BANACH ALGEBRAS OF WEAKLY DIFFERENTIABLE FUNCTIONS

ANDREA CIANCHI, LUBOS PICK AND LENKA SLAVIKOVA

ABSTRACT. The question is addressed of when a Sobolev type space, built upon a general rearrangement-
invariant norm, on an n-dimensional domain, is a Banach algebra under pointwise multiplication of

functions. A sharp balance condition among the order of the Sobolev space, the strength of the norm,

and the (ir)regularity of the domain is provided for the relevant Sobolev space to be a Banach algebra.

The regularity of the domain is described in terms of its isoperimetric function. Related results on the

boundedness of the multiplication operator into lower-order Sobolev type spaces are also established.

The special cases of Orlicz-Sobolev and Lorentz-Sobolev spaces are discussed in detail. New results for

classical Sobolev spaces on possibly irregular domains follow as well.

1. INTRODUCTION AND MAIN RESULTS

The Sobolev space W™P(Q) of those functions in an open set 2 C R™, n > 2, whose weak derivatives
up to the order m belong to LP(f2), is classically well known to be a Banach space for every m € N and
p € [1,00]. In particular, the sum of any two functions from W™P () always still belongs to WP ().
The situation is quite different if the operation of sum is replaced by product. In fact, membership
of functions to a Sobolev space need not be preserved under multiplication. Hence, W™P () is not
a Banach algebra in general. A standard result in the theory of Sobolev spaces tells us that if € is
regular, say a bounded domain with the cone property, then W"™P () is indeed a Banach algebra if
and only if either p > 1 and pm > n, or p =1 and m > n. Recall that this amounts to the existence
of a constant C such that

(1.1) [uv|lwmx (@) < Cllullwmx@llvllwnmx @)

for every u,v € W™X(Q). We refer to Section 6.1 of the monograph [48] for this result, where a
comprehensive updated treatment of properties of Sobolev functions under product can be found. See
also [1, Theorem 5.23] for a proof of the sufficiency part of the result.

In the present paper abandon this classical setting, and address the question of the validity of an
inequality of the form (1.1) in a much more general framework. Assume that € is just a domain in
R™, namely an open connected set, with finite Lebesgue measure ||, which, without loss of gener-
ality, will be assumed to be equal to 1. Moreover, suppose that LP(2) is replaced with an arbitrary
rearrangement-invariant space X (2), loosely speaking, a Banach space of measurable functions en-
dowed with a norm depending only on the measure of level sets of functions. We refer to the next
section for precise definitions concerning function spaces. Let us just recall here that, besides Lebesgue
spaces, Lorentz and Orlicz spaces are classical instances of rearrangement-invariant spaces.

Given any m € N and any rearrangement-invariant space X (£2), consider the m-th order Sobolev
type space V™ X () built upon X (), and defined as the collection of all m times weakly differentiable
functions u : © — R such that |V"u| € X(Q). Here, V™u denotes the vector of all m-th order weak
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derivatives of u, and |V™u| stands for its length. For notational convenience, we also set VOu = u
and V'X(Q) = X(Q). Given any fixed ball B C , we define the functional || - |lym x () by

—_

m—
(1.2) lullymx ) = D IVFull sy + V™l x (@)
k=0

for u € V"X (Q). Observe that in the definition of V™ X () it is only required that the derivatives of
the highest order m of u belong to X (€2). This assumption does not ensure, for an arbitrary domain
Q, that also u and its derivatives up to the order m — 1 belong to X (), or even to L'(£2). However,
owing to a standard Poincaré inequality, if u € V"X (Q), then |V*u| € LY(B) for k = 0,...,m — 1,
for every ball B C €. It follows that the functional || - [[ymx(q) is @ norm on V™ X (§2). Furthermore,
a standard argument shows that V"X (Q) is a Banach space equipped with this norm, which results
in equivalent norms under replacements of B with other balls.

We shall exhibit minimal conditions on m, Q and || - |[xq) for V"X () to be a Banach algebra
under pointwise multiplication of functions, namely for an inequality of the form

|uv]lym x ) < Cllullymx@llvllvex @)

to hold for some constant C and every u,v € V"X (). Variants of this inequality, where V™ X () is
replaced by a lower-order Sobolev space on the left-hand side, are also dealt with.

In our discussion, we neither a priori assume any regularity on (2, nor we assume that X (Q2) is a

Lebesgue space (or any other specific space). We shall exhibit a balance condition between the degree
of regularity of 2, the order of differentiation m, and the strength of the norm in X () ensuring that
V"X () be a Banach algebra. The dependence on X (2) is only through the representation norm
|- lx,1) of | - [x()- In particular, the associate norm || - [|x(o,1) of || - [[x(0,1), @ kind of measure
theoretic dual norm of || - ||x(0,1), Will be relevant.
As for our assumptions on the domain €2, a key role in their formulation will be played by the relative
isoperimetric inequality. Let us recall that the discovery of the link between isoperimetric inequalities
and Sobolev type inequalities can be traced back to the work of Maz'ya on one hand ([45, 46]), who
proved the equivalence of general Sobolev inequalities to either isoperimetric or isocapacitary inequal-
ities, and that of Federer and Fleming on the other hand ([29]) who used the standard isoperimetric
inequality by De Giorgi ([26]) to exhibit the best constant in the Sobolev inequality for W!(R"). The
detection of optimal constants in classical Sobolev inequalities continued in the contributions [50], [55],
[4], where crucial use of De Giorgi’s isoperimetric inequality was again made. An extensive research
followed, along diverse directions, on the interplay between isoperimetric and Sobolev inequalities. We
just mention the papers [2, 5, 6, 9, 10, 11, 12, 15, 17, 18, 19, 22, 24, 27, 28, 30, 32, 33, 35, 36, 37, 38,
40, 41, 42, 43, 49, 54, 56] and the monographs [13, 14, 16, 31, 34, 47, 53].

Before stating our most general result, let us focus on the situation when m and X (2) are arbitrary,
but €2 is still, in a sense, a best possible domain. This is the case when () is a John domain. Recall
that a bounded open set 2 in R" is called a John domain if there exist a constant ¢ € (0,1), an
[ € (0,00) and a point zg € Q such that for every = € € there exists a rectifiable curve w : [0,1] — €,
parameterized by arclength, such that @w(0) = z, w(l) = x¢, and

dist (co(r), 0) > er for r € [0,1].

Lipschitz domains, and domains with the cone property are customary instances of John domains.
When  is any John domain, a necessary and sufficient condition for V™ X (€2) to be a Banach
algebra is provided by the following result.

Theorem 1.1. Let m,n € N, n > 2. Assume that Q is a John domain in R™. Let || - ||x 1) be a
rearrangement-invariant function norm. Then V™ X (Q) is a Banach algebra if and only if

(1.3) I~ x0,1) < oo
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As a consequence of Theorem 1.1, and of the characterization of Sobolev embeddings into L>°((2),
we have the following corollary.

Corollary 1.2. Let m,n € N, n > 2. Assume that Q is a John domain in R™. Let || - ||x(0,1) be a

rearrangement-invariant function norm. Then the Sobolev space V™ X (Q) is a Banach algebra if and
only if V"X (Q) — L>®(Q).

Let us now turn to the general case. Regularity on 2 will be imposed in terms of its isoperimetric
function Iq : [0,1] — [0, o0], introduced in [45], and given by

(1.4) Io(s)=inf {P(E,Q): ECQs<|Bl <1} ifse(0,l]

and Io(s) = In(1—s) if s € (,1]. Here, P(E, (2) denotes the perimeter of a measurable set E relative
to €, which agrees with H"~1(Q N OME), where 0™ E denotes the essential boundary of E, in the
sense of geometric measure theory, and H"~! stands for (n — 1)-dimensional Hausdorff measure. The
very definition of I implies the relative isoperimetric inequality in €2, which tells us that
for every measurable set E C Q. In other words, I is the largest non-decreasing function in |0, %],
symmetric about 1, which renders (1.5) true.

The degree of regularity of Q2 can be described in terms of the rate of decay of Io(s) to 0 as s — 0.
Heuristically speaking, the faster I decays to 0, the less regular €2 is. For instance, the isoperimetric
function Ig of any John domain 2 C R" is known to satisfy

1

(1.6) Ig(s) =~ sn’

near 0, where n’ = —"5. Here, and in what follows, the notation f ~ g mans that the real-valued

functions f and g are equivalent, in the sense that there exist positive constants ¢, C such that
cf(c) < g(-) < Cf(C-). Notice that (1.6) is the best (i.e. slowest) possible decay of Iq, since, if € is
any domain, then

1
(1.7) Qf) <C forse(0,1],

sn’

for some constant C' [25, Proposition 4.1].

What enters in our characterization of Sobolev algebras is, in fact, just a lower bound for I. We
shall thus work with classes of domains whose isoperimetric function admits a lower bound in terms
of some non-decreasing function I : (0,1) — (0,00). The function I will be continued by continuity
at 0 when needed. Given any such function I, we denote by J7 the collection of all domains 2 C R"
such that

(1.8) Io(s) > cl(cs) for s € (0,3],

for some constant ¢ > 0. The assumption that I(¢) > 0 for ¢t € (0,1) is consistent with the fact that
Iq(t) > 0 for t € (0,1), owing to the connectedness of 2 [47, Lemma 5.2.4].

In particular, if I(s) = s* for s € (0,1), for some a € [;,00), we denote J; simply by Ja, and call it
a Maz’ya class. Thus, a domain 2 € 7, if there exists a positive constant C' such that

Io(s) > Cs™ for every s € (0, 3].

Observe that, thanks to (1.6), any John domain belongs to the class VAR

Our most general result about Banach algebras of Sobolev spaces is stated in the next theorem.
Let us emphasize that, if  is not a regular domain, it brings new information even in the standard
case when X (Q) = LP(9).
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Theorem 1.3. Assume that m,n € N, n > 2, and let |||/ x(,1) be a rearrangement-invariant function
norm. Assume that I is a positive non-decreasing function on (0,1). If Q € Jr and

(L)

V"X (Q) is a Banach algebra,

or, equivalently, there exists a constant C such that

(1.9) < 00,

X'(0,1)
then

(1.10) [uv|lymx @) < Cllullymx@)llvllvmx @)

for every u,v € V"X (Q).
Conversely, if, in addition,

I(t
(1.11) (1) is equivalent to a non-decreasing function on (0,1),

tn’
then (1.9) is sharp, in the sense that if V"X (Q) is a Banach algebra for every Q € Jp, then (1.9)
holds.

Remark 1.4. Assumption (1.11) is not restrictive in view of (1.7), and can just be regarded as a
qualification of the latter.

Remark 1.5. If condition (1.9) holds for some X (0,1) and m, then necessarily

This is obvious for m > 2, whereas it follows from (2.5) below for m = 1.
An analogue of Corollary 1.2 is provided by the following statement.

Corollary 1.6. Let m,n € N, n > 2, and let || - HX(OJ) be a rearrangement-invariant function norm.
Assume that I is a positive non-decreasing function on (0,1) satisfying (1.11). Then the Sobolev space

V"X (Q) is a Banach algebra for all domains Q satisfying (1.8) if and only if V"X (2) — L>(R2) for
every ) € Jr.

The next corollary of Theorem 1.3 tells us that V"X () is always a Banach algebra, whatever
X (Q) is, provided that I is sufficiently well behaved near 0, depending on m.

Corollary 1.7. Let m,n € N, n > 2, and let Q € Jr for some positive non-decreasing function I on
(0,1). Suppose that

(1.12) i I(lw </Ot %)m_l < 0.

Then the Sobolev space V"X (Q) is a Banach algebra for every rearrangement-invariant space X ().

Remark 1.8. Besides V™ X(2), one can consider the m-th order Sobolev type space V"X (Q) of
those functions u such that the norm

m—1

(1.13) [ullymx (@) = Z IV ull 1oy + |V ull x @)
=0

is finite, and the space WX () of those functions whose norm

ullywm x () = Z IV ul x ()
J—0
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is finite. Both V"X (Q) and W™X () are Banach spaces. Since any rearrangement-invariant space
is embedded into L'(£2), one has that
(1.14) WmX(Q) - VT"X(Q) - V"X(Q),

and the inclusions are strict, as noticed above, unless € satisfies some additional regularity assumption.
In particular, if

(1.15) g 1200 0,
te(0,1) T

then

(1.16) VX (Q) = VM X(Q),

with equivalent norms, as a consequence of [47, Theorem 5.2.3] and of the closed graph theorem.
If assumption (1.15) is strengthened to

ds

1.17 / BN

A o Ta(3)
then, in fact,

(1.18) WmX(Q)=V"X(Q)=V"X(Q),
up to equivalent norms [25, Proposition 4.5].
If Q € J; for some [ fulfilling (1.9), then, by Remark 1.5, condition (1.17) is certainly satisfied. Thus,
by the first part of Theorem 1.3, assumption (1.9) is sufficient also for V™ X (Q2) and W™ X () to be

Banach algebras. Under (1.11), such assumption is also necessary, provided that the function I is a
priori known to fulfil either

(1.19) it 18 S
te(0,1) ©
or
ds
1.20 / < o0,
(1.20) ) T(5)

according to whether V™X (Q) or W™X () is in question. Let us emphasize that these additional
assumptions cannot be dispensed with in general. For instance, it is easily seen that W™ L>(Q) is
always a Banach algebra, whatever m and €2 are.

So far we have analyzed the question of whether V" X (Q2) is a Banach algebra, namely of the validity
of inequality (1.10). We now focus on inequalities in the spirit of (1.10), where the space V"X ()
is replaced with a lower-order Sobolev space V™%X (Q) on the left-hand side. The statement of our
result in this connection requires the notion of the fundamental function ¢x : [0,1] — [0,00) of a

rearrangement-invariant function norm || - [ x(,1)- Recall that
(1.21) ox(t) = lIx0llx0,1) forte (0,1].
Theorem 1.9. Letm, n, k € N, n > 2, 1 <k <m, and let || - || x(,1) be a rearrangement-invariant
function norm. Assume that I is a positive non-decreasing function on (0,1). If Q € J; and
1 togs \"™"
122 o) <
then
(1.23) [uvllym—rx () < Cllullymx@)llvllymx @)

for every u,v € V"X ().
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Conversely, if, in addition, (1.11) is fulfilled, then (1.22) is sharp, in the sense that if (1.23) is
satisfied for all domains Q) € Jr, then (1.22) holds.

Remark 1.10. Considerations on the replacement of the space V"X () with either the space
VX (Q), or WmX(€) in Theorem 1.9 can be made, which are analogous to those of Remark 1.8
about Theorem 1.3.

In the borderline case when k = 0, condition (1.22) is (essentially) weaker than (1.9) - see Proposition
3.3 and Remark 3.4, Section 3. The next result asserts that it “almost” implies inequality (1.10), in
that it yields an inequality of that form, with the borderline terms «V™v and vV™u missing in the
Leibniz formula for the m-th order derivative of the product uwv.

Theorem 1.11. Let m,n € N, m,n > 2, and let || - ||x(0,1) be a rearrangement-invariant function
norm. Assume that I is a positive non-decreasing function on (0,1). If Q € Jr and

1 tods \"
1.24 sup (/ ) < 00,
(1.24) teo,1) x () \Jo 1(s)

then there exists a positive constant C such that

m—1
(1.25) S VEUIV™ ol x @) < Cllullymx@)lollvex @)
k=1
for every u,v € V"X ().
Conversely, if, in addition, (1.11) is fulfilled, then (1.24) is sharp, in the sense that if (1.25) is satisfied
for all domains Q € Jy, then (1.24) holds.

Theorem 1.3 enables us, for instance, to characterize the Lorentz—Zygmund-Sobolev spaces and
Orlicz-Sobolev spaces which are Banach algebras for all domains €2 € 7.
Let us first focus on the Lorentz-Zygmund-Sobolev spaces V™ LP%8(Q). Recall (see e.g. [52, The-
orem 9.10.4] or [51, Theorem 7.4]) that a necessary and sufficient condition for LP%5(Q) to be a
rearrangement-invariant space is that the parameters p, ¢, 8 satisfy either of the following conditions:

l<p<oo, 1<g<o0, BER;
p=14¢=1, 52>0;

p=00, ¢=00, f<0;
p=o00, 1 <qg< o0, 6+%<0.

(1.26)

Proposition 1.12. Let m,n € N, n > 2, and let o € [%, 00). Assume that 1 < p,q < oo, f € R and
one of the conditions in (1.26) is in force. Then V™LP9P(Q) is a Banach algebra for every domain
Q€ T, if and only if a < 1 and either of the following conditions is satisfied:
1
m(l—a)> -,
(1.27) m(l—a)=1 q=1, >0,
m(l—a):]%, q>17 ﬁ>%

The Orlicz-Sobolev spaces V’”LA(Q) are the object of the next result. In particular, it recovers a
result from [21], dealing with the case of regular domains.

Proposition 1.13. Let m € N, n > 2, and a € [, 00). Let A be a Young function. Then V™LA(Q)
is a Banach algebra for every domain Q € J,, if and only if o < 1 and either of the following conditions
1s satisfied:

m > L,
(1.28) e . (1—a)m
m< — and [ (ﬁ) I=(=a)m dt < 00.

11—«
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The Lorentz—Zygmund-Sobolev and Orlicz-Sobolev spaces for which the product operator is bounded
into a lower-order space for every ) € J, can be characterized via Theorem 1.9.

Proposition 1.14. Letn,m,k e N, n>2, 1 <k <m, and let « € [%,oo). Assume that 1 < p,q <
00, B € R and one of the conditions in (1.26) is in force. Then, for every domain Q2 € J, there exists
a constant C' such that

”U"UHVm—kLP«M(Q) < CHU”meP,q:ﬁ(Q)HUvaLP,q%ﬁ(Q)
for every u,v € V"LPTB(Q) if and only if o < 1, and either of the following conditions is satisfied:

{(m+k)(1 —a)> 1,

(1.29) (m+k)(1—a)=1 8>0.

Proposition 1.15. Let n,m,k € N, n > 2, 1 < k < m, and let a € [%,oo). Let A be a Young
function. Then, for every domain 2 € J, there exists a constant C' such that

[uv]lym—rpay < Cllullympaqyllvllymra
for every u,v € VLP%B(Q) if and only if o < 1 and either of the following conditions is satisfied:

(m+k) > g,
(1.30) @ 1
(m+k) <= and A(t) > CtT-=+8  for large t,

«

for some positive constant C'.

2. BACKGROUND

We denote by M(€2) the set of all Lebesgue measurable functions from (2 into [—o0, 00]. We also
define M () = {u € M(Q) : u > 0}, and My(Q) = {u € M(Q) : u is finite a.e. in Q}.
The decreasing rearrangement u* : (0,1) — [0, 00] of a function u € M(Q) is defined as
u*(s) =sup{t e R: {z € Q: |u(x)| > t}| > s} forse(0,1).
We also define v** : (0,1) — [0, 0] as
1 S
u(s) = / u*(r)dr.
0

s
We say that a functional || - ||x 1) : M+(0,1) — [0,00] is a function norm, if, for all f, g and
{fj}jen in M4(0,1), and every A > 0, the following properties hold:
(P1) I fllx(0,1) = 0 if and only if f =0 a.e.; [Afllx(0,1) = M fllx(0,1);
If +gllxo,1) < [1fllx©,1) + 9l x0,1);
2) f < g ae implies | fllx,1) < l9llx(0,1);
3) fi /7 f ae implies || fjllx0,1) /[ fllx00,1);
P4) 1 x0,1) < 003
P5) fol f(z)dx < C||f| x(0,) for some constant C independent of f.
If, in addition,
(P6) I fllxc0,1) = ll9ll x(0,1) Whenever f* = g,
we say that [ - [ x(o,1) is a rearrangement-invariant function norm.
Given a rearrangement-invariant function norm ||-{| x (o 1), the space X (2) is defined as the collection
of all functions v € M() such that the expression

o)

(
(
(
(

lullx @) = llu"llx(0,1)
is finite. Such expression defines a norm on X (), and the latter is a Banach space endowed with
this norm, called a rearrangement-invariant space. Moreover, X () C M(Q2) for any rearrangement-
invariant space X ().
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With any rearrangement-invariant function norm || - || x(g,1), it is associated another functional on

M (0,1), denoted by || - || x(0,1), and defined, for g € M (0,1), by

1

(21) ooy = sw [ s)gls)ds

FEM4(0,1)

11l x0,1)<1
It turns out that [ - [ x/(o,1) is also an rearrangement invariant function norm, which is called the as-
sociate function norm of || - ||x(,1)- The rearrangement invariant space X'(£2) built upon the function
norm || - |[xs(o,1) is called the associate space of X((2). Given an rearrangement-invariant function
norm || - || x(o,1), the Hélder inequality
(22 | @@l de < Jullxioylolxo

holds for every u € X(Q) and v € X'(Q2). For every rearrangement invariant space X (£2) the identity
X"(92) = X () holds and, moreover, for every f € M(Q), we have that

(2.3) lullxqa = sup / fu(z)o(z)]| dz.
VEM(Q); [|vl| x7(0)<1 0

The fundamental functions of a rearrangement-invariant space X (€2) and its associate space X'(2)
satisfy

(2.4) ex(t)px(t) =t for every t € (0,1).
Since we are assuming that ) has finite measure,
(2.5) L®(Q) = X(Q) — L'(Q)

for every rearrangement-invariant space X (2).
A basic property of rearrangements is the Hardy-Littlewood inequality which tells us that, if u,v €
M(Q), then

1
(2.6) / lu(2)o(@)|dz < /D 0 (£ (1) .

A key fact concerning rearrangement-invariant function norms is the Hardy—Littlewood—Pdlya principle
which states that if, for some u,v € M(),

(2.7) /0 u*(s)ds < /0 v*(s)ds for t € (0,1),

then
ullx @) < [vllx@)
for every rearrangement-invariant function norm || - || x(o,1)- Moreover,
(2.8) luv] x ) < lu*v™ || x(0,1)
for every rearrangement-invariant function norm || - || x(o,1), and all functions u,v € M(Q). Inequality

(2.8) follows from the inequality

/0 t(uv)*(s) ds < /0 t w*(s)v*(s) ds,

and the Hardy-Littlewood—Pdlya principle.
We refer the reader to [7] for proofs of the results recalled above, and for a comprehensive treatment
of rearrangement-invariant spaces.
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Let 1 < p,q < oo and 8 € R. We define the functional || - ||Lp,q;g(0’1) as
1_1
sp d logﬂ (%) f*(s))

for f € M4(0,1). If one of the conditions in (1.26) is satisfied, then || - |[1p.e5(0,1) is equivalent to
a rearrangement-invariant function norm, called a Lorentz—Zygmund norm (for details see e.g [8], [51]
or [52]). The corresponding rearrangement-invariant space LP%%(Q) is called the Lorentz-Zygmund
space. When 3 = 0, the space LP%°(Q) is denoted by LP9(Q) and called Lorentz space. It is known
(e.g. [51, Theorem 6.11] or [52, Theorem 9.6.13]) that

LPH=B(Q) if p < o0;
(2.9) (LPEPY(Q) = § LLA7D(Q) if p =00, 1< g < o0, B4+ <0;
Ll(Q) if p=o00, ¢g=o00, =0,

11l zrasniony = | £,

where L(Ihq;ﬂ)(Q) denotes the function space defined analogously to LP7q;B(Q) but with the functional
| - HL(p,q;B)(o,l) given by

sv i log” (2) £7(s)|

1 lzean o = |
for f € M4(0,1). Note that, if 5 =0, then
LPa0(Q) = LP(9),
a standard Lorentz space. In particular, if p = ¢, then
LPP(Q) = L7(9),

La(0,1)

a Lebesgue space.

A generalization of the Lebesgue spaces in a different direction is provided by the Orlicz spaces.
Let A :[0,00) — [0,00] be a Young function, namely a convex (non-trivial), left-continuous function
vanishing at 0. The Orlicz space LA() is the rearrangement-invariant space associated with the
Luzemburg function norm defined as

1
T —inf{»o:/o A<f§>) ds < 1}

for f € M, (0,1). In particular, LA(Q) = LP(Q) if A(t) = ¥ for some p € [1,00), and LA() = L=(Q)
if A(t) = OOX(l,oo) (t)

The associate function norm of || - [ ) is equivalent to the function norm || - ||, A0y where A is
the Young conjugate of A defined as

A(t) = sup{ts — A(s) : s > 0} for t > 0.
3. KEY ONE-DIMENSIONAL INEQUALITIES

In this section we shall state and prove two key assertions concerning one-dimensional inequalities
involving non-increasing functions and rearrangement-invariant spaces defined on an interval. Both
these results are of independent interest and they constitute a new approach to inequalities involving
products of functions.

Assume that [ is a positive non-decreasing function on (0, 1). We denote by H the operator defined
at every nonnegative measurable function g on (0, 1) by

1
g(r)
Hp t:/ —~dr forte (0,1).
o0 = [ 0,1)
Moreover, given m € N, we set

H?L:H]OHIO---OH].

m—times
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We also denote by H? the identity operator. It is easily verified that
1 Lg(s) Sodr \™!
Hi'g(t) = / / ds form e Nandte (0,1),
! (m—1!J; I(s) \Ji I(r)

see [25, Remark 8.2 (iii)].
Let X(0,1) be a rearrangement-invariant space and let m € N. If the function I satisfies (1.19),
then the optimal (smallest) rearrangement-invariant space X,,(0,1) such that

(3.1) H: X(0,1) = Xm(0,1)

is endowed with the function norm || - || Xm(0,1), Whose associate function norm is given by
-1
1 / b < / todr >m
— | 97(s) FTy ds
I (t) 0 s I (T)

The following lemma provides us with a pointwise inequality involving the operator H }“ for k =
1,...,m —1 for I satisfying (1.20). For every such I we denote by v the function defined by

(3.3) Yr(t) = </Ot %)m for t € (0,1).

Lemma 3.1. Assume that m,k € N, m > 2, 1 < k < m — 1. Let I be positive a non-decreasing
function on (0,1) satisfying (1.20) and let 11 be the function defined by (3.3). There exists a constant
C = C(m) such that, if g € M4(0,1) and

(3.2) gl x: 0,1) =

X7(0,1)
for g € M(0,1) [25, Proposition 8.3].

1
3.4 g (t) < for t€(0,1),
(3.4) )< e ©.1)
then
(3.5) HEg*(t) < Cg*(t)m  for t€(0,1) and k € {1,...,m}.
Proof. Fix g € M4(0,1) such that (3.4) holds, and any t € (0,1). Define a € (0, 1] by the identity

1 1

7t = —— ifg*(t) > ——

and a = 1 otherwise. Note that the definition is correct since vy is continuous and strictly increasing
on (0,1), and limy o, ¥7(t) = 0.
Assume first that g*(¢) > ﬁ(l) Then (3.4) and the monotonicity of ¢; imply that t < a < 1. We

thus get

{g*(t) if s € [t,a),

if s € [a,1).
Fix k € {1,...,m — 1}. Then, consequently,

k=t = [ gf<(>) </ S fcg:>>k_l o5t / g;(f)) </ S ICZ)Y_I @
o

N 1 s dr \"! ! 1 sodr \"!
<o [ ([ 1) o[ aomw U )
By the definition of a,

7 (@) /taI(ls) </ts ;E:))k_l e g*k(:t) (/ta Icz:))k . g*k(:t) </0a IC(Z:)>1€: g*lit)i/fl(a)jl :%g*(wl_
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and

k—1
[ ([ ) o= L o = [ i ([ )

|
o

Assume next that g*(t) < wzll)' Then a = 1. Similarly as above, we have that

woviro = [0 ([ ) o [ ([ 1)

* Uoagr \* * k k
gk(;t) /t IC(ZT)> < gk_(t)djl(l)m < %g*(t)lia.

—~

Altogether, inequality (3.5) follows.

11

0

Given a rearrangement-invariant function norm || - || x(,1) and p € (1,00), we define the functional

I Lx»(0,1) by

1
l9llxn0) = 971501y for g € Mo (0,1).

The functional || - || x»(o,1) is also an rearrangement invariant function norm. Moreover, the inequality

(3.6) 1£9llx0,1) < 1fllx2 0,019l o (0,1
holds for every f,g € M(0,1) (see e.g. [44, Lemma 1]).

The following lemma, of possible independent interest, is a major tool in the proofs of our main

results.

Lemma 3.2. Assume that m € N, m > 2. Let I be a positive non-decreasing function on (0,1), and
let ¢y be the function defined by (3.3). Let || - | x(0,) be a rearrangement-invariant function norm.

Then the following statements are equivalent:
(i) Condition (1.20) holds, and there exists a positive constant C' such that

(3.7) sup g~ (t)¥r(t) < Cllgllx,1)
te(0,1)

for every g € M4 (0,1).
(ii) Condition (1.20) holds, and there exists a positive constant C' such that

(3.8) sup g*(£)vr(t) < Cllgllxo,1)
te(0,1)

for every g € M4(0,1).
(iii) For every k € N, 1 <k < m — 1, there is a positive constant C' such that

(3.9) gl
X

for every g € M4 (0,1).
(iv) For every k € N, 1 < k <m — 1, there exists a positive constant C' such that

L =Clalxon

(3.10) 1f9llxc0,1) < Cllfllxp 00190 x,,_k(0,1)

for every f,g € M4(0,1).
(v) There exists k € N, 1 <k <m — 1, and a positive constant C such that (3.10) holds.
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(vi) There exists k € N, 1 <k <m — 1, and a positive constant C' such that

(3.11) IHFFH] gl x0.1) < Cllf I x0,l9] x(0,1)
for every f,g € M4(0,1).

(vii) There ezists a positive constant C' such that

(3.12) (/Ot ;é;)m < Cox(t) forte(0,1).

Proof. (i)=-(ii) This implication is trivial thanks to the universal pointwise estimate ¢*(t) < g**(t)
which holds for every g € M(0,1) and every t € (0, 1).

(ii)=(iii) Fix k € N, 1 < k < m — 1. In view of the optimality of the space X(0,1) in H¥ :
X(0,1) = Xj(0,1), mentioned above Lemma 3.1, the assertion will follow once we show that
(3.13) HF:X(0,1) > X7%(0,1).
Let g € X(0,1), g # 0, and let C be the constant from (3.8). Define h =

implies that h*(t) < w%(t) for t € (0,1), whence, by Lemma 3.1,

g .
Tl Inequality (3.8)

HER* (1) < C'h*(t)"m  for t € (0,1),

for some constant C" = C’'(m, k). Thus,

* * xl1— £
IHFg I mme 0.1) = Cligl x| Hfh e o) < C'Cligllxonlh* ’”HXﬁ(OJ)

* 1_£ k.
= C'Cllglx P lx@yy = C'Cmlglx o)
By [25, Corollary 9.8], this is equivalent to the existence of a positive constant C'(m, k, X') such that

||H}€9”Xﬁ(0’l) < C(m7k7X)HgHX(O,1)

for every g € M (0,1). Hence, (3.13) follows.
(iii)=(iv) Fixke{l,...,m—1} and let f,g € M;(0,1). On applying first (3.9) to f in place of
g, and then (3.9) again, this time with k replaced by m — k, we obtain

m <C and m <C .
I e oy Ol a0 gl e < Clall, o

)

_m
m—k’

Combining these estimates with (3.6), with p = yields

I f9llx0,1) < C2Hf”)@(o,1)”9|’Xm,k(o,1)a

and (iv) follows.

(iv)=(v) This implication is trivial.

(v)=(vi) Let k € N, 1 <k < m — 1, be such that (3.10) holds, and let f,g € M,(0,1). On
making use of (3.10) with HF f and H}”_k g in the place of f and g, respectively, we obtain

IH7 fHP " gllx01) < CIHFflx0n 1 HP 9l x,0.0)-
It follows from (3.1) that
HY : X(0,1) = X3(0,1) and H%:X(0,1) = X,,,_£(0,1).
Coupling these facts with the preceding inequality implies that
IHF f H *gllx01) < I flxo.09lx 0,1

for some positive constant C' = C'(m, k, I, X) but independent of f,g € M (0,1). Thus, the property
(vi) follows.
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(vi)=(vii) Let k € N, 1 <k <m—1, be such that (3.11) holds. Assume, for the time being, that
m < 2k. On replacing, if necessary, | - || x(,1) with the equivalent norm C|| - || x(o,1), we may suppose,
without loss of generality, that C' =1 in (3.11). Thus,

(3.14) ||(H}€f)(H;n_k9)HX(o,1) < HfHX(O,l)HgHX(O,l)

for every f,g € M4 (0,1).
Let b > —1. Fix a € (0,1] and ¢ € (0,a). Set

(3.15) f6) =X ) (/t Iii))b’ 9() = X(e.a) (1) < /t ' %)ww% "

for t € (0,1). One can verify that

1 a gr \O+h)

1 H — for t .
(3 6) If( ) (b+ 1) (b + k?) (/t I(T‘)) ori € (Eaa)
Since we are assuming that m < 2k and b > —1,

(3.17) b+ k)L +k—m>(—1+k)gtr +k—2k=—1.

Hence, analogously to (3.16),

m—k 1 a gr \ Ot
18 BP0l = [<b+k)m’ik]</t I(T)) for t € (c,a).

Note that

(3.19) b+ k)L +k—m=b"E 4 (b+ k) 2em,
Set p = mk 7. The assumption m < 2k guarantees that p > 1. Moreover, p' = ﬁ Thus,
inequality (3.6), applied to this choice of p, and equation (3.19) tell us that

a gy \ Otk g th—m
320 lallxon = |xea® ([ 10

¢ I(r)

X(0,1)
b PE T
e dr e dr
< X (ea) (B) </ ) X(e,a)(t) </ )
¢ 1(r) X(0.1) ¢ 1(r) X(0,1)
=

m_q
= Hf”)?((n)

off )"
X(e,a) TN
¢ I(r) X(0,1)

o[ )"
AV AN

Coupling (3.14) with (3.20) yields

2k—m
k

(3.21) VEEFHP gl x 0 < I£1E o)

X(0,1)
By (3.16) and (3.18),

k m—k 1 @ dr \ TR
B0 B0 = G e s T T U, 707)
for t € (g,a). On setting
(3.22) Bb)=(b+1)...0+k)[(b+ k)L +k—m+1]...[(b+k)L]
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and making use of (3.21), we obtain

1 o gp \ R k —k
(323) W X(&a)(t) </t\ I(’r‘)) = HX(E,(I) H]fH[ gHX(O,l)
X(0,1)
< k m—k
= HHIfHI gHX(o,l)
m a dr m—k
< K TN
<1180 rea® ([ 565) X

The function
a dT’ (b k)myﬁk
0,1) 3t x(ea)(t (/ >
(0,1) (e0)(t) . I(r)

is bounded and hence, by (2.5), belongs to X (0,1). Thus,

o[ )"
VAN

Moreover, 1 — %%m = 7 — 1. Therefore, (3.23) yields

([ )"
VAN

On raising this inequality to the power £ and recalling the definition of f, we get

@ dgr\°
X(e,a) (t) (/ >
¢ 1(r) X(0,1)

NIt
X(e,a) t) </ )
¢ A(r) X(0,1)
Next, assume that m = 2k. Note that (3.17) holds also in this case. Let f and g be defined by (3.15)
again. Then

< 0o0.
X(0,1)

m_g

< B®) 11l 0.1 -
X(0,1)

L3
m

< B(b)m

(3.24)

(b+k)Lr +k—m=b,
whence f = g. Moreover, since k = m — k, we also have that H}“f = H}”_kg. Therefore, (3.14), (3.16)

and (3.18) imply that

a dp \ 20tk a qr\?
et ([ <o e ([ 2)
(e.0)(?) 0 o (b+1) ... (b+F) | XEa) (D) T

The assumption m = 2k entails that B(b) = [(b+1)...(b+k)]* and £ = 1. Hence, (3.24) follows.
We have thus established (3.24) whenever m < 2k. From now on, we keep this assumption in force.
Define by = 0 and, for j € N,

1
2

X(0,1)

namely
(3.25) bj =m|[(:2) —1].
We next set, for j € N,

mm )’L

j—1
k(m—k
K; =[] B®:)=" :
=0

Let us note that the assumption 2k > m implies that B(b;) > 1 for j € NU {0}, and hence K; > 1 as
well.
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We claim that, for every j € N,

e ([ ;b)b

Indeed, choosing b = 0 in (3.24), yields (3.26) for j = 1. Assume now that (3.26) holds for some fixed

j € N. Then, by (3.24) with b = b;,
a qr \%
a t TN
wenl® ([ 1)

X(e,a) (1) < /t ¢ Icf::) >bj+1

Thus, by the induction assumption,

X(e.0) (1) ( /t ‘ IC(Z:) ) b1

and (3.26) follows.
Letting ¢ — 07 in (3.26) and making use of property (P3) of rearrangement-invariant function norms

yields
a qr \%
X(0,a)(t) </t I(r))

(k)

(3.26)

< KjlIx(e,a) lx(0,1)-

X(0,1)

(m—k)j+1

™ (==

X(0,1) X(0,1)

< Bbj) =

K; HX(g,a)HX(o,l) = KjHHX(s,a)HX(o,l) ’
X(0,1)

(kY

(3.27) < Kjllx 0,0l x0,1)-

X(0,1)

Fix j € N, and set

@ dr \%
i(t) = o (T — for t € (0,1).
50 =300 ([ 15) 0.1
Then, owing to (3.27)

(m—k)j

(3.28) 95l (6. < Kjllxoallx@1)-

By the Holder inequality and (2.4),
¢ allgllx )
() dt < ||g; allxion) = &
|| w0 < lgllxonlixenlvon = o T
By (3.28),

(k)

1 @ (L*lk)j (M)j
a/o g9i(t)dt < K™ X0l x 071

We have thus shown that
(BzE)7

1
1 [ 1—(mkyj —(m—Fk\j
(3.29) (i [ w0a) < K Iy lxon

for j € N.
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Observe that

(m=kyj 1

1 a _(m—=k\4 1 a
(3.30) lim </ g;(t) dt)l G — lim (/
J—oo \ 4 Jo J—00 a Jo

. 1
a m((725)’—1) G-t
/ r > k di E
¢ A(r
B (/“ dr >m
£0(0,1) o 1(r)

On the other hand, since mT_k <1,
L (ot 1
for j € N. As observed above, K; > 1 for every j € N. By (3.22), if b > —1, then
B(b) < (b+k)*((b+ k) ZE)™ ™ < (0 + k)™ ()™
With the choice b = bj, the last chain and (3.25) yield
B(b;) < (m((2) = 1) + k)™ (2)™ < (m(2) )™
for j € NU{0}. Altogether, we deduce that

14@)1 (m= s i1\ ™\ (e
KU <K = HB (' m (72) < .
0
On setting

we have that

1
m—k)j

(3.31) lim supK

]—)OO

Therefore, combining (3.29), (3.30) and (3.31) tells us that

a d/r m
- < .
(['15) = HIxoslxon

Hence, inequality (3.12) follows. Thus, property (vii) is proved when m < 2k. However, if this is not
the case, then m < 2(m — k). The same argument as above, applied with m — k in the place of k,

leads to the conclusion.
(vii)=(i) Let g € M(0,1). Then, by (3.12),

sup g (t)yr(t) < C sup g™ (t)px(t).
t€(0,1) te(0,1)

< K.

One has that

sup g™ (H)ex () < llgllx 0,1
te(0,1)

for every g € M(0,1) (see e.g. It is a classical fact (see e.g. [7, Chapter 2, Proposition 5.9]). Combining
the last two estimates yields

sup g™ (t)Y1(t) < Cllgllx (0,1
te(0,1)

for g € M(0, 1), namely (3.7). O
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We conclude this section by showing that assumption (1.9) is actually essentially stronger than
(1.24).

Proposition 3.3. Letm,n € N, n > 2, m > 2, and let ||-|| x(0,1) be a rearrangement-invariant function
norm. Assume that I is a positive non-decreasing function on (0,1). If (1.9) holds, then (1.24) holds
as well.

Proof. By the Holder inequality in rearrangement-invariant spaces,

(L) =mf () e ([ )

1(18) </OS %)m_l ox(t)  forte (0,1).

X’(0,1)
Hence, the assertion follows. O

HX(O,t) HX(O,l)
X7(0,1)

=m

Remark 3.4. It is easily seen that (1.9) is in fact essentially stronger than (1.24), in general. Indeed,

let I(t) = t for some o € R such that ¢ > 2 and o > -1, and let || - Ix0,1) = II - llza0,1)
with ¢ = m Then (1.24) holds but (1.9) does not. In other words, by Theorems 1.3 and 1.9,

1
Y™ L mi-2) () is not a Banach algebra for every Q € 7, yet it satisfies (1.25) for every Q2 € 7,.

4. PROOFS OF THE MAIN RESULTS

Here, we accomplish the proofs of the results stated in Section 1.
A result to be exploited in our proofs is an embedding theorem for the space V™ X (€2), which tells us
that, under assumption (1.19),

(4.1) VX (Q) = Xn(Q)

where X, (€2) is the rearrangement-invariant space built upon the function norm || - ||, (0,1) given by
(3.1), and that X,,,(€) is the optimal (smallest) such rearrangement-invariant space [25, Theorem 5.4]
(see also [27], [19] and [39] for earlier proofs in special cases).

The next three lemmas are devoted to certain “worst possible” domains whose isoperimetric function
has a prescribed decay. Such domains will be of use in the proof of the necessity of our conditions in
the main results.

Lemma 4.1. Let n € N, n > 2, and let I be a positive , non-decreasing function satisfying (1.11).

Then there exists a positive non-decreasing function T in (0,1) such that Ie C1(0,1), 1" is convex
on (0,1), and

(4.2) I(s)~ I(s) forse(0,1).

Proof. By (1.11), there exists a non-decreasing function ¢ : (0,1) — (0, 00) such that

(4.3) ——— =~ (s) for s € (0,1).

L(s) = ( /O () dr)l/n, for 5 € (0,1).

Then I; € C°(0,1), and I{L/ is convex in (0,1). Moreover, we claim that

(4.4) Li(s) =~ I(s) for s € (0,1).

Set
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Indeed, by the monotonicity of ¢,

(4.5) L(s/2) < 1/8 c(rydr < " _ 1/08g(r)dr <o(s) forse(0,1).

s Js/2 S s

Equation (4.4) follows from (4.3) and (4.5). Similarly, on setting

I(s) = </OS Wdr) " for s € (0,1),

r
one has that I € C1(0,1), I" is convex in (0,1), and

(4.6) I(s)~ Li(s)  forse(0,1).

Coupling (4.4) with (4.6) yields (4.2). Thus, the function T has the required properties. O

Lemma 4.2. Let n € N, n > 2, and let I be a positive, non-decreasing function on (0,1) satisfy-
ing (1.11). Then there exist L € (0,00] and a convez function n : (0,L) — (0,00) such that the
domain Q1 C R™, defined by

(4.7) Qr={zeR": z=(2/,2,), z, € (0,L), ' € R"™ |2/| < n(zn)},
satisfies || = 1 and
(4.8) I, (s) ~ I(s) fors € (0,1].

Proof. By Lemma 4.1, we can assume with no loss of generality that I € C'(0,1) and I " is convex in
(0,1). Let L € (0, 00] be defined by

Lodr
- o T0)
and let M : [0, L) — (0, 1] be the function implicitly defined as

(4.10) /1 i—75 for t € [0, L)
' ) L(r) T

The function M strictly decreases from 1 to 0. In particular, M is continuously differentiable in (0, L),
and

(4.11) I(M(r)) = —M'(r) for r € (0,L).
On defining 7 : (0, L) — (0,00) as
(4.12) n(r) = (I(jj\f_(:))) o for r € (0, L),

where w,,—1 is the volume of the (n — 1)-dimensional unit ball, we have that n(r) > 0 for r € (0, L),
and, by (4.11),
(4.13)

L L L
|{x€QI:t<xn<L}]:wn_1/t n(r)”ldr:/t I(M(T))dr:/t —~M'(r)ydr=M() forte (0,L).

Moreover, 7 is convex. To see this, notice that, by (4.11),

@) T ) = ()T = I (M) TT)™ M ()
=L eI forr e (0.2,
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1
Thus, since M (r) is decreasing, n'(r) is increasing if and only if I’(s)I(s)»-1 is increasing, and this is
in turn equivalent to the convexity of I(s)™ . Equation (4.14) also tells us that
1

1 -1 1
W (0F) =~ T > —oc.

By (4.13), with ¢ = 0, the set £y as in (4.7), with n given by (4.12), satisfies |Q27| = 1. Furthermore,
owing to the properties of 7, from either [47, Example 5.3.3.1] or [47, Example 5.3.3.2], according to
whether L < 0o or L = oo, we infer that there exist positive constants C; and Cy such that

(4.15) Cin(M~(s))" ! < Ig,(s) < Can(M~(s))" ! for s € (0,1].
Hence, by (4.12),

L 1(5) < Iy (5) <

Wnp—1 Wn—1

and (4.8) follows. O

(4.16)

I(s) for s € (0, 3],

Lemma 4.3. Let n € N, n > 2. Let I be a positive non-decreasing function on (0,1) such that
Ie€CY0,1) and I is convex in (0,1). Let L, M, n and Q; be as in Lemma 4.2. Given h € M4(0,1),
let F:Qp — [0,00) be the function defined by

F(x) =h(M(zy)) forx e Q.

Then
(4.17) F*(t) =h*(t) forte (0,1).
Proof. On making use of (4.12), of a change of variables and of (4.11), we obtain that
o € Qi F(z) > A} = [{z € Qr: h(M(z,)) > A}| = wn_l/ n(r)" dr
{re(0,L): h(M(r))>A}
I(t)
- I(M(r)) dr = / - o dt
/{re(o,L): h(M(r)>A} (te(0,1): h(ty>ay  M'(M~L(t))
=|{t € (0,1): h(t) > A} for A > 0.
Equation (4.17) hence follows, via the definition of the decreasing rearrangement. O

Proposition 4.4. Assume that m,n € N, n > 2, and let I be a positive non-decreasing function

satisfying (1.11). Let || - ||x(0,1) be a rearrangement-invariant function norm. Assume that for every
domain Q € Jy, the Sobolev space V™ X () is a Banach algebra. Then condition (1.9) holds. Moreover,
(4.18) VX(Q) = L*(Q)

for every such domain Q.

Proof. By Lemma 4.1, we can assume, without loss of generality, that I € C1(0,1) and I " is convex
in (0,1). Let L, M, n and Q; be as in Lemma 4.2. Let f,g € M;(0,1). We define the functions
u,v: Qr — [0, 00] by

Lo Y fm)
4.19 u(x :/ / / B Aryy drp—1 ...dr1  for x € Qy,
(4.19) "= St To0) oy Ty ), 1) Ledn :

and

Lo )
4.20 v(x :/ / / vy dTp—1 .. .dr;  for x € Q.
W20 @ = J T Ly T o 1) Ledn !
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Then the functions v and v are m times weakly differentiable in ;. Since w is a non-decreasing
function of the variable z,,,

Vu(z)| = ;;;(90): M((::CEZ) /M(xn 7"2/ /

/ It / / Tm d m drm—1 ...dro  for a.e. x € Q,
M(zn) 2

where the last equality holds by (4.11). Slmllarly, fl1<k<m-1,

..dry

(4.21)
k 8ku
IViu(z)| = 8?( T) = Toren) drmdrm 1...drgyq for ae. x € Qy,
M(zn) + Thl Tm—
and
(4.22) V"u(z)| = g:ﬂ: (x) = f(M(xy,)) fora.e. x€ Q.
Thus, if 0 < k < m, then
k aku m—k
(4.23) |Viu(x)| = W(x) =H" "f(M(z,)) forae. x¢€Qy,

where, as agreed, H? f = f. Analogously, if 0 < k < m,

ak
(4.24) V()| = o 2 (@) = H Fg(M(x,)) for ae. z € Qr.
By the Leibniz Rule,
m om " 8m_kv
7)) = Tt =3 () )2 e)
Z ( )Hm FE(M () HEg(M (2,,))  for a.e. z € Q.
k=0

Since Q € Jr, the space V"X () is a Banach algebra by our assumption. Therefore, in particular,
there exists a positive constant C such that

V™ (w)| x ;) < Cllullymx@pllvllvex @)
namely,

m

> (1 )t st mfa0r(e,)

k=0

Now, if 0 < k£ < m, then
HP R f(M(20))Hfg(M(2,)) >0 for ace. z € Q.

Therefore, we can disregard the terms with k # 0 in (4.25), and obtain

(4.26) VH £ (M () (M (22) | x(62p) < Cllullymxqgn [0l o,

By Lemma 4.3, the function F, 1 : Qr — [0,00), defined as

Font(2) = HP f(M(2,))g(M(2,))  for a € O,

(4.25) < Cllullym x @ llvllvmx @p)-

X(Qr)

is such that
Frp=(H"fg)".
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Hence,

(4.27) [HT" f(M(2n))g(M (2n)) | x (@) = 1HT" f9llx(0,1)-

As for the terms on the right-hand side, note that, by (1.2), (4.22) and Lemma 4.3,
m—1

(4.28) ullymx @) = Ifllxon) + Y IV*ulli(s),
k=0

where B is any ball in Q. It is readily verified from (4.13) that there exists a constant ¢ > 0 such
that M(zy) > c for every x € B. Thus,

‘ .

< if x € B and r € [M(xy),1].

~

)~ ()
Hence, by (4.19) and (4.21), <k<m-—

1
(
if 0
’vk ( )’ > k/ / / Tm d?“dem 1 -~-drk+1 < Cl_k/l f(rm)drm
1) Jntan) Jroia ()™ (e,

< Cg/ f(r)dr for a.e. z € B,
0

| /\

for suitable positive constants C1 and Cy. Consequently, by (2.5), if 0 <k <m —1
IV*ull 215y < Cal Bl fllzr0,1) < Csllfllx0,0)

for a suitable constant C3. Hence, via (4.28),

(4.29) lullymx @) < Cllfllx0,1)

for some constant C'. Analogously,

(4.30) lvllvmx @) < Cllgllx,1)-
From (4.26), (4.27), (4.29) and (4.30) we infer that
(4.31) lgHT" fllx0,0) < Cllfllxo,0l9llx0,1)

for some positive constant C'.
We now claim that

(4.32) | HT" fll oo 0,1y < sup lgHT" fll x0,1)-
920,]lgllx(0,1)<1

Indeed, if A < [[H}" f||o(0,1), then there exists a set &2 C (0,1) of positive measure such that Hj"f >
Axg. Thus,

sup lgHT" fllx(0,1) = A sup lgxellxo1 = A,
920,19l x (0,1)<1 920,19l x (0,1)<1

whence (4.32) follows. Coupling inequality (4.32) with (4.31) tells us that

IHT" fllz0,1) < Cllfllx0,1)
for every f € X(0,1). The last inequality can be rewritten in the form

[ )" ar <ttt

(L)

and hence, by (2.1),

<,

X7(0,1)
namely (1.9).
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In particular, we have established (1.20), and hence also (1.17). Therefore, by Remark 1.8, the
three spaces V"X (Q2), V"X () and W™ X () coincide. Moreover, thanks to (1.9), we may apply [25,
Corollary 5.5] and obtain thereby that V™" X (Q) — L>(Q) for every Q € J;. This establishes (4.18).
Since V™ X (2) = V™ X (), the proof is complete. O

The following theorem shows that the embedding into the space of essentially bounded functions is
necessary for a Banach space to be a Banach algebra, in a quite general framework.

Theorem 4.5. Assume that Z () is a Banach algebra such that Z(Q) C M(Q2) and

(4.33) Z(Q) — LY>(Q).
Then
(4.34) Z(Q) — L>=(Q).

Proof. Since Z(f2) is a Banach algebra, there exists a constant C' > 1 such that

(4.35) [uvllz) < Cllullz@llvlliz@)

for every u,v € Z(2). Suppose, by contradiction, that (4.34) fails. Then there exists a function
w € Z(N) such that

[wllze () > 2C|wllz@),
where C' is the constant from (4.35). In other words, the set
E={zeQ;|w@)|>2C|wlzgq)}
has positive Lebesgue measure. Fix j € N. Applying (4.35) (j — 1)-times, we obtain

lw @) < € el -

Combining this inequality with (4.33) yields
' . - .
Mz € Q:jw(x)) >N} <C'C? HwHJZ(Q).

for some constant C’, and for every A > 0. In particular, the choice A = (2C|w|| z(q))’ yields
(2C w2 V1B < C'C -l g,
namely
2E| < cc.
However, this is impossible, since |E| > 0 and j is arbitrary. O

Given a multi-index v = (y1,...,7n), with v, € NU{0} fori =1,...,n, set |y| =71+ -+, and

DYy = % for u : @ — R. Moreover, given two multi-indices v and §, we write 7 < § to denote

1
that v < §; for i = 1,...,n. Accordingly, by v < § we mean that v < § and ~; < §; for at least one
ie{l,...,n}.

Proof of Theorem 1.9. Let 1 < k < m. Fix any multi-index 7 satisfying |y| < m — k. Assump-
tion (1.22) implies that

L ds
(4.36) /0 I?S)<oo.

From (1.22) and (4.36), we obtain that there exists a positive constant C' such that
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Suppose that ¢ is any multi-index fulfilling § < ~. Since (1.22) holds, Lemma 3.2, implication (vii) =
(iii), combined with (4.1), tells us that

—lvl 2m—|y|

(4.38) vrPlx(Q) — X (Q) and V™ hHBlIQ) & x0T (Q).

On applying (3.6) with p = mz_%ll_:h and the two embeddings in (4.38), we deduce that

(4.39) | D°uD %[ xq) < ID%ul| 2m-py ID70]| 2wy
X =T+ () X m=10T (Q)

< CID%ullym-1s1x () |1 DT 20llym-ivsisix () < C lullymx@llvllvmx ),
for some constants C' and C’, and for every u,v € V™ X (Q). In particular, inequality (4.39) implies

that > s, |DouD 9| € L}(Q). Hence, via [3, Ex. 3.17], we deduce that the function uv is (m — k)-
times weakly differentiable and

l

D7 (uv) Z 7D5uD'Y %
!
= 0ty = 9)!
It follows from (4.39) that
D7 (uw) || x (@) 25, HD6 D"l < Cllullymx@llvlvmx@),
6<~
for some constant C'. Thus,
(4.40) [uollm-rx@y = Y. 1D (wo)llx@) < Clulymx@lvllvmxe
[v|[<m—k

for some constant C, and for every u,v € V™ X (2). Since (4.36) is in force, WX (Q) = V"=*X(Q)
and V"X (Q) = V"X(Q), up to equivalent norms. As a consequence of (4.40), inequality (1.23)
follows.

In order to prove the converse assertion, observe that, by Lemma 4.1, we can assume with no loss
of generality that I € C'(0,1) and I" is convex. Let L, M, n and €Q; be as in Lemma 4.2. Since,
by (4.8), Qr € J1, condition (1.23) is fulfilled. Thus, there exists a positive constant C' such that

(4.41) IV (o) x @,y < Cllullvmx@pllvlvmx o)

for every u, v € V"X (Qg). Given f,g € M (0,1), define u,v : Q7 — [0,00] as in (4.19) and (4.20),
respectively. The functions v and v are m-times weakly differentiable in ;. Furthermore, by (4.23)
and (4.24),

m k m— m — m—k— f
(4.42) \Vm*k(uw)(@‘ = aaxﬁk Z < i k) ( )g po— g( )

m—k

-2 <m£_ k) H™ F(M () Hy g (M ()
=0

HY"f(M(z

From (4.41), (4.42), (4. 29) and

IHT" f HIQHX(O,l) = HH}nf(M(xn))H}“g(M(xn))HX(Q) < CHfHX(DJ)HgHX(OJ)

for some constant C, and for every f,g € M;(0,1). Since 1 <k <m < m+ k — 1, it follows from
Lemma 3.2, implication (vi) = (vii), that (1.22) holds. O

) HFg(M(x,)) for ae. z € Q.
(

4.30) we infer that
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Proof of Theorem 1.11. Let 2 € Jr, || - [ x(0,1) and 1 < k& < m be such that (1.22) is fulfilled. By
Theorem 1.9, there exists a positive constant C' such that

E

(4.43) 1V [V || x ) < Cllullymx@llvllvmx @)
=

for every u,v € V"X ().
In order to prove (1.25), it suffices to show that there exists C' > 0 such that
(4.44) 1D D] x () < Cllullymx @) l[vlvmx @)

for every u,v € V"X (Q) and every multi-indices v and ¢ satisfying |y| + |d] = m, |y| > 1 and [§| > 1.
Fix such u, v, v and §. Without loss of generality we may assume that |y| < |d|. Let o be an arbitrary
multi-index such that o < § and |o| = |y|. Assumption (1.24) ensures that condition (1.22) is fulfilled,
with m and k replaced with m— || and |y|. Thus, owing to (4.43), applied with u, v, m and k replaced
by DYu, D%v, m — || and |y|, respectively, (and disregarding the terms with £ > 0 on the left-hand
side) we obtain that
ID7u D%||x (o) < ||D7u| V™MD x (@)

< C”Dwu”vmflv\x(ﬂ)HDUUvafHIX(Q)

< Cllullym x @ lvlvm x @),
whence (4.44) follows.

A proof of the necessity of condition (1.24), under (1.25) and (1.11) follows along the same lines as in
the proof of (1.22) in Theorem 1.9, and will be omitted for brevity. O

We shall now prove a general sufficient condition for the space WX () to be a Banach algebra.

Proposition 4.6. Let m,n € N, n > 2, and let I be a positive non-decreasing function in (0,1).
Assume that Q2 € Jy. Let || - || x(0,1) be a rearrangement invariant function norm. If (1.9) holds, then
the Sobolev space W™ X () is a Banach algebra.

Proof. It suffices to show that, for each pair of multi-indices v and ¢ such that |y| < m and 0 < 7,
there exists a positive constant C' such that inequality

(4.45) ID°uDY 0| x ) < Cllullwmx @ llvllwnx@)-

holds for all u, v € WX (Q). Indeed, such inequality implies, in particular, that >_ 5<~ |DouD | €
LY(9). Hence, once again, one can use [3, Ex. 3.17] to deduce that the function uv is m-times weakly
differentiable in 2, and that, for each v with 1 < |y| < m,

|
(446) D’Y<'U/U) = Z ﬁDJUD’Yi&’U.
5= Y :

In order to prove (4.45), let us begin by noting that, by (1.9) and (2.3),

(4.47) / 1 (] t %)m dt < Cllgllxco.,

for some constant C' and every function g € M (0,1). Since (4.47) can be rewritten in the form

[ ([ ey

< Cllgllx,),
LOO(O,I)
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it follows from [25, Theorem 5.1] that V™ X (Q) — L*°(2). Thus, by (1.14), WX (Q) — L>(Q) as
well.
Assume now that 7 is an arbitrary multi-index such that 0 < |y| < m. Then, for every u,v € W™X(Q),

[uD 7| x(0) < lJullze@ [D70]x@) < Cllullwnx@llvlwnx @),
and, analogously,
[(DTu)v| x @) < Cllullwmx@)llvliwnx@)-
This establishes (4.45) whenever |y| < m and either § = 0 or 0 = ~.

Assume now that |§] > 1 and § < . It follows from Proposition 3.3 that (1.9) implies (1.24), and
hence also (1.22) for every k € N. Clearly,

(4.48) | D°u DY %0 x(q) < || VPl [ =3ly| lx (@)
On the other hand, we claim that
(4.49) 11Vl [V 0] [ x @) < Cllullym x oy llvllvm x @)

for some positive C' and for every u,v € V"X (2). Indeed, if |y| = m, then the claim is a straightfor-
ward consequence of Theorem 1.11. If |y| < m, then the claim follows from inequality (4.43), applied
with the choice kK = m — |y|. Combining inequalities (4.48), (4.49) and the first embedding in (1.14)
completes the proof. O

Proof of Theorem 1.3. Assume that (1.9) is satisfied. Then, by Proposition 4.6, the space W™ X (Q) is
a Banach algebra for all Q € J,. Moreover, as we have already observed, condition (1.9) implies (1.17).
Therefore, by Remark 1.8, the spaces WX () and V"X (Q2) coincide. Consequently, V"X (Q) is
a Banach algebra.

The second part of the theorem is a straightforward consequence of Proposition 4.4. O

Proof of Corollary 1.6. Assume that the embedding V™ X (2) — L*°(€2) holds for every Q € J;. Let
Qs be the domain defined by (4.7). Given f € M4 (0,1), define u by (4.19). It follows from (4.23)
with k = 0 that u(z) = H" f(M(z,)) for a.e. x € Qr and M defined by (4.10). Therefore, |lu||f~ ) =
| H7" fll oo (0,1)- Furthermore, by (4.29), we get [[ullymx(q) < C|/fllx(0,1) for some constant C' > 0.
Hence, our assumptions imply that there exists a positive constant C' such that

(4.50) IHT" flloo0,1) < Cllfllx0,0)

for every nonnegative function f € X(0,1). Inequality (4.50) implies (1.9), as was again observed in
the course of proof of Proposition 4.4. By Theorem 1.3, this tells us that V" X () is a Banach algebra
for every 2 € J7.

The converse implication follows at once from Proposition 4.4. O
Proof of Corollary 1.7. Let || - [[x(,1) be a rearrangement-invariant function norm. Then, by the
assumption and (2.5), condition (1.9) is satisfied. Hence, owing to Theorem 1.3, the space V™ X (Q2)
is a Banach algebra. O

Proof of Theorem 1.1. Assume first that V" X () is a Banach algebra. Due to (1.6), condition (1.17) is
satisfied. Hence, by Remark 1.8, the spaces V"X (Q2) and W™ X () coincide. In particular, W™ X (Q)
is a Banach algebra. Furthermore, by (2.5) and trivial inclusions, we clearly have

WmX(Q) = X(Q) = L'(Q) — LY>(Q),

hence the assumption (4.33) of Theorem 4.5 is satisfied. Thus, as a special case of Theorem 4.5
we obtain that WX (Q) — L*(Q). Therefore, WX (Q) — L*(€2). On the other hand, by [25,
Theorem 6.1], this embedding is equivalent to the inequality

1
/0 g(8)s% 1 ds < Cllgllx o
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for some constant C, and for every nonnegative function g € X(0,1). Hence, via the very definition
of associate function norm, we obtain (1.3).
Conversely, assume that (1.3) holds. Since € is a John domain, inequality (1.8) is satisfied with

I(t) = t%, t € (0,1). Hence, it follows from Theorem 1.3 that the space V"X (Q2) is a Banach
algebra. O

Proof of Proposition 1.12. If I(t) = t*, with a € [, 00), then condition (1.11) is clearly satisfied.
Hence, by Theorem 1.3, the space V™LP%5(()) is a Banach algebra for every Q € J, if and only
if (1.9) holds. Owing to Remark 1.5, condition (1.9) entails that o < 1. Thus,

L t ﬁ " —_ (1 ym=1ym(l-a)-1
I(t) </0 [(3)) = (=)™t for t € (0,1).

Therefore, it only remains to analyze under which conditions the power function t™(1~®)~1 helongs to
(LP4BY(0,1). Tt is easily verified, via (2.9), that this is the case if and only if one of the conditions
in (1.27) is satisfied. U

Proof of Proposition 1.13. By the same argument as in the proof of Proposition 1.12 we deduce that
for V™LA(Q) to be a Banach algebra it is necessary that o < 1. If m > 11— then (1.12) holds with

I(t) =t t € (0,1), hence, by Corollary 1.7, V™ L4(Q) is a Banach algebra whatever A is. If m < ﬁ,
then assumption (1.9) of Theorem 1.3 is equivalent to

(4.51) ||7”m(17a)71||Lﬁ(0,1) < 00
The latter condition is, in turn, equivalent to
(4.52) //T(rm(la)l) dr < oo,
0
namely to
A
(4.53) A g
14— 1
t 1-m(l—a)

By [20, Lemma 2.3], equation (4.53) is equivalent to

(l1—a)m
/OO —t e dt < oo
A(t) '

Proof of Proposition 1.14. Condition (1.11) is satisfied if I(t) = t*, with o € [1;, 00). By Theorem 1.9,
condition (1.23) for X(Q) = LP%5(Q) holds for every Q € 7, if and only if (1.22) is in force. In turn,
inequality (1.22) entails (1.20), whence o < 1. Now,

g

t%(log%)ﬁ fl<p<oo, 1<g<oo, BER;
1 if p=o00, ¢g=o00, 8 =0;
(log%)ﬁJr% ifp:oo,1§q<oo,ﬁ+%<0,

for t € (0,1) (see e.g. [52, Lemma 9.4.1, page 318]). On the other hand,

(4'54) Prp.a8 (t) ~

t m—+k
(4.55) < / 57 ds> = (1 — ) R m+k) - for ¢ € (0,1).
0

Thus, inequality (1.22) holds, with X (0,1) = LP%7(0, 1), if and only if one of the conditions in (1.29)
is satisfied. 0



BANACH ALGEBRAS OF WEAKLY DIFFERENTIABLE FUNCTIONS 27

Proof of Proposition 1.15. As observed in the above proof, we may assume that o < 1, and, by
Theorem 1.9, reduce (1.23), with I(t) = t*, t € (0,1), and X () = LA(Q), to the validity of (1.22).
It is easily seen that

pra(t) = A—ltl/t) for t € (0,1).

Thus, the conclusion follows via (4.55). O

(1]
2]
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