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POINTWISE CHARACTERIZATIONS OF HARDY-SOBOLEV
FUNCTIONS

PEKKA KOSKELA AND EERO SAKSMAN

ABSTRACT. We establish pointwise characterizations of functions in the Hardy-Sobolev
spaces H1'P within the range p € (n/(n + 1),1]. In particular, a locally integrable
function u belongs to H?(R™) if and only if u € LP(R™) and it satisfies the Hajlasz
type condition

lu(z) —u(y)] < & — yl(h(z) + h(y)), =,y R"\E,
where E is a set of measure zero and h € LP(R"™). We also investigate Hardy-Sobolev
spaces on subdomains and extend Hardy inequalities to the case p < 1.

1. Introduction

It is a well-established fact that, for the purposes of harmonic analysis or theory
of partial differential equations, the right substitute for LP(R™) in case p € (0,1] is
the (real) Hardy space HP(R™), or it’s local version h?(R™). These spaces behave
nicely under the action of regular singular integrals or pseudo-differential operators.
Moreover, for the Hardy spaces the Paley-Littlewood theory and interpolation results
extend to the whole scale of Lebesgue exponents p € (0,00). It is hence natural to
investigate Sobolev spaces where one demands that derivatives up to a fixed order
belong to a Hardy type space with p < 1. After the fundamental work of Fefferman
and Stein [8] this line of research was initiated by Peetre in early 70’s, and it was
generalized and carried further by Triebel and others. We refer to [26], [30] for
extensive accounts on general Besov and Triebel -type scales of function spaces in the
case p € (0,1].

In this paper we obtain new pointwise characterizations of Hardy-Sobolev spaces
in the most important case where the smoothness index is one and the elements in
these spaces are honest functions, i.e. they belong to Llloc. Recall that a distri-
bution f € S’(R™) belongs to the homogeneous (Hardy-)Sobolev space HP(R") if
Dy f € HP(R™) for 1 < k < n. Modulo polynomials, these spaces coincide with the ho-
mogeneous spaces considered in [30, Chapter 5]. Various characterizations in terms of
Paley-Littlewood decomposition (the square function), Lusin functions, atoms, max-
imal operators, or various integral means are contained e.g. in [30] and more recents
books by the same author.
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Strichartz [28] found (see also [5]) equivalent norms for H?(R™) or, more gener-
ally, for corresponding spaces with fractional smoothness and Lebesgue exponents in
the range p > n/(n + 1). In this case the elements in spaces H'?(R™) are locally
integrable. Thus, || f| 1., ~ [|D2,1f|lp, where p > n/n+ 1, and

[ s
B(0,1)

Above A f(x) = f(x+2t) — 2f(x +1t) + f(x), whence Strichartz’s characterization is
pointwise, but it employs integrated second differences.

Closer to our results is the elegant work of Miyachi [24] where counterparts of
previous results of Calderén (and of the general theory of DeVore and Sharpley [7])
are obtained in the case of the Hardy-Sobolev spaces in terms of maximal functions
related to mean oscillation of the function in cubes. Especially, Miyachi showed that
for p € (n/(n + 1),1] we have that f € H'* if and only if g € L” where

g(x) = sup 7’_1 ][ |f - fB(z,r)‘ dx.
r>0 B(z,r)

1/2

r=3dr

Daathie) = | [

Also the papers of Gatto, Segovia, and Jimenez [9], Janson [18] and Orobitg [25] are
related to the theme of the present paper. More recently there has been a renewed
interest in Hardy-Sobolev spaces H'? and their variants on R"™, or on subdomains.
Chang, Dafni, and Stein [4] (see also [3]) consider Hardy-Sobolev spaces in connection
with estimates for elliptic operators, whereas Aucher, Emmanuel, and Tchamitchian
[2] study these spaces with applications to square roots of elliptic operators.

Our main result shows that there is a surprisingly simple strictly pointwise char-
acterization of the homogeneous (Hardy-)Sobolev space simply in terms of first dif-
ferences:

Theorem 1. Letn > 1 and ;37 < p < 1. Then a distribution f € S"(R"™) belongs

to HLP(R") if and only if f is locally integrable and there is a function g € LP such
that

(1) If(@) = f()] < |z —yl(9(x) + 9(v)), x,y€R"\E

where E is a set of measure zero. Moreover, one has the equivalence of (quasi)norms

Hf”HLP ~ inf ”g”pa

where the infimum is taken over all admissible functions g in (1), and one identifies
functions differing only by a constant.

It was previously known that the above characterization holds true in the case p >
1. In [11], Hajlasz proposed to use (1) as a definition of Sobolev-spaces on arbitrary
metric spaces. A considerable activity (see e.g. [11], [16], [13] and the references
therein) has been devoted to the study of the corresponding (non-homogeneous) spaces
M*MP as they are customarily denoted. In the case p > n/(n + 1) we may define the
non-homogeneus Sobolev spaces H'?(R™) by adding to the definition of H'?(R™)
the condition f € LP(R™). When our result is combined with the previously known
case p > 1 (recall that LP(R™) = HP(R™) if p > 1), we obtain the norm equivalence

@) £l ~ 1 sy for p> —=
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which, incidentally, solves the characterization problem of M!(R™) that has been
open after [11]. This fact also testifies for the naturality of the spaces of type M? in
the case of Euclidean spaces: they yield the right spaces in view of harmonic analysis
also in the case p < 1.

For the precise definitions of the Sobolev and Hardy spaces we refer to Section 2,
which also contains auxiliary results and the proof of Theorem 1. The remaining two
sections provide examples of the flexibility and strength of Theorem 1. In the present
paper we aim to concentrate on key ideas, whence we have not striven here for most
general results.

More specifically, Section 3 starts by treating the case where the derivative belongs
to a local Hardy space. In addition, pointwise characterizations analoguous to Theo-
rem 1 are given for the spaces H!'P((2) defined on subdomains 2 C R". These results
are obtained by slight modifications of the considerations of Section 2. Moreover, we
scetch a transparent proof of Jones-Miyachi’s extension result for uniform domains.

Section 4 in turn applies our characterization to extend effortlessly the classical
Hardy inequality also to case p < 1 in the framework of Hardy-Sobolev spaces. This
is a novel range of exponents, since it is well known that e.g. for the space W11(Q)
the Hardy inequality is not true even if the domain €2 is a ball.

2. Definitions, auxiliary results and proof of Theorem 1

We begin by shortly recalling the relevant definitions and results from the theory
of real Hardy spaces. For the readers convenience we use as a principal reference the
monograph [27]. Fix a compactly supported function ¢ € C§°(R™) with [+ =1 and
with suppy C {z : |z| < 1}. Assume that p > 0 and consider f € §'(R"), i.e. f
is a tempered distribution. By the definition of Fefferman and Stein, f belongs to
HP(R™) if and only if M, f € LP(R"), where

My f () := sup | f ¢y (2)].
t>0

Above Yi(y) = t~™p(y/t). The corresponding norm (quasi-norm in case p < 1) is
obtained by setting ||f||gr» = |[[Myf|lLr. One may replace ¥ by any element in
S(R"™) and obtain an equivalent norm. In what follows we shall denote by M f the
standard Hardy-Littlewood maximal function of f.

We also recall a local version of the so-called grand maximal function. The basic
significance of the grand maximal function comes from the fact that it allows one to
use certain controlled families of test functions in the maximal function, instead of
a single one. For any radius r» > 0, natural number N > 1, and any distribution
f €D (B(xz,r)), we define
(3) Menf(x) = sup I(f, @),

p€CTN (B(z,r"))
o<r’'<r

and the class of functions ¢ over which the supremum is taken is
Coon(B) = {p € C5°(B(z, 7)) = [0%¢| < 7"~ 1*l for |a| < N}.

Above (f, @) stands for the action of the distribution f on the test function ¢. Observe
that if ¢ € Cg%(B) then for any ¢t > 0 one has t"p(t~':) € Cg%(tB). If the
supremum in (3) is taken over all positive radii, that is if » = co, we use the shorthand
M f(z) == Moo, n f(z). Assuming that N is large enough (depending on p, n, see [27,
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IIT 1.8, 5.9]), a distribution f € §’(R™) belongs to H?(R™) if and only if My f(z) €
LP(R™). In the range p > n/(n+1) we may choose N = 1. For vector valued functions
F=(f1,.--, fn) we set M,y f(x) = maxi<j<, M, n fj(x).

Recall that, in the case p > 1, the homogeneous Sobolev spaces whe (R™) are

defined by demanding that all the first order distributional derivatives of f lie in
LP(R™).

Definition 2. Let p > 0. We say that a tempered distribution f on R™ belongs to
the homogeneous (Hardy-)Sobolev space H'?(R™) if and only if D; f € HP(R") for
each j =1,...,n. Moreover

||f||H1,p(Rn) = Z 1D f | v (m s
j=1

whence we obtain a (quasi)Banach space modulo constants.

The notation used above follows Triebel’s [30] convention and it deliberately avoids
confusion for p = 1, since obviously one has H'?(R") = W'?(R") if p > 1, while for
p = 1 this breaks down.

In the present paper our main interest lies in the case where the elements in H»
are honest locally integrable functions. This actually happens for p > n/(n+1). The
following result is well-known, but we obtain it as a corollary of our proof of Theorem
1, see Remark 8 below.

Proposition 3. Assume that n/(n+1) < p <1 and let p* := P be the Sobolev
n—p

conjugate exponent, so that p* > 1. Then Hl’p(R") c ¥ (R™). FEspecially, the

loc

elements of H'P(R™) are locally integrable.

We next recall the definition of the spaces MP(R™) and their homogeneous coun-
terparts MP(R™).

Definition 4. Let p > 0 and let Q C R™ be a subdomain. A measurable function «
belongs to the homogeneous Sobolev space M'?(£2) (defined in the sense of Hajlasz)
if there is a function g € LP(Q) and a set E C 2 of measure zero such that for all
z,y € Q\ E we have the estimate

(4) lu(x) —u(y)| < |z —yl(g(z) + g(v)).

The corresponding quasi-norm is obtained by setting

||f||M1.p(Q) := inf ||g||LP(Q)7
where the infimum is taken over all admissible functions g in (4). The non-homo-
geneous space M1P(Q) is obtained by requiring, in addition, that f € LP(£2), and the
norm for this space is defined by | fllar.e () = £l yrrnq) + 1 flzr (@)

Usually, we do not specifically mention the exceptional set E since one may natu-
rally allow the function g to have value co in a set of measure zero. If (4) holds for a
certain measurable g we say that g € D(u).

It is well-known that for p > 1 one has M*?(R") = W1P(R"). Actually, in this
case (see [13, Thm 2.2 and formula (2.5)]) there is a constant ¢ > 0 so that

() g :=cM(|Df]) € D(u).
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We note also that Hajlasz [14] characterized the space W11 (R™) by a condition related
to (4).

When p < 1 the spaces MYP(2) are, of course, quasi-Banach spaces (modulo
constant functions), and for p > 1 Banach spaces. For these and other basic facts
on M1YP(R™) we refer to [13]. Especially, Hajtasz established an important extension
[13, Thm. 8.7] of the Sobolev embedding theorem to the quasi-Banach case, which
holds true for metric spaces satisfying a lower bound for the growth of the measure
of balls. In the case of R™ a special case of Hajlasz’s theorem states the following.

Proposition 5. Let B C R™ be a ball with radius r. Then, for any u € Ml”’(QB)
with 0 < p <mn, and g € D(u) one has the estimate

. 1/p" 1/p
inf (][ lu—c|? dm) <Cr (f g° dm) .
ceER B 2B
np

Here p* = P and C' depends only on p and n.

n

Above one may replace the domain of integration 2B by any ball AB, where X € (1,2].
If p* > 1, or equivalently p > n/(n + 1), we see that an element f € MP(R")
is locally integrable, whence it defines a distribution. A standard argument which
uses Proposition 5 to compare mean values of f in balls B; and B, with B; =
B(0,27) ¢ R" shows that u(z)(1 + |z])~™ € L'*(R"™) for large enough m. Hence u
(and, consequently, its derivatives) lie in S’(R™).

We will apply the previous Proposition in our proof of Theorem 1. The other
essential ingredient is Theorem 7 below, which provides the appropriate generalization
of (5) to the case p < 1. In the proof of Theorem 7 we need the following well-known
lemma (see e.g. [1, Lemma 3.29]), that is related to de Rham cohomology. We include
a proof for completeness.

Lemma 6. Let Q C R"™ be a cube and ¢ € C§°(Q). Then there are elements ¢y, €
C(Q), k=1,...,n such that

0= Dt
k=1
if and only if the condition fRn pdzr =0 is satisfied.

Proof. The stated condition is trivially necessary. In order to prove the sufficiency we
apply induction on n. The case n = 1 is evident, so suppose that the result holds true
for a fixed n > 1 and let Q = Q" x I € R"*!, where Q' C R" is a cube and I C R
is an interval. For z € R"™! we write v = (2, 2,,41) where 2’ = (z1,...,7,) € R™.
Assume that ¢ € C§°(Q) has zero mean. Define

h(z') == [ O:O oz’ u) du.

Then h € C§°(Q’) and, moreover, h has zero mean. The induction hypothesis enables
us to write

h(x') = Dlhl (1}/) + DQhQ(iCI) + ...+ Dnhn(x')
with h; € C5°(Q’) for j =1,...,n. Finally, pick a € C3°(I) with [, a(u)du =1 and
observe that the desired decomposition is obtained by choosing

vna@) = [ (ol ) - alwh(a)) du

—00
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and ©;(z) = a(@p41)hj(2’) for j=1,...,n. O

If z,y € R™ we denote by B, the ball with the segment between x and y as a
diameter. Our next result is of independent interest. Observe that the only assump-
tion on f below is the local integrability. The maximal functions appering on the
right hand side of (6) are well defined for any distribution, and for a suitably chosen
L'-function f they could well take the value co at every point.

Theorem 7. For any N > 1 there exists a constant ¢ = ¢(N,n) with the following
property: If B € R" is a ball and f € L'(2B), then there is a set E C B of measure
zero such that for every x,y € B\ E it holds that

(6) [f(@) = f(y)] < clz = yl(Mjg—y nDf(2) + Mgy N D (y))-
Proof. Fix N > 1. By rotational symmetry we may assume that x — y = re;, where
ey is the first unit coordinate vector and r = |x —y| > 0. Let ¢ € C§°(B(0,1)) be a

fixed test function with fR,L @dx = 1. Choose ko > 1 so that 2Fo=1 >\ /n.
Let us denote

Ay = f(z 4 a)2ntktho)p=ny(gkotk. =1y qz for k > 0.
Rn

and analogously

By = f(z 4 y)2ntktko) p=n yokotk =1y 42 for k > 0.
R"Z

We apply Lemma 6 to the function ¢(-) — 2"¢(2-) and write
p(z) —2"p(22) = ZDkwj(z) for z € R"
with ¢; € C§°([—1,1]") for 1 < j <n. An integration by parts yields that

Ak — Apa|l = IZ fata) )2 kR0 = (R0 Ry 1) |

= 27hhy| Z<Djf<' + ), 2" ko) Ty (2Ro kL) |

j=1

(7) < C(n,N)r2*M,_, nDf(z) fork>0.
Similarly

(8) |B, — Biy1| < C(n, N)r2="M,,_, nDf(y) fork > 0.

It remains to estimate the difference |Ag — Bp|. Denote

P(z) = 2" [p(2%02) — (2% (2 + €1))].
Then fR" @pdx = 0. By the choice of kg we may apply Lemma 6 to ¢ to obtain
functions ¥y, € C5°(B(0,1) U B(ey, 1)) such that 3 = Sorey Dyb. With the help of
suitable cut-off functions we may for each k decompose k Jk = {/Jv;“ + Jkg, where
supp(@fbvhl) C B(0,1) and supp({/;kg) C B(e1,1). Then by translating, scaling and
integrating by parts we obtain as before that
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Finally, observe that if both « and y are Lebesgue points of f we have f(x) =
limg 00 Ag and f(y) = limg— oo Bi. The estimates (7)—(9) thus yield that

|Ao — Bo| + Z(\Ak — Agi1] + |Br — B4

|f(z) = fly)] <
k=0
< O'r(Mpg—y nDf(y) + Moy nDf(y)),
and this finishes the proof of the Theorem. O

We are now ready for the proof of our main theorem.

Proof of Theorem 1. Assume first that n/(n +1) < p < 1 and f is a Schwartz dis-
tribution on R™ such that D;f € HP(R") for all 1 < j < n. By Proposition 3 we
have that f € L}, (R™) (see also Remark 8 below). Hence Theorem 7 applies and we
deduce that outside an exeptional set of measure zero f satisfies the inequality (4)
with the choice ¢ = M;Df. By the assumptions we have g € LP(R™). Moreover,
there is the estimate [|g||z» < C> 7, ||D;fllr». We have shown that f € M'P(R™)
with the correct bound for the (quasi)norm.

For the converse, assume next that f € MY?(R") and p > n/(n 4 1). Fix j €
{1,...,n}. We are to show that D; f € HP(R"). For that end, we denote by B(x,) the
ball of radius r and center x. Recall also that the support of ¢ is contained in the open
unit ball, and denote Cy := || D¢|| . Since obviously fp(z2r) € M () (B, 2r)),
we may apply Proposition 5 with p = n/(n + 1) and obtain that

(n+1)/n
10 - dsenldn<cor(f g0 am
B(z,r) B(z,2r)

where fp(s ) stands for the mean value of f in the ball B(z,2r). Apply the above
inequality to compute

My (Dju)(x)

sup (D3 £, "4 (& =) /1)
= swp|(£,t7 T (D) (2 = )/0)]

- wmf”*/ (F(5) — Figen) (D) (- v)/1) dy|
B(z,t)

t>0

IN

Cosupt™" ]/ |f(y) = Bl dy
B(z,t)

t>0

(n+1)/n
< 2CCysup ][ g"/(”ﬂ)

>0 \JB(x,2t)

< C/(M(gn/(n-i-l))(x))(n+1)/n.

By the Hardy-Littlewood theorem and the assumption g € LP(R™) we deduce that
M (g™ (1) € LI(R™) where ¢ = (n + 1)p/n. This shows that M (D;u) € LP(R"),
as was to be shown. O

Remark 8. Actually we may easily bypass the use of Proposition 3 in the above proof.
Namely, consider a Schwartz distribution f such that such that D;f € HP(R") for
all 1 < j < n. Choose smooth convolution approximations f; of f so that ||D;fi —
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Dj fllgrrny < 27 for each k > 1 and j = 1,...,n. By applying the above proof
on each difference fi41 — fr and by writing f = fi + Y po;(fks1 — fx) we obtain
the desired result for f. In turn, Proposition 3 is now obtained as a consequence of
Theorem 1 and Proposition 5.

Note that according to Proposition 3 we could as well assume a priori that f is a
tempered distribution in the following definition.

Definition 9. Let p < n/(n + 1). We say that a locally integrable f on R™ belongs
to the (non-homogeneous) Hardy-Sobolev space H'?(R"™) if D; f € HP(R™) for each
j=1,...,nand f € LP(R™). Moreover, we set

| f e @y == Z 1D fleze mny + 1 fllLe ()

j=1

The following immediate corollary of Theorem 1 verifies (2).

Corollary 10. Let p > n/(n +1). Then M*P(R™) = H'P(R"™) with equivalent

norms.

It is well-known that bounded sets in the Hardy-spaces are weakly compact (see
[27, p. 127]) in the sense that any bounded sequence contains a subsequence that
converges in the sense of distributions to an element in the same space. We thus
obtain the following compactness result for the spaces M1?(R").

Corollary 11. Let p > n/(n + 1). Bounded sets in the space M*P(R™) are weakly
compact in the following sense: if (f) is a norm-bounded sequence in M*P(R"), then
there is an element f € MYP(R™) and a subsequence fy, so that

L, — in L} as { — oo.
¢ loc

Proof. Consider a norm-bounded sequence (fx) in M?(R"). By the above mentioned
weak compactness of the Hardy spaces we may pass to a subsequence and assume that
for each j it holds that D; fi, — h; in the sense of distributions. Obviously h; = D;g
for some distribution g. Then g € HYP(R™) and the rest follows by an application
of Corollary 10 via the known compactness [30] of the embedding (restriction map)
HY»(R"™) C L'(B) for any ball B C R". O

Regarding applications to H'P spaces we point out that the truncation stability
(or, more generally, Lipschitz stability) of these spaces, proven by Janson [18], is an
immediate consequence of our Theorem 1.

Remark 12. One may check that H>?(R") = F!,(R") N LP(R"), where F!,(R") is
the homogeneous Triebel space, see [30, Section 5].

Remark 13. In the proof of Theorem 1 it would be possible to partially apply the ex-
isting results on Hardy-Sobolev spaces [9], [18], [24], [25]. However, our proof is direct
and simple and it employs just the maximal function definition of the Hardy spaces.
It is perhaps of interest to also note that one may also prove first half of Theorem
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1, i.e. the inclusion H'?(R™) c M'?(R"™) by applying the atomic decomposition of
the Hardy spaces (see [27, II1.2]). This is done with the aid of the representation

n
f= leRijf + const,
j=1
where the R;:s are the Riesz transforms and the Riesz potential I; corresponds to
the Fourier-multiplier f — |€ |*1fA. Since the Riesz transforms are bounded on the
Hardy spaces, and we are dealing with the case p < 1, it turns out that it is enough
to show that for each HP-atom a we have I;a € M (R™). Moreover, by scaling and
translation invariance one may assume that the atom a is related to the unit ball
B(0,1), whence one may prove by hand that I;a € M'?(R"). On the other hand,
Theorem 7 is a more convenient tool since it bybasses the atomic theory and, more
importantly, it is a local result which applies directly to spaces defined on subdomains
of R"™, see Section 3 below.

Remark 14. Tt is natural to also consider exponents p < n/(n + 1) and ask for the
right analogue for our characterization of the Hardy-Sobolev spaces. Moreover, we
do not know if Theorem 1 holds true as such in the case p =n/(n + 1).

3. Local spaces and spaces on subdomains of R"

The elements of H?(R™)-spaces satisfy moment conditions, e.g. any function from
H'(R™) has mean zero. In order to relax this condition and to obtain localizable
spaces, one defines ([10], see also [27, Ch. 3, Sec. 5.17]) the local Hardy space h?(R™)
by restricting, in the definition of the maximal operator M, the range of ¢ to the
interval (0, p], where p > 0 is a fixed positive number. Define

My pf(x) = sup |fxi(2)],
0<t<p

whence a tempered distribution is said to belong to h?(R™) (p > 0) if and only if
My ,f € LP(R™). One sets | fllnr := [[My,pfllzr. The above definition does not
depend on p > 0 or on ®. In particular, different values of p lead to equivalent
(quasi)norms. Finally, in terms of grand maximal functions

fehP(R") ifandonlyif M,nyfeL?(R").

as soon as N > Ny(p,n).

The local Hardy spaces form a more flexible class than the Hardy spaces. There
are no more global moment conditions, the elements in h? can be localized and they
are (at least locally) invariant under diffeomorphisms.

The local Hardy-Sobolev space is obtained in a natural way:

Definition 15. Let p > 0. We say that a tempered distribution f on R"™ belongs
to the homogeneous Hardy-Sobolev space h!''?(R") if and only if D, f € h?(R") for
each j =1,...,n. Moreover

||f||hl,p(Rn) = Z 1D f e (mon-
j=1

In case p < 1 the above space is a quasi-Banach space modulo constants. Similarly, in
case p > n/(n+ 1) we say that f € hb?(R") if D;f € h?(R") for each j = 1,...,n,
and f € LP(R"™).
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The last sentence above makes sense since locally the elements of h? coincide with
elements in H? whence Proposition 3 easily implies AP (R™) C L}, .(R").
We now verify a counterpart of Theorem 1 for the local spaces. Below one may

replace the condition |z —y| < 1 by |z — y| < ¢, where ¢ > 0 is an arbitrary constant.

Theorem 16. Letn > 1 and 27 < p < 1. Then a distribution f € S'(R™) belongs

to hlvp(R") if and only if f is locally integrable and there is a function g € LP such
that

(1) [f(z) = fW)| < |z —yl(g(x) +g(y)), for [x—y| <1 andz,y € R"\ E

where E is a set of measure zero. Moreover, one has the equivalence of (quasi)norms

Hf”izlm ~ inf ”9”177

where the infimum is taken over all admissible functions g in (11), and one identifies
functions differing only by a constant.

Proof. Let us first assume that condition (11) holds true. If we replace sup,., by
Sup;<1 /4 in the second part of the proof of Theorem 1 we may again apply Proposition
5 in a similar manner to deduce that My 1/4(Dyf)(z) € LP(R"). It follows that
fehb?(R").

In order to prove the converse, observe that according to Theorem 7 condition (11)
is satisfied with the choice g := cmaxi<j<n, Mn,1D;f. The assumption D;f € h?
now implies that g € LP as soon as N is large enough. Here, as also in the first part
of the proof, the corresponding quantitative statement is obvious. O

We now turn to the study of Hardy-Sobolev spaces on subdomains of the Euclidean
space. A natural and simple definition of Hardy spaces that works for all subdomains
) C R™ was given by Miyachi [22]. We recall a definition that is directly equivalent
with Miyachi’s definition. Thus, let 2 C R™ be a domain, p € (0,1) and N >
max(O,n(% —1)). If f € D'(Q) one defines

(12) fe HP(Q) ifand only if ||f|lar) = [Ma,00)/2.8fllp < o0

It follows from Miyachi’s results that the above is equivalent with the original defini-
tion [22]. Similarly, we see immediately that one may replace above Mgy 00)/2/f
by Mad(z,00)f for any a € (0,1), or by a the more standard maximal function
SUPo<¢<d(z,00) |f * ¥t], where the fixed test function ¢ € Cg°(B(0,1)) has nonzero
mean. All the (quasi)norms so obtained are mutually equivalent. Let us also note
that prior to [22], Jonsson, Sjogren, and Wallin [19] defined Hardy spaces on fairly
general subsets of R™ in terms of suitable atoms.

Recall that the spaces M?(Q) and M?(Q) were defined already in the previous
section. The spaces My? (Q) and M (€2) are defined exactly in the same manner
but for one difference: in the definition of these spaces the condition (4) is assumed
to hold only for points z,y € Q\ F that satisfy the condition

o | < mind(z, 09, d(y, 09)).

After the proof of Theorem 19 below it is clear that one may replace in the last
condition above the constant 1/4 by any constant strictly less than one.
The Hardy-Sobolev spaces on ) are defined in the obvious manner.
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Definition 17. Let 2 C R"™ be a domain and p > 0. A measurable function
u : © — R belongs to the homogeneous Hardy-Sobolev space H? () if D;f e H?(Q)
for all 7 = 1,...,n. The related seminorm is obtained by setting ||f||H1,p(Q) =
S i1 1D fllze (). In case p > n/(n + 1) we say that f € HY?(Q) if additionally
f € LP(Q), and the corresponding (quasi)norm is defined in the obvious manner.

Theorem 18. Let n > 1 and
Then

1 <p <1, and assume that Q C R" is a domain.

HY(Q) = M2(Q) and H'“(Q) = MLD(Q),
with equivalence of the (quasi)norms.

Proof. Tt is enough to prove the latter equality. Assume first that f € HLP(Q). Let
|z — y| < % min(d(z,09),d(y,08)). Since the first derivatives of f are locally in

h'P, it easily follows that f € L] .. We may apply Theorem 7 in the ball B(3(z +

loc®

y), +d(z,0Q)) in order to obtain the inequality (4) with the choice
9(@) = Miae,00) NDf(2).

By definition it holds that g € L?(€2).

The converse follows exactly as the proof of the second part of Theorem 1. One
just uses the observation that sup,coe (B(2.m) I1Prell1 < c(n, N)r=! for each k =
1,...,n. ’ O

For simplicity, from now on we state our results only for non-homogeneus spaces.
The reader will have no difficulty in formulating the corresponding results for the
homogeneous spaces. After our previous results it is of interest to find conditions
on Q that would quarantee that the obvious inclusion MP(Q) C M.? (Q) becomes
equality. Let us recall for that end the definition of uniform domains. One says that
a domain 2 C R" is uniform if there is a constant ¢ > 0 such that for all z,y € Q
there is a rectifiable path « : [0,7] — , parametrized by arclength, with v(0) = «,
~¥(T) =y, and such that T < c|z — y| together with

1
B(v(t),—min(¢t, T —t)) c Q for t € (0,T).
c
Theorem 19. Let n > 1 and 27 < p < 1, and assume that Q@ C R™ is a uniform

domain. Then Mbltﬁl(Q) = M'P(Q) and, especially
HYP(Q) = MYP(Q)
with equivalent (quasi)norms.

Proof. Choose arbitrary x,y € €. From the uniformity condition we deduce easily
that there is a chain of balls By resembling a cigar that joins the points x and y.
To be more specific, there are balls By, := B(zg,r) with & € Z and 2z, € Q such
that for each k one has 6B, C €, r, > % min(d(zg, ), d(2k,y)), Br N Br+1 # 0, and
r/2 < rgp1 < 27 In addition, limg e d(z, Br) = 0 = limy—, o d(y, By). Finally,
we may assume that ), 7, < |z —y|
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Let f € M, bl 27 (). We compare in a standard manner the consequtive mean values
fB, by applying the Poincare inequality of Proposition 5 in the ball 3By

(n+1)/n
|fB. — [Briil S ][ If — f3g,|dz <7y, (f gn/(n-l—l) dm)
3By 6B},

< (Mg (D) (g))(mHD/n o (A gn/ (4D () (nt 1) /),

Above we assumed g to be continued as zero outside €2, and the last estimate followed
by observing that one of the points z,y is contained in ¢’ By.

If 2,y are Lebesgue points of f we have |f(z) — f(y)| < > pez |fB. — [Brsil- By
summing over k in our previous estimate it follows that

[f (@) = f(y)l <o —yl(g(z) +9(y)),
where g = C'C/((Mg"/(”H))(”H)/”)‘Q. The conclusion follows from Theorem 18 since
by the standard Hardy-Littlewood maximal inequality g € LP(Q). O

We next consider extensions from bounded domains to the whole space R™. We
do not aim for most general results here (see Remark 22 below), but show how our
results can be used to give a transparent new proof of the following result of Miyachi
[23].

Theorem 20. (Miyachi) Let n > 1 and HLH < p <1, and assume that Q@ C R" is
a bounded uniform domain. Then there is a bounded linear extension operator from
HY?(Q) into HYP(R™). A fortiori,

H'YP(Q) = {fio : fe H"PR")}.

The above Theorem is a direct consequence of Theorems 16 and 19 as soon as we
verify the following Proposition.

Proposition 21. Letn > 1 and nLH <p <1, and assume that Q C R"™ is a bounded

uniform domain. Then there is a bounded linear extension operator from M (Q)
into HLP(R™). A fortiori,

H"(Q) ={fio : feH""R")}.

Proof.  Assume that f € MYP(Q) and g € LP(f) so that the condition (4) is
satisfied. We assume that g is continued as zero outside Q and set g, := (MgP)"/?,
where as before p is chosen from the interval (n/(n + 1),p) so that g; € LP(R™).
Assume that E(x,r),ﬁ/(x’,r’) C Q are two closed balls (or points). such that 2r <
d(z,0Q) and 21’ < d(2’,0Q). An easy modification of the proof of Theorem 19 yields
the estimate:

/ NG . ,
(13) \fe = forl < clle —a"| +r+7")(inf g1(2) + inf g:(<)).

If, for example, r = 0, we replace fp above by f(z) and the corresponding infimum
in the right hand side by g;(«). This makes sense as long as x is a Lebesgue point of
I

For e > 0set Ac := {& € R*"\ Q : d(z,Q) < e}. We may choose g > 0
and a Whitney type cover of a neighbourhood of © by balls {B;}°; so that for
the set A := U2, B; it holds that Ay, C A C Aipe,- Moreover, for each i the
balls B; =: B(y;, pi) satisfy d(y;, Q) < 4p; < 2d(y;,2) and the inflated balls 2B;
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have bounded overlap. Finally, the situation can be arranged so that we may also
pick a partition of unity that consist of functions h; such that supph; C B;, and
0 < h; <1 together with ||Dhylls < ¢/p;. The desired partition of unity property
may be expressed as follows: XAz, < ZZ h; < XAioe, -

For each ball B; we may, by the uniformity of €, select a ball B} := Bl(y.,r}) C Q
that satisfies uniformly diam (B;) ~ diam (B}) ~ d(y},y;) ~ d(B}, 99Q). The required
extension F' of f to the whole space R™ is then simply defined by choosing F(z) = f(x)
for x € Q, and

F(x) = Z(]{g fdx)hi(x) for z € R™\ Q.

Observe that by the uniformity of €2 we may ignore 9 since it is of measure zero.

We claim that condition (1) is satisfied for a.e. x,y with g in place of g, where
g2 = (Mgf)l/f’ € LP(R™). The verification of this is a pretty routine using (13), and
hence we just outline it. The details will possess no difficulties for the reader.

Consider arbitrary z,y € A., U 2. We claim that condition (1) is satisfied for a.e.
such points z,y. For z,y € Q this is evident, so assume that = € As., \ Q, say
x € B; = B(yi,r;). The argument will be divided into different cases depending on
the relative location of the point y. Observe that F(z) is a convex combination of
averages of f over balls B; ,..., B], C (, say, whose distance to the boundary 052 is
comparable to their size and to their distance to . Moreover, ¢ < C uniformly.

If y € Q, it is thus enough to estimate differences of the form |f(y) — fBék, |. We

apply (13) and obtain immediately an estimate of the desired type, since in the present
situation go(z) dominates the quantity inf,cp/ g1(2), and |z —y| 2 d(z,US_, fp ).
(78 i

Let then also y € Aa., \ . whence the value F(y) is likewise computed as a convex
combination over averages in certain balls of the cover. We consider first the case
where |z — y| > ¢ max(d(x,0Q),d(y,00)). If B; = B(y},r}) is one of these balls,
it is enough to estimate the difference | fer — fB; |. This is done essentially as in the
previous paragraph again by applying (13).

The remaining possibility is that |z —y| < ¢ max(d(x,09), d(y,00Q)). If ¢’ is chosen
appropriately, the properties of the Whitney type cover imply that distance of both «
and y from the boundary 9 are comparable to r := d(z, ) and the radii of the balls
By, that contain one of the points x,y are comparable to r, and the distance between

these balls is less or comparable to 7. Assume that pg,,...,px,, are the functions
of the partition of unity that are nonzero at x or at y. Denote a, := JCB’ fr. The
ku
estimate (13) can be used to check that
B:=_ max |a,—ay|<"r(g2(z) + g2(v)).
1<u,u’<m

Hence, as the h;:s form a partition of unity, we may estimate
|F(z) = F(y)l < BY i, (x) = b, ()]
u=1

The desired upper bound for |F(z) — F(y)| now follows by combining the previous
estimates with the bound |hg, (z) — hi, (y)| < |2 — y||Dhi,||lc < Cla — y|/7

We have shown that F € M (A,., UQ). By combining this with the fact that the
function F has compact support and is Lipschitz outside the set A., U, we finally
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obtain (1) for a.e. z,y in R™ e.g. with the function ¢(g2 + F') substituted in place of
g, where c is a large enough constant. The estimate for ||F||zrgn) is immediate and
we obtain that F € M1P(R™) with suitable bounds for the norm. O

Remark 22. The motivation for presenting proof of Theorem 20 above was to demon-
strate how the coincidence of the Sobolev-Hardy spaces with the spaces MP can
also be used to give simple and unified proofs of extension results, since the above
argument works unchanged also for p > 1. If one considers extension results just
for the spaces MP(Q) it is possible to considerably weaken the conditions on € by
replacing uniformity by a so called measure density property of the domain 2. This
result (in the case p = 1) is contained in [17].

4. Extension of the Hardy inequality

For a subdomain 2 C R we denote by Wol’p(Q) the closure of C§°(€?) in the space
WLP(Q). Tt is well-known that if 9 is regular enough, then the classical Hardy
inequality

_u@) ’ x n u(x)|P dx
(19 | (G55s) < cone [ pupa

holds for p € (1,00). In this case we say that € carries the p-Hardy inequality. We
refer e.g. to [21] for conditions on § which ensure the validity of (14). On the other
hand, it is well-known that the Hardy inequality fails for the space WO1 L This fact is
closely connected to W(R") and M (R") being different, as the following simple
example shows.

Example 23. Assume that h € L'(R) satisfies supp(h) C [-2,2], h > 0, and h
is even. Define a function v € WHH(R) by setting u(x) = [ h(t)dt. Pick any
g € D(u) N LY(R). By symmetry we may assume that g is even without changing the
integrability properties of g. By considering the condition (4) with respect to points
z and —z we deduce that

(15) |@} <g(x) forae z>0.

Thus u(z)/x is integrable in a neighbourhood of the origin, assuming that g € L*.
Especially this holds if v € MY!(R). In this case, (15) can be viewed as an analog
of the Hardy-inequality for the function u. However, in general (15) fails for u €
W1(R), since the choice h(z) ~ (|z|log?(1/]x|))~" near the origin leads to u(x)/x ~
(|z|log(1/|z|))~! for small z.

We say that a bounded subdomain Q C R™ is Lipschitz if each point « € 9f2 has a
regular neighbourhood U in the sense that, after an isometric change of coordinates,
we have

(16) UNoQ={(y,h(t)) : y€ B(0,§)nR" '}
where § > 0 and the Lipschitz function h : B(0,6) N R"~! may depend on z, but
the Lipschitz constants of the functions h are uniformly bounded. This enables us to
define a local reflection H on the neighbourhood U N Q). Thus, assuming that in the
above coordinate system € lies locally below the graph of the function h, we define
for x = (y,t) e U NN

H(z) = (y,2h(y) — t).
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The reflection map H is a measure preserving bijection H : UNQ — HU N Q).
Morever, by shrinking the neighbourhood U if needed, we may assume that ~ |H (z) —
x| < erd(z, OR), since h Lipschitz.

The following result shows that the right counterpart of the Hardy inequality in
the case p < 1 involves the Hardy-Sobolev spaces. It should be noted that the proof
is almost trivial thanks to Theorem 1.

Theorem 24. Let Q be a bounded Lipschitz subdomain of R™ and p € (n/(n+1),1].
Then there is a finite constant C = C(p,n,§2) such that any ¢ € C§°(Q) satisfies the
inequality

a7 / (d'(zfg}'z)) dx<02||D T2 gy

Proof. Assume that } 7, || Djullf, g,y = 1. Choose a finite cover of of 9Q by
regular neighbourhoods. Let U be one of these neighbourhoods and assume that
its intersection with the boundary 92 has the representation (16). By Theorem 1 we
may choose a function g € D(u) with [|g||z»@®n») < c. We note that u vanishes outside
), whence we obtain for almost every x € U N ) that

u(@)| = u(z) —u(H (2))| < |o—H(2)|(9(z) +9(H(x))) < crd(z, 9)(9(x) + g(H(x)).

Since H is measure preserving we thus obtain that

(@)l ., ) ) -
/Um(m) dr < (2¢1) / g(z)P dz < (2¢1)PcP.

UunQ

The claim follows by summing over the chosen regular neighbourhoods, and applying
the Poincare inequality to the uncovered part of the domain. O

Remark 25. Another, even easier approach to the above result would be to use the
obvious bi-Lipschitz invariance of the space M1?(R") in order to reduce the boundary
locally to a piece of a hyperplane, in which case the reflection argument is trivial.

As our last observation we generalize the above result to a more extensive class of
domains. For that end we recall certain definitions. Let U C R™ be a bounded open
set and p € (0,1]. The Hardy p-capacity of a compact subset E C U, relative to U, is
defined by setting

(18) cappi»(E;U) 1nf{z HDkgaHHp rey ¢ P ECGT(U), p(x) = 1forze E}.

It is easily verified that one may replace the condition ¢ € C§°(U) above by ¢ €
W§e(U), i.e. the class of compactly supported Lipschitz functions.

We need an analogue of [12, Proposition 3]. The proof is a slight modification of
the original argument in case p > 1.

Lemma 26. Let g > n/(n+1). Assume that B C R™ is a ball with radius r, K C B
is compact with capy,q(K;2B) > er™ 9. Then for every u € C§°(R™) satisfying
ug =0, any g € D(u), and for any x € B it holds that

Ju(x)] < re(n, q)(M(g")(x))"/1.
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Proof. For k > 0 denote By = B(z,727%). The Poincare inequality, i.e. Proposition
5 yields that |usp — up,| S (M (g9)(z))? and |up, — up,,,| S 27 r(M(g?)(z))/1.
Since u is continuous we may sum up these inequalities and obtain

(19) u(z) — uzp| S r(M(g?)(x))"/9.
In order to estimate usp we assume that usp # 0. Define a cutoff function h by

setting h(z) = 1 on B, h(y) = 1 — 2dist(z, B)/r for z € (3/2)B\ B, and h = 0 for
x & (3/2)B. Set v := (u— ugp)h. It is easily verified that g € D(v), where

2
g = ;|U — u2B|X2B + gX2B-

By (g, q)-Poincare, i.e. Proposition 5 combined with the Holder-inequality, we have
that ||v||%q(Rn) < J3p 9% dz. Now v/upp is admissible for the definition of capacity,
and we may apply Theorem 1 and the definition of capacity to estimate

"1 < capya (K 2B) < (uap) / 919 dz < (uzs)~ / 1917 dz.
n 3B

This yields an upper bound for usp, which in combination with (19) finishes the
proof. O

Let p € (0,1]. We call the complement of a domain @ C R™ uniformly p-fat if there
is a constant ¢ > 0 such that for each x € Q¢ and r > 0 one has

(20) capy.(Q° N B(x,7); Bz, 2r)) > er™ P,

Similarly, the complement Q€ is thick in the sense of s- Hausdorff content (here s > 0
is arbitrary) if there is ¢ > 0 such that for each = € Q¢ and r > 0 one has

(21) H(Q°N B(x,r)) > cr.

Here for any subset £ C R" the s-Hausdorff content of E is defined as HE (E) :=
c(n,q)inf Y ;| ri, where the infimum is taken over all denumerable coverings of E
by balls with radii r, &k € N.

Theorem 27. Letp € (n/(n+1),1]. (i) Assume that Q C R™ is a bounded domain
with uniformly q-fat complement for some q < p. Then the domain Q0 carries the
p-Hardy inequality (17).

(i) Assume that the complement of Q) is thick in the sense of (n — q)-Hausdorff
content with some ¢ < p. Then the domain Q) carries the p-Hardy inequality (17).

Proof. (i) Let u € C3°(2) and g € D(u). Fix € Q. Denote r = d(x,00) and
choose z € 02 with d(z, z) = r. We may apply Lemma 26 with the choice B = B(z, ).
The outcome is

u()/d(w, 09) < (M(g?)(2))"/1.
As g7 € LP/9, where p/q > 1 we obtain the desired conclusion by the Hardy-Littlewood
maximal theorem.

(ii) Tt is clearly enough to prove the following: given n/(n+1) < ¢ <p <1 and
C > 0 there is a constant ¢ = ¢(n, p, ¢) > 0 such that the condition H> 4(E) > Cr"~1?
implies that cap 1., (E;2B) > er"~P. Here B C R"is aballand E C B is an arbitrary
compact subset. Actually, since both the capacity and the Hausdorff content scale in
the appropriete manner, it is enough to consider the case r = 1.
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In order to prove the claim we thus assume that B is a ball of radius one and
E C B is compact with H 9(E) > cy. Suppose that u € C§°(2B) satisfies u > 1
on E and g € D(u). Fix an arbitrary « € E. Choose a ball By C 3B with radius 1
such that By N 2B = (). Moreover, for k > 1 denote By, = 2'"*B. By using again the
Poincare inequality to compare mean values in the chosen balls we deduce that

22 1= lue) —un| <o ((f g7 /ir2 S grda)e

3B =1 /Br
Since Y2, 2(=1+4/p)k — ¢y < 00, we deduce that necessarily either (fzp 9° dx)'/a >
1/(c1c2) or there is an index k& > 1 such that (JLB,C g?dx)t/1 > 2%4/P /(¢ ¢y). In both
cases, by the Holder inequality, there is a constant c¢; = ¢3(p, g,n) such that one of
these balls, call it B , has radius 7 < 3, is centered at x and satisfies

(23) / gP dx > 379,

B

We select a ball B as above for each = € E. By a standard covering argument
we may select a disjoint subcollection B such that the corresponding 5-times inflated
balls cover E. By summing the inequality (23) over this collection we obtain

(24) / gP dx > Z /~ gPdx > 359 "HL I(E) > 359 "¢p.
" Bes’?
This concludes the proof of part (ii) of the Theorem. O

Remark 28. The proof of part (ii) is insipired by [15]. In connection with the above
result we point out the interesting paper [25] which connects the p-Hardy Sobolev
capacity directly to the (n — p)-Hausdorff content. It should be also noted that in
the case p > 1 one may show the sufficiency of uniform p-fatness of Q¢ by employing
the self-improving property of uniform p-fatness, due to J. Lewis [21], which approach
appears not to work for p < 1. We plan to return to Hardy’s inequality in more general
domains and consider at the same time generalizations of the results of the present
paper to non-Euclidean situations.
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