FACULTY
OF MATHEMATICS
AND PHYSICS

Charles University

BACHELOR THESIS

Tomas Beranek

Properties of integral operators on
Orlicz spaces

Department of Mathematical Analysis

Supervisor of the bachelor thesis: prof. RNDr. Lubos Pick, CSc., DSc.
Study programme: General Mathematics

Study branch: General Mathematics

Prague 2023



I declare that I carried out this bachelor thesis independently, and only with the
cited sources, literature and other professional sources. It has not been used to
obtain another or the same degree.

I understand that my work relates to the rights and obligations under the Act
No. 121/2000 Sb., the Copyright Act, as amended, in particular the fact that the
Charles University has the right to conclude a license agreement on the use of this
work as a school work pursuant to Section 60 subsection 1 of the Copyright Act.

Author’s signature



I would like to thank prof. Lubos Pick, the supervisor of this thesis, for providing
me with any kind of help I required.

i



Title: Properties of integral operators on Orlicz spaces
Author: Tomas Beranek
Department: Department of Mathematical Analysis

Supervisor: prof. RNDr. Lubos Pick, CSc., DSc., Department of Mathematical
Analysis

Abstract: Working with function spaces in various branches of mathematical
analysis introduces optimality problems, where the question of choosing a function
space both accessible and expressive becomes a nontrivial exercise. A good middle
ground is provided by Orlicz spaces, parameterized by a single Young function
and thus accessible, yet expansive. In this work, we study optimality problems on
Sobolev embeddings in the so-called Maz’ya classes of Euclidean domains which
are defined through their isoperimetric behavior. In particular, we prove the
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Introduction

When tasked with creating a mathematical model of a given scenario, one ap-
proach is to interpret the input data and output solutions as measurable functions,
which are part of some function spaces, and the assignment of data to a solution
as an operator between these spaces. We then obtain the abstract model

T:X Y, (1)

where X and Y are function spaces containing the data and solutions, respec-
tively, and T is a linear operator mapping the data to its solution. For example,
in economics, the problem of increasing one’s capital in the stock market can be
modelled as the relation , where X is the behaviour of the market, Y are pos-
sible decisions of a trader (purchases or sales), and 7" maps the current state of
the market to the best possible decision. Numerous examples of such modelling
in physics, biology and other fields follow naturally.

One of the most important questions when working with such models is what
can we say about the quality of the solutions based on the quality of the input
data. This is the motivation behind using different function spaces, as we group
together functions with the same quality into one space. At this point, it is
natural to question whether we may find an optimal space for a given problem.
There are two forms of such a task: either we are given data and search for the
smallest group of possible solutions (= given space X and finding smallest space
Y'), or we are given conditions on the solutions and search for the largest amount
of data whose solutions satisfy such demands (= given space Y and finding largest
space X).

When tasked with solving optimality problems, it is important to remember
that we also have to consider the properties of the chosen classes of function spaces
in terms of accessibility and expressivity. For instance, Lebesgue LP spaces are
a very well understood and accessible class of spaces (as they are described by
a single parameter), though the spaces may be too sparse to provide accurate
enough information, and are as such not expressive enough for certain needs.
On the other side of the spectrum sit rearrangement-invariant spaces, where an
optimal space virtually always exists, however, it is described implicitly, and as
such, is practically impossible to work with. A good middle ground is provided
by Orlicz spaces, a class of function spaces described by Young functions. As
such, these spaces provide both accessibility and expressivity.

Optimality problems are not a new discipline - the earlier results go back into
the 2nd half of the 20th century, but it was not until the turn of the millennium
that they have seen a boom in interest. As such, the field is now supported by a
vast amount of literature, which includes the works [Hempel et al.| [1970], Adams
[1975], Talenti [1976], Brézis and Wainger| |[1980], Cianchi [1996], |Curbera and
Ricker| [2002], [Vybiral [2007], Fontana and Morpurgo [2014], Clavero and Soria
[2016], Neves and Opic| [2020], and [Ho| [2021].

This work is, primarily, an extension of the results obtained by [Musil et al.|
2022, Chapter 4] to a case that had been left open in that paper. More precisely,
we adapt the techniques from the aforementioned paper, where only Lipschitz
domains were treated, to the case of considerably less regular domains, in par-
ticular those in the so-called Maz’ya classes. We focus on the optimal form of



Sobolev embeddings within rearrangement-invariant spaces, and within Orlicz
spaces, on Maz'ya classes of Euclidean domains. Using the general theory we
introduce, we prove the nonexistence of certain optimal Orlicz spaces in Orlicz—
Sobolev embeddings, namely that there is no largest domain Orlicz space in the
embedding

WmLA(Q) SN Loo,q,—1+m(1—a)—é<Q)

for appropriate values of the parameters involved.

The motivation for studying embeddings into this particular space stems from
the fact that it is the optimal (smallest) rearrangement-invariant space which
renders the embedding true for every € 7, in the very important case when
the corresponding domain Orlicz space L4 is the critical (limiting) Lebesgue space
L7, This was first observed in Brézis and Wainger| [1980] in connection with
the special case a = %, that is, [ — L, where n is the dimension of
the underlying ambient Euclidean space and m is the order of differentiation.
There are various reasons for establishing results involving such Lorentz-type
refinements on the target side, perhaps the most notable one being the fact that
when such embeddings are considered, then no loss of information occurs under
their iterations (for more details, see (Cianchi et al. [2015] and the references
therein).

The text is structured as follows. In Chapter 1, we present definitions and
basic knowledge about the relevant function spaces and the isoperimetric func-
tion. In Chapter 2, we collect background results necessary for proofs of our main
results, namely the principal alternative and reduction principle for Sobolev em-
beddings, and the forms of optimal r.i. domain and target spaces. Lastly, in
Chapter 3, we present the main results of this work. We first establish a general
formula for the fundamental function of an operator-induced space based on the
isoperimetric behavior of the underlying domain under certain mild assumptions.
Next, we consider a specific situation concerning Maz’ya domains.



1. Preliminaries

1.1 Function spaces

In this section, we recall some definitions and basic facts from the theory of
various function spaces. For further details, the standard reference is Bennett
and Sharpley| [1988].

Let n € N. In this work, |E| denotes the n-dimensional Lebesgue measure of
FE for E C R™ measurable.

Let Q C R™ be a bounded open set. We assume, without loss of generality,

that |©2| = 1, and define
M(Q) ={f:Q — [—o0,0]; fis Lebesgue-measurable in (0, 00)},
M (@) ={f e M(Q): f =0},

and

Mo(Q) ={f € M(Q): f is finite a.e. in Q}.

The distribution function f. : (0,00) — [0,00] of a function f € M(Q) is
defined as
fu(9) = [z €9 ()] > s} for s € (0,00),

and the decreasing rearrangement f* : [0,1] — [0, 00| of a function f € M(Q) is
defined as
f(t) =inf {s € (0,00) : fu(s) <t} forte[0,1].

The operation f — f* is monotone in the sense that for fi, fo € M(Q),
il <fe] aeinQ = f7 < f; in[0,1].

The elementary mazimal function f** : (0,1] — [0,00] of a function f € M(Q)
is defined as

1 ft
£ = E/ Fi(s)ds for t € (0,1].
0
The operation f — f** is subadditive in the sense that for fi, fo € M(Q),
(f+ )" <+ 15"

The Hardy-Littlewood inequality is a classical property of function rearrange-
ments, which asserts that, for f, fo € M(Q),

LIh@f@)lde < [ R (L)

A specialization of the inequality states that for every f € M(Q) and for every
E C Q measurable,

|E|
Jlf@lde < [ @
Next, we define the rearrangement-invariant norm. We say that a functional
I lIx 0,1 : M+(0,1) = [0, 00]

is a function norm, if for all f,¢g and {f;};en in M (0,1), and every A > 0, the
following properties hold:



(P1) [[fllxony =0 <= f=0 ae,
Al x 0,1 = Allflx 0.,
If + 9llxon < [1fllxon + 119lx01);
(P2) f<gae = |[fllxon < llgllxo);
(B3) f; /7 fae = |fillxon /7 1 fllxw;
(P4) H1HX01 < 00;
(P5) [, f(x)dx <c-||fllx(,) for some constant ¢ independent of f.

If, in addition, the property

P6) [Iflxon = llgllxo1 = f*=g",

holds, we call the functional || - || x(0,1) & rearrangement-invariant function norm.
For any such rearrangement-invariant function norm | - ||x(,), we define the
functional || - || x/(0,1) as

1
1 fllx0,1) = sup {/o ft)g(t)dt g € My(0,1), [lglxon) < 1}

for f € M4(0,1). The functional ||- || x/(o,1) is then also a rearrangement-invariant
function norm, see [Bennett and Sharpley} |1988, Chapter 1, Theorem 2.2], and it
is called the associate function norm of || - ||x(0,1) and, by [Bennett and Sharpley,
1988, Chapter 1, Theorem 2.7] it holds that || - ||x»@©1) = || - ||x(@©,1). We say
that || - || x(0,1) is a rearrangement-invariant function quasinorm, if it satisfies the

conditions [(P2)] (P3)] |(P4)| and |(P6) and [(Q1), a weaker version of |(P1)| where

QL) fllxon =0 <= f=0 ae,

A fllx0.) = Allfllx 0,0,

3 ¢ € (0,00) such that [|f + gllx,1) < ¢ (Il x01) + l9llx0©,1)),
for all f,g € M, (0,1) and every A > 0.

Given a rearrangement-invariant function norm || - || x(o,1), we define the func-
tional || - [|x(q) as

1A llx@ = 17 x@1)  for fe M(€),

and we call the set

X(Q) ={f € M(Q) : |Ifllx() < oo}

a rearrangement-invariant space. Furthermore, the space X (0,1) is called the
representation space of X (€2), and we define the associate space X'(2) of X ()
as

X'(Q) ={f € M(Q) : || fllxr@) < oo}
Then, the Holder inequality

L1 @@ dz < 1f Lxie gl



holds for every f € X(Q) and g € X'(f2). For any rearrangement-invariant
spaces X (€2) and Y (£2), the continuous embedding of X (2) into Y (€2) is denoted
by X(€2) — Y (22) and means that there exists a constant ¢ > 0 such that for any
f € X(2), it holds that f € Y/(2) and || f]ly) < ¢ || fllx@)-. By |[Bennett and
Sharpley, (1988, Chapter 1, Proposition 2.10] it holds that

X)) =Y(Q) < Y'(Q) <= X'(Q),
and by |Bennett and Sharpley, 1988, Chapter 1, Theorem 1.8], it holds that
X(Q)CY(Q) = X(Q) —Y(Q).

Note that the functional || - ||x) may be also defined if its corresponding
functional || - ||x(0,1) is only a rearrangement-invariant quasinorm, however, some
of the properties listed here for the case where || - |[x(,1) is a rearrangement-
invariant norm then do not necessarily hold.

Occasionally, when no confusion can arise, we will, for simplicity’s sake, omit
the underlying domain in the notation, more precisely, we will write X in place
of X(Q2) or X(0,1), etc.

For given rearrangement-invariant spaces X and Y, we denote the bounded-
ness of an operator 7' from X toY by T: X — Y.

Let A > 0. For any f € M(0,1), the dilation operator E) is defined as

[ FE) fo<t<A
E)\f<t)_{0>\ ifA<t<l1.

Such operator is bounded on any rearrangement-invariant space X (0, 1), with
norm smaller than or equal to max{1, % .
We introduce, for v € (0, 1), the operator

T,g(t)=t"7 sup s7¢g"(s), g¢ge M(0,1), te(0,1). (1.2)

s€(t,1]
Given any fi, fo € M, (0,1) such that
t t
/ fi(s)ds < / fa(s)ds for every t € (0,1),
0 0

by Hardy’s lemma the inequality

[ fnts)ds < [ papnis) ds

holds for every non-increasing function h : (0,1) — [0,00]. Consequently, the
Hardy-Littlewood—Pdlya principle, which asserts that if g1, go € M(Q) satisfy

t t
/ g7(s)ds < / gy(s)ds for every t € (0,1),
0 0

then
l91llx@) < llg2llx @),

holds for every rearrangement-invariant space X (£2).



The fundamental function px : [0,1] — [0,1] of a rearrangement-invariant
space X () is defined as

px(t) = lIxellx@ fortc(0,1],

where F C ) is measurable and such that |F| = t. Thanks to the rearrangement
invariance of || - || x(q), the function ¢x is well defined. We define the fundamen-
tal level as the collection of all rearrangement-invariant spaces, which share the
same fundamental function.

We say that a function ¢ : [0,00) — [0,00) is quasiconcave, if it is posi-
tive, non-decreasing, and the function ﬁ : (0,00) — (0,00) is non-decreasing.
Recall that by [Bennett and Sharpley, 1988, Chapter 2 Corollary 5.3 for any
rearrangement-invariant space X (€2), its fundamental function ¢ is quasicon-
cave. Furthermore, by [Bennett and Sharpley, 1988, Chapter 2 Proposition 5.10]
it holds that for any quasiconcave function ¢ : [0, 00) — [0, 00) there exists a con-
cave function @ : [0,00) — [0,00) such that for every ¢ € [0,00), the inequality
L5(t) < (t) < () holds.

Let ¢ : [0,00) — [0,00) be a quasiconcave function, let @ : [0,00) — [0, 00)
be a concave function such that $5(t) < ¢(t) < @(t) for every t € [0,00). We
then define the functionals

£, = [ r®az, fem@),

and
[fllar, = sup @()f7(), feM(Q).
te(0,00)

By [Bennett and Sharpley, 1988, Chapter 2, Theorem 5.13], these functionals are
rearrangement-invariant function norms, and as such, we define the corresponding
rearrangement-invariant spaces A, and M,. Both of these spaces have the same
fundamental function equal to ¢. Furthermore, the space A, is the smallest
rearrangement-invariant space with the fundamental function ¢, while M,, is the
largest rearrangement-invariant space with the fundamental function .

Given a rearrangement-invariant space X, we define the corresponding Lorentz
space A(X) = Ay and Marcinkiewicz space M(X) = M,,. Let us now recall
the Lorentz—Marcinkiewicz sandwich

A(X) = X = M(X). (1.3)

Note that the norm of both embeddings equals 1.
Throughout this work, we use the convention that é =0and 0-0c0=0. Let
p € [1,00]. We define the Lebesgue norm || - | 1r(0,1) as

(W @) pelt o)

esssup | f(z)] p=00
z€(0,1)

1 fllro,1) =

for f € M(0,1). We then define the Lebesgue space LF(0,1) as

L(0,1) = {f : f € MO, 1), [[fllzno) < 50}



Let us recall the Lebesgue sandwich for any rearrangement-invariant space X (€2)
L®(Q) — X(Q) — L'(Q).

Let 1 < p,q < oo. The functionals || - [|zra(,1) and || - || w0 (0,1) are respectively
defined as

11,
[ fllzraony = lt*~ 7 f* ()|l a0,y and

1_1 kk
1l zwaon) = It f7 ()] Lo,y
for f € M, (0,1). Let us recall that if 1 < p < oo,

LP(Q) = L(ﬁmt])(Q)7
and if one of the conditions

(L1) 1<p<oo, 1 <qg< o0,

(L2) p=q=1,
(L3) p=g =00
is met, then [ - || r.a(0,1) is equivalent to a rearrangement-invariant function norm.

Then, the corresponding rearrangement-invariant function space LP((2) is called
a Lorentz space.
Let p € [1,00]. Then LP(2) = LPP(Q)), and

1<r<s<oo = LP"(Q) — LP*(Q),

where equality of the spaces is attained if and only if » = s. Note that by equality
of two rearrangement-invariant spaces X and Y, we mean that X and Y coincide
in set-theoretical sense, and, moreover, that their norms are equivalent in the
sense that there exists a constant ¢ > 0 such that

A llx < A flly < e lifllx

for every f € X.
Let 1 <p,q < oo, a € R. The functionals || - || Lo (o,1) and || - || pwase) 0,1y are
defined as

Ifllznaeony = l1£2 75 log™ (2) f*(#)llzeqoay and
1l mac o = [E75 log® (2) £ ()l acony
for f € M4(0,1). If one of the conditions
(Z1) 1<p<oo,1<qg< o0, a€R,
(Z2) p=1,q¢=1, a >0,
(Z3) p=o00, =00, a <0,
(24)

Z4) p=o00, 1 <q < o0, a+ <0,



is met, then ||-|| zr.ae(0,1) is equivalent to a rearrangement-invariant function norm.
Then the corresponding rearrangement-invariant function space LP%%(€Q) is called
a Lorentz—Zygmund space.

We say that A : [0,00) — [0,00] is a Young function, if it is a convex non-
constant left-continuous function such that A(0) = 0. Let us recall that any such
function may be written in the integral form

t
At) = /0 a(s)ds fort >0,

where a : [0,00) — [0, 00] is a non-decreasing, left-continuous function, which is
not identically 0 or oo.
The Luxemburg function norm is defined as

HfHLA(O,l) = mf {)\ > O : /01 A (f()f)) dS S 1} fOI" f - M+(Q>,

the Orlicz space L*() is defined as the rearrangement-invariant space associated
with the Luxemburg function norm. Then, for some p € [1,00) and A(t) = 7,
LA(Q) = LP(2); and for B(t) = 00 - x(1,00)(t), LZ(Q) = L=(Q).

Let A and B be Young functions. We say that A dominates B near infinity if
there exist constants ¢ > 0 and £, > 0 such that

B(t) < A(ct) for t > to.

We say that A and B are equivalent near infinity if they dominate each other
near infinity. Furthermore, it holds that

LA(Q) = LP(Q) <= A dominates B near infinity.

We denote certain Orlicz spaces without explicitly defining the corresponding
Young functions. The Orlicz space associated with a Young function equivalent
near infinity to t? log® t, where p > 1 and a € R, or p = 1 and « > 0, is denoted
by LPlog® L(£2), and the Orlicz space associated with a Young function equivalent
near infinity to e’ where 8 > 0, is denoted by exp L#(€).

In certain cases, the classes of Lorentz-Zygmund and Orlicz spaces overlap. If
1 <p<ooand a€ R, then LPP*(Q) = LPlog"* L(§2). Additionally, if 5 > 0,
then L>°=5(Q) = exp L%(Q).

It is a fact that for every fundamental level of rearrangement-invariant spaces,
there exists a unique Orlicz space with the same fundamental function. For a
rearrangement-invariant space X, this fundamental Orlicz space is denoted by
L(X).

For certain classes of function spaces, their fundamental functions are known.
By Opic and Pick| [1999], it holds that

1
tr p<oo
t) ~
SOLP<> {1 p = o0,

Qrra = Qe VD, q,

and
Drvae A tr log*2  if conditions [(Z1)] or [(Z2)| are met
e ( %)‘”é if conditions [(Z3)| or [(Z4)] are met.
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Furthermore, by [Pick et al., 2013, Example 7.9.4 (iv), p. 260], it holds that

PrAa (t) = A}(l) :

Let hy, hy € M(Q). The fact that there exists a positive constant ¢ such that
hi(xz) < ¢+ hy(x), or hy(z) > c- ho(z) for any x € Q is denoted by h; < hy or
hi 2 hs, respectively. If both inequalities h; < hy and he 2 hy hold, we write
h'l ~ hg.

Let A, B:(0,00) — (0,00). By A(t) =~ B(t) for t > 1, we denote that there
exist constants ¢, ty > 1 such that ¢™' - A(t) < B(t) < ¢+ A(t) for every t > 1.

We say that A : (0,00) — (0,00) satisfies the Ay condition, if it is non-
decreasing and the inequality A(2t) < A(t) holds for every t € (0,00). Then, by
Pick et al. 2013, Theorem 4.7.3] it holds that

felt — /A(f)<oo for any f € M(Q).

1.2 Isoperimetric functions and Sobolev spaces

In this section, we shall define some basic terms and recall simple facts concerning
the isoperimetric function and Sobolev spaces.

Let n, Q be as in section . Let n’ = —2~. We define the perimeter P(E,Q),
of a Lebesgue-measurable set £ C €2 as

P(E.Q) = / AH (),

(B =] s ()

where OM E denotes the essential boundary of E (for details see Maz’ya [2011].
We then define the isoperimetric function Iq : [0,1] — [0, 00] of Q as

1o(1) — inf{P(E,Q):ECQ,t§|E|§%} tG[O,%L
a(t) = Io(1—1) te (L]

Note that Io(t) is finite for ¢ € [0, 1) (for the detailed proof, see [Cianchi et al.,
2015, Chapter 4]). Also, by [Cianchi et al., 2015, Proposition 4.1], there exists a
constant ¢ > 0 such that

Io(t) < c-tw  near zero.

Thus, the best possible behavior of the isoperimetric function at 0 is Io(t) ~ tar.
What this means is that, essentially, Io(¢) cannot decay more slowly than £ as
t — 0, independently of (2.

We will say that ) has a Lipschitz boundary, or simply is a Lipschitz domain,
if at each point of the boundary of €2, the boundary is locally the graph of a
Lipschitz function.

We shall call Q a John domain, if there exists ¢ € (0,1) and 2o € Q such
that for every x € () there exists a rectifiable curve parametrized by arclength
€ :[0,r] — €, such that £(0) = z, &(r) = xp and

dist(&(s),09) > ¢+ s for s € [0,r].

10



An important link between John domains and theltheory of isoperimetric func-
tions is that if Q is a John domain, then I (t) ~ t#.
Let a € [%, 1]. We define the Mazya class of Euclidean domains X as

To = {X :Ix(t) > c-t*  for some constant ¢ > 0 and ¢ € [0, %]}

By definition, every Lipschitz domain is a John domain. Furthermore, we
observe that J, C J3 for a < j3.

Let m € N, let X(€) be a rearrangement-invariant function space. The m-th
order Sobolev space W™X () is defined as

WmX(Q) ={u: u is m-times weakly differentiable in €2,

|VFu| € X(Q) for k=0,...,m},
and the m-th order Sobolev space V"X (Q2) is defined as

V™X(Q) ={u : u is m-times weakly differentiable in (2,

IVl € X(Q)).

Assume now that

1
/0 To(s) ds < o0. (1.4)

Then, by [Cianchi et al., 2015, Proposition 4.5]
WmX(Q)=V"X(Q)

in set-theoretical sense with their norms equivalent. If we only consider a weaker
form of (1.4]), namely that there exists a positive constant ¢ such that

Io(t) >c-t fortel0,3],

it then holds by [Cianchi et al., 2015, Chapter 4, Corollary 4.3, Proposition 4.4]
that VX (Q) — V™LY(Q), V"X (Q) C VFLY(Q) for every k =0,...,m—1, and
furthermore for any Y (Q2) rearrangement-invariant space, V"X (Q) — Y(Q) if
and only if there exists a positive constant ¢ such that ||ully @) < c¢- ||V™ul|x@)

for all u € V"X (£2), where
VX (Q) = {ue VX(Q): / Viu(z)de =0 for k=0,...,m—1}.
Q

In the case where X(Q) = LA(Q) is an Orlicz space, we define an Orlicz—
Sobolev space as WMLA(Q) = W™ X(Q).

We say that X (€2) is the optimal (largest) rearrangement-invariant domain
space in embedding

WmX(Q) = Y(Q), (1.5)

if X(Q) is a rearrangement-invariant space, embedding holds, and if
holds with X () replaced by a rearrangement-invariant space Z(2), then embed-
ding Z () — X (Q) holds. Similarly, we say that Y (£2) is the optimal (smallest)
r.i. target space in embedding , if Y'(€2) is a rearrangement-invariant space,
embedding holds, and if embedding holds with Y (Q2) replaced by a
rearrangement-invariant space V' (€2), then embedding Y (2) < V(Q2) holds.

11



2. Background results

Let n € N, let Q2 C R™ be an open set, and let X (€2) be a rearrangement-invariant
space. For the sake of brevity, we shall refer to rearrangement-invariant spaces
as r.i. spaces from this point onwards. In this work, we consider Sobolev spaces
W™ X () together with their norm defined as

ullwmx@ = IV*ul x@
k=0

for m € N. Furthermore, we consider Sobolev embeddings of the form
WmX(Q) — Y(Q), (2.1)

where Y (Q2) is an r.i. space. We restrict ourselves to such sets 2 which fulfil the
property

inf Io(?)
te(0,1) ¢

>0

and classes of such sets. Furthermore, by (Cianchi et al| [2015], it is known that
given such an r.i. space Y (), the optimal r.i. domain space always exists and
can be explicitly described. Namely, such optimal r.i. space X (2) obeys

L h(s)
/t ]Q(S)
where the supremum is taken over all h € M, (0, 1) such that h* = u*.

We first examine the possible approaches to the reduction of Sobolev embed-
dings to significantly simpler one-dimensional inequalities for Maz’ya domains.
Such problems have already been examined and solved, and as such, for our pur-

poses, it suffices to use the reduction principle stated and proven in |Cianchi
et al., 2015, Theorem 6.4, which follows. For the proof, see the original paper.

ds for u € M(Q), (2.2)

[[ul[x (@) = sup
h Y(0,1)

Theorem 2.1 (reduction principle for Maz’ya domains). Let n € N, n > 2,
m € N and o € [5,1). Let || - || x0,1) and || - ly©a) be r.i. function norms. Let
¢ > 0 such that

<c[[flixom (2.3)
v (0,1)

1
/ F(s)s~Hmi1=a) g

t

for any f € X(0,1) nonnegative. Then, the Sobolev embedding (2.1)) holds for
every Q € J,. Conversely, if the Sobolev embedding (2.1)) holds for every Q € T,
then the inequality (2.3)) holds.

Note that we have omitted the case a = 1. While our results may be, after
some modification, applied to such case, it remains rather technical and is beyond
the scope of this work.

As a consequence of Theorem [2.1] we can identify the optimal r.i. target space
Y associated with a given domain space X in the Sobolev embedding for
any Q € J,. This is also a known result, for the proof see |Cianchi et al., 2015,
Theorem 6.5].
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Theorem 2.2 (optimal r.i. target for Maz’ya domains). Let n, m, o and ||| x (1)
be as in Theorem . Define the functional || - || x;, .0.1) as

t
|| . ||X';na(071) — Ht—l—l—m(l—a)/ f*(S) ds
’ 0

X7(0,1)

where || - ||x/0,1) denotes the associate function norm to | - ||x ). Then, the
functional ||-||x: _041) s an 1.4. function norm, whose associate norm |- x,, .(0,1)
satisfies ’

WX (Q) = Xpna(Q) (2.4)

for every Q € T, and for some constant ¢ depending on 2, m, X () and Y (Q)
[ull () < ¢ IV ullx@ (2.5)

for every Q € T, and every uw € V"X (Q). Furthermore, the function norm
|- Ix(0,) @ optimal in (2.4) and (2.5) among all r.i. norms, as Q ranges in J,.
We shall now use Theorem [2.2]to show the optimal target r.i. space for certain
critical r.i. spaces.
Ezample. Let o € [%, 1). Then, for any Q € 7, and for any ¢ € (1, o], given the
1
critical spaces W™ Lm(=219(Q)), we obtain the embedding

WmLﬁH(Q) SN L007Q§—1+(1_04)m_%(9>7

where Loo’q;fH(l*a)m*%(Q) is the smallest (= optimal) space with this property
for any Q2 € J,. In the case ¢ = 1, we obtain the embedding

Wm Lo (Q) < L(Q),

where L>(2) is the optimal target space. In the case ¢ = 0o, we obtain the
embedding

W Lmta(Q) < exp LT (Q),

where exp [a (Q) is the optimal target space. In the case ¢ = # we

1-a)”’
obtain the embedding
W Lt (Q) < Loowia(Q),

1 .
where L°m0-a)’ 1(Q) is the optimal target space, and which recovers, as its
special case for o = %, the result of Brézis and Wainger| [1980].

The question remains whether we can say anything about the optimality of
r.i. domains, given a target r.i. space. This problem has also been extensively
studied, and as such, for our purposes, it suffices to modify a known result by
[Kerman and Pick| 2006, Theorem 3.3].

Theorem 2.3 (optimal r.i. domain space). Letm, n € N, o € [, 1). Let Y (0,1)
be an r.i. space such that

Y(0,1) < LTt (0,1).

13



Define the functional || - || x (1) as

1
‘/ smI+m-ap (g) ds for f € M(0,1),
t

1 £l x 0,1y = sup
hef Y (0,1)

where the supremum is extended over all h € M (0,1) such that h* = f*, and
the set

X(0,1) = {f € M(0,1) : | fllx(1) < oo}.
Then, the embedding
WmX(Q)—Y(Q)
holds for every Q) € J,. Furthermore, X (0,1) is the largest r.i. space with this
property.

The proof of Theorem is a simple modification of the proof in the afore-
mentioned paper and therefore is omitted.

We shall now discuss the fundamental Orlicz spaces of r.i. spaces. The follow-
ing theorem has been established and proven by Musil et al.| [2022].

Theorem 2.4 (the principal alternative). (i) LetY be an r.i. space and L(Y")
its fundamental Orlicz space. Then either Y C L(Y) and L(Y) is the
smallest Orlicz space containing Y, or'Y ¢ L(Y) and no smallest Orlicz
space containing Y exists.

(i) Let X be an r.i. space and L(X) its fundamental Orlicz space. Then either
L(X) C X and L(X) is the largest Orlicz space contained in space X, or
L(X) ¢ X and no largest Orlicz space contained in X exists.

Next, we specify the principal alternative to Sobolev embeddings. The fol-
lowing theorem is an adjustment to Musil et al. [2022, Theorem 4.1}, its proof is
a simple modification of the proof in the original paper and therefore is omitted.

Theorem 2.5 (principal alternative for Sobolev embeddings). Let m, n € N,
a €[5, 1), and let || - || x©1), || - [y, be r.i. norms.

n'

(i) If X is the largest among all r.i. spaces rendering embedding (2.1)) true for
every Q € Ja, then either L(X(0,1)) € X(0,1) and LA = L(X) is the
largest Orlicz space such that

WmLA(Q) < Y(Q)
holds for every €2 € J., or no such largest Orlicz space exists.

(ii) If Y is the smallest among all r.i. spaces rendering embedding (2.1)) true
for every Q € T, then either Y(0,1) C L(Y(0,1)) and LP = L(Y) is the
smallest Orlicz space such that

WmX(Q) — LP(Q)

holds for every Q) € J.,, or no such smallest Orlicz space exists.

14



3. Main results

First, we shall present a general result concerning the fundamental function of an
operator-induced space. The theorem and the proof are an extension to [Musil
et al., 2022, Theorem 4.2|, where Lipschitz domains are considered instead.

Theorem 3.1 (fundamental function of an operator-induced space).
Let I:]0,1] — [0,00]. Let Y(0,1) be an r.i. space such that

li = 1
lim oy (t) =0, (3.1)
and
t s s
ey (7) ey(3) o dr
su ds <t su , te(0,1). 3.2
/OTe<sl,31> I(7) e s J3 1) 0.1) (3:2)

Let X(0,1) be defined by

for f € M(0,1),

Y (0,1)

|/T”Ilgds

where the supremum is extended over all h € M (0,1) such that h* = f*. Then
X(0,1) is an r.i. space, and one has

”fHX(O,l) = S%P

oy (3) (o dr
ox(t) =t sup / for t € (0,1).
) ) s s ()

se(t,1

Proof. The fact that X is an r.i. space follows from Theorem [2.3] First, we will
examine the lower bound of ¢px. Fix t € (0,1). By the boundedness of the

dilation operator on Y, we get
t ds
= X(o,g)(T)/T (s)

Y (0,1) B H

1 X 7 S
ox(t) = lIxpnllx©1) = H/ (O(t;() )ds

1 Y(0,1)
t ds t ds
> op™ [ 1| =evd) ] 7o
H 02 ¢ 1(s) Y (0,1) 25 1(s)
showing that
t 9ot d
ex(t) > or () * for every t € (0,1).
t tJL I(s)
Since the function ¢ — ‘p%@ is nonincreasing, it follows that
t 2) s d
x(t) > sup or(3) T for every t € (0,1).
t se(t,l) S s I(7)
As such, we have obtained the lower bound of ¢y, as
5 s d
ox(t) >t sup or(3) T forevery t € (0,1). (3.3)

se(t,1) S 3 [<7_)
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Let us focus on the upper bound of ¢x. Note that ¢y is differentiable a.e. and
for any measurable f, one has

Ifllary = ov OISl + [ 65

Therefore, by fundamental embedding (1.3, (3.1)) and Fubini’s theorem, we ob-
tain that for any h > 0, it holds that

1 h(s)

. 1 h(s)
r 1(s)

——=ds /1/1h( ds ¢y (1) d
= 7)dr
T (S) A(Y(0,1)) 0o Jr I(S) Y

_ [this) e, _ [t h(s)
_/0 I(S)/O dr(r)drds = [T Sov(s)ds

< /01 h(s) QDIY(E_T)) ds.

Hence, by the definition of px and by the Hardy-Littlewood inequality (1.1)), it
holds for any ¢ € (0,1), that

s)

~

v (0,1)

L h(s)
ex(t) = Ixppllxo1n = sup ETAY
h*=x10,0) ||V7 (s) Y(0,1)
1
< sup h(s) sup ey (7) ds
h*=x[0,t) Y0 TE(s,1) I(7)
1
< sup h*(s) sup ey (7) ds
h*=X[o.) /0 resn) 1(7)
t
= sup Py (1) ds
0 re(sn) 1(7)
These inequalities give us an upper bound of ¢y, as
! ey (1)
px(t) < sup ds for every t € (0,1). (3.4)

~Jo re(sny ()

Thus, by combining the lower bound (3.3) and the upper bound (3.4) of ¢x for
t € (0,1), we obtain the sandwich
py(3) o dr ! py (7)

< t) <
( ) 0 7e(s,1) I(T)

[\

ds.

t sup
se(t,1) S 3 [(T)

Finally, applying the presupposed inequality (3.2)) on the sandwich above, we get
the desired result

SOY(%) s dr
ox(t) =t sup / for t € (0,1).
y s g I(7)

se(t,1
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We shall now use the result obtained in the preceding theorem to obtain
important information about fundamental functions of optimal domain r.i. spaces
in Sobolev embeddings corresponding to given target spaces sharing the same
fundamental level. The theorem and proof are again an extension of [Musil et al.|
2022, Corollary 4.3].

Corollary 3.2. Let 2 C R™ with isoperimetric profile Ig. Suppose that Yy, Ys
are 1.1. spaces over §) on the same fundamental level, i.e. ¢y, = @y,, and
and hold for both Yi and Y. Let X; be the optimal r.i. domain spaces in
the embedding

W X5(9) = Y(Q),

forj=1,2. Then X1, X5 are also on the same fundamental level, i.e. px, ~ ¢x,.

Proof. The proof follows immediately from the formula of the norm in the optimal

r.i. domain space (2.2) and by Theorem O

Although the results of Theorem are applicable to any isoperimetric func-
tion I, the presuppositions of the theorem, namely (3.2]), aren’t particularly
flexible, as there possibly exist classes of isoperimetric functions for which the
presupposition is needlessly strong, or even entirely unnecessary. We aim to
prove, that for Maz’ya classes of domains, Theorem may be applied to them
directly, omitting the need for presupposition entirely. To prove this, we
must find a work-around, so we do not need to consider every domain in 7,.

The necessary condition of embedding for some o € [%, 1) tells us,
that the embedding holds for every 2 € J,. We focus, in particular, on the
worst domain with such property, denoted €2,. To describe this domain, we use
[Cianchi et al, 2015, Proposition 10.1 (i)], which follows. In the statement, w, 4
denotes the Lebesgue measure of the unit ball in R*!.

Proposition 3.3. Let n € N, o € [, 1). Define n, : [0, 72=] — [0,00) as

T
Do) = wy 57 (1= (1— a)t) 55 for t € [0, 1],
Let Q,, be the Fuclidean domain in R™ given by
Q, = {(x,:xn) ER":zeR", 0<m, <, |2[< na($n)}.

Then |Q,| =1, and
Io, (t) =t fort €0,3].
1

The best case scenario happens when a = - and we are dealing with John
domains. For example, if n =2 and a = %, then the function 7, takes the form

and, as a result,
Qa = {xl € (072)7 ’JI2| < %(1 - %xl)}

In other words, €, takes the form of a triangle with verteces (denoted by [z1, z5])
[0,1], [0, —3], and [2,0]. We may easily verify that |Q,| = 1. The domains start
to get worse as we choose o > % It is on these domains €2, that we consider the
following Corollary.
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Corollary 3.4. Letn € N, a € [%, 1). Define Q, as in Proposition . Then,
for Iq, (t), Theorem and Corollary are applicable without the restriction

B2.

Proof. Let a € [%, 1). Returning to the proof of Theorem in the case of I,
the lower bound ([3.3]) contains a numerable integral. Thus, it holds that for some
constant ¢ > 0

(PY(%) sdr Q0Y<§) 1 1—a s\1—a
t) >t sup — =1 sup S — (2
ex(®) se(tl) S s T set,y) S l1—a ( <2) )

=t sup py(5)s “c.
s€(t,1)
Therefore,

ox(t) 2t sup py(5)s @
se(t,1)

Moreover, it follows from (3.4)) that

t
x5 [ sp P

T€E(s,1) T

As such, to prove the Corollary, it is sufficient to prove that for any ¢ € (0, 1)

¢
t sup ey(5)s "2 sup ey (7) ds. (3.5)
se(t,1) 0 re(sy T

Define
U(t) ==t sup py(3)s* te€(0,1).

s€(t,1)

Then v is non-decreasing, since

Y(t) =t sup py(35)s ™ = sup py(3)min {ta ts_o‘}. (3.6)
s€(t,1) s€(0,1)

It also follows from equality (3.6]) that for any o € (0,1) and any k£ € N, one has
Y(to®) < o*h(t) for t € (0,1) and therefore

tO’k ds
/ Z / k+1 /wk+1 ?

1 & log &
t)log = > o = (1) —2=-.
)Ogakzoo v

Hence,
t
N> / ¥(s)
0o S
and by definition of ¢, we obtain the desired result (3.5)). n

Combining all the results of this chapter so far yields the following theorem,
which is an extension of [Musil et al. 2022, Theorem 4.7].
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Theorem 3.5 (nonexistence of an optimal Orlicz space). Let m,n € N, let
a € [5,1), and let Y () be an r.i. space. Assume there is no largest Orlicz space
LA such that

WmLAQ) — M(Y)(Q) (3.7)

for every Q in J,. Then, there is no largest Orlicz space L* such that
WmLA(Q) = Y(Q) (3.8)
for every Q in J,.

Proof. We know that Y (Q2) and M (Y')(Q2) share the same fundamental function.
We denote by Xy (2) and Xy (€2) the largest domain 1.i. spaces in embeddings

WXy (Q) = Y(Q)

and
W™ Xav) (1) = M(Y)(Q),

respectively. Then, by Corollary combined with Corollary [3.4] we obtain
that px, = PMy, - Owing to the assumption, there is no largest Orlicz space
LA(Q) in the Sobolev embedding (3.7). Therefore, by Theorem [2.5] it follows
that Lx,, () ¥ Xuy)(Q). Since it holds that Y/(2) < M(Y)(), it is also
true that Xy (Q) — Xarv)(£2). Consequently, LXJVI(Y)(Q) 4+ Xy (€2). But, since
Pxy = Puy, We have Ly, () = Lx, (). Altogether, Lx, () ¥ Xy (€2),
whence, using Theorem once again, there is no largest Orlicz space L4(Q) in
the Sobolev embedding . O]

We shall now apply Theorem to show that there is no optimal Orlicz
domain space L4(Q2) in the embedding

WLA(Q) e L0 =5(),

thereby solving the open problem mentioned in the introduction. First, we shall
prove three Lemmas, which we will later use in the proof. The first Lemma
concerns the r.i. norm of the characteristic function.

Lemma 3.6. Let ( >0, a € (0,1) and || - || x(0,1) be an r.i. norm. Then
IX©.0) () (a* = 1) [x0.1) = ax0.0 ) x00)-
Proof. The inequality
X0 ®)(a® = t)x0n S allxea®)llxom)
is trivial. Conversely, we observe that
IX(0.0) ) (a® = ) x01) = [Ix(0.2)(1) (@ — )]l x(0.0)
> [Ixo.2) (1)@ = ($)9)lxo.
= a*(1 = (3)9)Ixw.9)llx0.1)

2 a|Ix(0.0) ()l x(0,1)
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since, by the triangle inequality and by the rearrangement-invariance of || - || x(0,1
X 0.0 Ix©.1) = X081 + X(2.0) I x0.1) < [IX0,9)Ix0.1) + [[X(2.0) [ x0.1)

< 2||X(0
Altogether, one has

9 llx0,1)-
X0, (1) (@ = )] x01) & a®lIX(0.0) () | x(0,1)

with constants of equivalence depending only on ¢ (even independent of ||-{|x(o,1)-
[

The second Lemma concerns the inverse of a function, which will later appear
in the proof.

Lemma 3.7. Let p > 1, v € R. Define A(t) = tPlog”t for t > 1 sufficiently
large. Then A7'(t) ~ t» logf% t for large t.

Proof. Since A is increasing, there exists a function B such that B(t) = A(¢)

for every t € (0,00). We shall prove that B(t) = tr log_% t. As such, it suffices
to prove that A(B(t)) ~ t. We have

A(B(t)) = B(t)Plog"(B(t)) = (t% log_% t)P - log“’(t% log_%) =

=t-log7"t- logw(t% log 7),

Therefore, it is sufficient to prove that log(t% -log™ 7 p) =~ logt for t > 1. We
obtain that

1 o) 1 ¥
log(tr - log™® t ~logt — Lloglogt
lim og(tr -log 7 #) = lim 2 L =1 €(0,00).
t—o00 logt t—00 lggt p
Hence, B ~ A% O

The third Lemma concerns the boundedness of the operator T, introduced
in (|1.2).

Lemma 3.8. Let v € (0,1). Then
T, : LY57(0,1) — LY57(0,1).

Proof. This is a particular case of |Gogatishvili et al.| 2006, Theorem 3.2], applied
top=g=1,and p(t) =17, v(t) = w(t) = (log 2)~7 for t € (0,1). O

Theorem 3.9. Let n € N, a € [, 1), m € N such that m < L, and let
1

q € [m, o0|. Then there is no largest Orlicz space L such that

1

WmLA(Q) « L% ImIm=g(q) (3.9)

for every Q in J,.
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Proof. By [Opic and Pick, 1999, Lemma 3.7], the spaces A L Y|
1
exp L1-m(-a) share the same fundamental function ¢, where

1

o(t) = for t € (0,1),

and it holds that [~ 1+(1-m=g exp [T=me Moreover, by the aforemen-
tioned Lemma, it holds that M (Z) = exp LT=mt=a) for any r.i. space Z with the
fundamental function ¢, and in fact, L(Z) = exp [Tme

We aim to prove that there is no largest Orlicz space L* such that the em-
bedding holds for every 2 in J,. Therefore, by Theorem , it suffices to
prove that there is no largest Orlicz space L such that the embedding

W™LAQ) < exp LT () (3.10)

holds for every 2 in J,. By Theorem [2.5] it is therefore enough to prove that if
X is the optimal domain r.i. space in

W™mX(Q) — exp LT (Q)

for every Q in 7, then L(X(0,1)) ¢ X(0,1).
First, we find the optimal domain space X (£2). We use Theorem and
obtain the formula

| for f € M(0,1).

exp L1-m(1-a) (0,1)

1
’/ smFm=a) (6 g
t

/1l x0.1) = sup
h~f
By Lemma applied to v = m(1 — «), the operator T;,(1_q) is bounded on

Lhtit=m=a) = Gince (LVHI-m1-9)(0, 1)) = exp LW(OJ), it follows from
[Edmunds et al., 2020, Theorem 4.7], that

1
Il = | [0 (s) ds

1 .
exp L1-m(1-2)(0,1)

As such, we will with no loss of information suppose that

1
£ llxon = H/t s-LHmi=) p (g ds

1 .
exp L1-m(1-a)(0,1)

Next, we describe L(X). For that purpose, we need to find ¢x so we can
extrapolate its Young function A. Let a € (0,1). Then, as x(,o) = X{0,0) and by
Lemma (3.6 we get

1
—1+m(l—a)

ox(@) = Ixoallxon = | [ 574700 (9) ds

1
exp L1—-m(1-a)(0,1)

_ X(O,a)(t)/t g—lHm(1=a) i

1
exp L1-m(1-a)(0,1)

m(l—a) tm(l—a)

X(0,0)(t)(a

Q

1
exp L1-m(1-2a) (0,1)

m(l—a) __ 1 m(l—a)'

“ ~ (log %)1*7”(1*&) @

Q

X(0,a)

1 .
exp L1-m(1-2a) (0,1)
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We therefore know that

am(l—a)

(10g %)l—m(l—a)

px(a) ~ for a € (0,1). (3.11)

Let A(t) = t? log” t for t > 1 sufficiently large, p > 1 and v € R. Then, by
1 !
Lemma , it holds that A~'(¢) = t» log™» t. We know that ||x(0.a)llz4a =

for @ in (0,1). As such, we obtain

1

ALy
1 B a%

(L)r(log2) v (log2)™»

Applying this result to (3.11)) tells us that p =

1X(0,0)ll Zr 10g L7 (0,1) &

D=

,and vy =1— ﬁ Hence,

m(l )
At) = t70= (log )" "70=5  for £ > 1,

and L(X) = Lo log L'~ e

Finally, we need to prove that L(X) ¢ X. We know X is optimal in the
embedding W™X < exp Lm, and consequently, it suffices to prove that
WmL(X) 4 exp L, Then, by Theorem , it is enough to prove that the
inequality

S lleex o)

1
/ s~ 1Hm-0) £(5) g

t

1
exp L1-m(1-a) (0,1)

does not hold. Let f(t) =t~ (log 2)”, where 8 is anywhere in the interval
(—m(l—a),1—2m(1—«)). Owing to the assumption, the interval is non-empty.
First, we prove that f € L(X), that is, HfHL X(0,1)) < 00. Since A(t) satisfies the
A, condition, it holds that f € L4 <= [ A( f) < oco. Furthermore,

1
/ A(f) <0 = / *(log 2) Pt mi=m ds < oo
0

— pf<1-2m(l—a).

Therefore, our choice of 5 guarantees that f € L(X). Moreover, we know that

ol o m osup L
exp LT (0,1)  te(0,1) (log %)1_m(1_a)

for g € M(0,1),

thus it is sufficient to prove that

1 —1+m(l-a) d
sup 18 flo)ds (3.12)

te(0,1) (log %)1_m(1_°‘)

Suppose the equality (3.12) holds. We solve the integral and obtain

o 2)8
ftl S—1+m(1—a) . S—m(l—a)<log %)[)’ ds ftl % ds
00 = Ssup = sup
t€(0,1) (log 2)1-m(1-e) te(O 1) (log 2)1=m{i=a)
lo B+1
X sup ( =X ) = sup (log >B+m(1 a)’

te(0,1) (log )1 ml-a) — te(0,1)
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so the equality holds if 5 > —m(1 — a). Hence, once again, our choice of

yields (3.12)). Therefore, we have found a function f € L(X) such that

1 = Q.
exlefm(lfa)

1
/ s~1Hm=0) £(5) g

t

Consequently, by Theorem L(X) ¢ X. By Theorem , there is no largest
Orlicz space which would render the embedding true for every Q in J,.
Finally, by Theorem there is no largest Orlicz space which would render the
embedding true for every €2 in J7,. O

Remark 3.10. In this work, we have focused primarily on Maz’ya classes of
Euclidean domains. We are aware that there are plenty of open questions worth
pursuing which we leave open. Pivotal examples are the case @« = 1 in Maz’ya
domains, Gaussian—Sobolev embeddings, embeddings on domains endowed with
Frostman-Ahlfors measures, or embeddings on probability spaces. The reason
we do not consider these cases is that the corresponding integral operators get
too complicated (e.g. they take the form, at least for higher-order embeddings,
of kernel-type operators). Hence such considerations reach beyond the scope of
this text. We plan to study them in our following work.
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