress that 6! is the function 1/b, not the inverse
function of b. The case p = oo is more complicated, but we will not need it.

1.3 Sobolev spaces built on rearrangement-in-
variant spaces

In this subsection, we define suitable weighted Sobolev spaces built on rearrange-
ment-invariant spaces. We start with some notation and conventions used in the
rest of this thesis.

Conventions. Throughout the rest of this thesis, we assume that n € N, n >
2, is the dimension of R™. We also assume that Ay,..., A, € [0,00) are fized
nonnegative numbers. We set

D=n+A +---+A,.
Finally, we assume that m € N is such that
1<m<n.
Definition 1.13 (Monomial weight and weighted measure pp). For every x €

R", we set

We define the weighted measure pup on R"™ as
up(E) = /xA dx
E

for every Lebesque measurable set £ C R™.

Note that the measure up is absolutely continuous with respect to the n-
dimensional Lebesgue measure A,, i.e.,

M(E) =0= pup(E) =0 (1.34)

for every Lebesgue measurable set £ C R"™.
We now defined the Sobolev spaces that we will work with.

Definition 1.14 (Sobolev spaces VFX(R™, up) and VFX(R", up)). Let k € N
and let u be a k-times weakly differentiable function in R™ (i.e., it has all weak
derivatives up to the k-th order). We denote by V'u, 1 € {1,...,k}, the vector of
all I-th order weak derivatives of u. We also set VOu = u.
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Let X(R", up) be a rearrangement-invariant space. We say that u belongs to
the space VEX (R, up) if
’Vku‘ € X(Rn, ,LLD>

We say that u belongs to the space VX (R™, up) if u € VFX(R", up) and for ev-
eryl € {0,1,...,k— 1} and for every A > 0 it holds that

KD ({33 € R";
For short, we will write ||V*ul|xg&n ) instead of || |[VFul || x @& jup)-
If u e Vi X(R", up), then we have

u,(t) < oo (1.35)

Vlu(:c)’ > )\}) < 0.

for every t € (0, 00) and, furthermore

lim w(t) = 0. (1.36)

t—o00

We will also encounter Sobolev space W (R", up), which is a weighted coun-
terpart of the classical Sobolev space WH1(R™).

Definition 1.15 (Sobolev space W1(R", up)). We say that a function u belongs
to the space WYY R™, up) if it is weakly differentiable in R™, u € L*(R", up) and
[Vu| € LY(R™, pup).

We will need to use an isoperimetric inequality for the weighted measure pp.
Convention. Let z € R" and r € (0,00). We denote
By(z) ={y e R"; [z —y| <}

Definition 1.16 (Points of density and essential boundary). Let t € [0,1] and
let E CR"™ be a Lebesque measurable set. We say that E has density t in a point
x € R if

lim A(E N B.(x)) _

o Ay (B (7))

We denote the set containing all points where E has density t by E*. The essential
boundary of E is defined as

R"\ (E°UE").
We denote the essential boundary of E by O*E.

We have 0*FE C JF. Furthermore, the sets E* are Borel sets for every ¢ € [0, 1].
So 0*E is a Borel set.

The isoperimetric inequality that we will need follows from [4, Theorem 1.3]
(see also [3, Theorem 1.4], cf. [15, Theorem 1.1]).

Theorem 1.17 (Isoperimetric inequality). For each Borel set E C R™ that sat-
isfies up(E) < oo it holds that
Pup(B)= [ a*dH" (@) > Cioon(E) 7,

where Ciso > 0 is a constant that depends only on D.

14



2. Reduction principle

The goal of this chapter is to prove a suitable reduction principle. First of all
we derive a variant of the Polya—Szegd inequality. Our proof is based on the proofs
of theorems [9, Lemma 4.1], [10, Lemma 3.3] and [36, Lemma 1.E].

Theorem 2.1 (Pélya—Szeg6 inequality). Let X be a rearrangement-invariant
space over (R™,up) and u € Vi X(R™, up). Then u}, is a locally absolutely
continuous function on the interval (0,00), and it holds that

*
D-1 duuD

C’iso D
dt

(t)

< [IVull x@n up) » (2.1)
X (0,00)

where Ciy, is the constant from the isoperimetric inequality (Theorem 1.17).

Proof. Firstly, we prove the theorem for nonnegative u. We start with the proof
of the local absolute continuity of the function uy . Let {(am,bm)}men be a
countable system of pairwise disjoint nonempty bounded intervals. For each m &

M define the function f,,: R — R in the following way:

0 if y <, (bm),
fmy) =4 y— UZD (bm) if uZD (bm) <y < UZD (am),

*

uuD(am) — uZD(bm) if uZD(am) <.

Note that for every m € M, the function f,, is Lipschitz continuous and nonneg-
ative. For each m € M we now set v,, = f,, o u. Choose an arbitrary m € M.
The function vy, is well-defined since the function u;,  is finite everywhere in R
owing to (1.35). The function v,, is also pp-measurable since u is pp-measurable
and f,, is continuous. Now we prove that v,, € WHH(R", up). We have

O < U, (@) — uy ) (b)) < 00
ip-almost everywhere in R™. For pup-almost every x in the set
{r € R u(x) <l (b)),
it holds that v,,(z) = 0. It also holds that
po({r € R"u(x) > uj, (bm)}) < 00 (2.2)

since u € V3P X (R", up). So, the function v, is bounded, and it can be nonzero
in a set of finite up-measure only. We obtain v,, € L*(R™, up). We know that
the function f,, is Lipschitz continuous and that u is weakly differentiable in R™.
So, we can use the chain rule for Sobolev functions (see [38, Theorem 2.1.11]).
We obtain v, is weakly differentiable in R™ and

va = VuX{u;fLD (bm)<u<u;§D (am)}

pp-almost everywhere (see (1.34)) in R™. From this equality we get |Vou,,| =0
ip-almost everywhere in the set

{r e R";u(z) < uzD(bm)}.
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We know that the function Vu € X(R", up). So, by virtue of (1.1) it follows that
Vu € LY(E, up) for every pp-measurable set £ C R™, up(E) < co. We can now
again use (2.2) to obtain Vuv,, € L'(R", up). To conclude, we have just proved
that for all m € M it holds that v,, € WH'(R™, up).

Now we can use the coarea formula (see [35], [24]) for the functions v,,, m € M.
We obtain

UmeM{ Oy (bm)<u<u* (am)} ’ ( | 'uD mZG:M | ’ /JJD< )
Z/ P,,({zx € R" v, (x) > t})dt
meM
plam)—u); o (bm)
z;w/ Pup({z € RY; v (w) > }) dt (2.3)
me
i (am)—uf; ) (bn) -
2 G 2 / up({z € R vy (x) > t}) 0 dt

meM

=Cu & [ e € Buta) > )75

meM

The first equality holds because the sets {u}, (bn) < u < uj, (an)},m € M, are
pairwise disjoint. In the second equality we used the coarea formula. Now we
verify that the third equality holds. If £ < 0, then

{r e R"; v, () >t} =R",
and it is true that P,,(R") = 0 since OR" = . If ¢ > uy (am) — uj, (bm), then
{z e R% v, (2) >t} = 0.

So, the third equality is correct. The first inequality holds by virtue of the isoperi-
metric inequality (Theorem 1.17) since

po({r € R v (z) > t}) < 00

for every ¢ € (0,u}, (am)—u},, (bm)). The fourth equality is true owing to the def-
inition of the function v, and a change of variables ¢ — t + uy  (b,).

Now we derive an upper estimate of

V()| dpp(x).

Unnenr{uip (bm)<u<uf; | (am)}

We obtain

[Vu(z)| dup(x)

Unenr (i, () <u<ug,  (am)}

I Um {uk _(bm)<u<u’ (am)} .
S/ D( eM\up “D )lvuluD (t) dt (2‘4)
> no({u)y, (bm)<u<uj; ) (am)}) . (bm—am)
= [ g < [T g, @ ar
0 0
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The first inequality holds by virtue of the Hardy—Littlewood inequality (1.14).
The last inequality we can verify in the following way. We have

fo({u,, (0m) < w < pg (am)}) = po({ug,, (bn) < u}) — pp({uy,, (am) < u})
S bm — Qm,

where we used (1.11) and (1.12) in the inequality.

In this part of the proof, we will assume that all the intervals (a,,, by,), m € M,
are contained in an interval [a,b] C (0,00). We prove that the function u}, is
absolutely continuous on the interval [a,b]. We can assume that u} (a) > 0.
Otherwise u,  is equal to 0 on the whole interval [a, b] since u},  is nonincreasing.

We set
K = pp({z € R"u(z) > uy, (a)}).

Then we have K < oo since u € Vi X(R", up). Since u, (a) > 0, we can use
(1.12) to obtain K > 0. Owing to (2.3) we obtain

[Vu(z)| dup(x)

UWEM{utLD (bm)<u<u* (am)}

>omz/”’ p{z € R%: u(z) > 1)) 5 dt

> G ¥ / - p({r € R ul) 2 uj, (an)}) T dt - (25)
> Cip 30 / e € R u(z) > ' (a)}) 5" dt
= CiSOKT Z (%D(am) — uZD(bm))

It follows that

> (W, (am) = ug, (bm))

meM

<Cc!

180

KD / Vu(z)| dup(x
U""EJW{UZD(bm)<u<uzD(CLm)}| ( )‘ D( ) (2,6)

E (bm_am)
<K / ich Vul* (1) dt.
0

zso 1735}

The first inequality holds due to (2.5). The second inequality holds by virtue
of (2.4).
Next we want to prove that

/ 'Vl (T)dr < o0 (2.7)

for every t € (0,00). Firstly, we show that the function |Vu|:D is integrable over
the interval (0,1). This is equivalent to the fact that |Vu| € (L' + L®)(R", up)
(see [2, Chapter 2, Theorem 6.4]). But the latter is satisfied since we know
that |Vu| € X(R”,,uD) and that X(R", up) C (L' + L>)(R", up) (see [2, Chap-
ter 2, Theorem 6.6]). So, we have the fact that the function |Vul® ., 18 integrable
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over the interval (0,1). If ¢ € (0,1], we have also proved (2.7) since the func-
tion [Vul; is nonnegative. Now assume that ¢ € (1,00). We exploit the fact
that the function |Vul, is nonincreasing to obtain

/ 1 t
/ |Vu|:D (1) dT:/ |Vu|:D (1) dT+/ |Vu|:D (1)dr
0 0 1
1
g/ V[, (7)dr+ (¢ — 1) |[Val’, (1) < oc.
0

So, we have proved (2.7) for all ¢t € (0, c0).

Since we know that |Vu[, is integrable over an arbitrary bounded inter-
val (0,%), we can use (2.6) to obtain the fact that the function wuj,  is absolutely
continuous on the interval [a, b]. Tt follows that it is locally absolutely continuous
on the interval (0, 00), which is the desired result.

It remains to prove the inequality (2.1). From now we do not anymore assume
that the intervals (a,,,b,,) are contained in [a,b]. Note that since the function

u?, is nonincreasing, it is also differentiable almost everywhere in (0, 00) and

d >k
ud‘;D (t) < 0, wherever the derivative exists. In particular, it means that the left-

hand side of the inequality makes sense. Define the function ¢: (0, 00) — [0, 00)
by ¢(t) = —Ciaot 5" Z22.(1), ¢ € (0,00). We show that

/Ot " (1) dr < /Ot |Vu|;D (1) dr, te(0,00). (2.8)

Choose t € (0,00) arbitrarily. By virtue of (1.16), we know that it is enough
to prove that for every measurable set £ C (0,00) such that A(E) = t, it holds
that

t
/E o(r) dr < /0 Vul’, (7) dr. (2.9)
Now choose an arbitrary m € M. We have
b bm 1 du®
/ o(r)dr = — / CisoTDT—Z“D () dr. (2.10)
am am T

We use the change of variables theorem (see [34, page 156]). Since the func-
tion wy, ~is absolutely continuous and nonincreasing on the interval [y bl

and the function 7 — pup({z € R"u(x) > 7})
on the interval (a,,, by, ), we obtain

D—1 . .
o ,7 € (0,00), is nonnegative

uj, (am) —1
/ P Craopin({z € R u(z) > s3) ds

zD<bmz iy (2.11)
m —1 u
== [ Cuonn({r € R u(x) > u, (1)) 5" —22(r) dr.
Now we prove that
bm 1 du,
Cusonn({z € R u() > u;,, (1)}) 0 —2(7) dr

am . T (2.12)

— [ Cuar P 2 (7) a

= - isoT dr T T.
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Owing to (1.11) we know that for every 7 € (a,, by,) it holds that
ppo({r € R u(x) > uy, (7)}) < 7.

The function uy, ~is differentiable almost everywhere in the interval (@, by,).
Choose an arbitrary 7 € (am,by,) such that the function wu;, —is differentiable
at 7. Assume that

po({zr € R u(x) > uy (1)}) <.
Then there exists § € R,d > 0, such that for every s € (7 — 4, 7) it holds that
pp({r € R u(r) > uj, (1)}) < s. (2.13)
From the inequality (2.13) we obtain for each s € (1 — 6, 7)

uy, (s) = inf {a € (0,00); up({7 € R";u(r) > a}) < s}

Because the function uy, | is nonincreasing it holds that uy (s) = u () forall s €
rD

(7 —d,7). Since the function uy  is differentiable at 7, we have d 72(1) = 0. So,
we have just proved (2.12). By (2.10), (2.11) and (2. 12) we have

bm UZ (am) D—1
/ é(7) dr = / " Conpin({r € R u(x) > 7)) %" dr (2.14)

“D

Now we obtain

quD(a’m) Do1
¢(r)dr = / Ciso r € R u(x)>71}) D dr
/UmEM(“m”’m) " m%l NS R ot () >7})
= Vu(a)| dup () (2.15)

U’H’LGM{U/ZD (bm)<u<uj,  (am)}
S (bnam)
meM
S/O € |Vl (7)dr.

The equality holds thanks to (2.14) and to the fact that the intervals (a,,, b,,), m €
M, are pairwise disjoint. The first inequality holds thanks to (2.3). The sec-
ond inequality is true by virtue of (2.4). Now choose an arbitrary measurable
set £ C (0,00), A\(F) = t. Then for every ¢ € R, e > 0, there exists a countable
system { (@, bim) tmen of pairwise disjoint nonempty bounded intervals such that

EC | (am,by) and /\<U (am,bm)\E><5

So, choose an arbitrary ¢ € R,e > 0, and let {(am,bm)}mens be such a system
of intervals. From (2.15) we obtain

/¢ dT</

t+e B
dTg/O Vul’, () dr.

mEM am bm)
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We already know from (2.7) that for all s € (0,00) the function [Vul[, ~is inte-
grable over (0, s). So, we obtain

/Ecb(T)dTS/Ot]Vu]:D (7) dr

thanks to the Lebesgue dominated convergence theorem. This means that (2.9)
is true. So, we have just proved (2.8). The inequality (2.1) now follows from the
Hardy-Littlewood—Pélya principle (1.15).

We have proved the theorem for nonnegative u. Now let u € V' X (R", up) be
general. Since u is weakly differentiable in R™, it is true (see [38, Corollary 2.1.8])
that |u| is weakly differentiable in R™ and that |Vu| = |V |u|| almost everywhere
in R™. Tt means that |u] € Vi X(R", up). So, the theorem holds for |u|. Since

ur, = |ul;, , the theorem holds also for the function u.
©D

O

In the remaining part of this chapter we prove the reduction principle. Recall
that the parameteres m and D were introduced in Section 1.3 and that we have
meN,1<m<D.

Theorem 2.2 (Reduction principle). Let X and Y be rearrangement-invariant
spaces over (R™, up). Then the following three statements are equivalent.

1. For all functions v € Vi"X(R™, up) it holds that

[0lly @ iy < CrIV™ 0] x(@n ) - (2.16)

2. For all functions f € M™(0,00) it holds that

/too f(r)yrp=tdr

< o [ fllx 000y - (2.17)

Y (0,00
3. For all functions g € M™(0,00) it holds that

< C2[l9lly1(0,00) - (2.18)

|87 O] 0.0

Here, C'y and Cy are positive constants such that Cy depends only on Cy, m and
D, and Cy depends only on Cy, m and D.

The proof of this theorem will be divided into three steps. The first step will
be Proposition 2.3, the second step will be Proposition 2.4 and the third one will
be Proposition 2.11. In Proposition 2.3 we prove the equivalence of the second
and the third statement of Theorem 2.2.

Proposition 2.3. Let X, Y be rearrangement-invariant spaces over (R™, up). Let
@ € M*(0,00). Then the following two statements are equivalent.

1. For all functions f € M™(0,00) it holds that

< C 1l xom)- (2.19)

[ Hmemr |

0,00)
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2. For all functions g € M™(0,00) it holds that
1™ (Ol x70.00) < CN9llyr(0,00) (2.20)
Here, C' is a positive constant.
Proof. The inequality (2.19) is equivalent to the inequality

| 1oy dr

sup
FEM™(0,00), 11l x (0,00) <1

< (2.21)
Y (0,00)

The inequality (2.20) is equivalent to the inequality

sup l()g™ ()l x/(0.00) < C- (2.22)

g€M+(0700)7Hg”Y’(O,oo)§1

For the proof of the equivalence of (2.19) and (2.20) it is enough to show that
(2.21) is equivalent to (2.22). Firstly, assume that (2.21) holds. For all func-
tions f, g € M™(0,00), [ fllx(0,00) < L l19llyr(0,00y < 1. it holds that

/Ooof(T)cp(r)g**(T) dr = /Ooo g (t) /toO F(P)o(r)r dr dt

< Nellysomm | [ FOIP)T

< Cllgllysoo0) < C-

Y (0,00)

We used the Fubini theorem in the equality. The first inequality holds by virtue
of the Holder inequality (1.4). The second inequality is true thanks to (2.21).
This proves (2.22) thanks to (1.2).

It remains to prove that (2.22) implies (2.21). Assume that (2.22) holds.
For all functions f,g € M™*(0,00), [[flx(0.00) < L [19lly1(0.00) < 1. it holds that

Lo [T s tara= [T imeng () dr
< Loy 109" 00 < C Mo < €

The first inequality is true by virtue of the Holder inequality. The second in-
equality holds by (2.22). It follows that (2.21) holds owing to (1.2).
[
Note that if we set ¢(t) = tD, ¢t € (0, 00), then we obtain the equivalence of (2.17)
and (2.18) in the reduction principle (Theorem 2.2).
Now we aim to prove the following proposition.

Proposition 2.4. Let X,Y be rearrangement-invariant spaces over (R"™, up).
Assume that there exists a positive constant Cy such that for all functions v €
Vo X (R™, up) it holds that

[0lly @ upy < Cr IVl x(@n ) -

Then there exists a positive constant Cy such that for all functions f € M™(0, 00)
it holds that

H/too f(ryro~tdr y

The constant Cy depends only on the constant Cy, on m and on D.

<l oo (2:23)

,O0
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Owing to this proposition the n-dimensional part of the reduction principle
implies the one-dimensional part. Before the proof of the proposition, we need
prove the following two lemmata.

Convention. Let v be a measure on R™ that is absolutely continuous with respect

to the Lebesque measure. Then we denote by B, the weighted measure of the unit
ball in R™, i.e.,

B, = v({x € R"|a] < 1}).

Lemma 2.5. Let v be a measure on R™ that is absolutely continuous with respect
to the Lebesgue measure with a positive locally integrable density w. Let o > 0
be a constant and assume that the density w is an a-homogeneous function, i.e.,
w(rz) = r*w(z) for every x € R™ and for every r > 0. Then the mapping
o: R" — [0,00) defined by

o(z) =B, |z|*™", ze€R",

has the following property. For every Lebesgue measurable set E C [0, 00), it is
true that o~1(E) is a v-measurable set and that v(c ™ (E)) = \(E).

The mapping o with the property mentioned in the statement is called a
measure-preserving transformation of the measure spaces (R, v) and ([0, 00), A).

Proof. Firstly, observe that the mapping o is continuous. It means that it is also
Lebesgue measurable. So, for every measurable set F' C [0, 00), we have the fact
that the set

o '(F) CR"
is v-measurable. It remains to prove that
v (o' (F)) = \(F). (2.24)

Choose an arbitrary r > 0. Set

M=oY([0,r)) = {:c ER™: |z| < (g)*} |

We obtain

v (071([0, 7”))) = /MOJ(I) dr = /Bl(O) (gy) = (Bi)ﬂn w(z)de =,

where the second equality holds owing to the change of variables and to the a-
homogeneity of w. Recall that by B;(0) we denote the closed unit ball in R™ with
the center at the origin. It follows that (2.24) holds for F' = [0,7). Now choose
an arbitrary 0 < g < r. We obtain

o= ([0,7) = o7 ([0,0)) U™ ([g,7)). (2.25)

So,
v(o lar) =r—q
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since the sets on the right-hand side of (2.25) are disjoint. It means that (2.24)
holds with F' = [¢, 7). Finally, choose an arbitrary s € [0, 00). We obtain

v (o ({s}) = v <{x € R™ |z| = (;)*}) —0

since the Lebesgue measure of this sphere is equal to zero. It follows that (2.24)
holds for F' = {s}. Consequently, we have proved that (2.24) holds for every open
subset of [0,00). Now choose an arbitrary compact set K C [0,00). Find r > 0
such that K C [0,r). Since [0,7) and [0,7) \ K are open in [0, 00) and since K
and [0,7) \ K are disjoint, we obtain (2.24) for F' = K. Now choose an arbitrary
measurable set F' C [0,00). Let {Kj;}72, be a sequence of compact subsets of
[0,00) such that K C F for all £k € N and limg_,oo A(K%) = A(F). Let {Gr}32,
be a sequence of open subsets of [0,00) such that F' C Gy for every k € N and
limy00 A(Gk) = A(F). For every k € N we obtain

MKy =v (07 (Ky)) < v (o '(F)) < v (071(Gr)) = \Gh),

so (2.24) holds for an arbitrary measurable F'.
O

Remark. It follows from the preceding lemma that every function h € M™(0, c0)
is equimeasurable with the yp-measurable function z — h(B, |z|”), z € R™.

The following lemma is just a technical tool that we will use in the proof of
Proposition 2.4.

Lemma 2.6. Let f € M™(0,00)NL>(0,00) be a function with a bounded support.
Let g: [0,00) — [0,00) be the function defined by

g(t) = /t T B — )V dr, e [0, 00). (2.26)
Then g € C™1(0,00) and

g(j)(t) = (—1)’ (m —1)! I /too f(T)T%ﬂ”(T — )™ dr,  te€(0,00) (2.27)

(m—j—1
for every j € {1,...,m —1}. Moreover, g'™) is locally Lipschitz on (0,00) and

g (t) = (—1)(m — 1) f(B) B (2.28)
for almost every t € (0,00).

Proof.  Recall that m < D. Assume that m > 1 and that j = 1. Choose
an arbitrary ¢ € (0,00). We have

g(t) = lim 1 (/too f()rB=™(r —t — h)™" tdr — /too f(r)yrp=m(r — )™t dT)

h—0 h +h
1 L oo n_m m—1 -1
=lim [ f(r)r? (r=t=n)mt = (r =ty ") dr
tim = [ Do mld 2.2
—tim > [ f(n)rET e~ (2.29)
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provided that the limits exist. For the first term on the right-hand side of (2.29),
it holds that

. 1 o0 %—m m—1 4 \ym—1
]lllil(lj B D f(r)r ((7’ —t—nh) (T —1) ) dr
. 1 o0 m—m m—2
=t [ )~ )R ) dr
+ lim L= f(ryrp—m mz—:l m-1 (1 — )" 17 (=h)"dr (2.30)
h—0 h Ji+n = l

= — — i > S-m _ 4\ym—2
=—(m 1)}111&1] th(T)TD (r—t)" “dr

=—(m—1) /too f(T)T%_m(T — t)m_2 dr.

The second equality holds since

. 1 &0 ﬂ_mm_l m—1 m—1—1 7
i [ s S (M e o enyar

m—1 m — 1 - 00 m 1—
<1 et B | — ™ dr = 0.
< (" e [ e o
The last equality holds owing to the Lebesgue dominated convergence theorem.
Observe that we want to show that ¢'(t) is equal to the last term of (2.30).
It means that it remains to prove that the second term on the right-hand side
of (2.29) is equal to zero. For every h € (—t,t) we obtain

1 | ft+h . . 1 t+h m
0< m /t f(r)ro=™ |1 — ¢ dr| < m /t f(r)TD~™ | A dr
(2.31)
o | pt+h .
= |h|™" / f(r)yrp~™dr|.
¢

The last term of (2.31) converges to zero as h approaches zero by virtue of the
fact that m —2 > 0 and thanks to the Lebesgue dominated convergence theorem.
It means that

li 1 t+h Z_—m m—1 d
i [ ()BT =0 =0,
so (2.27) holds with j = 1. The fact that (2.27) holds for 1 < j < m — 1 can be
proved in a similar way as for j = 1. Thanks to (2.27) we have the fact that g/
is differentiable and hence also continuous on (0, c0) for every j € {0, ..., m —2}.
Note that we use the notation g = ¢(®.

Now let 1 < m < D be arbitrary. Owing to (2.26) and to (2.27), we have

gY@ = (=)™ Hm —1)! /too f(r)yrdp=™dr, t e (0,00).

This function is locally Lipschitz on (0, co) since for every closed interval [tq, 5] C
(0,00) and for every sq, so € [t1, 2], $1 < 52, we have

52 m_ m_.
[ FE B dr < fll gyt (52— 1)

S1
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Hence the function g™~V is differentiable almost everywhere in (0, 00) and we ob-

tain (2.28) for almost every t € (0, 00).
[

Now we finally prove Proposition 2.4.

Proof of Proposition 2.4. Choose an arbitrary function f € M™(0,00). Observe
that it is enough to prove the theorem for [|f||x( ) < oo. Firstly, assume that
the function f belongs to L>(0,00) and that it has a bounded support. Define
the function v: R™ — [0, 00) by

o(z) = /°° S B (7= By [2fP)" dr, z e R (2.32)

Byup |z|”
Now define the function o: R* — [0, 00) by
o(x) = B, |z|”, z€R"
It holds that
o€ C®(R"\ {0}). (2.33)
Observe that
v(z) = (goo)(x), zeR", (2.34)

where ¢ is the function from (2.26).
Now, for every k € {1,...m} and for the parametres [,y satisfying [; €
N, i <min({k,m —1}),l5 € {0,...,k},2(l; + 3) > k, we define the functions

o0 m m—ly—1 2(latl2)—k
T f(r)yro™™ (7‘ - B, |x|D) dr || P~ 2 I =
Bup lz|” j=1
(2.35)
for every x € R™\ {0}, and
D -m i
v f (Buy [27) |2l ™" ] 21, (2.36)
j=1

for almost every x € R”. Owing to Lemma 2.6, to (2.33) and to the chain rule,
we obtain the fact that

v e C™ IR\ {0}).

Thanks to (2.26), to (2.27), to the chain rule and to the product rule, we obtain
the fact that an arbitrary partial derivative of the function v of the k-th order
in every point x € R™\ {0} and for every k € {1,...m—1} is a linear combination
of the functions (2.35). By virtue of (2.28) and of (2.33), the partial derivatives
of the function v of the m-th order in almost every point x € R" exist and are
linear combinations of the functions (2.35) with & = m and of the functions
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(2.36). We know that f has a bounded support. Assume that it is contained in
(0, M) for some 0 < M < co. We have

o0 m p\m—l-1 Iy (D—2)—21 Alatl) =k
| @B (= By o))" dr e O]
BHD‘xl j=1
M m
<|[ L FrEtar P
BMD|97‘D
D . m m_ _
D l1D—k m_ m—Ui1D
S X(O:M) (BND ‘.’L" ) HfHL‘X’(O,oo) llD - m ’fﬂ‘ ' (MD h + BILDD ' ‘.T’ ' >
D m . m_ _
D m_ liD—k m—k
= x00) (B [01°) 1F 00y 15— (ME 7 1”7 4 BE ™ fa )
(2.37)

for every x € R™ \ {0} and for every k, [, s that the functions (2.35) are defined
for. It is also true that

I (Buo 217 ) 121 TT i, < 11l 0.00) X000 (Bus 1217)  (2.38)
j=1

for almost every x € R™. Owing to (2.37), (2.38) and to the facts that 1D —k >0
and that m — k£ > 0, we obtain the fact that all of the partial derivatives of v
up to the m-th order belong to the space L'(R"). Each function (2.35) is the
product of the functions

o

m m—l1—1
T o f(r)yro—™m (7’ - B,, ]x\D) dr
Buplz
(2.39)
_ pm—bL =Dl )
=(-1) W(g oo)(z)
and
2(l1+l2)—k
x|zt PR2 I = (2.40)
j=1

Every function (2.40) is of the class C>*°(R™ \ {0}). If I} < m — 1, then we obtain
the fact that the function (2.39) is of the class C'(R™\ {0}) thanks to Lemma 2.6
and to (2.33). We obtain the fact that these functions are locally absolutely
continuous on every line in R™ that is parallel to the coordinate axes and that
does not pass through the origin. If [y = m — 1, then we obtain the same result
by virtue of (2.33) and of the fact that the function g™~ is locally Lipschitz on
(0, 00) thanks to Lemma 2.6. It means that by [22, Theorem 10.35] we have the
fact that all of the weak partial derivatives of v up to the m-th order exist and
are equal to the classical partial derivatives of v almost everywhere on R".
Now, thanks to (2.35) with £ = m and to (2.36), we obtain

|V™0(2)] §C<f (Bus |m|D)+m§__j /: f(T)TB—l-ldTme) (2.41)

D
uD|x‘

for pp-almost every z € R”, where C' is a positive constant depending only on m
and on D.
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For every [ € {1,...m — 1}, we now define the operator
Fy: (L' + L™)(0,00) — (L' + L*)(0, 00)
by
Fil@)(t) =5 [~ o(r)rb = dr, te (0,00), ¢ € (L' + L™)(0,00).

Choose an arbitrary [ € {1,...m — 1}. We have

Fill ;oo 700 < sUu tl_ﬁ/ o = ) 2.42
|| l||L —L — tE(O,Eo) . Dl —-m ( )

Now choose an arbitrary function ¢ € L'(0,00). We have

||FI(SO)HL1(O700) S/o tl_%/t lo(T)| 75~ dr dt
00 m T m D %)
m_j1 —m
= B dtdr = —— / d
| e [Ci B arar = e [T ()] dr
D
= D= mt D ¥llos:
The first equality is valid owing to the Fubini theorem. So,

D

[El s < Di—m+D (2.43)

The norm estimates (2.42) and (2.43) have two consequences. The first one is
the fact that the range of the operator Fj is indeed a subset of the space (L' +
L>)(0,00). It means that the operator Fj is well defined. The second consequence
is the fact that the operator Fj is, owing to [2, Chapter 3, Theorem 2.2], bounded
on the space X (0, 00) and

1B < D < D
HXO0) =Dl —m+D ~ 2D —m
for each [ € {1,...,m — 1}.

Now define the functions h: (0,00) — [0,00) and w: R™ — [0, 00). The func-
tion h is defined by

(2.44)

h(t) = f(t) + > F(f)(t), t€(0,00). (2.45)

The function w is defined by
w(x) = (hoo)(z), zeR"\{0}.
Owing to (2.41) we obtain
V™ol (1) < Cwj (1), t € (0,00), (2.46)

where C' is a positive constant which depends only on m and on D. By virtue
of Lemma 2.5, the functions A and w are equimeasurable. So, we have

V™ol (1) < Ch*(t), t € (0,00), (2.47)

27



thanks to (1.7). Now we obtain

V™0 @iy = [IV0],

’X(O,oo) < Ch HX(OyOO) =C ||h||X(0,oo)

. m—1 (248)
<¢ (Hfuxm,oo) s ||Fz<f>|rX(0,oo>) < K fllvom
=1

where

K:6<1+m>.

The first inequality holds by virtue of (2.46) and (2.47). The second inequality is
true by (2.45). The third inequality holds owing to (2.44). From (2.48) it follows
that v € V™X(R", up). Since the function f has a bounded support, owing
to (2.32) and (2.35), we obtain there exists a constant L > 0 such that ‘V’“v(x)‘ =
0 for every z € R",|z| > L, and for every k € {0,...,m — 1}. It means that
v e V"X (R, up).

Now, thanks to (2.34) and to Lemma 2.5, we have the fact that the functions v
and g are equimeasurable. We obtain

[0lly @y = [0 [y 0.0y = 197 v 0,000 = 1911y 0.0y
0 m 00 m m—1
> / f(O)rB™™ (r =)™ " dr > / f(r)yro™m (T> dr
=2l-m / f(r)yrp—mrm=tdr
2t Y (0,00)
=22 / f(r)yrotdr . (2.49)
2t Y (0,00)

Finally, we have

<2

H/ f(T)T%_l dr
t Y (0,00)
<2™M(CYy ||vaHX(R",,uD) <2"C K HfHX(O,oo) )

/OO f(r)yrp=tdr
2

t

< 2™ ||lv "
oy < 2 10l

The first inequality holds by virtue of (1.25). The second inequality holds thanks
to (2.49). The third inequality is true by the assumption of the theorem. The last
inequality holds owing to (2.48). So, (2.23) holds with Cy = 2™C, K. We have
proved the inequality (2.23) for bounded functions with bounded support. Now
let f € MT(0,00), ||l x(0.00) < 00 be general. Define a sequence {fj.}72, of func-
tions from M™(0,00) by fi(t) = min{f(¢),k}x o (t),t € (0,00),k € N. Then
{fr}32, is a sequence of bounded functions with bounded support such that
fr(t) T f(t) for almost every ¢t € (0,00). Since (2.23) holds for every fi, k € N,
we obtain the fact that (2.23) also holds for f thanks to the Fatou axiom of Ba-
nach function norms (3. property in Definition 1.1).

O

It remains to prove that the one-dimensional part of the reduction princi-
ple implies the n-dimensional part. We will prove it by induction on m. The
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first step will be Lemma 2.8. The induction step will be Proposition 2.9. In
Proposition 2.11 we will combine the previous results to complete the proof.

In the following technical lemma we prove that a certain n-dimensional map-
ping is a rearrangement-invariant Banach function norm.

Lemma 2.7. Let X be a rearrangement-invariant space over (R, up), let ¢ €
MT(0,00). Assume that there exists a > 0 such that these two conditions hold:

1. there exists A > 0 such that 0 < p(t) < A for almost every t € (0,a);
2. A 1oy (t) € X(0,00).
Then the mapping o: MT(R™, up) — [0, 00| defined by

, UVE M+(Rn7H’D)7

o(v) = HSOUZZ X (0,00)

s a rearrangement-invariant Banach function norm.

Proof. The fact that o(v) = 0 if and only if v = 0 pp-almost everywhere in R”
follows directly from the definition of the nonincreasing rearrangement (1.6) and
from the definition of the maximal nonincreasing function (1.18). The positive
homogeneity and the subadditivity of o is valid owing to (1.20) and to (1.22). So,
we have proved that o satisfies the norm axiom of Banach function norms. The
fact that o satisfies the lattice axiom and the Fatou axiom follows from (1.19)
and (1.21), respectively.

Now, we prove that o satisfies the nontriviality axiom. Choose an arbitrary
set £ C R™ such that 0 < up(E) < co. For every t € (0,00) we have

o pp(E)
(X2)p (1) = XOuoE) () + == Xiup(#),00) ()-

Assume that a < pp(E). We obtain

o ey, xomey T [X@0E| 0.0

+ Hw(t)uDiE)XmD(E),oo) (t)

+ 2up(E) HSDEf)X(a,oo)(t)

X(0,00) = lexwa

X(0,00)

<A HX(O,a)

< OQ.

X(0,00) X(0,00)

Now, assume that a > pup(E). We obtain

pp(E)
o = 15020 g+ [P N 10

pp(E)
t

le ),

X(0,00)

X(a,00) (t)

; Hw)
X(0,00)

+ up(E) H@XWM (*)

<A HX(O,uD(E))H +4 HX(uD(E)ﬁa)

X(0,00) X(0,00)

X (0,00)
< 00.
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Now, we prove that o satisfies the local embedding into L!. Choose an arbi-
trary function v € M (R™, up). Assume that a < up(E). We obtain

po(E) .
Jvdnn < [ v, (1) dr = un (B (nn(E))

-1
< <H90X(o,a)

pp(E) HSDX(o,a)UZZ
h uo(E) ||evr,

X(O,oo)> X (0,00)

X(O,oo)) X(0,00)

The first inequality is true owing to the Hardy-Littlewood inequality (1.14).
The second inequality is valid since the function v;? is nonincreasing on (0, 00).
The local embedding into L' in the case a > up(FE) can be proved in a similar
way as in the previous case.

So, we have proved that ¢ is a Banach function norm. The fact that o is
rearrangement invariant follows from the definition of the maximal nonincreasing
function (1.18).

< (HSOX(O,CL)

]
The following lemma, in which we exploit the Pélya—Szegé inequality (Theo-
rem 2.1), is the first step in the induction.

Lemma 2.8. Let X be a rearrangement-invariant space over (R™, up). Assume
that t%_lx(lpo)(t) € X'(0,00). Define the mapping o: MT(R", up) — [0, 00] by

o(v) = Ht%v** , v e MT(R", up).

o Ol 0

Then o is a rearrangement-invariant Banach function norm. Denote the respec-
tive Banach function space by Zy(R", up). Then

||UHZi(]Rn,uD) < Cz‘;; HVUHX(R",MD) , u€ Vg X(R", up),
where Cig, is the constant from Theorem 2.1.

Proof.  The fact that o is a rearrangement-invariant Banach function norm
follows from Lemma 2.7. Observe that for every g € M™*(0,00), we have

a0
by virtue of (1.17). So, by Proposition 2.3 we obtain

/too fr)rotdr

X/(0,00) = HgH21(0,00)

< 2.50
iy < 0.0 (2.50)

for every f € M™(0,00). In the previous inequality we also used (1.3). Choose
an arbitrary function u € V' X(R", up). We have

oo du,
= [T e g
7,(0.00) H /t ar (T4

lll gy n ) = |
21(0,00)
= /OO (TDDldu“D (7')) B dr < 5 LU‘LD (t)
t dr Z1(0,00) dt X (0,00)

<Cp. IVull @) -

180
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The second equality holds owing to (1.36) and to the fact that u}, —is locally
absolutely continuous on (0,00) (see Theorem 2.1). The first inequality is true
thanks to (2.50). The last inequality holds owing to the Pdlya—Szegé inequality
(Theorem 2.1).

O

The following proposition is the induction step in the induction.

Proposition 2.9. Let X be a rearrangement-invariant space over (R™, up). As-
sume that

t%ilX(l,oo) () € X/(O, 00).
Define the mapping o, : MT(R™, up) — [0, 00] by

, v € MR, up). (2.51)

om(v) = Ht%vl’;;(t)‘ X (000)

Then o,, is a rearrangement-invariant Banach function norm. Denote the re-
spective Banach function space by Z,,, i.e.,

Zm(R™ up) = Zp(om). (2.52)
Then for every function u € Vi X (R"™, up) it holds that
ull 2y, & o) < B IVl x @) 5 (2.53)

where K,, is a positive constant, which depends only on m and on D.

Proof.  The fact that o, is a rearrangement-invariant Banach function norm is
true owing to Lemma 2.7. We prove the inequality (2.53) by induction on m.
For m = 1 the inequality holds with K; = C;,+ thanks to Lemma 2.8. Now,
let m € {2,...,[D — 1]} and assume that the inequality (2.53) with m re-
placed by k holds for every £ € N,k < m. Choose an arbitrary function u €
Vi X (R™, up) and i € {1,...,n}. Then the weak partial derivative g—; belongs

to Vg" ' X(R™, up). So, we can use the induction hypothesis to obtain

Ju 1 0u m
‘ax- < K| V"o < Kot [V ullx @ o) -
Nz, (R™up) X (R™pup)
It means that
Hquz;nil(R",,uD) < By [[V™U]l g gy ) < 00 (2.54)

It follows that u belongs to Vi Z! | (R", up). Now we show that
t%_1X(1,oo)(t) € Zm—l(07 OO) (255)
We have

(T oo (1) (1) = (t+ 1P (2.56)
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for every t € (0,00). We obtain

[ X1 ®], oy =NE+D,

m-11 [t _
tTlg/ (7’+1)% Ydr
0

oy = PIET (€ 0P =)
< D7+ 1P = 1) x| .
+ D" (4 1)P = 1)y (B) .

< D[ (44107 = 1) xon ()] gy + 2B K00 ()

< Q.
X'(0,00)

The first equality holds thanks to (2.56). The second inequality holds since
(t +1)p < tD + 1 for every ¢t € (1,00). The last inequality is true thanks

to the fact that the function t"5 ((t—{— 1)% — 1) is bounded on (0, 1) since
tl_i}%l t"p ! ((t+ 1)% - 1) = 0. It means that (2.55) holds. Now, we can use
+

Lemma 2.8 with the space Z/, | (R", up) to obtain
||u||W’(R”,,uD) < Ciyo ”vunz;nfl(Rn,MD) ) (2.57)

where |[ulyygn ) = Ht%u;’;(t)HZ 000) Owing to [12, Theorem 3.4] and [27,
’ m—1(U,00
Proposition 5.1] (cf. [14, Theorem 9.5]), we obtain

19l @y < C [0 (1)) = C vl gy v € M (R, ip), (2.58)

X'(0,00)
where the positive constant C' depends only on m and on D. Thanks to (2.58)
and (1.5), we obtain

1Vl 21, @ ) < C M0l iy » v € MR, pip). (2.59)

By virtue of (2.54), (2.57) and (2.59), we obtain the fact that (2.53) holds with
Km = nCC’-_le_l.

180

]

The following lemma guarantees that we can use Proposition 2.9 to prove
Proposition 2.11.

Lemma 2.10. Let XY be rearrangement-invariant spaces over (R™ up). As-
sume that there exists a positive constant C' such that for all functions f €

MT(0,00) it holds that

/too f(r)yro~tdr

< Ol xomey- (2.60)
Y (0,00)
Then

tD " X (1,000 () € X'(0, 00). (2.61)
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Proof. We have

t%flx(lpo) (t) , — sup /Oo f(’T)T%*l dr
H 5000 FEM* (0,50, (0 ey 171

[ 1 E dron @)
feM*(0, 00) Hfux(o oo)<1 1 Y (0,00)
( X(O,l)

o)
xlygn) [ s drxon)
o)

1

X(O,l)

IN

fer0o0), ||fHX(o <1
—1

Y (0,00)

IN

/too f(r)yrptadr

feM(o, C>0) ||fo(o o0) =1 Y (0,00)

<C <HX(0 1 Hy(o,oo)> ’

where the last inequality holds by virtue of (2.60). It means that (2.61) is true.
[

Thanks to Lemma 2.10 we can use Proposition 2.9 to prove the remaining
part of the reduction principle.

Proposition 2.11. Let X,Y be rearrangement-invariant spaces over (R"™, up).
Assume that there exists a positive constant Cy such that for all functions f €

MT(0,00) it holds that

'Iﬂ
“Ldr

< C2 11l x(0,00) - (2.62)

Y (0,00)

Then there exists a positive constant Cy such that for every u € Vi"X(R", up)
it holds that

HUHY(R”,MD) <G ||Vmu||X(Rn,uD) :
The constant Cy depends only on the constant Cy, on m and on D.
Proof. Firstly, we use Lemma 2.10 to obtain the fact that
t%_l)((lpo) (t) € X’(O, OO)

It means that the mapping o, defined in (2.51) is a rearrangement-invariant Ba-
nach function norm owing to Proposition 2.9. Recall that the respective Banach
function space is denoted by Z,,(R", up) (see (2.52)).

We prove that for every function u € Vj" X (R™, up) it holds that

ully @n upy < Colltell 2, @y < Colm V™0l x g ) 5 (2.63)

where K, is the positive constant from the inequality (2.53). Since (2.62) holds,
we can use Proposition 2.3 to obtain

||U||zm(Rn,uD) <Gy ||U||Y/(]Rn,uD) , v € MT(R", up).

So, the first inequality in (2.63) is true owing to (1.5), and the second one holds
thanks to Proposition 2.9.
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]

Finally, we show how to combine the previous results to obtain the proof of
the reduction principle.

Proof of Theorem 2.2. Equivalence of the second statement and the third state-
ment follows from Proposition 2.3. The fact that the first statement implies
the second statement follows from Proposition 2.4. The fact that the second
statement implies the first one follows from Proposition 2.11.

O
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3. Optimality

In this chapter we will firstly prove that for a given rearrangement-invariant
Banach function space X (R", up), the space Z/ (R™, up) defined in (2.52) is the
optimal (i.e., the smallest) target space in the inequality (2.16) among all re-
arrangement-invariant spaces Y (R™, up). Then we will show some examples.
We will describe the optimal space Z! (R", up) when X (R™, up) is a Lorentz—

Karamata space LP%*(R"™, jup) with p € [1, %}

Theorem 3.1. Let X be a rearrangement-invariant space over (R™, up). Assume
that

m

£ X (1.00) (1) € X'(0, 00). (3.1)

Let Z,,(R™, up) be the rearrangement-invariant Banach function space defined in
(2.52). Then there exists a constant C > 0, which depends only on m and on D,
such that

lull 2y, @n iy < C NVl x(@n iy @ € VE"X (R, ). (3.2)

Moreover, the space Z! (R™ up) is the optimal space in the previous inequality
among all rearrangement-invariant spaces in the following way. If Y (R™ up) is
a rearrangement-invariant space satisfying

llly @y < CIV™ ullxgn iy w0 € Vo" X (R, i), (3.3)
with a positive constant C that does not depend on u, then
Z1,(R", 1) = Y (R, up). (3.4)

On the other hand, if (3.1) is not true, then the inequality (3.3) does not hold
for any rearrangement-invariant space Y (R", pup).

Proof. The inequality (3.2) is true thanks to Proposition 2.9. Assume that (3.1)
holds and that Y (R", up) is a rearrangement-invariant space satisfying (3.3).
Owing to Proposition 2.4 we obtain the fact that Y (R", up) satisfies the in-
equality (2.17). It means that we can use the first inequality in (2.63) to obtain
the embedding (3.4).

Now, assume that (3.1) is not true. Then owing to Lemma 2.10 there does not
exist any rearrangement-invariant space Y (R", up) such that (2.17) holds. Then
by Proposition 2.4 there is not any rearrangement-invariant space Y (R", up) such
that (3.3) is true.

[

In the following proposition we show that the norm of the space Z,,(R", up)
is equivalent to a different rearrangement-invariant function norm provided the
boundedness of the maximal nonincreasing operator P. We will use this equiva-
lence in Theorem 3.3.
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Proposition 3.2. Let X be a rearrangement-invariant space over (R", up). As-
sume that the mazximal nonincreasing operator P is bounded on the space X (0, 00).
Then the functional o, defined in (2.51) is equivalent to the functional

oo m
U / u;'j; (T)Tﬁ_l dr
t

. we MT(R, up). (3.5)

X’(0,00)

Proof. For every u € MT(R", up) we have

e % m_q o o * o *% m_q
/t u#D(T)TD dr = sup §1/0 g(t)/t U#D(T)TD drdt

HQ”X(O,(X,)

= sup / u:‘;(T)T%’l/ g*(t)dtdr = sup / UZ*D(T)T%Q**(T) dr.
<10 0 <170

||9HX(0,0<>) Hg”x(o,oo)

X'(0,00)

The first equality holds thanks to (1.13). Since the operator P is bounded on the
space X (0,00), we obtain

sup /0 uZ;(T)T%g**(T) dr < ||P||X(0,oo)—>X(o,oo) Ht%u:;(t)’

’
”9”X(0,oo)§1 X'(0,00)

owing to (1.4).
On the other hand, for every u € MT(R"™, up), we have

/ <4 sup /OO g*(T)T%u** (1)dr
X029 ™ gl (g.0ey <1 /0 e

<4 sup / g**(T)T%u:‘D (1) dr,
0

[l 7,y = || B 2, (8)]

1911 x 0,00) <1

where the first inequality holds owing to (1.24).
0

Remark. 1f the condition (3.1) is satisfied, then, by virtue of [17, Theorem 6.3],
we obtain the fact that the functional (3.5) is a rearrangement-invariant Banach
function norm.

Remark. Assume that D € N and that we work on the space RP with the
Lebesgue measure. The operator [,,, defined by

) = 2 2om L(3) u(y)
Infu)(@) = w82 ks [

for those functions u € M(RP”) for which the integral exists for almost every
r € RP is called the Riesz potential of order m. Assume that X is a rear-
rangement-invariant Banach function space over R” such that D ~1y(1.0)(t) €
X'(0, 00) and that the maximal nonincreasing operator P is bounded on the space
X(0,00). We say that the rearrangement-invariant Banach function space Y (RP)
is a target space for the Riesz potential defined on X (R?) if the Riesz potential
is bounded from X (RP”) to Y (RP”). By virtue of Theorem 3.1, Proposition 3.2
and [17, Theorem 6.3], we obtain the following facts. There exists the optimal
target space Y,,(IRP) for the Riesz potential defined on X (RP) and this space is
equivalent to the space Z/ (RP).
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Now we start describing the optimal space for the Lorentz—Karamata space
LP9Y(R™, up). In the following theorem we deal with the case p € [1, %)

Theorem 3.3. Let p € [1,%), let ¢ € [1,00] and let b be a slowly varying
function. Furthermore, assume that one of the following conditions is satisfied:

1. pe(1,2),
2. p=q=1 and b is equivalent to a nonincreasing function on (0, 0).

Then the optimal space in (3.2) for X(R™, up) equal to the Lorentz—Karamata
space LPYP(R™, up) is the space Z! (R", up) defined by (2.52). Moreover, the

D
optimal space Z! (R™, up) is equivalent to Lo~ (R™ 1up).

Proof.  Owing to (1.33) we obtain the fact that the space (Lp’q’b(]R”,,uD))/

is equivalent to the space LF'¢*" (R™ up). Recall that b~ is the function 3
We have

1
ol

7(t+ 1))

e

L' 071 (0, 00)

t

< 00. (3.6)

Ht%_lx(lm) Q L4’ (0,00)

The equality holds since

SE

(7B Xaoe (7)) (1) = (t+ 1) (3.7)

for every t € (0,00). We show that the inequality is also valid. Recall the
fact that, for every r € R, 0" is a slowly varying function. If ¢ € (1,00], then

pE (1, %) We have
/01 N £ 1)TB 0 (1) dr < oo (3.8)
owing to (1.27). We also have
/1°° P £ 1B (1) dr < /1°° PGB (Y dr < 00, (3.9)

The second inequality holds thanks to (1.28) since i + 3 —1 < 0. The inequality
in (3.6) is now true by virtue of (3.8) and (3.9). If ¢ = 1, then p € [1, %) We
have

1

sup ti(t+ D51 (t) < sup t7 D hL(E) < oo (3.10)
te(1,00) te(1,00)

. . . . 1 m
The second inequality holds owing to (1.30) since -+ 5 —1<0. We also have

sup ti(t +1)5-
te(0,1)

(t) < 0. (3.11)

If p (1, %), then the inequality is valid by virtue of (1.29) since ]% > 0. If
p = 1, then we assume that b is equivalent to a nonincreasing function on (0, co).
It means that the function b! is equivalent to a nondecreasing function on (0, 0o).
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So, the inequality (3.11) is valid since b~! is bounded on (0, 1). The inequality in
(3.6) is now valid owing to (3.10) and (3.11). It means that owing to Theorem 3.1,
the space Z/ (R", up) is the optimal space for LP%*(R", jup).

It remains to prove that the space Z! (R", up) is equivalent to the space
LDJBigw’q’b(R”, pp). Firstly, assume that p € (1, %) Owing to (1.32) the maximal
nonincreasing operator P is bounded on the space LP4°(0, 00). It means that by
virtue of Proposition 3.2, the norm of the space Z,,(R", up) is equivalent to the
functional

, u € MY(R", up). (3.12)

La’ (0,00)

u t%_%b_l(t)/ w (7)rD " tdr

¢ UD

! ! p—1
The associate space (L D?mz”q’b(R”, pD)> is equivalent to L{p=m) b (R™, up)
thanks to (1.33). We have

Dp \'_ e _ Dp
D —mp D’i’fnp—l Dp—D +mp

D Iy
It means that the norm of L{(p=wms) 4™ (R™, up) is equivalent to the functional

£ BL () (t)

U , u € MR, up), (3.13)

L7 (0,00)

owing to (1.32). By virtue of (1.5) it remains to prove that the functionals (3.12)
and (3.13) are equivalent. Since

t
th = m — /T% Ldr,
D(1—2‘ﬁ)
we obtain
m m t m m 00 m
thu* (1) < —————~ /u** Vot dr < ————~ / u* (r)rptdr
o) D(1-278)Js wo(7) D(1-27%)/s o7

(3.14)

for every u € MT(R", up) and for every t € (0,00). In the first inequality
we also used the fact that the function u}? is nonincreasing. By virtue of (1.26)
and (3.14), we obtain existence of a constant C; > 0 such that

1_1 1_1
11ym, s 27 prmCh t\Na v, 4 (1 © . m_q
e <t>u“D(t)§D(1_2—§§) (2) b (2 /; U, (T)TP 7 dr

(3.15)

for every u € MT(R", up) and for every t € (0,00). Owing to (1.25) and (3.15)
we obtain existence of a constant C'y > 0 such that

B ()

<CQ

L7 (0,00) — 5}

5L (t) / W (T)yrB - dr
t

La' (0,00)
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for every u € MT(R™, up). Now we prove the opposite inequality, i.e., we prove
that there exists a constant K; > 0 such that

£ BL () (8)

t%_%b_l(t) /OO w? ()T tdr
t

KUD

< K
L9 (0,00)

)

L4’ (0,00)

(3.16)

for every u € MT(R", up). By virtue of the weighted Hardy inequality ([28,
Theorem 2]), the inequality (3.16) is valid if

T 0 o 77O, < o (3.17)

sup ‘

+€(0,00) La'(0,t) ‘

La(t,00)

Again, recall the fact that, for every r € R, 0" is a slowly varying function. If
q € (1, 00|, then we have

on (0, 00) thanks to (1.27) since q’(%—%) = %—1 and % > 0. Ifg € [1,00),
then we have

1_1

T b () ~ 1 rh L (2) (3.18)

La'(0,t)

~ v (1) (3.19)

La(t,00)

on (0, 00) owing to (1.28) since q(% - % —-1)= q(% —1)—1and q(% —1)<0. If
q = 1, then we have
sup Tl_%b’l(r) ~ tl_%b’l(t) (3.20)
7€(0,¢)
on (0, 00) by virtue of (1.29). If ¢ = oo, then we have

sup 77 'b(7) ~ v b(¢) (3.21)

TE(t,00)

on (0,00) owing to (1.30). If we combine (3.18)—(3.21), we obtain the fact that
the function

t— ’ T%_%bil(T) T%_%_lb(T)

, te(0,00)

L9 (0,1) ‘ La(t,00)

is equivalent to a constant on (0,00) for every ¢ € [1,00]. It means that the
inequality (3.17) holds for every ¢ € [1, c0.

Now we prove that the space Z/ (R", up) is equivalent to L%’q’b(R”, 155y,
under the assumption that p = ¢ = 1 and that b is equivalent to a nonin-
creasing function on (0,00). It means that we want to prove that the space
Z! (R™ up) is equivalent to the space Lﬁ’l’b(R”,uD). Thanks to (1.33) we
have <L%’1’6(R”,MD))/ = Lt (R, up). Owing to (1.5) it is sufficient to
prove that the space Z,,(R", up) is equivalent to the space L%"”’b—l(R",,uD).
Thanks to (1.32) the space LmY"" (R", up) is equivalent to LG22t )(R" up),
so, it is sufficient to prove that Z,,(R", up) is equivalent to L(%OO’b*l)(]R”,,uD).
By virtue of (1.33) we obtain

ol 7w ) = 1B 5 O] s 0y (3.22)
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for each u € M™(R™, up). For every u € M*(R"™, up) we have

lelz, ) < — sup b(8) sup Tul(7)

€[t,00) o L50:00.571 (0, 00) te(0,00) TE[t,00) 1o
= sup T%UZ*D(T) sup b 1(t) < Ky sup bil(t)t%uZ"‘D(t)
7€(0,00) te(0,7] te(0,00)

= o [l e

where K5 > 0 is a constant that does not depend on u. The first inequality follows
from (3.22). The last inequality holds since b~! is equivalent to a nondecreasing
function on (0, 00). So, we have proved the first inequality. To prove the opposite
inequality, we exploit [17, Lemma 4.10]. This lemma works with the concept of a
quasiconcave function. A function ¢: [0, 00) — [0, 00) is quasiconcave if ¢(0) = 0,
¢ is nondecreasing on [0, c0) and @ is nonincreasing on (0,00). Owing to the
lemma we have the fact that if X (0, 00) is a rearrangement-invariant space and
¢ is a quasiconcave function, then there exists a constant K5 > 0 such that

sup o (7)u,, (7)

TE[t,00)

(3.23)

< K |e(t)ur, (t)HX(O,OO)

for every u € MT(R", up). For every u € M (R", up) we obtain

sup b7 ()P (1) < sup bH(t) sup T (7)

Ul (D oop— -
|| HL(m,oo,b 1)(Rn7MD) te(0,00) te(0,00) TE[t,00)

M gk
sup TDU#D(T)
TEt,00)

:K4‘

< Ky |[tBuy,

Loo’oovb_l((),oo)

(t) HLoo,oo,b‘l (0,00)

uHD Zm(]R”,/LD)7

where K4 > 0 is a constant that is independent of u. The last inequality holds
owing to (3.23) since the function ¢t + t7,¢ € [0, 00), is quasiconcave. The last
equality is valid thanks to (3.22).

]
In the rest of this chapter, we consider the space L%q’b(R", D).
Proposition 3.4. Let g € [1,00] and let b be a slowly varying function. If
Ht_ql’b‘l(t) < 0, (3.24)
L9’ (1,00)

then the optimal space in (3.2) for X(R™, up) equal to the Lorentz—Karamata
space L@ (R™ up) exists and it is equal to the space Z' (R", up) defined by
(2.52). On the other hand, if (3.24) does not hold, then the inequality (3.2) for

X(R™ up) equal to L%’q’b(R”, wp) does not hold for any rearrangement-invariant
space Y (R™, up).

Proof. 'We have the fact that (L%’q’b(]R”, ,uD))/ = L%’q/’b_l(R”, ip) thanks to
(1.33). In view of Theorem 3.1 it is enough to prove that (3.24) is true if and
only if

1%~ X (100 (8)] 1< 00, (3.25)

-2 q
LD=m""" 7 (0,00)
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We have

_ =B m_1,1
¢85~ ;vlmwaLDnlab%Qw)_ t (t+1)51(t) o (3.26)
by virtue of (3.7). Now, we prove that
#1787+ )BT (1) < . (3.27)
La'(0,1)

Recall that b" is a slowly varying function for every r € R. If ¢ € (1, 00|, then we
obtain

1
| OB 4 B0 (1) dr < oo
0
owing to (1.27) since 1 — 5 > 0. If ¢ = 1, then we have
sup 1B (t+ 1) b 7H(t) < o0
te(0,1)

by virtue of (1.29) since 1 —7 > 0. It means that (3.27) is valid. Now, combining
(3.26) with (3.27), we obtain the fact that the inequality (3 24) is valid if and
only if the 1nequahty (3.25) is valid since the function (t + 1) ~! is equivalent to
the function t5 =% on (1, 00).

O

In the following theorem we describe the optimal space Z/ (R™, up) for the
space Ln 4P (R 1up) if ¢ € (1, 00].
Theorem 3.5. Let ¢ € (1,00] and let b be a slowly varying function. Assume
that (3.24) is true. Define the function b: (0,00) — (0,00) by
b (t)
[T (1) dr’

b(t) = € (0,00).

Then the optimal space Z,, (R™, up) for the space L%’q’b(R", ip) is equivalent to
Loo,q,b(IRn7 ND)

Remark. Owing to [31, Lemma 2.16] we obtain the fact that b is a slowly varying
function. So, L%*(R", up) is indeed a Lorentz—Karamata space.

Proof.  The existence of the optimal space Z! (R™ up) follows from Proposi-
tion 3.4. We have the fact that L9(R", 1up) is equivalent to L40)(R™, 1ip)
thanks to (1.32). By virtue of [31, Theorem 3.32] we obtain the fact that the
space L("O’q’i’)(R",,uD) is equivalent to (L(lvq"bfl)(R",,uD)y. So, it is sufficient
to prove that Z,,(R”, up) is equivalent to LI7P")(R", 1up) owing to (1.5). For
every u € M (R", up) we have

ET b (u (1)

||U||L<1,qab*1>(Rn7uD) -

L4 (0,00)
<|tTP "7b(t) sup TDUHD(T)
TE[t OO) Lq/ (0,00)
= sup TDu <O tBu* D o,
TE[t,00) ( ) Lng’q/7b71(07OO) ! H MD( >HLD—m’q i 1(0,00)

=0 HuHZm(]R",,uD)?
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where C > 0 is a constant that does not depend on u. The second inequality is
true owing to [17, Lemma 4.10] (see (3.23)). The last equality is valid since

/

(LR pp)) = Loom Y R ) (3.28)

up to the equivalence of norms by virtue of (1.33).
On the other hand, for every u € M*(R", up), we obtain

lull, gn = [tDu™ (1) Dyt <| sup TOu (1)
Zm(R™,up) H KD HLDfmq " (0,00) relto0) KD L%’q/’b_l(opo)
Dom_ 1., moo 1-L. 1 ok
= |t P b (t) sup TDOu, (7) < Colit 7o (t)uy, (t)
TE[t,00) L9 (0,00) La' (0,00)
= HUHL(Lq’,b—l)(Rn,MDp (3.29)

where Cy > 0 is a constant independent of u. The first equality is true thanks to
(3.28). To prove the second inequality, we use [18, Theorem 3.2]. Owing to this
theorem the second inequality in (3.29) is valid if for every t € (0,00) it is true
that

D—m 1

to |7 P ~7b () <K

Tl_ibil(T)

: (3.30)

L7 (0,¢) L7 (0,t)

where K > 0 is a constant that does not depend on ¢. The inequality (3.30) is
true since by virtue of (1.27) we obtain the fact that

D—m

A O

5 oy T (r)

~th 1 (t) ~
L9 (0,t)

L9 (0,t)

on (0,00). It means that the second inequality in (3.29) is valid.
0

In the last theorem of this thesis, we show the equivalent expression of the
D
norm of the optimal space Z’ (R", up) for the space Lm 1 P(R™, up).

Theorem 3.6. Let b be a slowly varying function. Assume that

inf b(t) > 0.

te(1,00)

Furthermore, assume that b= is a locally Lipschitz function on (0,00). Define
the function b: (0,00) — (0,00) by

b(t)= inf b(r), te (0,00).

TE[t,00)
Then the following two statements are true.
1. If th%l b(t) = 0, then the norm of the optimal space Z! (R™, up) for the
—U+

space L%’Lb(R”, ip) is equivalent to the functional

e |[B (b, (1) ue M(R™, up).

D

L1(0,00)
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2. If lim b(t) > 0, then the norm of the optimal space Z' (R™, up) for the

space Lm’ Y(R™, up) is equivalent to the functional

~

us B @, (1)

L1(0,00) + HUHLOO(R"’#D) , u€ MR, up).

Proof.  The optimality of the space Z! (R", up) follows from Proposition 3.4.
Note that

b(t) = Suplb_l(T), £ € (0,00). (3.31)

TE[t,00)

Owing to [31, Lemma 2.16] we have the fact that b is a slowly varying function.
By virtue of [31, Proposition 3.7] we obtain the fact that

LB (R 1) = DO (R, i) (3.32)
up to the equivalence of norms. Now, we prove that
Zm(R™, i) = L&D (R 1) (3.33)

up to the equivalence of norms. For each u € M*(R", up) we have

||| n to U D2 ool <|| sup TDU " (7)

Zm (R™1p) H HLD o (0,00) T€[t,00) LDZm >t (0.00)

= sup tmeb_l(t) sup TD’LLHD(T> = sup Tfuz*;(T) sup t1- Db (1)
te(0,00) TEt,00) 7€(0,00) te(0,7]

<G Sup o~ (t)usyy, (t) = O [lull oot @n oy »

where C > 0 is a constant that does not depend on u. The first equality is valid
since

(LRYR, ) = Lo (R, up) (3:34)

up to the equivalence of norms owing to (1.33). The second inequality follows from
the fact that the function t'~5b71(¢) is equivalent to a nondecreasing function on
(0, 00).

On the other hand, for every u € M (R", up), we obtain

U] (1.00.6-1) (2 = sup tb (¢ t) < sup t'" Db (t) sup TOUF (1
I s-bn sy = S0 157005, € s ABE) sup g ()

- qALER

sup TD’LL " (7)
TE[t,00)

- 0,b

D —1
LD=m""""(0,00)

g 02 ||u||Zm(Rn7MD) 9

where Cy > 0 is a constant that is independent of u. The second inequality is
valid by virtue of [17, Lemma 4.10] (see (3.23)). The last equality is true owing
0 (3.34). So, we have proved (3.33).
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Owing to (3.31) we have the fact that 8_1(t) = sup b (1) for every t €

TE[t,00)
(0,00). Now, we prove that this function is locally absolutely continuous on
(0,00). We know that b~! is a locally Lipschitz function on (0,00). We show

-1
that b is also locally Lipschitz on (0,00). So, choose an arbitrary closed in-
terval [t1,t5] C (0,00). For arbitrary si,sy € [t1,ta], s1 < $g, it is true that
|67 (s1) — b7 (s9)| < L(sy — s1) for some L > 0, which depends on the interval

[t1,to]. If sup b7 '(7)= sup b7 '(7), then we obtain B_l(sl) - 8_1(32) =0. If

TE[s1,00) TE[s2,00)
sup b~'(7) > sup b !(7), then we have
TE[s1,00) TE[s2,00)
671(81) - 571(52) = max b '(7)— sup b (7)< max b (1) —b !(s9)
TE[s1,52] T€[s2,00) TE[s1,52]
S L<82 — 51).

So, the function b s locally Lipschitz on (0, 00), and so it is also locally abso-
lutely continuous on (0,00). It means that we can use [31, Theorem 3.32] with

the space L(l’oo’i’_l)(]R”, ip) to obtain the fact that the statements (1.) and (2.)

are true since (3.32) and (3.33) are valid.
[

Remark. The assumption that b~! is locally Lipschitz on (0,00) does not entail
significant loss of generality since common slowly varying functions satisfy this
condition.

Remark. If the function b is in addition nonincreasing on (0, 1] and constant on
A~ ~

[1,00), then we obtain the fact that b is constant on (0,00), so b =0 on (0, c0).

It means that the optimal space Z/ (R", up) is equivalent to L>®(R™, up).

Remark. The optimal space Z/ (R", up) from the preceding theorem is equivalent
to the function space AM(B)(R", up) if Jim b(t) = 0 and to AL(B)(R", up) N
—0+
L>®(R™, up) if th%l b(t) > 0. The function space Al(B/)(R", pp) is an example of
—U4
a so-called classical Lorentz space (e.g., see [33, Chapter 10]). It is defined as the

collection of all functions f € M(R", up) such that ]\El(t)f;D () £1(0,00) < 00.
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