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We completely characterize the validity of the inequality ||ully gn) < CIV™u| x @7y,
where X and Y are rearrangement-invariant spaces, by reducing it to a considerably
simpler one-dimensional inequality. Furthermore, we fully describe the optimal
rearrangement-invariant space on either side of the inequality when the space on the
other side is fixed. We also solve the same problem within the environment in which
the competing spaces are Orlicz spaces. A variety of examples involving customary
function spaces suitable for applications is also provided.
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1. Introduction

The celebrated Gagliardo—Nirenberg—Sobolev inequality, which was proved for p €
(1,m) by Sobolev and for p = 1 by Gagliardo and Nirenberg independently, tells us
that there exists a positive constant C' such that

lull o= mry < ClI VUl Lpgn) for each u € WhP(R™), (1.1)

where n € N, n > 2, p € [1,n) and p* = np/(n — p). Here W1P(R") stands for the
Sobolev space of all weakly differentiable functions v on R™ that together with their
gradients belong to LP(IR™). This result and its various modifications is classical and
can be found in a wide variety of literature (e.g. [2,24,30,34,41,42,47]). The
Gagliardo—Nirenberg—Sobolev inequality and its consequences proved undoubtedly
to be indispensable tools for analysis of partial differential equations, harmonic
analysis and other fields of mathematics. Inequality (1.1) was refined by Peetre
[37], utilizing the convolution inequality of O’Neil’s [35], to

[ull Lo pgny < ClIVullpgn) for each u € Whe(R"), (1.2)

where LP"P(R") is a Lorentz space (for the definition of Lorentz spaces, see §3).
Inequality (1.2) is a substantial improvement of (1.1) because the Lorentz space
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LP"P(R™) is strictly smaller than the Lebesgue space LP” (R™). By iteration argu-
ments one can also derive inequalities similar to the inequalities above where the
first order gradient on the right-hand side is replaced by m-th order gradient, where
m > 1.

Theory as well as applications shows that finer scales of function spaces are
indeed needed and so subtler forms of the Gagliardo—Nirenberg—Sobolev inequality
involving more general function spaces are of great interest in mathematical analysis
and its applications (e.g. [1,5,10,43,46)).

In this paper, we focus on inequalities in which norms of scalar functions of sev-
eral variables are compared to norms of their gradients from a broader perspective.
It is known that Lebesgue spaces as well as more general Lorentz spaces are spe-
cial instances of the so-called rearrangement-invariant spaces, which are, loosely
speaking, Banach spaces of functions whose norms depend merely on the size of
functions. We will consider inequalities taking the form

lully < C||V™ullx for each u € Vj" X (R"), (1.3)

where C is a positive constant independent of u, m e N, 1 <m <n, X and Y
are rearrangement-invariant spaces over R™ and V" X (R") is a vector space of all
m-times weakly differentiable functions on R™ whose m-th order gradients belong
to X and whose derivatives up to order m — 1 have ‘some decay at infinity’. In
some sense, the most general condition that ensures such decay is to assume that
{z € R™: |[VFu(z)| > A\}| < oo for each A > 0 and k = 0,1,...,m — 1. This means
that any integrability assumptions on w itself and its lower-order derivatives are
not needed and it is enough to assume that they ‘decay at infinity’, albeit arbitrar-
ily slowly. Sobolev-type spaces of Vj" X (R")-type were already recognized as the
natural function-space framework for Sobolev-type inequalities on R™ with possible
applications in the calculus of variations in [29].

Precise definitions as well as other theoretical background needed in this paper
are provided in §3.

We note that embeddings of Sobolev spaces on R in the class of rearrangement-
invariant spaces were studied in [3,45] but with the right-hand side involving the
full gradient (that is, derivatives of all orders). In [45] a generalized Pdlya-Szeg
symmetrization principle, which roughly speaking states that a rearrangement-
invariant function norm of a first order gradient does not increase under spherical
symmetrization (see [14, lemma 4.1]), was used to reduce the corresponding inequal-
ity with the full gradient of first order on the right-hand side to a one-dimensional
inequality, which led to descriptions of the optimal rearrangement-invariant spaces
(on either side) in that inequality under extra assumptions on the rearrangement-
invariant norms involved. Later, in [3], the symmetrization method, which is
known to fail for higher-order derivatives, was combined with a sharp iteration
(see [16, corollary 9.6]) to reduce the corresponding inequality with the full gra-
dient of arbitrary order on the right-hand side to a one-dimensional inequality
and to describe the optimal target (i.e. on the left-hand side) rearrangement-
invariant space in that inequality without any extra assumptions. It turns out that
the optimal rearrangement-invariant norm on the left-hand side of the inequality
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[ully @) < CYpg IVFul| x(rn) behaves, loosely speaking, like the optimal tar-
get rearrangement-invariant norm for Sobolev embeddings on bounded (regular)
domains (see [20,27]) locally and like the norm on X itself ‘near infinity’. In this
paper, we also use the symmetrization and a sharp iteration (see theorem 2.2) to
reduce inequality (1.3) to one-dimensional inequalities (see theorem 2.3). However,
this time there is no ‘localization’, unlike the situation in which the full gradient
is considered on the right-hand side, so the integral and supremal operators that
we need to handle to obtain not only the optimal rearrangement-invariant spaces
on either side of (1.3), but also various interesting examples of such spaces act on
unbounded intervals, which complicates the analysis of their behaviour. In order to
overcome that, we need to suitably utilize recent results on such operators obtained
in [21, 33]. Careful synthesis of new as well as well-established results with sharp
estimates enables us to thoroughly analyse (1.3) and provide sharp results without
any unnecessary assumptions on function norms.

The main results regarding inequality (1.3) are contained in § 2. We prove, among
other things, so-called reduction principle for inequality (1.3). This reduction prin-
ciple (see theorem 2.3) reveals that inequality (1.3) is, in fact, equivalent to a
one-dimensional inequality involving a weighted Hardy-type operator. Moreover,
for a fixed rearrangement-invariant space X over R", we fully characterize the best
possible (i.e. the smallest possible) rearrangement-invariant space Y over R"™ that
renders (1.3) true (see theorem 2.1). Complementing this result, we also answer the
opposite question what the best possible (i.e. the largest possible) rearrangement-
invariant space X over R™ that renders (1.3) true for a fixed rearrangement-invariant
space Y over R™ is (see theorem 2.5). The results presented in §2 are then proved
in §4. We note that reduction principles have been successfully applied before, see
e.g. [13,16,20, 27].

The general results presented in §2 may be considered somewhat complicated
from the point of view of applications in partial differential equations or harmonic
analysis. For this reason, we provide a variety of concrete examples of optimal
spaces in (1.3) for customary function spaces of particular interest in applications
in § 5. These examples include, in particular, Lebesgue spaces, Lorentz spaces, Orlicz
spaces or Zygmund classes. For instance, these examples reveal that not only is the
result of Peetre’s (i.e. (1.2)) better than (1.1), but it cannot, in fact, be improved.
More precisely, the Lorentz space LP P is the smallest possible rearrangement-
invariant space on the left-hand side of (1.2) that renders the inequality true. Similar
results are provided for other situations too.

Although the class of rearrangement-invariant spaces is very rich and contains
many customary function spaces, it is sometimes useful in applications to work
within a narrower class of function spaces. A typical example of such a class is that
of Orlicz spaces, which is an irreplaceable tool for analysing partial differentiable
equations having a non-polynomial growth (e.g. [4, 18, 44]). This motivates § 6. We
investigate the inequality

lullpez < C||V™ul|pa  for each u € VO”LLA(R”)7 (1.4)

where L4 and L? are Orlicz spaces over R™. We characterize optimal Orlicz spaces
on either side of the inequality above while the Orlicz space on the opposite side
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is fixed (see theorems 6.1 and 6.4) and we also provide a reduction principle for
inequality (1.4) (see theorem 6.8). To illustrate the general situation some concrete
examples of optimal Orlicz spaces in (1.4) are also provided in §6. In particular,
these examples show that the Lebesgue space LP™ is the smallest possible Orlicz
space on the left-hand side of inequality (1.1) that renders the inequality true.
We stress that the crucial difference between §§ 6 and 2 is that, in §6, we look for
optimal spaces that stay in the narrower class of Orlicz spaces. Although Orlicz
spaces are particular instances of rearrangement-invariant spaces and so one is
entitled to use the results from §2, there is no guarantee that resulting optimal
rearrangement-invariant spaces are Orlicz spaces themselves. Finally, we note that
inequality (1.4) was partially studied in [12]. However, only the first order version
(i.e. m = 1) of the inequality was studied there and optimality of Orlicz spaces only
on the left-hand side of the inequality was considered.

2. Main results

The theoretical background of rearrangement-invariant spaces used in this paper
follows essentially the theory presented in [6]. The exact definitions and the fun-
damental theory used in this paper are provided in § 3 after the exhibition of the
main results in this section.

We say that a rearrangement-invariant space Y over R"” is the optimal target space
(within the class of rearrangement-invariant spaces) for a rearrangement-invariant
space X over R™ in (1.3) if (1.3) is satisfied and whenever (1.3) is satisfied for
another rearrangement-invariant space Z over R" in place of Y, Z is larger than
Y, that is, Y — Z. We say that a rearrangement-invariant space X over R"” is the
optimal domain space (within the class of rearrangement-invariant spaces) for a
rearrangement-invariant space Y over R™ in (1.3) if (1.3) is satisfied and whenever
(1.3) is satisfied for another rearrangement-invariant space Z over R™ in place of
X, Z is smaller than X, that is, Z — X.

In what follows we shortly denote the Lebesgue measure of a measurable set F

by |E].
If m € N and u is a m-times weakly differentiable function on R”, we denote by
V¥u, for k € {0,1,...,m}, the vector of all weak derivatives of order k of u, where

VO = u. If X is a rearrangement-invariant space over R”, we define Sobolev-type
spaces VX (R™) and V"X (R™) built upon the rearrangement-invariant space X
by

V"X (R™) = {u: R" — R: u is m-times weakly differentiable and |V™u| € X},
V"X (R™) = {u € V"X (R"): [{z € R": |[VFu(x)| > \}| < 0o
for k€ {0,1,...,m — 1} and A > 0}.
Throughout the paper the convention that 1/00 =0 and 0 - co = 0 is used with-
out further explicit reference. We write A < B when A < constant - B where the
constant is independent of appropriate quantities appearing in expressions A and

B. Similarly, we write A 2 B with the obvious meaning. We also write A = B when
A < B and A 2 B simultaneously.
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Our first theorem characterizes when, for a given rearrangement-invariant space
X over R", there exists a rearrangement-invariant space Y over R™ that renders
(1.3) true by a condition on the associate space of X, and if the condition is satisfied,
it provides a description of the optimal target space for X.

THEOREM 2.1. Assume that m < n and let X be a rearrangement-invariant space
over R™ such that

™" (1,00 () € X7(0, 00). (2.1)

Define the functional ox pm, by

oxm(f) =t () xr0.00),  f € Ms(R™). (2.2)

Then ox m @5 a rearrangement-invariant norm and there exists a positive constant
C, which depends on m and on the dimension n only, such that

[ull¥iwxeom S CIIVTullx for each u e V" X (R™) (2.3)

where Yiarg(x,m) = Yiarg(X,m) (0 1, )- Moreover, Yiarg(x,m) is the optimal (smallest)
target space for X in (1.3).

Conversely, if (2.1) is not true, then there does not exist any rearrangement-
invariant space Y for which (1.3) is true at all.

We note that (2.1) holds, for instance, for the Lebesgue spaces X = LP with
p € [1,n/m) or for the Lorentz space X = L™/,

A somewhat surprising property of optimal target spaces is that they are stable
under iteration (cf. [15, theorem 1.5], [16, theorem 5.7]). This iteration principle is
the content of the following theorem.

THEOREM 2.2. Let k and | be natural numbers such that k41 <n. Assume that
X is a rearrangement-invariant space over R™ such that (2.1) holds with m =k +
l. Then (2.1) holds also with m =k, tl/"flx(lpo)(t) € (Yiarg(x,k)) (0,00) and the
norms on Ytarg(Ytarg(x,k),l) and Yiarg(x,k+1) 0re equivalent, where the constants of
the equivalence depend on m and on the dimension n only.

The following theorem establishes the reduction principle for inequality (1.3).

THEOREM 2.3. Assume that m <mn and let X and Y be rearrangement-invariant
spaces over R™. Then the following three inequalities are equivalent:

where the positive constants C7 and Cy depend on each other, on m and on the
dimension n only.

[lully < Chl|V™ullx for each u € V"X (R™); (2.4)

/OO f(s)sm/"_1 ds
t

17" ()l x70,00) < Callglly(0,00)  for each g € M4 (0,00),  (2.6)

< Callfllx,00)  foreach f € My(0,00);  (2.5)
Y (0,00)
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In fact, inequality (2.5) is equivalent to the same inequality but restricted to
nonincreasing functions only. More precisely, (2.5) is equivalent to (with a possibly
different positive constant C')

This equivalence is a special case of the general result that originated as a conse-
quence [16, corollary 9.8] of a more general principle established in [16, theorem 9.5]
in connection with sharp higher-order Sobolev-type embeddings and its extension
to unbounded intervals was given in [38, theorem 1.1].

< O|lfllx0,00) for each f e M, (0,00).
Y (0,00)

/OO f*(s)sm/"*l ds
t

REMARK 2.4. There is an intimate connection between inequality (1.3) and the
fractional maximal operator M., which is defined for a fixed v € (0,n) and for a
locally integrable function f on R™ by

1
M xzsupi/ dy, x€R",

where the supremum is taken over all cubes @Q C R™ whose edges are parallel to
the coordinate axes and that contain x. If m < n, then inequality (1.3) is true for
a pair of rearrangement-invariant spaces X and Y if and only if

M,,:Y — X'

is bounded because it follows from the arguments used in the proof of [21,
theorem 4.1] that M,,: Y' — X’ is bounded if and only if (2.6) is valid, which
is equivalent to (1.3) by theorem 2.3.

Complementing theorem 2.1, the following theorem characterizes when, for a
given rearrangement-invariant space Y over R”, there exists a rearrangement-
invariant space X over R™ rendering (1.3) true by a condition on the fundamental
function of the space Y, and if the condition is satisfied, it provides a description
of the optimal domain space.

THEOREM 2.5. Assume that m <n and let Y be a rearrangement-invariant space
over R™ such that
tl—m/n
inf
1<t<co (py(t)

> 0. (2.7)

Define the functional Ty, ., by

/ h(s)s™/™ 1 ds
¢

, f e My(RY), (2.8)

Y (0,00)

Tym(f) = sup
h~f
h>0

where the supremum is taken over all h € M4 (0,00) equimeasurable with f. Then
Ty.m 1S a rearrangement-invariant norm and there exists a positive constant C,
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which depends on m and on the dimension n only, such that
[ully < ClIIV™ullX4qmey,m) for each u € V5™ Xaom(v,m) (R™) (2.9)

where Xaom(v,m) = Xdom(v,m)(Ty,m). Moreover, Xqom(y,m) is the optimal (largest)
domain space for'Y in (1.3).

Conversely, if (2.7) is not true, then there does not exist any rearrangement-
invariant space X for which (1.3) is true at all.

The general description of the optimal domain norm given by (2.8) is quite
complicated. Fortunately, it can be simplified significantly in many customary situa-
tions. This is the content of the following statement, which follows from theorems 4.2
and 4.7 in [21]. We shall need the operator T, defined for any fixed a € (0,1) by

Tof(t) =t~ sup s%f*(s) forte (0,00)and f € M(0,00). (2.10)

t<s<oo

THEOREM 2.6. Assume that m <n and let Y be a rearrangement-invariant space
over R™ such that the operator T, ;,, is bounded on Y’ (0,00). Then (2.7) is satisfied
and the rearrangement-invariant norm Ty, defined by (2.8) is equivalent to the
functional

€ M4(0,00). (2.11)

Y (0,00)

re|

/OO f*(s)sm/"_1 ds
t

Conversely, if Ty, /y, is not bounded on Y'(0,00), then Ty, is not equivalent to the
functional (2.11).

We finish this section by observing that theorem 2.6 can be applied, for example,
to Y = LP with p € (n/(n —m), 0] or to Y = L/ (n=m):1,
3. Preliminaries

In this section, we collect all the background material that is used in the paper.
We start with the operation of the nonincreasing rearrangement of a measurable
function.

Throughout this section, let (R, u) be a o-finite nonatomic measure space. We
set

M(R, ) ={f: f is p-measurable function on R with values in [—o0, 00]},

Mo(R, ) ={f € M(R,p): f is finite p-a.e. on R}
and
M+(R,M) = {f € M<R’M): = 0}

The nonincreasing rearrangement f*: (0,00) — [0,00] of a function f € M(R, )
is defined as

F7(t) = inf{)\ € (0,00): [{s € R: |f(s)| > A\}| < t}, e (0,00).
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The mazimal nonincreasing rearrangement f**: (0,00) — [0, 0] of a function f €
M(R, 1) is defined as

0= [ e re .0,

If |f] < |g| p-a.e. in R, then f* < g*. The operation f— f* does not preserve
sums or products of functions, and is known not to be subadditive. The lack of
subadditivity of the operation of taking the nonincreasing rearrangement is, up to
some extent, compensated by the following fact [6, chapter 2, (3.10)]: for every
t € (0,00) and every f,g € M(R, i), we have

t t t
[ror@as< [ o [ g
0 0 0
This inequality can be also written in the form

(f+9)" <f™+g™. (3.1)

Another important property of rearrangements is the Hardy—Littlewood inequality
[6, chapter 2, theorem 2.2], which asserts that if f,g € M(R, p), then

/meug/wfwmwww. (3.2)
R 0

If (R,u) and (S,v) are two (possibly different) o-finite measure spaces, we say
that functions f € M(R, ) and g € M(S,v) are equimeasurable, and write f ~ g,
if f*=g" on (0, 00).

A functional p: M (R, ) — [0,00] is called a Banach function norm if, for all
[y gand {f;}jen in M4 (R, u), and every A\ > 0, the following properties hold:

(P1) o(f) =0 if and only if f=0; o(Af) = Ae(f); o(f +9) < eo(f) + elg) (the
norm axiom);

f < g a.e. implies o(f) < o(g) (the lattice axiom);

f; /" f a.e. implies o(f;) / o(f) (the Fatou axiom);

o(xg) < oo for every E C R of finite measure (the nontriviality axiom);

if F is a subset of R of finite measure, then fE fdu < Cgo(f) for a positive
constant C'g, depending possibly on E and ¢ but independent of f (the local
embedding in L').

If, in addition, o satisfies
(P6) o(f) = o(g) whenever f* = g* (the rearrangement-invariance axiom),

then we say that p is a rearrangement-invariant norm.
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If p is a rearrangement-invariant norm, then the collection
X = X(0) ={f € M(R, p): o(|f]) < oo}

is called a rearrangement-invariant space, sometimes we shortly write just
an r.i. space, corresponding to the norm p. We shall write || f||x instead of o(]f|).
Note that the quantity || f||x is defined for every f € M(R, 1), and

fexX < |fllx <o

With any rearrangement-invariant function norm g, there is associated another
functional, ¢', defined for g € M (R, u) as

' (9) =Sup{/ngdu: fEML(Rp), off) < 1}.

It turns out that ¢’ is also a rearrangement-invariant norm, which is called the asso-
ciate norm of p. Moreover, for every rearrangement-invariant norm o and every
f e M4 (R, ), we have (see [6, chapter 1, theorem 2.9])

g(f)=sup{/ngdu:geM+<R,u>, J(9) <1}.

By [6, chapter 2, proposition 4.2] we, in fact, have

w(R)
d'(g9) = Sup{/o frt)g @) dt: fe M(R,p), o(f) < 1}
and
p(R)
o(f) —sup{/o [r(t)g*(t)dt: g € M(R, ), ¢'(g) < 1}'

If p is a rearrangement-invariant norm, X = X(p) is the rearrangement-invariant
space determined by p, and ¢ is the associate norm of g, then the function space
X (¢') determined by o is called the associate space of X and is denoted by X'.
We always have (X')’ = X (see [6, chapter 1, theorem 2.7]), and we shall write X"
instead of (X')’. Furthermore, the Hélder inequality

/R Faldpe < 1 lxllglx

holds for every f,g € M(R, p).
We say that a rearrangement-invariant space X is embedded into a rearrangement-
invariant space Y, and we write

X Y, (3.3)

if X CY and the inclusion is continuous, that is, there exists a positive constant
C such that

Iflly < Cllfllx foreach f € X.

However, it turns out that (3.3) holds if and only if X CY [6, chapter 1,
theorem 1.8].
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Another important property (see [6, chapter 1, proposition 2.10], which we shall
exploit several times, is that (3.3) holds if and only if

Y X, (3.4)

Moreover, if (3.3) holds, then (3.4) holds in fact with the same embedding constant,
and vice versa.

For every rearrangement-invariant space X over the measure space (R, u),
there exists a unique rearrangement-invariant space X (0, (R)) over the interval
(0, u(R)) endowed with the one-dimensional Lebesgue measure such that ||f|x =
Ilf*Ix (0,u(r))- This space is called the representation space of X. This follows from
the Luxemburg representation theorem (see [6, chapter 2, theorem 4.10]). Through-
out this paper, the representation space of a rearrangement-invariant space X will
be denoted by X (0, u(R)). It will be useful to notice that when R = (0,00) and p
is the Lebesgue measure, then every X over (R, i) coincides with its representation
space.

If ¢ is a rearrangement-invariant norm and X = X (p) is the rearrangement-
invariant space determined by g, we define its fundamental function, px, by

px(t) = eolxr), tel0,n(R)),

where E'C R is such that pu(E) =t. Property (P6) of rearrangement-invariant
norms and the fact that x = x(o,.(E)) guarantee that the fundamental function is
well defined. Moreover, one has

ox(t)px (t) =t for every t € [0, u(R)).

For each a € (0,00), let D, denote the dilation operator defined on every nonneg-
ative measurable function f on (0, 00) by

(Daf)(t) = f(at), te(0,00).

The dilation operator D, is bounded on every rearrangement-invariant space over
(0,00); hence, in particular, on the representation space of any rearrangement-
invariant space over an arbitrary o-finite nonatomic measure space. More precisely,
if X is any given rearrangement-invariant space over (0,00) with respect to the
one-dimensional Lebesgue measure, then we have

ID.fllx < C|fllx forevery f e X, (3.5)

with some constant C, 0 < C' < max{1,1/a}, independent of f. For more details,
see [6, chapter 3, proposition 5.11].

Basic examples of function norms are those associated with the standard
Lebesgue spaces LP. For p € (0, 00], we define the functional g, by

o () = If1lp = {UR frap)’", 0<p<os,

ess supp f, p = 00,

for f € My (R, p). If p € [1,00], then ), is a rearrangement-invariant function norm.
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If 0 < p,q < 00, we define the functional g, , by

0nalf) = Ifllna = [|*771/28(5)|

q

for f € M (R, p). The set LP*9, defined as the collection of all f € M(R, 1) satisfy-
ing 0,4(|f]) < o0, is called a Lorentz space. If 1 < p < ooand 1 < ¢ < oo, p=¢q =1,
or p = q = oo, then g, 4 is equivalent to a rearrangement-invariant function norm
in the sense that there exists a rearrangement-invariant norm ¢ and a constant C,
0 < C < o0, depending on p, g but independent of f, such that

C_la(f) < 0pg(f) < Co(f).

As a consequence, LP? is considered to be a rearrangement-invariant space for the
above specified cases of p,q (see [6, chapter 4]). If either 0 <p <1 or p=1 and
q > 1, then LP9 is a quasi-normed space. If p = co and ¢ < oo, then LP? = {0}.
For every p € [1,00], we have LP? = LP. Furthermore, if p,q,r € (0,00] and ¢ < r,
then the inclusion LP? C LP°" holds.

If A =[ap,as] €R? and t € R, then we shall use the notation A+t = [ag +
t, 0o +t] and tA = [tag, tas].

Let 0 < p,q < 00, A = [, aso] € R? and B = [By, 3] € R2. Then we define the
functionals gy, 4.4 and g, g.a 8 on M4 (R, 1) by

opain(f) = [P0 (0) (1)

L9(0,00)
and
opann(f) = [ et e o),
where
Py {(1 —logt)™, te(0,1),
(1+1logt)™, te[l,00),
and

(1) = (141og(1l —logt))?, te(0,1),

(1 +log(1+logt))P=, te[l,00).
The set LP'%4 defined as the collection of all f € M(R, i) satisfying o0, 4.a(|f]) <
00, is called a Lorentz—Zygmund space, and the set LP%*B_defined as the collection
of all f e My (R, p) satisfying op.4.4,8(]f]) < 0o, is called a generalized Lorentz—
Zygmund space. The functions of the form ¢4, ¢0® are called broken logarithmic
functions. It can be shown [36, theorem 7.1] that the functional g, 4.4 is equivalent
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to a rearrangement-invariant function norm if and only if

p=q=1, ag 20, ae <0 or
€1,

p € (1,00) or 1 56)
p=00, q€[l,00), Ozo+a<00r

p=q=00, ag <0.

The spaces of this type proved to be quite useful since they provide a com-
mon roof for many customary spaces. These include not only Lebesgue spaces and
Lorentz spaces, by taking A = [0, 0], but also all types of exponential and logarith-
mic Zygmund classes, and also the spaces discovered independently by Maz’ya (in
a somewhat implicit form involving capacitary estimates [30, pp. 105 and 109]),
Hansson [26] and Brézis—Wainger [10], who used it to describe the sharp target
space in a limiting Sobolev embedding (the spaces can also be traced in the stud-
ies of Brudnyi [11] and, in a more general setting, Cwikel and Pustylnik [17]). One
of the benefits of using broken logarithmic functions consists of the fact that the
underlying measure space can be considered to have either finite or infinite mea-
sure. For the detailed study of (generalized) Lorentz—Zygmund spaces we refer the
reader to [22,23,36,39]. In some examples in §5 we shall need more than two
layers of logarithms. Such spaces are defined as a straightforward extension of the
spaces defined above.

A convex, neither identically zero mnor infinity, left-continuous function
A: [0,00) — [0,00] vanishing at 0 is called a Young function. Hence any Young
function can be expressed in the form

Alt) = /0 “a(s)ds fort >0, (3.7)

for some nondecreasing, left-continuous function a: [0,00) — [0, 00]. For a Young
function A we define the Luzemburg function norm || -||pa as

o=t x> 00 [ a(ED)auwr <1}, fertmm.

The corresponding rearrangement-invariant space L4 is called an Orlicz space. In
particular, L* = LP if A(t) = t” when p € [1,00) and LA = L™= if A(t) =0 for t €
[0,1] and A(t) = oo for t > 1.

The associate space of an Orlicz space LA is equivalent to another Orlicz space
LA where A is the Young conjugate function of A, which is a Young function again,
defined by

A(t)= sup (st— A(s)).

0<s<o0

We say that a Young function A dominates a Young function B near zero or
near infinity if there exist positive constants ¢ and ¢y such that

B(t) < A(et) for all ¢ € [0, o] or for all ¢t € [tg,00), respectively.

We say that two Young functions A and B are equivalent near zero or near infinity
if they dominate each other near zero or near infinity, respectively. We say that they
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are equivalent globally if they are equivalent near zero and equivalent near infinity
simultaneously.

If, for a nonnegative measurable function F' on (0, 00), there exists ¢ty > 0 such
that fot” F(s)ds < oo or j;zo F(s)ds < oo, respectively, we shortly write that

/F(s) ds < oo or / F(s)ds < oo, respectively.
0

If A is a Young function, we define the function h4: (0,00) — [0,00) by

A~Y(st)
ha(t)= sup ————=, t>0,
A( ) O<s£oo A_l(s)
and we set
. logt
= _— 3.8
A= S g hah) (3:8)
and

logt

Iy = —_—.
A Ogtl<1loghA(t)

(3.9)
The quantities i4 and I4 are called the lower Boyd index of A and the upper
Boyd index of A, respectively, and it can be shown that 1 <ig <[4 <00, 14 =
lim; . logt/logha(t) and Ix = lim,_,o+ logt/logha(t). We refer the interested
reader to [28,40] for more details on Orlicz spaces and to [6, 8, 9] for more details
on Boyd indices.

A common extension of Orlicz and Lorentz spaces is provided by the family of
Orlicz—Lorentz spaces. Given p € (1,00), q € [1,00) and a Young function A such

that
= AQ)

/ e dt < oo, (3.10)
we denote by || - || (p,q,4) the Orlicz-Lorentz rearrangement-invariant function norm
defined as

— |[e=1/p (417 ’ . feML(R,p). 3.11
1z = [0 @ TeMuBp). (D)

The fact that (3.11) actually defines a rearrangement-invariant function norm fol-
lows from simple variants in the proof of [12, proposition 2.1]. We denote by
L(p,q, A) the Orlicz-Lorentz space associated with the rearrangement-invariant
function norm || - ||1(p,q,4). Note that the class of Orlicz-Lorentz spaces includes
(up to equivalent norms) the Orlicz spaces and various instances of Lorentz and
Lorentz—Zygmund spaces.

We stress the fact that, for a function from V™ X(R"™), only its m-th order
derivatives are required to be elements of X, whereas there are no assumptions
imposed on its derivatives of lower orders. The derivatives of lower orders are not
required to have any extra regularity apart from their existence in the weak sense,
that is, as locally integrable functions. We also write ||V*u||x instead of |||V*ul||x
for the sake of brevity, where |V*u| is the ¢!-norm of the vector V¥u, that is,
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VAUl =30 b =g 1050/ (0% 2y - - 0% 2, )|. We note that this particular choice
of the ¢!'-norm is immaterial and the results of this paper would remain intact if
we decided to use any ¢P-norm, p € [1, o0, instead.

4. Proofs of main results

We start off by proving the equivalence of (2.5) and (2.6).
PROPOSITION 4.1. Assume that m <n and let X(0,00) and Y (0,00) be

rearrangement-invariant spaces over (0,00). Then the following two inequalities (in
fact with the same positive constants C') are equivalent:

Proof. The equivalence of these two inequalities follows from the definition of the
associate norm because we have that

/OO f(s)s™/m1ds
¢

S Clflix(0.00)  for each f € My (0,00);
Y (0,00)

/00 f(s)s™/m 1 ds

17" g™ ()| x1(0,00) < Cllgllyr(0,00)  for each g € M.y (0,00).

sup

[[£11x (0,00) <1
f=0

Y (0,00)

= sup sup / g(t)/ f(s)s™m 1 dsdt
0 t

1 £l x 0,00) <1 M1glly 7 (0,00) <1

f20 920
oo S
= sup sup / f(s)sm/"_l/ g(t)dtds
1f11x (0,00) <L llglly 7 (0,00) <1 /O 0
=20 920
oo
= sup sup / f(s)s™™g™ () ds
1£11x (0,00) <L lglly7(0,00) <1 /O
>0 g=0
. m/n _xx
= swp 5™ (5)llx (0,000
llglly 70,00y <1
920

where the last but one equality is true due to the Hardy-Littlewood inequality (3.2)
and the fact that g and ¢g* are equimeasurable. O

The following proposition provides a necessary condition on a pair X and Y of
rearrangement-invariant spaces for the validity of (2.5) or, equivalently, of (2.6).
This information will enable us to easily single out pairs of spaces for which
(1.3) cannot hold after we have proved theorem 2.3. Similar necessary condi-
tions (sometimes called ‘of Muckenhoupt type’ in the literature) have been treated
in various contexts before and proved very useful, see e.g. [7, theorem 1] or
[19, lemma 1].
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PROPOSITION 4.2. Assume that m < n and assume that X (0,00) and Y (0,00) are
rearrangement-invariant spaces over (0,00) such that (2.5), equivalently (2.6), is
valid for them. Then

Htm/n—l

SUP Py (0,00)(@) X(a,00) ()| x7(0,00) < 0.

0<a<oo

In particular,
Htm/”*lx(a?o@)(t)||X/(0700) < oo for each a > 0.

Proof. For each a > 0 we have that

tm/nfl

X (0,0) 1Y (0,00 X(a,00) ()| x7(0,00)

= lIxolly oo  sup / F(s)|s™/m 1 ds
[[flx(0,00)<1 Y a

X(o,a>(t)/t |f(s)|s™/"ds

< sup
[[£llx 0,00y <1

< Oy,

Y (0,00)

where C5 is the constant from (2.5) or (2.6). O

The following proposition is a key step in establishing the iteration principle of
theorem 2.2, which will also be indispensable in the proof of theorem 2.1.

PROPOSITION 4.3. Let X(0,00) be a rearrangement-invariant space over (0,00).
Assume that o, € (0,00) are such that o+ 3 <mn. Then there exist positive
constants C1 and Co, depending on «, 3, and n only, such that

Cult [P 1 () ()] x (0,009

< T2 (1)) x (0,009

< Oo|[t/m 7P/ (D] (1) | x (0.00)  for each f € M(0,00).

Proof. The first inequality was proved in [15, theorem 3.4] for (0,1) instead of
(0,00). However, the proof works just as well for (0,00) when combined with the
argument from the proof of [21, lemma 4.10]. For the sake of brevity, the details
are omitted.

Regarding the second inequality, we estimate

t
B/ 158 x (0roey = ||/ / £*(s) ds

X (0,00)

2t t
t“/”_l/ 7B/n=1 dT/ f*(s)ds
t 0

2t T
t"‘/"_l/ Tﬁ/"_l/ f(s)dsdr
t 0

Q

X (0,00)

N

X (0,00)
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2t
or/n—1 / Tﬁ/nf**(T) dr
t

<N 8 [ ()] () x 0,000

where Hardy-Littlewood inequality (3.2) is exploited in the last step. O

X (0,00)

Now we are in the position to prove our main results.

Proof of theorem 2.2. We have that
OX k (tl/n_l)((l,oo)(t))

t
gh/n=1 / (s+ 1)1 1ds
0

X7(0,00)

~ [+ DY =1 x00,00)

<M+ D™ = 1o, (0 llxr0,00) + 15 X1 00) (D)7 (0,00)
<+ DY = 1] oo 0.1y Ix 0. L7 0,00) + IEF ™ x (1 100) ()] 0,00
< Q.

Hence tl/"_lx(lyoo)(t) € (Yiarg(x,k)) (0, 00). It follows from proposition 4.3 that

ISR 7

where the multiplicative constants depend on m and on the dimension n only. [

Proof of theorem 2.1. It can be proved that ox, is a rearrangement-invariant
norm if and only if condition (2.1) is satisfied (cf. [16, theorem 5.4] and [21,
theorem 4.4]). We note only that the triangle inequality follows from (3.1). Observe
that /"7 1x (1 ooy (£) <™/ Ix(1,00)(t) 0n (0,00) for j € {1,...,m}. Hence o,; is
a rearrangement-invariant norm too provided that tm/”*lx(lm)(t) € X'(0,00).

We shall prove (2.3) by induction on m. Firstly, assume that m = 1. Then
(2.5) with m =1, Y = Yiae(x,1) and Cy = 1 is true by proposition 4.1. Let u €
Vi X (R™). Note that lim; o, u*(¢) = 0. Since u* is locally absolutely continuous
[14, lemma 4.1], we can estimate

||UHYcarg(X,1) = ||u* ||Ytarg(x,1)(0,oo)

%) d *
t S tharg(X,l)(Ovoo)

> du” 1-1/ 1/n—1
= — n n d
/t ( ds (&) )S ’

_di(s)slfl/n

ds

Yiarg(x,1)(0,00)

N

X (0,00)

AN

IVullx,
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where the last inequality is valid with a multiplicative constant depending on the
dimension n only due to a generalized Pdlya—Szegd principle [14, lemma 4.1].

Next, assume that 1 < m < n and that we have already proved (2.3) for all smaller
values of m. Let u € VJ"X(R™). For each i € {1,...,n} we have that du/dz; €
V}Jmle(R") and, by the induction hypothesis,

Ou ou

SIV™ulx

5 va—l

Yiarg(X,m—1) X

Hence

IVUllYiraix ey S V™ ullx, 4.1)

(
that is, u € Vi Viarg(x,m—1)(R"). By theorem 2.2 we have that tl/”*lx(lyoo)(t) €
(Yiarg(x,m—1))'(0,00). Hence we are entitled to use the first step with m =1 for
Yiarg(x,m—1) instead of X, which yields

ol s S 1V e (42
Using theorem 2.2 again it follows that
|‘u||}/targ(ytarg<x,,’n71),1) ~ Hu”Ycarg(x,m)a (4.3)

where the multiplicative constants depend on m and on the dimension n only.
Combining (4.1), (4.2) and (4.3), we obtain the desired inequality (2.3).
We shall prove the optimality of Yia.g(x,m) now. Assume that

lully S ||V™ullx for each u € V" X (R™) (4.4)

for a rearrangement-invariant space Y over R"™. We shall show that (4.4) implies
(2.5). The proof proceeds along the lines of the proof of [3, theorem 3.3]. Let f €
M (0,00) having a bounded support be given. We may assume that || f||x(0,00) <
oo because otherwise there is nothing to prove. Define a function g by

g(t):/ / / f(sm)sﬁ/"fmdsm--dsl, t € (0,00).
wnpt™ J sy Sm—1

Routine, albeit slightly tedious, computations show (cf. [3, (4.34) and (4.35)]) that
for ke {1,...,m—1}

k oo
19 (t)] < Ztl"_k/ f(s)s™™!"1ds for each t € (0, 00) (4.5)
=1 wnt"
and that
m—1 00
g™ ()] S Flwnt™) + Yt / F(s)s™ "1 ds  for ace. t € (0,00). (4.6)
=1 wnt®

Now, consider a function u defined by
u(z) = g(Jz|), x€R"™.

Then u is m-times weakly differentiable on R™ and, by straightforward induction on
j=1,...,m, one can show that du/(0*xy--- 9% x,), where ay + -+ + @, = 7,
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is a linear combination of the functions of the form
zi, w5, 0" (J2]) 2|77 for ae. z € R™

where [ € {0,...,j} and k € {1,...,j}. Therefore,

S Z 1g®) (|z)||z|F~™  for a.e. z € R™, (4.7)
k=1

o0™u

60411:1 e aangjn

()

where a1 + - - - 4+ a,, = m. Hence, combining (4.5) and (4.6) with (4.7), we obtain
that

oo

m—1
V™ u(z)| S flwnlz]™) + Z |ac|l"_m/ f(s)sm/"_l_1 ds for a.e. z € R™.
=1 w

n‘$|n
(4.8)
Since for [ € {1,...,m — 1} the linear operator T; defined as

Tif(t) = t'=m/m /OO f(s)s™/m=1=1ds, ¢ e (0,00),
t

is bounded on both L'(0,00) and L>°(0, 00) and the corresponding operator norms
depend on [ and on the dimension n only, it is bounded on every rearrangement-
invariant space over (0,00) by [6, chapter 3, theorem 2.2]. In particular, it is
bounded on X (0, 00). Moreover, the operator norm of the operator 7; on X (0, 00)
can be bounded from above by a constant depending on m and on the dimension
n only. Hence, using (4.8), we can estimate that

m—1

IV ullx S Ifllx.00) + O 1Tif Ix0.00) S I1F 10,005 (4.9)
=1

where the multiplicative constants depend on m and on the dimension n only.
Hence, u € V™ X (R™). Furthermore, since f has a bounded support, it follows that
u € V§"X(R™). By Fubini’s theorem

1 o0
- - m/nfm _ nym—1 n
u(z) (m—1)! /w f(s)s (s —wnlz|™) ds for x € R",

n
e

whence

lly 2 H [ s o tas
t

Y (0,00)

f(s)s™mtds

2t

f(s)sm/nfmsmfl ds
2t

>

~ ‘

Y (0,00)

. (4.10)
Y (0,00)

where the second inequality follows from the simple fact that —t > —s/2 for s > 2t.
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Now, we are ready to finally establish (2.5). Indeed, by virtue of the boundedness
of the dilation operator on rearrangement-invariant spaces (see 3.5), (4.4), (4.9) and
(4.10), we obtain that

Since an arbitrary function f € M, (0,00) can be approximated by a nonde-
creasing sequence of nonnegative functions with bounded supports, (2.5) follows.
Since (2.5) is equivalent to (2.6) by proposition 4.1, we have, in fact, proved that
Y/ i— (Y;arg(X,m))/v eqUivalent1Y7 }/targ(X,m) =Y.

Finally, if there exists any rearrangement-invariant space Y over R™ which renders
(4.4) true, then (2.5) is valid by the computations above. Hence (2.1) is true by
proposition 4.2. O

SI o fs)s™m  dslly 0.0 S llully
Y (0,00) 2t

S IV™ullx S 11 x 0,00

/00 f(s)s™ ™ 1ds

Proof of theorem 2.3. On the one hand, if (2.4) is valid, then Yiag(x,m) — Y by
theorem 2.1. Hence (2.6) is valid by the very definition of ox ,,, given by (2.2). On
the other hand, assume that (2.6) is in force, that is,

ox.m(9) S 191y (0.00):
where ox ,, is defined by (2.2). Then (2.1) is satisfied by proposition 4.2 and
Yiarg(x,m) — Y-
Hence by theorem 2.1
ully S lull¥imgoem S VT ullx for each u € V" X (R™).

Thus the equivalence of (2.4) and (2.6) has been proved. Inequalities (2.5) and
(2.6) are equivalent by proposition 4.1. O

Proof of theorem 2.5. The fact that 7y, is a rearrangement-invariant norm is
rather deep, especially the triangle inequality, and we refer the reader to [21,
theorem 4.1]. Let f € M, (0,00). Then

< sup
vos st

=

/OO f(s)s™m 1 ds
¢

/ h(s)s™/™ 1 ds
¢

Y (0,00)
= Hf”Xdom(Y,m) (0700)7

which proves (2.9) by theorem 2.3.
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Now, let Z be a rearrangement-invariant space such that
llully < C||V™ul||z for each u € Vi"Z(R™)

and let f € M(R") and h € M (0,0) be equimeasurable. We have that
’ / h(s)s™/™ L ds
¢

due to theorem 2.3, whence

S bl zo,00) = 1 f] 2
Y (0,00)

LA X sommvmy S (112

Hence Z — Xgom(v,m)-

Finally, if (2.7) is not true, then repeating the computations from the proof of
[21, theorem 4.1], one can prove that there is no rearrangement-invariant space X
for which (2.9) is rendered true. O

5. Examples of optimal Sobolev embeddings

In this section, examples of optimal rearrangement-invariant spaces for Lorentz—
Zygmund spaces and Orlicz spaces are given.

THEOREM 5.1. Let m <n and let X = LP%*(R"™) where p,q € [1,00] and A =
[0, o] € R2. Assume that one of the conditions (3.6) holds. The space Yiarg(X,m)

defined by
Lnp/(n—mp).¢:A p=qg=1, ag >0, as <0 or
pe (L),
LOO7q;A_17 p= %7 ap < %a Qoo > %a
LOO11;[71’0‘OO71]7[71#0]1[71’0] p g n q frd 1 ao = O aOO > 0
5 m 5 ; s
Y:carg(X,m) =4 Y, p= %7 g=1, ar <0, ax =0,
LOO7 p:%7q:13 aO>07 aOO:07
YVQa p:%7q€[1700)7 O40>%7 a00>57
Loo,q;[—l/q,aoo—l],[—l,()]7 p= %7 qc (1,00], Qo = %7 Qoo > %7
Lo0:003(0,000 —1] p==2,qg=00, ag > 1, o > 1,
(5.1)
where

(R P e OV A O YR
e = 1z + 1t 96220 S* ()| Lo ,o0),

is the optimal (the smallest) target space for X in (1.3).

Conversely, if p=mn/m and ¢ =1 and as <0, or p=n/m and q € (1,00] and
oo < 1/¢', orp € (n/m, o0], then there does not exist any rearrangement-invariant
space’ Y for which (1.3) is true at all.
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It turns out that the optimal target space for an Orlicz space L? depends on

whether the integral
oo s m/(n—m)
2
[ Gw) e 6

converges or not. Assume that m < n and that A is a Young function such that

/O (A§S)>m/<n—m> ds < oo. (5.3)

Let a be the left-continuous derivative of A, that is, « and A are related as in (3.7).
We define a function E,, by

E,(t) = /Ot em(s)ds, t>0, (5.4)

where e, is the nondecreasing, left-continuous function in [0, c0) whose generalized
left-continuous inverse e, satisfies

oy m/(m—n)

e:nl(t) = /;ol(t) (/08 <a(17—))m/(”m) dT) st

for t > 0.

Then E,, is a finite-valued Young function satisfying (3.10) with p = n/m (see [12,
proposition 2.2]).

THEOREM 5.2. Assume that m < n and let A be a Young function satisfying (5.3).
Set

v L(*1,Ey), the integral (5.2) diverges,
arg(LA = .
targ(L4,m) L(Z2,1,E,)NL>, the integral (5.2) converges,

where Ep, is defined by (5.4).
Then Yiarg(14,m) 15 the optimal (the smallest) target space for LA in (1.3).
Conversely, if A does not satisfy (5.3), then there does not exist any
rearrangement-invariant space Y for which (1.3) is true with X = L* at all.

We also provide optimal domain spaces for Lorentz—Zygmund spaces.

THEOREM 5.3. Let m <n and let Y = LP%*(R") where p,q € [1,00] and A =
[0, oo € R2. Assume that one of the conditions (3.6) holds. The space Xdom(v,m)
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defined by
Ll,l;A’ p= nfm’ q= ]_7 [e7y) > 0, Qoo < 07
X1> p:nfm7q:17 a0<07a00<00r
X . p:nfmv qE(l,OO], aoogo’
dom(Y,m) — an/(n+mp),q;A pE (L OO)
) n—m’ ’
XQ, p:Ooaqe[l,oo)’ a0+%<007”
p=qg=00, (p < 0,
where

1fllx, = sup IItl_m/"_l/qﬁA(t)/ h(s)s™/" " ds]| s,
h~
s t

1fllx, ~ IIt*”qu(t)/t FH(s)s™/ " dsl o,

is the optimal (the largest) domain space for'Y in (1.3).

In particular, if A = [0,0], then X1 = L and Xo = L™/™1,

Conversely, if eitherp =n/(n —m) and ase > 0 orp € [1,n/(n —m)), then there
does not exist any rearrangement-invariant space X for which (1.3) is true at all.

Proof of theorem 5.1. Note that X is equivalent to a rearrangement-invariant space
by [36, theorem 7.1] under our assumptions on p, g, A, which entitles us to use
theorem 2.1. Condition (2.1) is satisfied if and only if one of the conditions (5.1)
is satisfied. We skip these straightforward computations here and merely note that
the description of X’ is given by [36, theorems 6.2 and 6.6].

Let us turn our attention to (5.1). Using (2.2) and [36, theorems 6.2 and 6.6], we
have that

7 Yoy = N/ ) [0 22 0)| )

g ||t1/p/_1/q/€_A(t) sup Tm/nf**(T)”Lq’
t<T<00

S [P g h ) ) = ] ot/ rmity,ati—a 5

where np’ /n + mp’ is to be interpreted as n/m if p = 1. The first inequality follows
from the very definition of the nonincreasing rearrangement. The validity of the
last inequality is due to [25, theorem 3.2] if ¢ € (1, 00]. If ¢ = 1, then its validity is
due to the fact that

suptl/p/ﬁ_A(t) sup Tm/”f**(T) :sume/"f**(T) sup tl/plﬁ_A(t)

t>0 t<T<o00 >0 0<t<T
A sup Tm/"ﬂ/plé*A(T)f**(T)
>0

since the function t»—»tl/plﬂfA(t) is equivalent to a nondecreasing function
on (0,00) if p>1, and if p=1, then the function s t/P4=4(t) = £=4(t) is
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nondecreasing on (0,00) as —ap < 0 and —as > 0. On the other hand,

_ "tl/plfl/q'er/nng(t)f**(t)

||f||L(np’/(n+mp/),q’;—A) HLq/

< Htl/plfl/qufA(t) sup Tm/nf**(T)”Lq’
t<T<0

=1l sup T @l gt S W0t
t<T<00

= Hf“(ymrg(x,m))/’

where the last inequality is true thanks to [21, lemma 4.10].

Hence we have shown that (Yiarg(x,m))’ is equivalent to Lp'/(ntmp'),q's=A)
that is, Yiarg(x,m) is equivalent to (L("p,/("“‘mp,)’q/?_A))’. The assertion then fol-
lows from the description of the associate space of L/ (ntmp'),q's—A) 1f p<n/m,
then np’/(n +mp') > 1 and L'/ (ntmp").d"s=4) ig equivalent to L'/ (ntmp’).a'—A
by [36, theorem 3.8] and its associate space is described by [36, theorem 6.2,
theorem 6.6]. If p=n/m, then np’/(n+mp’) =1 and the associate space of
L145=4) is given by [36, theorem 6.7, theorem 6.9]. O

Proof of theorem 5.2. Let X = LA. It follows from [12, theorem 3.1] (cf. also [12,
(3.1) and remark 3.2]) that

oo
Ht_m/”/ s/l (s)ds SIfllea,e) for each f e LA(0, 00).
t

LEm (0,00)
(5.5)
In particular, if f € L*(0,00), then ftoo s™/m=1f(s)ds € L(n/m, 1, E,,)(0,00).
Hence
I t)de
HgH(L(n/m,l,Em))’ = sup 0—

feLn/ma,En) flLtn/m,1,Em)
f#0

m/n 1 dsdt
o W s
rerro.00) IS Sm/" | () dsllL(n/m,1, B (0,00)
140

© m/n—1 dtd
FeLA(0,00) 7™ f s |f( )|dSHLEm(O,oo)
f#0

> sup Jo 1f(s)ls™ 1 5 g*(t) dtds
™ ferA(0,00) £l 240,00
Jf#0

= ||tm/ng**(t)||(LA)’(O,oo) = 190l ¥rargcxmy)

where the last inequality is true thanks to (5.5). Hence (2.5) holds with Y (0, c0) =
L(n/m,1, E,,)(0,00) by proposition 4.1.
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If integral (5.2) diverges, we have that

Il B s [ f()g () dt

L(n/m,1,En)) = —_—_—

(E/mLEm)) = ima By 1 Lnjmit, 2
f#0

- “up £/ £ ()| L2 (0,00 1879 (8) ] L4 0,00)
~ reL(n/m1E.) 112 ym1,Em)
f#0

= |91l (¥wg .y

where the inequality is due to [12, theorem 4.1, (4.2)]. Hence Yia(x,m) is equivalent
to L(n/m,1, E,,) by virtue of the equivalence of (3.3) and (3.4).
Now, assume that integral (5.2) converges. Then

‘ /00 f(s)s™mtds
¢

S 1™ a0 11124 0.0
L>(0,00)

o g(s) (n—m)/n
~ (/0 51+n/(nm)ds> ”f”LA((),oo)v

where the integral on the right-hand side is finite thanks to [12, lemma 2.3]. This
together with the estimate at the beginning of this proof ensures that (1.3) is true
with Y = L(n/m, 1, E,;,) N L by virtue of theorem 2.3. The optimality can be
shown along the same lines of [12, theorem 1.1, pp. 457] and we omit it here.
Finally, should tm/”’lx(lm)(t) € (L*)'(0,00) for a Young function A, then (5.3)
is necessarily satisfied. This can be proved along the lines of [12, corollary 2.1].
Hence if (5.3) is not true, then there is no target space for L# in (1.3) by theorem 2.1.
O

By theorem 2.6 the description of the optimal domain space for Y can be signif-
icantly simplified provided that the operator T, ,, defined by (2.10), is bounded
on the representation space of Y. For this reason, it is convenient to know when
the operator is bounded on the associate spaces of Lorentz—Zygmund spaces.

PROPOSITION 5.4. Let X (0,00) = LP%(0,00), where A = [ag, aoo], and assume
that one of the conditions (3.6) holds. Let « € (0,1). Then T, is bounded on
X'(0,00) if and only if

1
eitherp:m, q=1, ag 20 and as <0

1
orp e <,oo].
11—«
Proof. T p=1/(1—-a), ¢=1, ag 20 and o <0, 0or p € (1/(1 — @), ), or p =
q =00 and @ = 0, then T, is bounded on X'(0,00). On the other hand, if p €

[1,L1/1—-a)),or p=1/(1—a), g=1, ap <0 or a, >0, or p=1/(1—«) and
q € (1,00], then T, is not bounded on X’(0,00). These facts follow from the fact

https://doi.org/10.1017/prm.2020.14 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2020.14

320 Zdenek Mihula

that the associate space of X (0,00) is L?4~A (cf. [36, theorem 6.2, theorem 6.6])
and the fact that T,, is bounded on X (0, c0) if and only if

1
either p € {1, )
o

orp=—, ¢=09, ap <0 and as >0,
(67

which was shown in the proof of [21, theorem 4.5].

Now, we shall prove that T, is bounded on X'(0,00) in the remaining cases,
that is, p = co and ¢q € [1,00), or p = ¢ = 00 and @, < 0. Assume that p = g = oo,
oo < 0. Then by [36, theorem 6.2] the norm on X’(0, c0) is given by

£l x70,00) = €7 @) S ()l 22 0,1) + [1F 1l 22 0,00)
and T, is bounded on X’(0, 00) because

1 *
HTaf”X’(O,oo):/O £70(t) {s‘o‘ sup Taf*(T):| (t)de

s<T< 00

+ /O h {s_“ sup To‘f*(T)]*(t)dt

s<T<00

:/OOo (L7 (t)x(0,1)(t) +1) {8‘“ sup T“f*(T)]*(t)

s<T<00

g/ (7 (t)xn(t) +1) sup s~ sup 7%f*(7)dt
0

t<s<oo sLT< 00

= [ nen® = )1 sw rp

t<T<00
< / (62 (W) x oy (1) + 1) £*(t) dt
0

= ||f||X’(O,oo)7

where the last inequality is true due to [25, theorem 3.2].
If p=o0, g€ [1,00) and au +1/g >0, then X’ is L(H4BC) for appropriate
B, C € R? (cf. [36, theorem 6.2, theorem 6.6]). It follows from [33, lemma 4.1] that

(T f)*(t) < Tof*™(t) for each f € M(0,00), t > 0.
Hence
T Fllx(0,00) = 1E /7 E@E)LLE (1) (To f) ™ (8) o
ST @) )T f (1)l
ST ERE ) Oy = 1 x0 0,00+

where the last inequality is true thanks to [25, theorem 3.2] if ¢ € (1,00). If ¢ =
1, then the last inequality is in fact an equality (up to a positive multiplicative
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constant), which follows from interchanging the order of the suprema and the fact
that the function

t— tB ()00 (1)

is equivalent to a nondecreasing function on (0, c0).
Finally, if p=o00, g €[l,00) and as + 1/¢ <0, we can proceed similarly,
omitting the proof here. U

Proof of theorem 5.3. Since a rearrangement-invariant space X is the optimal (the
largest) domain space for a given rearrangement-invariant space Y in inequality
(1.3) if and only if X" is the optimal (the smallest) range partner for Y’ with respect
to My, (cf. remark 2.4), the theorem follows from theorem 2.5, [21, theorem 4.5],
theorem 2.6 and proposition 5.4 with o = m/n. (|

6. Optimal embeddings of Orlicz—Sobolev spaces into Orlicz spaces

By theorem 2.3 the question of optimality in (1.3) is equivalent to the ques-
tion of optimality in the one-dimensional inequality (2.5). The latter question
was extensively studied (among other things) within the class of Orlicz spaces
in [31, chapter 3]. This enables us to look for optimal spaces in (1.3) within the
class of Orlicz spaces. Since the optimal Orlicz space (provided that it exists) for
an Orlicz space is sometimes simpler to describe than the corresponding optimal
rearrangement-invariant space, especially in limit cases, the optimal Orlicz space is
sometimes more convenient for applications.

We say that an Orlicz space LZ over R™ is the optimal target space within the
class of Orlicz spaces for an Orlicz space LA over R™ in (1.4) if (1.4) is satisfied
and whenever (1.4) is satisfied for another Orlicz space L¢ over R™ in place of
LB, LC is larger than LB, that is, L® < LY. We say that an Orlicz space L*
over R" is the optimal domain space within the class of Orlicz spaces for an Orlicz
space L? over R™ in (1.4) if (1.4) is satisfied and whenever (1.4) is satisfied for
another Orlicz space L€ over R™ in place of LA, L€ is smaller than L#, that is,
L¢ < LA, We stress that the key difference from the prior sections is that the
competing spaces are from the class of Orlicz spaces only, not from the class of all
rearrangement-invariant spaces.

As it was already noted in remark 2.4, there is an intimate connection between
inequality (1.4) and the boundedness of the fractional maximal operator. Optimality
of Orlicz spaces for the latter was studied in [31,32]. The combination of these
results with appropriate duality principles appears to be useful for our purposes.
We omit proofs in this section because they are lengthy and technical. The interested
reader can trace the key ideas in [31, 32].

Let m < n and let A be a Young function satisfying (5.3). We set

H*> = lim H,,(t)
t—oo

where H,, is defined by
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Note that H> = oo if and only if integral (5.2) diverges. Finally, we define

1 n/(n—m)

D(t) = H (1) (6.1)

0, H*>® <t <oo.

The following theorem is an application of theorem 2.3 and [31, theorem 3.4.1].

THEOREM 6.1. Let m < n and let A be a Young function satisfying (5.3). Define
the Young function A,, by

Am(t)—/OtD”;(s)ds, t>0, (6.2)

where the function D,, is defined by (6.1).

Then the Orlicz space LA™ is the optimal (the smallest) target space for LA in
(1.4) within the class of Orlicz spaces.

Conversely, if (5.3) is not true, then there does not exist any Orlicz space LP for
which (1.4) is true at all.

REMARK 6.2. Condition (5.3) is, in fact, also necessary for existence of a target
space even in the wider class of rearrangement-invariant spaces (cf. theorem 5.2).

It is worth noting that (see [31, (3.3.6)]) A,, is equivalent to D,,, globally. More-
over, either A, is equivalent to Ao H-' globally if integral (5.2) diverges or A,,
is equivalent to Ao H,.' near zero and A,,(t) = oo near infinity if integral (5.2)
converges (see [31, (3.3.10)]).

If T4 < n/m, where I is the upper Boyd index of A, defined by (3.9), then
(see [31, (3.4.2)])

AZHE) =~ ATHE)ET™™ for t > 0.

By standard calculations, one can use theorem 6.1 to obtain optimal Orlicz spaces
for some customary Orlicz spaces.

THEOREM 6.3. Let po, peo € [1,00) and ag, as € R. Assume that if po =1, then
ag <0, and if poo = 1, then ase = 0. Let A(t) be a Young function that is equivalent
to

tPof>(t)  near zero,
P (%= (t) mear infinity.

The Young function A, (t), defined by (6.2), is equivalent to

n—m

tnpo/(n—mpo)gnao/(n—mpo)(t), po € [1,2),
) Po = %7 g > m

e_tn/(nf(l«#ao)rn)
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near zero and to

rpes / (n=mpoc) precss [(n—mp) () p € [1, 2)

g/ (n—(14acc)m) . n n—m
€ ) Poo = m’ Qoo < )
gn/(n—m) n n—m
e _ _ n—
’ Poo = m’ Qoo = ’
_n n—m
o0, Poo = o Qo > ™ or
n
Pso € (ano)’

near infinity and the Orlicz space LA™ is the optimal (the smallest) target space for
LA in (1.4) within the class of Orlicz spaces.

Conversely, if either po =n/m and ag < (n—m)/m or py € (n/m,00), then
there does not exist any Orlicz space LB for which (1.4) is true at all.

To complement theorem 6.1, we now address the question of optimal domain
spaces within the class of Orlicz spaces. If m <n and B is a Young function
satisfying

B(t)

sup ————— < 00, 6.3
oSUP T (6.3)

we define the function G,, by
Gm(t) =t inf B~ l(s)s™™/m  ¢>0. (6.4)

0<s<t
It follows from (6.3) that Gy, is a positive function on (0, 00).
The following theorem is an application of theorem 2.3 and [31, theorem 3.6.1].

THEOREM 6.4. Let m < n and let B be a Young function satisfying (6.3). Define
the Young function B,, by

t -1
Bon(t) = / G845 >0, (6.5)

0 s
where the function G, is defined by (6.4).

If I, < n/m, then the Orlicz space LPm is the optimal (the largest) domain
space for LP in (1.4) within the class of Orlicz spaces.

If I, > n/m, then there is no optimal Orlicz domain space for LP in (1.4) in
the sense that whenever LA is an Orlicz space that renders (1.4) true, there evists
an Orlicz space L¢ such that LA C LY that still renders (1.4) with LC instead of
LA true.

Conversely, if (6.3) is not true, then there does not exist any Orlicz space L™ for
which (1.4) is true at all.

REMARK 6.5. Assume that Y = L is an Orlicz space. Note that conditions (6.3)
and (2.7) are equivalent. Hence not only is there no Orlicz space L“ for which (1.4)
is true if (6.3) is not satisfied, but there is no rearrangement-invariant space X
for which (1.3) is true at all. We would also like to stress the significant dif-
ference between theorems 6.4 and 2.5. Whereas there always exists the optimal
rearrangement-invariant domain space for a given rearrangement-invariant space Y’
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in (1.3) if there exists any rearrangement-invariant domain space, the situation is
more complicated within the class of Orlicz spaces. If a Young function B satisfies
(6.3), we can define the Young function B,, by (6.5). If I > n/m, then (1.4) with
LBm on the right-hand side is not satisfied because the Orlicz space L®™ is ‘too
large’; however, there still exist some Orlicz spaces L# that render (1.4) true but
none of them is optimal. In this situation, we have, loosely speaking, an open set
of Orlicz spaces L* that renders (1.4) true.
It can be shown (see [31, (3.5.8)]) that
B 1 (t) =~ G(t) fort>0.

m

Moreover, if ig > n/(n —m), where ip is the lower Boyd index of B, defined by
(3.8), then (see [31, (3.6.3)])

B Y(t)~ B ' (t)t"™/n fort >0 (6.6)
and Ip,, < n/m is equivalent to Ip < oco.
THEOREM 6.6. Let po, pso € [1,00) and ag, as € R. Assume that if po = 1, then

ag <0, and if poo = 1, then ase = 0. Let B(t) be a Young function that is equivalent
to

tPof>(t)  near zero,
tP= (%= (t) mear infinity.

If either po =n/(n—m) and ag <0 or py € (n/(n—m),00), then the Young
function Bp,(t), defined by (6.5), is equivalent to

o/ (n+mpo) pnao/(n+mpo) (t) near zero

and to

tnpoo/(n'i'mpoo)fno‘oo/(n'i'mpoo)(t)’ Doo € ( n OO) or,

n—m’
_ _n
Poo = 75mr Qoo > 0,
__n
L, Poo = 57055 Qoo < 0 or,

Poo € [1, -2—),

near infinity and the Orlicz space LPm is the optimal (the largest) domain space for
LB in (1.4) within the class of Orlicz spaces.

Conversely, if either po =n/(n —m) and ag >0 or pg € [1,n/(n —m)), then
there does not exist any Orlicz space L? for which (1.4) is true at all.

REMARK 6.7. Loosely speaking, the optimal domain space for L? in (1.4) within
the class of Orlicz spaces exists provided that the Orlicz space L?Z is ‘far from
L*’. On the other hand, Orlicz domain spaces for Orlicz spaces ‘near L*’ can
be essentially enlarged within the class of Orlicz spaces. For example, if B(t) is a
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Young function that is equivalent to

B
{et for some 3y < 0 or
0

near zero, or equivalent to

Boo
{et for some (s > 0 or

(0.9]

near infinity, then (6.3) is satisfied but each Orlicz space L* that renders (1.4) true
can be essentially enlarged to a bigger Orlicz space that still renders (1.4) true.

We conclude this paper with a reduction principle for inequality (1.4). This
principle follows from theorem 2.3 and [31, theorem 3.3.2, proposition 3.3.4,
theorem 3.5.2].

THEOREM 6.8. Assume that m < mn and let A and B be Young functions. Then the
following four statements are equivalent.

(1) There exists a positive constant Cy such that
|ullLs < C1|[V™ullpa  for each u € VI"LAR™).

(2) The Young function A satisfies (5.3) and there exists a positive constant Cy
such that

B(t) < A, (Cat)  for each t > 0,
where the Young function A,, is defined by (6.2).

(3) The Young function B satisfies (6.3) and there exists a positive constant Cs
such that

bAGs) B (Cst)
/0 eyl Comrmy ) ds < ) (n—m) for each t > 0,

where the Young function By, is defined by (6.5).

(4) There exists a positive constant Cy such that
[ Eeir
0 Ca (5~ Alf(s)]) ds)

g/ A(f()])dt  for each f € LA(0,00).
0

Moreover, the positive constants C1, Cy, Cs and Cy depend only on each other, on
m and on the dimension n.
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