SHARP SOBOLEV TYPE EMBEDDINGS
ON THE ENTIRE EUCLIDEAN SPACE

ANGELA ALBERICO, ANDREA CIANCHI, LUBOS PICK AND LENKA SLAVIKOVA

ABSTRACT. A comprehensive approach to Sobolev-type embeddings, involving arbitrary rearrangement-
invariant norms on the entire Euclidean space R", is offered. In particular, the optimal target space in
any such embedding is exhibited. Crucial in our analysis is a new reduction principle for the relevant
embeddings, showing their equivalence to a couple of considerably simpler one-dimensional inequalities.
Applications to the classes of the Orlicz-Sobolev and the Lorentz-Sobolev spaces are also presented.
These contributions fill in a gap in the existing literature, where sharp results in such a general setting
are only available for domains of finite measure.

1. INTRODUCTION

An embedding theorem of Sobolev type amounts to a statement asserting that a certain degree of
integrability of the (weak) derivatives of a function entails extra integrability of the function itself.
A basic formulation concerns the space of weakly differentiable functions WP(R"), endowed with
the norm [lullyrp@ny = [[ullro@ny + |Vl Lr(rny. Membership of u in WP(R") guarantees that
u € L%(R”) if 1 <p<mn,orue L>®(R"), if p > n. Since n"—_pp > p, this is locally a stronger property
than the a priori assumption that v € LP(R"™), but it is weaker, and hence does not add any further
information, near infinity.

The same phenomenon occurs in a higher-order version of this result for WP (R"™), the Sobolev space
of those m-times weakly differentiable functions u such that the norm

(L.1) lullwmo@ey =Y IV*ull Lo rn)
k=0

is finite. Here, V¥u denotes the vector of all derivatives of u of order k, and, in particular, V!u stands
for Vu and V% for u. Indeed, one has that

L%(R”)QLP(R”) if 1<m<nandl<p< 7,

(1.2) W™P(R") — o
L>*(R™) N LP(R™) if either m >n,or 1 <m <mnandp> .

Embedding (1.2) is still valid if R™ is replaced with an open subset {2 with finite measure and regular
boundary. The intersection with LP(Q) is irrelevant in the target spaces of the resulting embedding,

and Lnfiﬁw(ﬁ), or L*>®(Q) are optimal among all Lebesgue target spaces. By contrast, no optimal
Lebesgue target space exists in (1.2).

The existence of optimal target spaces in the Sobolev embedding for W"™P(R™) can be restored
if the class of admissible targets is enlarged, for instance, to all Orlicz spaces. This class allows to
describe different degrees of integrability — not necessarily of power type — locally and near infinity.
The use of Orlicz spaces naturally emerges in the borderline missing case in (1.2), corresponding to
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the exponents 1 < p = >, and enables one to cover the full range of exponent m and p. The resulting
embedding takes the form

(1.3) W™P(R™) — LB(R™),

where LP(R") is the Orlicz space associated with a Young function B obeying

frmmp if 1<p<

n

Bt)={e™™ if 1<p=

00 otherwise

near infinity, B(t) ~ t? near zero.

3z 3

Here, ~ denotes equivalence in the sense of Young functions — see Section 2.
Actually, embedding (1.3) is equivalent to (1.2) if either 1 <p < ', or m > n, or 1 <m < n and
p > +. The case when 1 < p =  is a consequence of a result of [32, 35, 39], which, for m = 1, is also
contained in [38].
The space L”(R") is the optimal (i.e. smallest) target in (1.3) among all Orlicz spaces. However,
n

embedding (1.3) can still be improved when either 1 <p < ™, or 1 < p = X, provided that the class

m
of admissible target spaces is further broadened. For instance, if 1 <p < >, then

(1.4) WP (R) — LimsP(R™) N LP(R™),

where Lm—ms? (R™) is a Lorentz space. The intersection space in (1.4) is the best possible among
all rearrangement-invariant spaces. A parallel result can be shown to hold in the limiting situation
corresponding to 1 < p = >, and involves spaces of Lorentz-Zygmund type.

This follows as a special case of the results of the present paper, whose purpose is to address
the problem of optimal embeddings, in the whole of R"™, for Sobolev spaces built upon arbitrary
rearrangement-invariant spaces. Precisely, given any rearrangement-invariant space X (R™), we find

the smallest rearrangement-invariant space Y (R™) which renders the embedding
(1.5) WTX(R") — Y(R")

true. Here, W™ X (R"™) denotes the m-th order Sobolev type space built upon X (R"), and equipped
with the norm defined as in (1.1), with LP(R") replaced with X (R™). A rearrangement-invariant space
is, in a sense, a space of measurable functions endowed with a norm depending only on the measure
of the level sets of the functions. A precise definition will be recalled in the next section.

Questions of this kind have been investigated in the literature in the case when R" is replaced with

a domain of finite measure. The optimal target problem has been solved in full generality for these
domains in [18, 24]. Apart from the examples mentioned above, few special instances are known in
the entire R™. In this connection, let us mention that first-order sharp Orlicz-Sobolev embeddings in
R™ are established in [12], and that the paper [40] contains the borderline case corresponding to the
choice m = 1 and p = n, that is excluded in (1.4).
We also warn that the available results concerning more classical inequalities for compactly supported
functions in R™, which involve norms depending only on the highest-order derivatives of trial functions,
should not be confused with ours. Indeed, a major novelty of our work is to deal with the substantially
different situation when full Sobolev norms come into play.

A key result in our approach is what we call a reduction principle, asserting the equivalence between
a Sobolev embedding of the form (1.5), and a couple of one-dimensional inequalities involving the
representation norms of X (R") and Y (R™) on (0,00). This is the content of Theorem 3.3.

The optimal rearrangement-invariant target space Y (R™) for W™X(R™) in (1.5) is exhibited in
Theorem 3.1. The conclusion shows that the phenomenon recalled above for the standard Sobolev
spaces W™P(R™) carries over to any space W™X(R™): no higher integrability of a function near
infinity follows from membership of its derivatives in X (R™), whatever rearrangement-invariant space
is X(R™). Loosely speaking, the norm in the optimal target space behaves locally like the optimal
target norm for embeddings of the space W™ X (R™) with R™ replaced by a bounded subset, and like
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the norm of X (R™) near infinity. We stress that, since the norm in X (R") is not necessarily of integral
type, a precise definition of the norm of the optimal target space is not straightforward, and the proofs
of Theorems 3.1 and 3.3 call for new ingredients compared to the finite-measure framework.

Theorems 3.1 and 3.3 can be applied to derive optimal embeddings for customary and unconven-
tional spaces of Sobolev type. In particular, we are able to identify the optimal Orlicz target and the
optimal rearrangement-invariant target in Orlicz-Sobolev embeddings (Theorems 3.5 and 3.9), and
the optimal rearrangement-invariant target in Lorentz-Sobolev embeddings (Theorem 3.11).

2. BACKGROUND

Let £ C R™ be a Lebesgue measurable set. We denote by M (&) the set of all Lebesgue measurable
functions u : £ — [—o00,00|. Here, vertical bars | - | stand for Lebesgue measure. We also define
Mi(€) ={ue M(E) :u >0}, and My(€) = {u € M(E) : u is finite a.e. in £}. The non-increasing
rearrangement u* : [0,00) — [0, 00] of a function u € M(&) is defined as

u*(s) =inf{t >0: {z € &: |u(x)] >t} <s} for s € [0, 00).
We also define v** : (0,00) — [0, 0] as
1

u(s) = B /08 u*(r)dr for s € (0, 00).

The operation of rearrangement is neither linear, nor sublinear. However,
(2.1) (u+v)"(s) <u(s/2) +v*(s/2) for s > 0,
for every u,v € M4 (€).

Let L € (0,00]. We say that a functional || - [|x(o,z) : M+(0, L) = [0,00] is a function norm if, for
every f, g and {fx} in M (0, L), and every A > 0, the following properties hold:

(P1) [[fllx(o,z) = 0 if and only if f = 0 a.e; [\ fllx(0,z) = Ml x0,L);
If +9llxo,0) < I fllxo,0) + 19llx0,0);
2) f < g ae. implies ||f|lx(,z) < ll9llx(0,r);
3) fx / f a.e implies || fxllx(o,L) /I fllx(0,z)3
P4) |IxFllx(0,z) < oo for every set F C (0, L) of finite measure;
P5) for every set F C (0,L) of finite measure there exists a positive constant C'r such that
Jr f(s)ds < Cxl|fllx(,z) for every f € M (0,L).
Here, and in what follows, xr denotes the characteristic function of a set F.
If, in addition,
(P6) I fllxc0,2) = lgllx(0,r) Whenever f* = g*,
we say that || - [ x(o,z) is a rearrangement-invariant function norm.
The fundamental function ¢x : (0, L) — [0, 00) of a rearrangement-invariant function norm ||-|| x (o, 1)
is defined as

(2.2) ox(s) = lIx0,lx0,1) for s € (0, L).

If ||-llx(0,z) and ||[|y-(o,r) are rearrangement-invariant function norms, then the functional |- || xny(o,z),
defined by

o)

Il xavyo,0) = I1flxco,0) + 1 fllvo,z)
is also a rearrangement-invariant function norm.
With any rearrangement-invariant function norm || - [ x(o,z) is associated another functional on

M (0, L), denoted by || - || x+(0,z), and defined as

L
Il =  sup / f(s)g(s) ds
feM4(0,L) 0

Ifllxc,Ly <1
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for g € M (0, L). It turns out that || - ||x(,r) is also a rearrangement-invariant function norm, which
is called the associate function norm of || - ||x(o,r). Also,

L
11l x0,2) = sup / f(s)g(s)ds = |l x»o.p)
g€ M4(0,L) JO
llgllxrco,0) <1

for every f € M, (0,L).
The generalized Holder inequality

L
/O £(8)g(s) ds < || fllx 0.0 9l xr0.0)

holds for every f € M, (0,L) and g € M (0, L).
Given any t > 0, the dilation operator E) is defined at f € M(0, L) by

f(s/N) if s € (0,AL)

(Exf)(s) = {0 if s€[\LL).

The inequality
I Exfllx 0,0y < max{1, 1/ A} fllx,r)

holds for every rearrangement-invariant function norm || - [| x(o,z), and for every f € M (0, L).
A “localized” notion of a rearrangement-invariant function norm will be needed for our purposes.
The localized rearrangement-invariant function norm of || - || x (9,00 is denoted by || - || %(0.1) and defined

as follows. Given a function f € M, (0,1), we call £ its continuation to (0,00) by 0 outside (0,1),
namely

~ f(s) if s€(0,1),
fin=170 !
0 if s€ll,00).
Then, we define the functional || - H)?(o 3 by
(2.3) 1z = 1Flx 000
for f € M4(0,1). One can verify that || - || %(0.1) 18 actually a rearrangement-invariant function norm.
Given a measurable set £ C R" and a rearrangement-invariant function norm || - || x (o ¢|), the space

X (&) is defined as the collection of all functions u € M(E) such that the quantity

ullxe) = llu*]lx0,e))

is finite. The functional ||-||x (¢ defines a norm on X (&), and the latter is a Banach space endowed with
this norm, called a rearrangement-invariant space. Moreover, X (£) C My(€) for any rearrangement-
invariant space X (&).

The rearrangement-invariant space X'(€) built upon the function norm || - [ x/(,¢|) is called the
associate space of X (E).

Given any rearrangement-invariant spaces X (&) and Y (€), one has that

(2.4) X&) —=Y(€) if and only if  Y'(€) — X'(€),

with the same embedding norms.

We refer the reader to [4] for a comprehensive treatment of rearrangement-invariant spaces.

In remaining part of this section, we recall the definition of some rearrangement-invariant function
norms and spaces that, besides the Lebesgue spaces, will be called into play in our discussion.
Let us begin with the Orlicz spaces, whose definition makes use of the notion of Young function. A
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Young function A : [0,00) — [0, 00] is a convex (non trivial), left-continuous function vanishing at 0.
Any such function takes the form

(2.5) A(t) = /Ot a(t)dr for t > 0,

for some non-decreasing, left-continuous function a : [0, 00) — [0, co] which is neither identically equal
to 0, nor to co. The Orlicz space built upon the Young function A is associated with the Luzemburg

function norm defined as
L
Il =t {as 0 [Ca (s <1}
0

for f € M, (0,L). In particular, given a measurable set & C R", one has that L4(£) = LP(&) if
A(t) = t? for some p € [1,00), and LA(E) = L=(E) if A(t) = cox(1,00) (1)
A Young function A is said to dominate another Young function B near infinity [resp. near zero]
[resp. globally] if there exist positive constants ¢ > 0 and ¢y > 0 such that
B(t) < A(ct) for t € (to,00) [t €[0,t0)] [t €[0,00)].

The functions A and B are called equivalent near infinity [near zero| [globally] if they dominate each
other near infinity [near zero| [globally]. Equivalence of the Young functions A and B will be denoted
by A~ B.

If |€| = oo, then

LAE) - LP(E) ifandonlyif A dominates B globally.
If |€| < oo, then
LAE) — L&) if and only if =~ A dominates B near infinity .
Given 1 < p,q < oo, we define the Lorentz functional || - [|r.q(0,r) by

1_1

1/l Lp.aco,r) = Hf*(s)sra

L9(0,L)

for f € M4(0, L). This functional is a rearrangement-invariant function norm provided that 1 < g < p,
1

namely when ¢ > 1 and the weight function s%_E is non-increasing. In general, it is known to be
equivalent, up to multiplicative constants, to a rearrangement-invariant function norm if (and only
if) either p=g=1,or 1l <p<ooand 1 < g < oo, or p =g = oo. The rearrangement-invariant
space on a measurable set £ C R"™, built upon the latter rearrangement-invariant function norm, is
the standard Lorentz space LP9(E). Thus, LP9(€) consists of all functions u € M(E) such that the
functional ||ul|pp.e(e), defined as

(2.6) lullr.ae) = [[u*[|Lrao,e))

is finite.

1 1
The notion of Lorentz functional can be generalized on replacing the function s»~ ¢ by a more general
weight w(s) € M4 (0, L) in (2.6). The resulting functional is classically denoted by | - || x¢(w)(0,2), and
reads

I £l aaqwyo,z) = I1F*(®)wE) |l Lago,r)
for f € M4(0,L). A characterization of those exponents ¢ and weights w for which the latter
functional is equivalent to a rearrangement-invariant function norm is known. In particular, when
q € (1,00), this is the case if and only if there exists a positive constant C' such that

w(r)?

L s
sq/ qurSC/ w(r)?dr for0<s<L
s 0
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[33, Theorem 2]. Moreover, || - |[s1(u)(0,z) 18 equivalent to a rearrangement-invariant function norm if
and only if there exists a constant C' such that

1 [ c [
/ w(t)dt</ w(t)dt for0<r<s<L
$Jo rJo

[10, Theorem 2.3]. Finally, || - [[scc(w)(0,z) 18 equivalent to a rearrangement-invariant function norm if
and only if there exists a constant C' such that

/drg Cs for 0 < s < L.
o w(r) — w(s)

This follows from a result of [34, Theorem 3.1]. In any of these cases, we shall denote by A?(w)(&)
the corresponding rearrangement-invariant space on a measurable set £ C R™.

A further extension of the notion of the Lorentz functional || - [[ya(w)(0,z) is obtained when the role
of the function norm || - [[z¢(0,z) is played by a more general Orlicz function norm || - ||z z). The

resulting functional will be denoted by || - [[y4(w)(0,1), and defined as

I £l aaw)o,0) = 1F*(8)w(s)l Laco,r)

for f € M4(0,L). A complete characterization of those Young functions A and weights w for which
the functional || - [[ya(w)(0,z) is equivalent to a rearrangement-invariant function norm seems not to be
available in the literature. However, this functional is certainly equivalent to a rearrangement-invariant
function norm whenever the weight w is equivalent, up to multiplicative constants, to a non-increasing
function. This is the only case that will be needed in our applications. For such a choice of weights
w, we shall denote by A% (w)(€) the corresponding rearrangement-invariant space on a measurable set
ECR™

A comprehensive treatment of Lorentz type functionals can be found in [11] and [31].

3. MAIN RESULTS

Our first main result exhibits the optimal rearrangement-invariant space into which any assigned
arbitrary-order Sobolev space is embedded. Given an open set €2 in R™ and any rearrangement-
invariant space X (2), the m-th order Sobolev type space W™ X (Q) is defined as

W™(X)(Q) = {u € X(Q) : uis m-times weakly differentiable, and |V¥u| € X(Q) for k = 1,...,m}.
The space W™ X (Q) is a Banach space endowed with the norm given by

(3.1) ullywm x () = Z IV ul x ()
=0

for u € Q. In (3.1), and in what follows, the rearrangement-invariant norm of a vector is understood
as the norm of its length.

Given a rearrangement-invariant space X (R"), we say that Y (R"™) is the optimal rearrangement-
invariant target space in the Sobolev embedding

(3.2) W™ X (R") — Y (R")

if it is the smallest one that renders (3.2) true, namely, if for every rearrangement-invariant space
U(R™) such that W™X(R") — U(R™), one has that Y (R"™) — U(R™). The construction of the
optimal space Y'(R") in (3.2) requires a few steps. A first ingredient is the function norm || - || 70,1
obeying

(3.3) l9llzr00) = lls™ g () g101y  Tor g€ M(0,1),

where the localized rearrangement-invariant function norm || - || %01 18 defined as in (2.3), and || -
|5 (0.1) Stands for its associated function norm. The function norm |- | z(0,1) determines the optimal
rearrangement-invariant space in the Sobolev embedding for the space wmXx (©) in any regular open



SHARP SOBOLEV TYPE EMBEDDINGS ON THE ENTIRE EUCLIDEAN SPACE 7

set in R™ (with |Q] = 1), see [18, 24].
Next, we extend [ - || 7(0,1) to a function norm || - | xm (g o) on (0,00) by setting

(3-4) £ lxm 0,000 = I1f* M z0,1)  for f € M(0,00).

The optimal rearrangement-invariant target space Y (R") in embedding (3.2) is the space X/ (R")
defined as

(3.5) Xxm

opt

(R™) = (X™ N X)(R"™).
One has that
{u e X™(R") : [supp u| < co} C X(R").

This follows via Proposition 4.1, Section 4. Hence, if [supp u| < oo, then u € X5 (R") if and only
if w € X™(R"). In this sense the optimal space X5 (R") is determined by X™(R") locally, and by
X (R™) near infinity.

Theorem 3.1 (Optimal Sobolev embedding). Letn > 2, m € N, and let X (R"™) be a rearrangement-
invariant space. Then

(3.6) WmX(R") — X™

opt

(R"),

where Xg5: (R™) is the space defined by (3.5). Moreover, X7 (R") is the optimal rearrangement-
invariant target space in (3.6).

Theorem 3.1 has the following consequence.

Corollary 3.2 (Supercritical Sobolev embedding). Let n > 2, m € N, and let X(R") be
a rearrangement-invariant space such that

(3.7) ||X(0,1)(5)5_1+%||X’(0,oo) < 00.

(In particular, this is always the case when m > n, whatever is X(R™).) Then X5 (R™) = (L* N
X)(R™), up to equivalent norms. Namely,

(3.8) WX (R") — (L= N X)(R"),
and (L% N X)(R™) is the optimal rearrangement-invariant target space in (3.8).
Our second main result is a reduction theorem for Sobolev embeddings on the entire R".

Theorem 3.3 (Reduction principle). Let X(R") and Y (R™) be rearrangement-invariant spaces.
Then

(3.9) WX (R") — Y(R")
if and only if there exists a constant C' such that
1
(3.10) xont® [ 1005 ar| < Clxon o
s Y (0,00)
and
(3.11) 1X(1,00) f Iy (0,00) < Cll fll x(0,00)

for every non-increasing function f : (0,00) — [0, 00).

Remark 3.4. In fact, inequality (3.10) turns out to hold for every non-increasing nonnegative function
f if and only if it holds for every nonnegative function f — see [18, Corollary 9.8].
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In the remaining part of this section we present applications of our general results to two important
families of Sobolev type spaces: the Orlicz-Sobolev and the Lorentz-Sobolev spaces. In the light of
Corollary 3.2, we shall mainly restrict our attention to the case when m < n.

Let us begin with embeddings for Orlicz-Sobolev spaces built upon a Young function A. The
notation W4(R") will also be adopted instead of W™LA(R™). This kind of spaces is of use in
applications to the theory of partial differential equations, whose nonlinearity is not necessarily of
power type, which also arise in mathematical models for diverse physical phenomena — see e.g. [1, 3,
5,6,7,8,9, 22, 25, 26, 28, 36, 37, 41].

We first focus on embeddings of WmLA(R") into Orlicz spaces. We show that an optimal target space
in this class always exists, and we exhibit it explicitly.
Define the function Hx : [0,00) — [0, 00) as

m n—m

(3.12) Ha (1) = (/OT <A’(5t)) "mdt) ' for 7 > 0,

and the Young function A~ as

(3.13) A

(t)=A(Hz'(t)) fort>0,

n
m

where Hy' denotes the (generalized) left-continuous inverse of Hx (see [13, 15]).

m

Theorem 3.5 (Optimal Orlicz target in Orlicz-Sobolev embeddings). Let n > 2, m € N, and
let A be a Young function. Assume that m <mn, and let An be the Young function defined by (3.13).
Let Aopt be a Young function such that

Aot (1) ~ A(t) near 0
PRV A (t) near infinity .

n
m

Then

(3.14) WARY) — LAort (R™),

and LAt (R™) is the optimal Orlicz target space in (3.14).

Remark 3.6. In equations (3.12) and (3.13), we may assume, without loss of generality, that

(3.15) /O <A§t)> ﬁdt < 00,

so that H n is well defined. Indeed, since only the behavior of Ag, and hence of H », near infinity
is relevant in view of our result, A can be replaced in (3.12) and (3.13) (if necessary) by a Young
function equivalent near mﬁnlty, which renders (3.15) true. Any such a replacement results into an
equivalent function A» near infinity.

m

Remark 3.7. Notice that, if

(3.16) < ) dt < oo,

then H=z!(t) = oo for large t, and equation (3.13) has accordingly to be interpreted as A= (t) = oo for

g3

large . "

Remark 3.8. Condition (3.16) can be shown to agree with (3.7) when X(R") = L4(R"), and em-
bedding (3.14) recovers the conclusion of Corollary 3.2 in this case. Indeed, by Remark 3.7, under
assumption (3.7) one has that

A(t) if telo,1]
oo if te(1,00).
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Owing to Lemma 5.2 below, the resulting Orlicz target space L“o»t(R™) coincides with (L>NLA)(R™).

Hence, the target space L4ort (R") is in fact also optimal among all rearrangement-invariant spaces in
(3.14).

We next determine the optimal target space for embeddings of W4 (R™) among all rearrangement-
invariant spaces. Such a space turns out to be a Lorentz-Orlicz space defined as follows.
Let A be a Young function. In the light of Remark 3.8, we may restrict our attention to the case when
m < n, and

m

(3.17) /Oo (AEt)> Tt = 0.

Define the Young function A by

(3.18) At) = /O G dr fort>0,

where

m

) t nTm 7% m—n
al(s) = / / (1) dr Ln for s >0,
a=1(s) 0 CL(T) CL(t) n—m

and a is the function appearing in (2.5). Notice that condition (3.15) is equivalent to requiring that

m

(3.19) /0 <a(1¢)> " < .

Thus, by a reason analogous to that explained in Remark 3.6, there is no loss of generality in assuming
(3.19).

Theorem 3.9 (Optimal rearrangement-invariant target in Orlicz-Sobolev embeddings).
Let n > 2 and m € N, and let A be a Young function. Assume that m < n, and condition (3.17) is
fulfilled, and let A be the Young function given by (3.18). Let E be a Young function such that

A
Bt) ~ A(t) near 0 |

A(t) near infinity .
and let v : (0,00) — (0,00) be the function defined as

T 1
(3.20) o(s) =45 ¢ Hee )

1 if se€l,00).
Then
(3.21) WmARY) — AP (v)(RM),
and the Orlicz-Lorentz space A¥ (v)(R™) is the optimal rearrangement-invariant target space in (3.21).

Example 3.10. We focus here on Orlicz-Sobolev spaces built upon a special family of Orlicz spaces,
called Zygmund spaces and denoted by LP(log L)*(R™), where either p =1 and a > 0, or p > 1 and
a € R. They are associated with a Young function equivalent to tP(1 + log, t)®, where log () =
max{logt,0}. Of course, L?(log L)°(R") = LP(R").

Owing to Theorem 3.5 and [15, Example 3.4], one has that

W™LP(log L)*(R") — L%(R"),
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where
np na
tn=mr (logt)n—mr if 1<p< >
AT —am . n n
e fp==2a<—1
G(t) ~ . P=m m near infinity, G(t) = tP near zero.

e® ifp="—r,a="-1

00 otherwise

Moreover, L% (R™) is optimal among all Orlicz spaces.
Furthermore, by Theorem 3.9 and [15, Example 3.10],

W™ LP(log L)*(R") — AP (v)(R"),
where v is given by (3.20), and
tP(logt)® if 1<p<
E(t) = { tm (logt)* m if p==, a<—1 nearinfinity, E(tf)~t" near zero.

tm(logt) '(log(logt))™m if p=2, a=2 1

Moreover, the Orlicz-Lorentz space A¥(v) is optimal among all rearrangement-invariant spaces. The

optimal rearrangement-invariant target space when either p > ™, or p =  and a > .= — 1 agrees

with the Orlicz space L& (R™) with G defined as above, and hence with (L> N LP(log L)®)(R™).

We conclude this section with an optimal embedding theorem for Lorentz-Sobolev spaces in R",
which relies upon Theorem 3.1.

Theorem 3.11 (Lorentz-Sobolev embeddings). (i) Let m < n, and eitherp=q=1, or 1 <p <
2 oagnd 1 < q<oo. Then

m

WMLPA(R™) — AY(w)(R™),

where

(ii) Let m <n and 1 < g < co. Then
W™ L 4(R™) — A(w)(R™),

where

1
s a(14+1logd)™1 if s€ (0,1
ooy {0 log )T i s e (0,1]
sn o a if s € (1,00).

(iii) Let either m >n, orm <n andp> -, orm <n, p= 1 and qg=1. Then

WTLPART) = AP (w)(R"),

w(s):{11 1 if s € (0,1]

sp e if s € (1,00),

where

and

e if te(0,1]
E(t)_{oo if te(1,00).

Moreover, in each case, the target space is optimal among all rearrangement-invariant spaces.
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4. PROOFS OF THE MAIN RESULTS

Let || - |lx(0,00) Pe a rearrangement-invariant function norm, and let | - be its localized

”5{(0 1)
rearrangement-invariant function norm on (0, 1) given by (2.3). The rearrangement-invariant function
norm || - || z¢,1) defined as in (3.3) is the optimal one for which the Hardy type inequality

< CHf”f((o,l)
Z(0,1)

(4.1) H / it

holds with some positive constant C' independent of nonnegative functions f € X (0,1), see [24,
Theorem A]. The following proposition tells us that such a norm is always at least as strong as that
of X(0,1).

Proposition 4.1. Let n > 2 and let m € N. Assume that || - || x(0,00) 5 @ Tearrangement-invariant
function norm, and let || - || 7(0,1) be rearrangement-invariant function norm defined as in (3.3). Then
(4.2) Z(0,1) — X(0,1).

Proof. Embedding (4.2) is equivalent to

(4.3) X'(0,1) = Z'(0,1).

By the very definition of Z(0,1), embedding (4.3) is in turn equivalent to the inequality

(4.4 I5% £ (5) g0y < Cl oy

for some constant C' and for every f € M (0,1). It is easily verified that the operator
M (0,1) 3 f(s) = 57 f**(s) € My (0,1)

is sublinear, and bounded in L'(0,1) and in L>(0,1). An interpolation theorem by Calderén [4,
Theorem 2.12, Chapter 3| then tells us that it is bounded in any rearrangement-invariant space.
Hence, inequality (4.4) follows. O

The next auxiliary result will be critical in the proof of the sharpness of our embeddings. Through-
out, we shall use the relation 2> [<] between two expressions to denote that the former bounds [is
bounded by] the latter, up to a positive constant. The notation ~ is adopted to denote that the rela-
tions 2 and < hold simultaneously. Notice the different meanings of the relation ~ and the relation
~ of equivalence between Young functions introduced in Section 2.

Proposition 4.2. Let |||/ x(0,00) and || ||7(0,00) be Tearrangement-invariant function norms. Let o > 0

and let L > 0. Assume that
/ f('r’)ro‘*1 dr
s X (0,00)

for some constant Cy, and for every non-increasing function f € My(0,00). Then there exists a
constant Cy such that

(45) HX(L,OO><8> | st

<a (\fuxm,oo) i ‘
U(0,00)

(4.6) 19X 21,00) [|7/(0,00) < C2ll9ll x(0,00)
for every g € M(0,00).

Proof. Let f be as in the statement. Assume, in addition, that f is constant on (0,2L), and denote
by fo € R the constant value of f on (0,2L). If s > 2L, then

| teretar > eLr

2s 2s
fryre=tdr > f(23)/ reldr = (2% — 1);]‘(25) > (2% -1)

f(2s).

s
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Furthermore, if s € (0, L), then

9] 2L 1
/ f(ryre=tdr > fr)yre=tdr = o [(2L)* — L*] fo .
s L

Thus,
4.7 NfG)x0,00) SN2 x00,00) < I1£(28)X(21,00) (8) | x(0,00) + 1 (28)X(0,22) (8) || x(0,00)

S s [ somar| ot olhosslxoa
s 0,00
S [xeroos) [ fotdr + hollx 0.0 | x 0
s 0,00
< X(2L,oo)(5)/ flryretdr +HX(0,L)(S)/ Pyt dr
s X (0,00) s X (0,00)

| [ s tar
Inequalities (4.5) and (4.7) imply that
Xeoos) [ 50t ar

Consider functions f of the form

X(0,00)

(4.8)

/OO f(ryre—tdr

S

5|
U(0,00) X(0,00)

k
f= Z%’X(Oabi) witha; >0 and b; > 2L.
i=1
For this choice of f, one has that

k
[e.e]
ol g = 3 g -5
| rwortar > xom(®) g 0 =4 fors>0

whence k
‘ / fryre= dr S b () aibf .
s X(0,00) i—1 X(0,00)
On the other hand,
o0 k
(4.9) HX(L,oo)(S)/ Fryre—tdr Z HX(L’OO)(S) ZX(O 2)(5)%(()? — 6
s U(0,00) P '3 U(0.00)

V
Eay
=
)
©)
™
=
(=)

) (s)ai (b — (6:/2)")
2 U(0,00)

12

X(L,00) (5/2) ZX(O t) (5/2) a;bf

2
; )
=1

U(0,00)
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Inequalities (4.8) and (4.9) imply, via an approximation argument, that

(4.10) HX(QL,oo) gHU(O,oo) S HgHX(Opo)

for every non-increasing function g € M4 (0, 00) that is constant on (0,2L). Observe that property
(P3) of rearrangement-invariant function norms plays a role in the approximation in question.
Assume now that g is any function in M (0,00). An application of (4.10) with g replaced by

9 (2L)X(0,21) + 9" X(2L,00) Yields
(4.11) 1X(22.0009 1000y = X (22,0097 2L)X(0.22) + 9" X200 | 170 00)

= Hg*(ZL)X(O,QL) +9*X(2L,oo)Hx(0’oo) < Hg*HX(O,oo) = ||9||X(0,oo)-
Hence, inequality (4.6) follows. O

A key step towards the general embedding theorem of Theorem 3.1 is a first-order embedding,
for somewhat more general non-homogeneous Sobolev type spaces defined as follows. Given two
rearrangement-invariant function norms || - || x(0,c0) and || - |y (0,00), we define the space W*(X,Y)(R™)
as

WHX,Y)(R") = {u € X(R") : u is weakly differentiable in R”, and |Vu| € Y(R")}
endowed with the norm

ullwx,yymey = lull x@ey + [ Vully gey)-

Theorem 4.3 (Non-homogeneous first-order Sobolev embeddings). Let || - [|x(0,0c) and || -
v (0,00) be Tearrangement-invariant function norms. Let || -||y1(0,0c) be defined as in (3.4), withm =1
and X (R™) replaced by Y (R™). Then

(4.12) WX, Y)(R") — (Y n X)(R™).

Proof. We begin by showing that there exists a constant C' such that
(4.13) [ully1ny < ClVully we)

for every function u such that [suppu| < 1 and |Vu| € Y(R"). Indeed, a general form of the Pélya-Szego
principle on the decrease of gradient norms under spherically symmetric symmetrization ensures that,
for any such function w, the decreasing rearrangement u* is locally absolutely continuous in (0, 00),
and

1
(4.14) IVully @ny > nws HS#U*/(S)HY(O,oo) ,

where w,, denotes the Lebesgue measure of the unit ball in R — see e.g. [16, Lemma 4.1]. Moreover,
there exists a constant C' such that
1
/ u' (r) dr
S

where the first equality holds since u* vanishes in (1, 00), the inequality is a consequence of the Hardy
type inequality (4.1), the second equality holds since u*(1) = 0, and the last inequality by the very
definition of the norm in Y'}(R"). Inequality (4.13) is a consequence of (4.14) and (4.15).

Now, let u € W'(X,Y)(R") such that

= CHU*(S)HZ(O,I) = HUHYl(R")a
Z(0,1)

(415) 570 9)y gy = 1550 O 50 > €

(4.16) lellwrxvy@my < 1.
Then,

(4.17) 12 ullxn) = txqusslxen = tex({ul > ) for ¢ >0,
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where @y is the fundamental function of || - [| x (9,oc) defined as in (2.2). Let ¢y denote its generalized
left-continuous inverse. One has that

lim ¢3! (t) =0,
t_>0+90x ( )

and
o (ox () >t fort>0.
Therefore, by (4.17),

(Il > 1} < o3 (ox({lul > 1)) < 9 (1/8)  fort >0,
Hence,
[{Ju] >t} < o' (1/t)  for t > 0.
Choose tg such that ¢y (1/tg) < 1, whence
{lul > to} < 1.

Let us decompose the function u as u = u; + ug, where u; = sign(u) min{|ul, ¢y} and uy = v —uy. By
standard properties of truncations of Sobolev functions, we have that ui,us € W1(X,Y’). Moreover,
|u]| oo (mry < to, and [{|uz| > 0} = [{|u] > to}| < 1. We claim that there exist positive constants c
and ¢y such that

(4.18) [utllyrgny < c1,
and
(4.19) HUQHyl(Rn) S Co.

Inequality (4.18) is a consequence of the fact that
lurllyr®ny < tol[1lly1@ny < o0,

where the last inequality holds thanks to the definition of the norm |- [|y1(gny. Inequality(4.19) follows
from inequalities (4.13) and (4.16). From (4.18), (4.19) and (4.16) we infer that

lull x@®ny + [[ullyr@ey < llullx@ny + l[wllyri@ey + luzllyr@ey < [Jullx@ey +c+c2 <1+er+ e
for every function wu fulfilling (4.16). This establishes embedding (4.12). O
We are now in a position the accomplish the proof of Theorem 3.1.
Proof of Theorem 3.1. We shall prove by induction on m that
(4.20) ull xm@ny < Cllullywmx ®n)

for some constant C, and for every v € W™X(R"™). This inequality, combined with the trivial
embedding WX (R") — X (R"), yields embedding (3.6).

If m = 1, then inequality (4.20) is a straightforward consequence of Theorem 4.3 applied in the special
case when Y (R") = X (R"). Now, assume that (4.20) is fulfilled for some m € N. Let u € W™TL X (R").
By induction assumption applied to the function u,, for ¢ =1,...,n,

etz Ly < Clltas ey < 'l x e
for some constants C' and C’. Consequently,
(4.21) [Vl xm®n) < Cllullym+1xgn)
for some constant C. From Theorem 4.3 with Y (R") = X™(R"), and inequality (4.21), we obtain
(4.22) [l xmyrmy < C (lullx@ny + 1 Vullxm@n)) < C'llullwmxgn
for some constants C' and C’. From [18, Corollary 9.6] one can deduce that

(4.23) HUH(Xm)I(Rn) ~ Hu”Xm+1(Rn)
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for every u € WML X(R"). Inequality (4.20), with m replaced by m + 1, follows from (4.22) and
(4.23).

It remains to prove the optimality of the space (X™ N X)(R™). Assume that U(R") is another
rearrangement-invariant space such that

W™X (R™) — U(R™).
Then there exists a constant C such that
(4.24) [ully®ny < Cllullwmnxwny
for every u € W™ X (R"™). We have to show that
(XNX"™)(R") — UR"),

or, equivalently, that

(4.25) 10,000 < C (I f 1 x 0,00) + 11 x7m(0,00))

for some constant C, and every f € M (0,00). Inequality (4.25) will follow if we show that
(4.26) 1" x0)llU0,.00) < ClIf llxm(0,00)

and

(4.27) 1" X(1,00) [7(0,00) < ClIf Il x(0,00)

for some constant C, and for every f € M (0,00).
Let B be the ball in R"™, centered at 0, such that |B| = 1. We claim that inequality (4.24) implies that

(4.28) [vllosy < Cllvllwmx s

for some constant C, and for every v € W™ X (B). Here, X(B) and U(B) denote the rearrangement-
invariant spaces built upon the function norms ||-|| 1) and ||- ||L~,(0 1 defined as in (2.3). To verify this

claim, one can make use of the fact that there exists a bounded extension operator 7' : W™ X (B) —
WX (R™) [19, Theorem 4.1]. Thus,

(4.29) | Tv][ymx@e) < Cllvllwmxs)
for some constant C' and for every v € W™ X (B). Coupling (4.24) with (4.29) we deduce that
vl = 1Tvllve) < I1T0llvme < ClTvllwmx@e < Cllvllwnxs)

for some constants C' and C’, and for every v € W™ X (BB). Hence, inequality (4.28) follows.
Inequality (4.28) in turn implies that

(4.30) H / lg(r)r*H% drl|

< CHQH)}(QJ)
7(0,1)

for some positive constant C, and every g € M (0,1). This implication can be found in the proof of
[24, Theorem A]. For completeness, we provide a proof hereafter, that also fixes some details in that
of [24].

Let us preliminarily note that we can restrict our attention to the case when m < n. Indeed, if m > n,
inequality (4.30) holds with || - Hff(ml) = || l|e(0,1), and hence for every rearrangement-invariant norm

I v 0,00)-
Given any bounded function f € M(0,1), define

(4.31) u(x —/ / / / m +7 dsp, -+ - dsy for x € B.
wn |z|™
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1
Set M = wp ™. We need to derive a pointwise estimate for |[D™u|. As a preliminary step, consider
any function v : B — [0, 00) given by
v(z) = g(|x|) for z € B,
where ¢ : (0, M) — [0,00) is an m-times weakly differentiable function. One can show that every ¢-th
order derivative of v, with 1 < ¢ < m, is a linear combination of terms of the form

Tay - - .a:aig(j)(|x])
||

for a.e. x € B,

where a1, ...,a; € {1,...,n}, and
1<j<t 0<i<l k—i=f0—]j

Here, gU) denotes the j-th order derivative of g As a consequence,

(4.32) 3 [Vh(a)| < C’Z Z 19 !@LT’“' for a.e. z € B.
=1

=1 k=1
Next, consider functions g defined by

/ / / f(sm)s _m+7 dsy, .. .dsy for s € (0, M),
wn 8™ Sm—1

where f is as in (4.31). It can be verified that, for each 1 < k < m — 1, the function ¢g\¥)(s) is a linear
combination of functions of the form

sin— ’f/ / / F(sm)sm' " dsp...dsjy1  for s € (0, M),
wnS™ J 8541 Sm—1

where j € {1,2,..., k}, whereas ¢ (s) is a linear combination of functions of the form
(4.33) sIn= m/ / / +” dsm ... dsj1 for s € (0, M),
wn 8™ J 8541 Sm—
where j € {1,2,...,m —1}, and of the functlon f(wns™). Note that, if j = m — 1, then the expression
n (4.33) has to be understood as
1 .
slm=1n=—m f(sm)s:nm+7 dsm for s € (0, M).

wp 8™

As a consequence of these formulas, we can infer that, if 1 < k < m — 1, then

(4.34) s)| S Zsm k/ )yt atar for s € (0, M),

and
m—1 '

(4.35) s)| < Z s m/ FE)yr 75 e + fwps™) for a.e. s € (0, M).
j=1 Wn 8™

From equations (4.32), (4.34) and (4.35) one can deduce that

1 1

m—1
f(s)s™ % ds + Z \93|J"m/ f(s)s™ %" 1ds

j=1 wn x|

(436)  [D™u(x)| S f(wale") + /

nla|"

for a.e. x € B. On the other hand, by Fubini’s theorem,

1 nym 1
4 ww= [ g Em I g o enle) [ o)sE s

n|z|™ (m - 1)' 2w, |z|™
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for x € B. The following chain holds:

(4.38) PR dr

< Hx(% (0 f( I

S ulloi) S D™ ullx )
7(0,1)

j—/ f(r —J—&-ﬂ—l dr

Here, we have made use of (4.37), (4.24), (4.36), and of the boundedness of the operators

U(0,1)

m

1
5||f||g(0,1)+H JC I

X(O,l) (0,1)

) 80 / FP)r= T %1 dr and f(s)H/lf(r)Trsldr

on X (0,1) for every j as above. The boundedness of these operators follows from Calderén inter-
polation theorem, owing to their boundedness in L!'(0,1) and L*(0,1). Inequality (4.30) follows
from (4.38). Inequality (4.30) implies, via the optimality of the norm || - || z(o,1) in (4.1), that

190 50,1) < l9llzo,1)
for every g € M(0,1). Given any function f € M4 (0,00), we can apply the latter inequality to
J*X(0,1), and obtain
Hf*X(o,l)Hﬁ(o,l) < Olf*xonllz01)

By (2.3) and (3.4), this entails (4.26).
Let us next focus on (4.27). Fix L > 0 and consider trial functions in (4.24) of the form

U(x):¢($/)¢($1) /00/00”./00 f(sm) dsp, -+ dsy for x € R™,

where = = (z1,2), ' € R"!, 2y € R. Here, f € M (R) and has bounded support; 1) € C>®(R), with
Y =0in (—o0,L], ¥ = 1 in [2L,400), 0 < ¢ < 1in R; ¢ € C(BY 1), with ¢ = 1 in B!, where
Bg_l denotes the ball in R™ ™!, centered at 0, with radius p. An application of Fubini’s theorem yields

_ 1
u(z) = P(x1) / f(s (s xl)) ds for x € R™.
Thus,
1/}('7;1) & -1
. > e / m
(4 39) U(SC) - XB1 1(CC ) 2m—1(m — 1)' 2z f(S)S s
Xpp—1 (') X(2L,00) (1) fo0 - §
- 2m—1(m _ 1)! - f(S)S ds forz € R ,
and
(4 40) ( ) < XB;“l(xl) X, OO) -Tfl / f sm=1 g4 f cR".
' = (m—1)! s orx

Moreover, if 1 < k < m — 1, then

k+1

(4.41) VFu(e)] £ Xt (2)X 1,00 (1 Z/xl / /SHI.../OO F(m) dsom - - -

Sm—1
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k—l—l —wl)m_j
k+1

rSXBg 1 X(L,00) xl Z f Sm dsm
j=1"%1

S XB;Lq(m')X(L’OO) (ml)/ f(s)s™ ds for a.e. z € R”
z1

and, similarly,

(4.42) IVT™u(z)| S XBS—1($/)X(L7OO)($1) </00 f(s)s™ tds + f(x1)> for a.e. z € R™.

Now, observe that, if a function w € M4 (R"™) has the form
w(z) = g(.ﬂ?l)XBZfl(.ﬁU/) for a.e. z € R,
for some g € M (R) and N > 0, then
Hox € R" :w(z) >t} = wp a N H{zy € R : g(z1) > t}] fort >0,

whence
s
. * =g ——— >0.
(4.43) w*(s) =g (wn_an_1> for s >0
From (4.39)-(4.43) we thus deduce that
* OO m—1 ' s
(4.44) W) 2 | Xareo() [ fOrar) (2) fors>0
2(+) ¢
and
(4.45) V™l (s / fr)yrmtdr 4 f*(cs) for s >0,

for some constant ¢ > 0. Note that here we have made use of (2.1). An application of inequality
(4.24) yields, via (4.44), (4.45) and the boundedness of the dilation operator in rearrangement-invariant
spaces,
(o) o0
419 [xaroo® [ st ar Fyr dr
S

s

+ 17l x 0,00

U(0,00) ‘ X(0,00)

for every f € M (0,00) with bounded support. Now, if f is any function from M (0,00), one can
apply inequality (4.46) with f replaced by the function fx (o), for & € N, and pass to the limit as
k — oo to deduce (4.46). Note that property (P3) of function norms plays a role in this argument.
Finally, choosing L = % in (4.46) and applying Proposition 4.2 tell us that

1" X(1,00) 70,000 S 1f11x0,00)
for every f € M (0,00), namely, (4.27). O

Proof of Corollary 5.2. Under assumption (3.7), the function norm || - ||(o,1), defined by (3.3), is
equivalent to || - || Lo (0,1), up to multiplicative constants. Indeed,

s 1
o [rma] ( / g*(r)dr) o ()52
0 X'(0,1) 0

lgllzi0,1) = X1(0,00) = Cllgllzr0,1),
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for some constant C, and for every g € M(0,1). This chain establishes the embedding L'(0, 1)
7'(0,1). The converse embedding follows from (P5). Thus Z’(0,1) = L'(0,1), whence Z(0,1)
L*°(0,1). The coincidence of the space X7t (R™) with (L>°NX)(R") then follows by the very definition
of the former. O

4

The last proof of this section concerns Theorem 3.3.
Proof of Theorem 3.3. Suppose that conditions (3.10) and (3.11) are in force. By Theorem 3.1,
WTX(R") — (X™ N X)(R™).
Thus, in order to prove (3.9), it suffices to show that
(4.47) (X"NX)(R") = Y(R").

Observe that inequality (3.10) can be written in the form

/ Fr)yr 5% dr
Y

for every non-increasing function f : (0,1) — [0, c0), where the function norms || - || %(0.1) and

5 Hf”)?(o,l)
(0,1)

are defined as in (2.3). By the optimality of the space Z(0,1) in inequality (4.1), one has that

2(0,1) = Y(0,1),
whence
(4.48) 19" X0, v (0,00) S 19711 2(0,1)
for any g € M (0,00). Owing to (4.48) and (3.11),
[ull (xmaxy@ny = llull x @y + el xm@n) = [l x0,00) + [0 xm 0,000 = 1u" L x(0,00) + 14"l 2(0,1)
2 X (1,000 [ x 0,00) + 10X 0,0 [I¥(0,00) Z 10"l (0,00) = Nully(mn)

for any w € (X™ N X)(R™). Inequality (4.47) is thus established.
Conversely, assume that embedding (3.9) holds. Owing to the optimality of the rearrangement-
invariant target norm X! (R") in (3.1),

opt
(X"NX)(R") - Y(R").
By (3.4), the latter embedding implies that
(4.49) 111y 0,00) S I1fx(0,00) + 1" [l 20,1)

for any f € M (0,00). In particular, applying this inequality to functions f of the form g*x (g 1), and
making use of Proposition 4.1 tell us that

19X 0, Iy (0,000 S 19" X0.1) 1 x(0,00) + 971 z0,1) = 971 %0.0) + 19" | 200,1) S N9l z0,1)-
In particular,

1
f(r)r_H% dr

S

1
[xon @ [ g2 ar
for every f € M4(0,00). Since, by (4.1),

Y (0,00) ' Z(0,1)

)y dr

S Hf”;?(o,l) = HX(O,l)fHX(o,oo)
Z(0,1)

for any non-increasing function f : (0,00) — [0,00), inequality (3.10) follows. On the other hand, on
applying (4.49) to functions of the form f*x(; o), we obtain

£ X (1,00) 1V (0,00) S 1 X (1,00) 1 x0,00) + £ AL 20,1
S X001 x0,00) + £ )X 0,0 Ix(0,00) S 11 x(0,00)5
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namely (3.11). O

5. PROOFS OF THEOREMS 3.5, 3.9 AND 3.11
The proofs of our results about Orlicz-Sobolev embeddings require a couple of preliminary lemmas.

Lemma 5.1. Let F and G be Young functions. Assume that there exist constants to > 0 and ¢ > 0
such that

F(t) <G(ct) if 0<t<tp.
Let L > 0. Then

(51) 17l ey < mace { £ (L) 0,1 e
for every f € M(0,00). In particular,
(5.2) (LY N L>®)(0,00) — L¥(0, 00).

Proof. If f*(L) =0, then f* =0 in (L,0), and (5.1) holds trivially. Since the case when f*(L) = oo
is trivial as well, we can in fact assume that f*(L) € (0,00). On replacing f with %, we may
suppose that f*(L) = 1. Let

A = max {1/to,¢ |16} -

/jF(f*)ft)) dtg/LooG(Cf;(t)> dtS/LmG<m> dt <1,

1l oy < max {1/t0,¢ ¥l 6z }

Then,

and hence

Inequality (5.2) is a consequence of (5.1), applied with L = 0, since || f|| o (0,00) = f*(0), and

HfH(LGmLoo)(o,oo) = max {”f*HLG(O,oo)a HfHLOO(o,oo)}-

Lemma 5.2. Let F' and G be Young functions such that
F dominates G near infinity.
Assume that the function H, defined as
mo-{% e,

1s a Young function. Then
(5.3) 1 N zr 1) + 11 2o 0,000 2 1 L (0,00)
for every f € M(0,00).
Proof. Define the rearrangement-invariant function norm || - [| x(0,0c) as

£l x©0.00) = 1l F0,0) + 1171l 26 (0,00)
for f € M4 (0,00). Thanks to [4, Theorem 1.8, Chapter 1], equation (5.3) will follow if we show that

X(0,00) = L(0, 00)

as a set equality. Assume first that f € X(0,00). We have that
(5.4) 1 L o,00) < 1 o) + 1 Mmooy S 1 Lrony + 11 2 (100) -
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where the second inequality holds since H is equivalent to I near infinity. By Lemma 5.1, || f*[| L# (1 o) <
oo if f € L¢(0,00). Thus, equation (5.4) implies that f € L (0, 00). Suppose next that f € L (0, 00).
Then
(5.5) 1 N ero0) + 1 ze0,00) < 1 N Lr0) + 1F Loy + 11 e (1,00

S ey + 1 2e,0)

S oy + 1 Lo @,e0 »

where the second inequality holds since F' dominates G near infinity, and the third one since F' and
H agree near infinity. Since f € L(0,00), then f € L%(1,00) by Lemma 5.1. Thus, the right-hand
side of (5.5) is finite, whence f € X (0, c0). O

The main ingredients for a proof of Theorem 3.9 are now at our disposal.

Proof of Theorem 3.9. It suffices to show that

(5.6) 1 llzaym 0.00) = 10 7l L2 (0,00)

for f € M4(0,00). The sharp Orlicz-Sobolev embedding theorem on domains with finite measure
asserts that the optimal rearrangement-invariant function norm || - || z(o,1) in inequality (4.1), defined
as in (3.3) with X (0,00) = L“(0, 00), obeys

(5.7 1£lz01) = s~ £l s,

for f € M(0,1) [15, Theorem 3.7] (see also [14] for the case when m = 1). Hence, owing to Theorem

3.1,
Iz aym 0,00 = 187 F ()l a1y + 117l Lao,00)

opt

for f € M4(0,00). Thus, equation (5.6) will follow if we show that
(5.8) ls™ f* () 20,1 + 1 LA 00) = 10(8)F* ()] LB (0,00)

for f € M4 (0,00). Since the two sides of (5.8) define rearrangement-invariant function norms, by [4,
Theorem 1.8, Chapter 1] it suffices to prove that the left-hand side of (5.8) is finite if and only if the
right-hand side is finite. Assume that the left-hand side of (5.8) is finite for some f € M, (0,00). We
have that

() f* () 2E(0,00) < N0 () () lLE(0,1) + V() S ()l LB (1,00)
= Hsi%f*(S)HLE(O,l) + 1 LE@,00)

< ls™E 1) an + 17 L5000 -

where the second inequality holds inasmuch as £ and A are equivalent near infinity. By Lemma 5.1,
[ £*lLe(1,00) < 00, since we are assuming that || f*|| a(,0) < 00. Therefore, [[v(s)f*(s)|lLr(0,00) < 0
Suppose next that the right-hand side of (5.8) is finite. Then

I a0y < 575 £ 6 g+ I er0n + 17 a0

SEO o Ol R OT O P

S v $)llpe) + [lv(s) ()l La,0o) -
where the second inequality holds by equation (5.7) and Proposition 4.1, and the last one since E and
A are equivalent near infinity. Inasmuch as v f* € L¥(1,00), one has that v f* € L4(1,c0), by Lemma
5.1 Thus, s~ f*(s)ll a9y + /124 (0.00) < 00 O

HS_Wf*(S)HLK(OJ)

S

e

Theorem 3.5 relies upon a specialization of the reduction principle of Theorem 3.3 to Orlicz spaces.
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Proposition 5.3 (Reduction principle for Orlicz spaces). Let A and B be Young functions.
Then

wmAR") — LP(R™)

if and only if there exists a constant C such that

1
(5.9 | [ rortar] <l
s LB(0,1)
for every function f € M(0,1), and
(5.10) A dominates B near 0.

Proof. By Theorem 3.3 and Remark 3.4, it suffices to show that condition (5.10) is equivalent to the
inequality

(5.11) 11122 (1,00) < Cllfl24(0,00)

for some constant C, and for every non-increasing function f : (0,00) — [0,00). Assume that (5.10)
holds. Given any function f of this kind, we have that

1flpay = F(1)/ATH(D).

Hence, owing to assumption (5.10), Lemma 5.1 implies that

1flm (1,000 S max{f(1), | fll 20,000} S 114 (0,00)-

Inequality (5.11) is thus established.
Conversely, assume that inequality (5.11) is in force. Fix r > 1. An application of this inequality with

=X, yields
zean < CllLaoy — forr>1,
namely
1
—-1(_1 < —1(1
B7 (=) — ATNG)
Hence, (5.10) follows. 0

for r > 1.

Proof of Theorem 3.5. Since Aqpy is equivalent to Ax near infinity, by [13, Inequality (2.7)] inequality
(5.9) holds with B = Agpe. Moreover, since Agpt is equivalent to A near zero, condition (5.10) is
satisfied with B = Agp¢. Proposition 5.3 thus tells us that embedding (3.14) holds.

On the other hand, if B is any Young function such that W"4(R") — LB(R"), then, by Proposition
5.3, conditions (5.9) and (5.10) are fulfilled. The former ensures that A» dominates B near infinity
— see [15, Proof of Theorem 3.1]. The latter tells us that A dominates B near 0. Altogether, Agps
dominates B globally, whence LAort (R™) — LE(R™). O

Proof of Theorem 3.11. One has that (LP4(R"))" = LP-7(R™), up to equivalent norms — see e.g. [4,
Chapter 4, Theorem 4.7]. Since (f)* = f* for every f € M(0,1),

191 5 gy = 0y

Thus, on denoting by ||+ || z(0,1) the rearrangement-invariant function norm associated with |- || ,r.a(0,00)
as in (3.3), one has that

1fllz0,1) = Hs%f**(s)HLp/,q,(O,l)
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for f € M4(0,1). Note that here there is some slight abuse of notation, since the functionals ||- ”[7’71(0 0

and || - ||L7?71/(071)
in [17, Proof of Theorem 5.1],

are, in general, only equivalent to rearrangement-invariant function norms. As shown

Hszv1 na f5(8) | Lao) if p=gq=1,orl1<p<and1<q< o0,
£l z0,1) = HS_E(IOg%)71]“*(8)“[3(071) if p="and1<q< o0,
n

”f*||Loo(o,1) if p>=t orp=2=
for every f € M, (0,1). By (3.5),

and g=1, orm >n

||u”(LM)g;)t(R") ~ ||lull(ze.aym(®wey + ull Lea@ny = 1wl 20,1y + 1" (| 2 (0,00)

11,
= [[u"llz0,1) + ls7 76" (8)l| £a(0,00)

Hence, the conclusion follows, via an analogous argument as in the proof of equation (5.8).
O
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