WEIGHTED HARDY INEQUALITIES
AND THE SIZE OF THE BOUNDARY

JUHA LEHRBACK

ABSTRACT. We establish necessary and sufficient conditions for a do-
main Q@ C R"™ to admit the (p,3)-Hardy inequality fQ|u|deﬁ7” <
C [, IVulda”, where do(x) = dist(z,0Q) and u € C§°(2). Our nec-
essary conditions show that a certain dichotomy holds, even locally, for
the dimension of the complement Q¢ when 2 admits a Hardy inequality,
whereas our sufficient conditions can be applied in numerous situations
where at least a part of the boundary 92 is “thin”, contrary to pre-
viously known conditions where 92 or Q° was always assumed to be
“thick” in a uniform way. There is also a nice interplay between these
different conditions that we try to point out by giving various examples.

1. INTRODUCTION

We consider in this paper the weighted Hardy inequality

(1) /Q lu(z)|P do(z)? P dx < C/Q |Vu(z)|P do(z)’ dz

where dq(x) = dist(z,0Q). We say that a domain Q@ C R™ admits the
(p, B)-Hardy inequality, if there exists a constant Cy = Cy(£2, p, 3) > 0 such
that (1) holds for all u € C5°(€2). These inequalities originate from the one-
dimensional considerations of Hardy et. al., see [6] and references therein.

The purpose of this paper is to continue the study of the relations between
the (p, B)-Hardy inequality and the size and geometry of the boundary 02
and the complement ¢ = R™\ ). To begin with, let us record the following
general case of a dichotomy result that we establish for the dimension of the
complement when the domain admits the (p, 3)-Hardy inequality. In the
unweighted case § = 0 the corresponding result was obtained by Koskela
and Zhong in [11].

Theorem 1.1. Let 1 < p < 0o and B # p, and suppose that a domain 2 C
R™ admits the (p, 3)-Hardy inequality. Then there exists 6 > 0, depending
only on the given data, such that either (i) dimy (2°) > n—p+ [+ or (ii)
dimg(Q) <n—p+ [ —9.

Here dim 4(F) is a concept of dimension, introduced by Aikawa (cf. [2]),
which is never less than the (upper) Minkowski dimension dimp,(E), and
there exists sets with dimpy(E) < dim4(E). On the other hand, for suf-
ficiently regular F it is even true that dim4(F) agrees with the Hausdorff
dimension dimy(E). See Section 2.2 for more details. The requirement
B # p is really needed in Theorem 1.1, as an example of Section 6.1 shows.
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Moreover, we prove that a dichotomy as in Theorem 1.1 also holds locally.
Roughly speaking, this means that if a domain Q admits the (p, §)-Hardy in-
equality and B is a ball, then BNQ¢ is either “thick” (case (i)) or “thin” (case
(ii)), with an actual gap between the two possibilities. Notice however that
these dichotomy results are not very informative if Q¢ has interior points;
but then again, if this is not the case, we actually obtain the dichotomy for
the dimension of the boundary 0f2.

Now, in order to make such results meaningful, one should ask for exam-
ples and sufficient conditions on Hardy inequalities under these two distinct
cases. Indeed, the case (i), with the complement of € thick in a uniform way,
is rather well-accomplished. For instance, by Ancona [3] (p = 2), Lewis [15],
and Wannebo [23], a domain 2 admits the p-Hardy inequality (that is, (1)
with # = 0) if Q€ is uniformly p-fat, i.e. satisfies a uniform p-capacity density
condition. See also [5], [8], and [12] for related results on pointwise p-Hardy
inequalities. On the other hand, by a result of Necas [19], a domain with a
Lipschitz-boundary admits the (p, 3)-Hardy inequality whenever 1 < p < oo
and # < p—1. A more general sufficient condition for (p, 5)-Hardy inequal-
ities, one that can in some sense be considered as an extension of both the
results of Ancona-Lewis-Wannebo and Necas, was established in [10]. The
requirement there was that the boundary of 2 is both uniformly thick, in
the sense of Hausdorff contents, and accessible from the points inside the
domain, in the sense of John curves; both conditions are valid for example
for Lipschitz domains, but also for much more general domains, e.g. for do-
mains with a “good” fractal-type boundary, of which the basic example is a
von Koch snowflake domain.

On the other hand, the thickness of the boundary is by no means necessary
for a domain to admit Hardy inequalities — apart from the cases of the n-
Hardy inequality for domains in R" (see Ancona [3] (n = 2) and Lewis [15])
and pointwise Hardy inequalities (see [12] and [14]). For example, as noted
by Lewis [15], the boundary of B(0,1) \ {0} is not p-fat at the origin for
1 <p < n,butstill B(0,1)\ {0} admits the p-Hardy inequality for these p.
The same holds true for R™ \ {0}, so this gives the easiest example where
the case (ii) of Theorem 1.1 applies.

Besides such easy examples, there exists but a few known instances of
phenomena related to the cases where a part, or the whole, of the boundary
of © is thin. The following result, however, is implicitly contained in [11].

Theorem 1.2. Let Q C R™ be a domain, and let 1 < p < 0o. If dim4(992) <
n — p, then Q admits the p-Hardy inequality.

The proof of Theorem 1.2, as explained at the end of [11], follows from
a quasiadditivity result for Riesz capacities [2, Corollary 7.1.2] (where the
assumption dim4(9Q) < n — p is needed), and a general capacity-type char-
acterization for certain inequalities [18, Thm. 2.3.3]. In this paper, we come
up with the following result, related to Theorem 1.2.

Theorem 1.3. Let Q C R™ be an unbounded John domain, and let 1 < p <
oo and B € R. If dim4(02) < n — p + [, then Q admits the (p,3)-Hardy
inequality.
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Moreover, we show by examples (cf. Section 6) that, contrary to the un-
weighted case of Theorem 1.2, the accessibility condition, i.e. {2 being John,
can not be removed from the assumptions in the weighted case of Theorem
1.3. See Section 4 for the precise definitions and the proof of Theorem 1.3,
as well as for more general results for unbounded domains.

There still remains the case where the complement of the domain 2 has
both thick and thin parts. According to our best knowledge, there have not
been any general considerations to deal with such cases, perhaps apart from
the mostly unpublished works of Wannebo, cf. [24]. In this paper, we try
to take a step into this direction by giving a new (even in the unweighted
case 8 = 0) sufficient condition for (p,3)-Hardy inequalities, which can be
applied for instance in the following situation: Suppose that the boundary
of a domain © C R™ has two parts: (i) a thick part 02y, which satisfies a
uniform Hausdorff content density condition with an exponent A > n—p+ 3,
and an additional accessibility condition, whence a pointwise (p, 3)-Hardy
inequality holds at the points = € ) relatively close to this part (cf. [10]);
and (ii) a thin part 02y, with dim 4(9€2) < n—p+ . We then require in our
condition, loosely speaking, that there exists xzg € 2, relatively close to the
thick part 021, such that for each point z € ) close to the small part 0
we can find a curve ~, joining x to xg in such a way that ~y, never gets too
close to the boundary 0€2. We are then able to conclude that {2 admits the
(p, B)-Hardy inequality. Such sufficient conditions are discussed in detail
in Sections 3 and 4, for bounded and unbounded domains, respectively.
The main ingredients in the proofs of the both cases are a rather standard
chaining argument using the Poincaré inequality on cubes, and estimates
for the shadows of Whitney cubes with respect to John-curves; here the fact
that dimy4 is small is crucial.

An essential difference between bounded and unbounded domains, as far
as weighted Hardy inequalities are concerned, is that the latter (may) allow
us to consider weight exponents 8 > p, which in the bounded case are never
relevant. This difference is actually present already in the early results of
Hardy et. al. (cf. [6, Thm. 330]), where the weighted (p, 3)-Hardy inequality
was proved in the unbounded domain Q@ = (0,00) C R for all 1 < p < oo and
B # p—1, but, for example, in the interval (0,1) the (p, 5)-Hardy inequality
only holds for § < p — 1. Our results for unbounded domains can now be
considered as generalizations of the case § > p — 1 of these one-dimensional
inequalities to higher dimensions.

In conclusion, even if a full (geometrical) characterization of domains
admitting the (p, 5)-Hardy inequality is beyond our reach, the necessary
conditions for the dimension of the complement in Theorem 1.1 (as well as
the local version, given in Theorem 5.3), and the sufficient conditions men-
tioned above complement each other in quite a nice way, and, together with
the results from [10], offer in many cases a chance to completely determine
the values of p and @ for which an explicitly given domain  C R™ admits
the (p, #)-Hardy inequality. See Section 6, and also [10], for some examples.

The outline of the paper is as follows: In Section 2 we first introduce some
notation and basic tools used in the rest of the paper, and then consider in
detail many of the things already mentioned in this Introduction. Namely,
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we recall the relevant concepts of dimension, give some more information
about Hardy inequalities, consider John domains and the corresponding
shadows of Whitney cubes, and prove some preliminary lemmas on these
subjects. As mentioned above, we establish our sufficient conditions for
Hardy inequalities in Sections 3 and 4, for bounded and unbounded domains,
respectively. Section 4 also includes some auxiliary results for unbounded
domains. The dichotomy for the dimension of the complement is discussed
in Section 5. Finally, in Section 6, we give a number of examples which show
that, in general, the assumptions in our results are not only for technical
reasons, but are needed because they really reflect the behavior of Hardy
inequalities. In addition, these examples hopefully give some insight of the
possible cases in which our conditions can be applied.

2. PRELIMINARIES

2.1. Notation and basic definitions. The considerations of this paper
take place in the n-dimensional Euclidean space R", n > 2. The open
ball with center z € R™ and radius » > 0 is denoted B(z,r), and the
corresponding closed ball is B(z,r). If B = B(x,r) is a ball and L > 0, we
denote LB = B(z, Lr). When A C R™, A is the boundary and A = AUJA
the closure of A, and the complement of A is A° = R™\ A. The diameter
of A is diam(A), and |A| denotes the n-dimensional Lebesgue measure of
A If0 < |A] < 00 and f € L'(A), we denote f, f dz = ﬁfAfdx. Also,

X,: R" — {0,1} is the characteristic function of A. The support of a
function u: Q — R, spt(u), is the closure of the set where u is non-zero.

The Euclidean distance between two points, or a point and a set, is de-
noted d(-,-). When Q ¢ R"” is a domain, i.e. an open and connected set,
and = € , we also use notation dg(x) = d(z,092). In the rest of the paper
we always assume that Q ¢ R™, so that 99 # (). The Euclidean norm of
x € R™ is denoted |x|.

We let C' > 0 denote various positive constants which may vary from
expression to expression. If @ and b are some quantities such that a < Cb,
we write a < b, and if @ < b and b < a, then a = b. If F is a finite set, then
#F denotes the cardinality of F'.

Let Q C R™, n > 2, be a proper subdomain. Then W = W(Q) denotes
a Whitney decomposition of €2, i.e. a collection of closed cubes @ C €2 with
pairwise disjoint interiors and having edges parallel to the coordinate axes,
such that Q = UQeW Q. Furthermore, the diameters of () € W are in the

set {277 : j € Z} and satisfy the condition
diam(Q) < d(Q,9) < 4diam(Q).

We refer to [21] for the existence and further properties of Whitney decom-
positions. For j € Z we define

W, ={Q e W : diam(Q) = 277}.
Also, if Q' C Q, we denote

Wio ={Q e W(Q) : QN # 0}
When @ is a cube, cg denotes the center of Q.
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The usual restricted Hardy-Littlewood mazimal function of f € LL (R™)

is defined by

loc

Mpf(z) = sup ][B LWl

0<r<R
where 0 < R < oo may depend on x. The well-known maximal theorem of
Hardy, Littlewood and Wiener (see e.g. [21]) states that if 1 < p < oo, we
have ||[Mgf||, < C(n,p)||fllp for all 0 < R < oo.
When 1 < ¢ < oo, we define Mg f = (Mg|f|7)"/%. Tt follows from the
maximal theorem that Mg, is bounded on L? for each ¢ < p < oc.

2.2. Concepts of dimension. As we already mentioned, it has turned out
on numerous occasions that the size and dimension of 92 and Q¢ have a close
connection to Hardy inequalities. Let us now recall some relevant ways to
measure the dimension of a set.

The A-Hausdorff content of a set £ C R" is

HA(E mf{Zr ECGB(zi,ri)},

i=1
where z; € E and r; > 0, and the Hausdorff dimension of £ C R™ is
dimy(E) = inf {\ > 0: H)(E) = 0}.
When E C R" is a compact set and r > 0, we denote

N
MXNE) = inf {Nr/\ B C U B(z, 1), zi € E}
i=1

The lower and upper Minkowski dimension of E are then defined to be

dim (E) 1nf{)\>0 hmlnf./\/l/\ —O}

and
dimp(E) = inf {\ > 0 : limsup M} (E) = 0},
r—0
respectively. Notice that always dimy(F) < dim y,(F) < dimpy(E), where
all inequalities can be strict; cf. [17, Ch. 5]. But if dim \((F) = dimpum(E),
we simply write dimp(E) = dimp(E).

We need yet another notion of dimension, introduced by Aikawa (cf. [1],
[2]); a similar concept also appears in the works of Wannebo, see [24]. When
E C R" is a closed set with an empty interior, we let G(E) denote the set
of those s > 0 for which there exists a constant Cs > 0 such that

2) [ dwryray <o
B(z,r)

for every x € F and all r > 0. Then the Aikawa dimension of F is defined by
dim4(E) = inf G(F). If a set E has a non-empty interior, we set dim4(F) =
n. Thus always dim4(E) < n for E C R™.

It follows from (2) and [11, Lemma 2.6] that dima(E) < dimy(E) for
every compact set  C R™, but also here the inequality can be strict. For
example, if £ = {(j71,0,...,0) : j € N} U {0} C R", then dimy(E) = 0,
dimpy (F) = 1/2, and dimy4(E) = 1; see Section 6.2 for the justification of
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this last fact. However, for many sufficiently regular sets all of the dimen-
sions considered above agree; the next lemma gives quite a general condition
for such an equivalence.

Lemma 2.1. Assume that E C R"™ is Ahlfors a-regqular, i.e., there exist a
Borel regular measure yn on E and a constant ¢ > 0 such that

¢ < w(B(w,r)) < er®
for every w € E and all 0 < r < diam(E). Then dimy(E) = dimy(F) = a.

Proof. We may clearly assume that o < n. As a = dimy(F) < dimy(FE)
(cf. e.g. [17]), it suffices to prove the opposite inequality. To this end, let
a<s<mn,and fix w € F and 0 < R < diam(F). For 0 < r < 2R we
denote A, = {x € B(w,2R) : d(x, E) < r}. Using the standard 5r-covering
lemma, we obtain a finite collection of pairwise disjoint balls B; = B(w;, 1),
where w; € ENB(w,2R) and i = 1,..., N,, so that A, C |J;5B;. But then
we also have that B(w,2R)NE C |J,5B; N E, and so the a-regularity of £
yields that

N < Nopu(B;) = H(UBi) < u(B(w,4R)) < c4° R,

giving the estimate N, < C(c, a)(R/r)* for each 0 < r < 2R. Now
(3) |A;| < N, (57)" < C(c,a,n)R*r" ™7,

and so an integration over the level sets of the distance function (here A\g =
(2R)*~™) and a use of (3) leads us to

/ d(z, E)*" dz < / o € Bw,2R) : d(x, E)* ™" > A}| d\
B(w,R) Ao

< C/ ‘A)\l/(sfn) ‘ d\
Ao

<ore [ A/ =m gy
Ao

< CR“ @)\O(S—a)/(s—n)
= CR*R*® = CR?,

where C' = C(c¢,a,n,s) > 0. This shows that dim4(F) < s, and the claim
follows. O

Standard examples of (Ahlfors) a-regular sets include compact Lipschitz
submanifolds of R™ and self-similar fractals satisfying the open set condi-
tion; see for instance [4] or [17] and references therein for more information.
We also note that the measure p above is always comparable to the a-
dimensional Hausdorff measure restricted to the a-regular set F.

2.3. On Hardy inequalities. Let us recall that the pointwise (p, 3)-Hardy
inequality, for u € C§° at = € , reads as

(4) ()] < Cda(2)' ™ Magy () o ([Vulda?) (),

where ¢ is some exponent so that 1 < ¢ < p. These inequalities were intro-
duced in [10], following the considerations in the unweighted case, conducted
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by Hajtasz [5] and Kinnunen and Martio [8]. It is easy to see, using the
boundedness of M, on LP(Q2), that if the pointwise (p, 3)-Hardy inequality
(4) holds for a function u at every x € 2 with a constant C; > 0, then u satis-
fies the usual (p, §)-Hardy inequality with a constant C' = C(C1,p,q,n) > 0
(see [10]). However, pointwise Hardy inequalities are strictly stronger than
usual Hardy inequalities in the sense that there exist domains which admit
the (p, 3)-Hardy inequality (for some p and 3), but where the corresponding
pointwise inequalities fail.

For technical reasons, we introduce the following notation. Let ' C Q.
We say that the pair (Q',Q) admits the (p, §)-Hardy inequality if there exists
a constant C' > 0 such that

(5) /Q u(z)P do(z)?Pde < C /Q \Vu(z)|P do ()’ da

for all uw € C§°(€2). In particular, if the pointwise (p, 5)-Hardy inequality
holds at every z € ' for every u € C§°(£2) with a constant C; > 0, then
the pair (€,Q) admits the (p,)-Hardy inequality, with a constant C' =
C(Cy,p,B,m) >0

Let us record the following lemma which gives a sufficient (and trivially
necessary) condition for a pair (€, Q) to admit the (p, 3)-Hardy inequality.

Lemma 2.2. Suppose that there exists C1 > 0 such that

/ ufPdo P < 01{ / P~ | Vauldo P 4 / |vu|pd9ﬂ}
! Q Q

for allu € C§°(). Then the pair (¥, Q) admits the (p, 3)-Hardy inequality.

Proof. An application of a general version of Young’s inequality gives

[ gt = [ () (9 ao?)’

1
< 201 |u\Pdgﬂ P4+ C(Ch,p /\vuv’dg

and the claim follows. O

2.4. Chains and shadows of cubes on John domains. Let us first recall
the definition of John domains. Let ¢ > 1. We say that a domain 2 C R"
is a c-John domain, with center point xq, if for every x € 2 there exists a
curve (called a John curve) v: [0,1] — Q, parametrized by arc length, such
that (0) = z, v(I) = zo, and

(6) d(v(t),09) > ¢t

for each t € [0,1]. Such domains were first considered by F. John, cf. [7].
Geometrically the John condition (6) means that each point in © can be
joined to the central point by a “twisted cone”. If Q is a c-John domain
with center point xg, then Q C B(xo,cd(:cg,@Q)), and so  is bounded.
However, in Section 4 we will need a similar notion for unbounded domains,
but we postpone these considerations until that section.

When Q C R” is a domain (not necessarily John), we say that ' C Qis a
c-John subset (of Q) if for each x € € there exists a c-John curve v = 7, 4,
of 2 joining z to a fixed center point zg C ' in ', i.e. v([0,1]) C ' ; we
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emphasize that the distance in (6) is still taken with respect to 992. For our
purposes, it is convenient — and also sufficient — to assume that such an
' C Q is always a union of Whitney cubes @ € W(Q), and hence we take
this as a standing assumption throughout the paper. In this setting, we use
the notation W' = W(Q)|q.

When Q' C Q is a c-John subset, with center point o € €/, and z €
we let J.(x,2z0) denote the collection of all e-John curves joining x to xg in
. If Q e W, we write

P(Q) = {@ eW :Q N~y # 0 for some v € J.(z,x0), x € Q}.
The (John-)shadow S(Q) of a cube Q € W' is then defined to be

S(@Q)={QeW :QecPQ)}

We obtain the following easy lemma immediately from the definition of the
shadow.

Lemma 2.3. Let Q' C Q be a c-John subset, and let Q € W'. Then
diam S(Q) < Cdiam(Q), where C = C(c) > 0.

The next Lemma is crucial for our sufficient condition for Hardy inequal-
ities.

Lemma 2.4. Let Q' C Q be a c-John subset so that 9 NOQY # 0, and
assume that

(7) d(z, 9 N 9Q) < Crdg(x)

for every x € Q. Then, if dim (0 NIN) < s < n, there exists a constant
C =C(C1,Cs,n,c,s) >0 such that

Z diam(Q)* < C diam(Q)*
Qes(@Q)

for every Q € W'. Here C, is the constant from (2).

Proof. Let Qe WN’, take w € 9N such that d(w, QV) = d(@, 09Q), and denote
B = B(w,diam(Q)). It follows easily from Lemma 2.3 that there exists

Cy = Cy(n,c) > 0 such that S(Q) C CyB. Hence, using the properties
of the Whitney cubes, assumption (7), and the definition of the Aikawa
dimension, we obtain that

Z diam(Q)* < C Z /ng(a:)sndx

QeS(Q) QeS(Q)
< c/ d(z, 00 N N)* " dx < C diam(Q)?,
C2B

where C = C(Cy,n,c,s) > 0. O
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3. A SUFFICIENT CONDITION FOR HARDY INEQUALITIES

In this section we prove our sufficient condition for weighted Hardy in-
equalities. To be precise, given a subset Q' C Q, we give a sufficient condition
for the pair (', ) to admit the (p, 3)-Hardy inequality. We discuss the ob-
vious way how this can be used to obtain the (p, 3)-Hardy inequality in the
whole domain at the end of this section. Our theorem can in some sense
be considered as an extension of Theorem 1.2, altough we only deal here
with bounded subsets and need an additional accessibility condition, which
by the way can not be removed from the assumptions, see e.g. Example 6.3.
However, just as in Theorem 1.2, it is essential here as well that the part
09 N 0N of the boundary has a small Aikawa dimension; the upper bound
is n — p+ 3 for the (p, 3)-Hardy inequality.

The idea behind our condition is the following: We want to estimate the
quantity |u[PdoP~? in each of the Whitney cubes Q € W', which are all
assumed to be relatively close to the small part 9Q' N N of the boundary.
We also presume that there exists some fixed cube Qo € W where the
average |uq,| is well controlled by the (weighted) integral of the gradient
— this is the meaning of the requirement (8) in Theorem 3.1 below. The
existence of such a cube follows if 2 has a thick and accessible boundary
part, see the remark after the proof of the theorem. The assumption that €’
is a c-John subset, with center point xy € @, assures that we may estimate
the difference between the averages |ug| and |ug,| by the integral of |Vu|
along a mice chain of cubes from Q to Qp. Summation over every Q € W’
then gives us an estimate for [, |u[PdoP~? in terms of the integral of |Vu| in
', but this estimate still involves a sum related to the sizes of the shadows
of the cubes in W'. However, as the boundary 99’ N9 has a small Aikawa
dimension, and we assume that dg(z) ~ d(z, 9Q'NIN) for all x € ', Lemma
2.4 gives us a suitable bound, so that finally everything is controlled by the
weighted integral of the gradient, meaning that the Hardy inequality holds
for the pair (€, Q).

After this informal introduction, let us now state the actual theorem and
give the exact proof.

Theorem 3.1. Let Q C R™ be a domain and let 1 < p < oo, § € R.
Assume that Q' C Q is a c-John subset with center point xo € ', satisfying
the following conditions: 0 N OQ # O and d(x, 0 N ON) < Cida(x) for
every x € ', dimy (0 NIN) <n—p+ B, and z9g € Qo € W', where Qq is
such that

(8) fugy P < C diam(Qo)?~#" /ﬂ Vuly)? daly)? dy

holds whenever u € C§°(Q), with a constant C > 0 independent of u. Then
the pair (,Q) admits the (p, 3)-Hardy inequality.

Proof. Let u € C§°(Q2) and denote v = |u|P. Then v € WOI’I(Q) and |[Vu| <
plulP~1|Vu| for a.e. # € Q. When Q € W', there exists a c-John curve
v¢Q joining cg to xo in . We let C(yg) = {@ eW :Q Ny # 0}
denote the corresponding chain of Whitney cubes, so that C(vg) C P(Q).
An application of the 1-Poincaré inequality for the chain C(vq), as in [20,
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Lemma 8], leads to

(9) v —tgel <€ Y diam(Q >f|w< ) dy,
QeP(Q)

where the constant C = C(n) > 0 is independent of Q). Since |u(x)|P <

lv(z) — vg| + |vg — vg,| + |vg,| and do(x) ~ diam(Q) for every z € @, it
follows from (9) that

/ luPdo® P < C< Z diam(Q)* p/ v — vl

Qew’
(10) + Z diam(Q)P—P+n Z diam (@ ][]Vv]
Qew’ QeP(Q)
+ > diam(Q)ﬁ—p+n|uQ0|>.
Qew’

By the 1-Poincaré inequality, the first sum in (10) is no more than

(11) Z diam(Q)#~ pﬂ/ Vo] < C(n,p / lulP~ | Vu|doP P
Qew’

We change the order of summation in the second term of (10), and then
use the conclusion of Lemma, 2.4,

(12) > diam(Q)" P < Cdiam(Q)" P for all Q € W,
Qes(@)

to obtain

Z diam(Q)?—Ptn Z diam(Q ][|VU|
Q

QEW/ er
< Z diam(Q) /Vv] Z diam(Q)"~P*+#
(13) QGW’ QeS( Q
<C Z diam(Q)*~ pﬂ/ |V
Qew’

<c / P [Vl dg P+,
Q/

where C = C(p,n,3,A) > 0. Recall here that we may always assume that
Q' is a union of Whitney cubes, and hence Q' = J{Q € W'}.
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Finally, to estimate the last term in (10), we use again (12), the p-Poincaré
inequality, and the assumption (8), and conclude that

> dian(@)" P Jug,| < diamn(Qo)" [ fup

QeW’ 0

< Cdiam(Qo)B_p/ | — uqy|? + diam(Qo)" P+ |ug, [?
Qo

(14)
< C diam(Qg)” P diam(Qo)p/ |VulP —|—/ |VulPdg”
Qo Q

< 0/ |Vu|PdoP.
Q

The (p, B)-Hardy inequality for the pair (€', ) follows now by combining
the estimates from (10), (11), (13), and (14), since then

/ luPdo®P < 0[ / Ju[P~ Y Vu|dgP P+ + / yvu|pdgﬂ],
94 Q Q

and Lemma 2.2 yields the claim. O

Remark. Condition (8) in the assumptions of the previous theorem is
closely related to pointwise Hardy inequalities. In particular, it follows from
the estimates of [10] that if the visual boundary near (g is thick enough
(especially, the boundary must have Hausdorff dimension strictly greater
than n — p 4 (), then (8) holds. See [10] for precise statements.

Let us end this section with a few words about the use of Theorem 3.1 in
practice. When 1 < p < oo and g € R, and a domain 2 C R" is given, one
should first analyze the size and geometry of the boundary, and then try
to divide §2 into finitely many pairwise disjoint subsets €21,...,Qx in such
a way that, for each k = 1,..., K, either the pointwise (p, 3)-Hardy holds
for every x € Qy, or Qy satisfies the assumptions of Theorem 3.1 (or, in the
unbounded case, those of Theorem 4.3 from the next section). If this can
be done, then we conclude that each pair (2, 2) admits the (p, 3)-Hardy,
and thus it is clear that Q admits the (p, 3)-Hardy inequality.

4. UNBOUNDED DOMAINS

In order to extend the condition of Theorem 3.1 for unbounded domains
we need to make the notions of Section 2.4 applicable to the unweighted
case. Especially, we need to specify what we mean by unbounded John
domains. Here we follow Vaisila [22], and say that an unbounded ©Q C R"
is a c-John domain if each pair of points x1,z9 € ) can be joined by a curve
Y = Yar,20: [0,1] — §, parametrized by arc length, so that d(y(t),00Q) >
L min{t,l — t} for all t € [0,1]. It turns out that for bounded domains this
definition would be equivalent to the definition that we used in Section 2.4,
but possibly with different constants; cf. [22, Thm. 3.6].

Nevertheless, for our purposes it is very useful to have a fixed central
point zg in a John domain, since we may use such a xgy as the end-point in
the chains, as in the proof of Theorem 3.1. We would like to use a similar
idea in the unbounded case as well, but the definition above lacks the notion
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of a central point. Hence the following lemma, a slightly modified version of
[22, Thm. 4.6], which allows us to “exhaust” an unbounded c¢-John domain
by bounded ¢’-John subsets (in the sense of Section 2.4), turns out to be
very useful.

Lemma 4.1. Let Q C R" be an unbounded c-John domain, and let w €
00. Then Q = |Up2, Q, where each Qy is a ¢-John subset of Q, with
d = (e,n) > 0 independent of k, and moreover, B(w, k)N C Q for each
ke N.

The proof of Lemma 4.1 follows easily from the first part of the proof of
[22, Thm. 4.6] and [22, Lemma 4.3].

Inspired by this result, we say that an unbounded subset ' C € is an
unbounded c-John subset of Q if Q' = [J72, ), where Q) is a bounded
c-John subset of Q and B(w,k) N Q' C Q) for each k € N, where w € 00
is some fixed boundary point. We are then able to use the results from the
bounded case for €}, as we shall do in the proof of Theorem 4.3.

However, now also the case 91’ NI = () may be relevant (see for instance
the example of Section 6.4), and then the assumption dim (9’ N IN) <
n—p+ /3 is obviously not the right one for us. In such cases we may instead
require that the shadows of the cubes Q € W' satisfy the following condition:

Let @ C R" and let ' C  be an unbounded c-John subset so that
OV = Uiz, Q) as above. When Q@ € W', we let Si(Q) denote the shadow

of @ with respect to ). We say that ' satisfies a uniform cube-count
condition if there exists a constant C' > 0 so that

(15) #{Q € Sp(Q) N W;} < C2Y diam(Q)>

for every @ e W', j € Z, and k € N; note here that j € Z is negative for
large cubes.

If C~2 € W and 7 is is the center of é, it follows from Lemma 2.3 that
there exists C' = C(c) > 0 so that Si(Q) C B(z, Cdiam(é)) for each k € N.
Hence, if

#{Q e W/ Q C B(#,C diam(Q))} < €2V diam(Q)*

for each Q € W' and j € Z, we conclude that (15) holds with a constant
independent of k.

The next lemma shows that the conclusion of Lemma 2.4 holds for all
s > A if @ satisfies the above uniform cube-count condition (15) with the
exponent A.

Lemma 4.2. Let Q € W' and assume that condition (15) holds with an
exponent A and a constant Cy > 0 for every j € Z and k € N. Then, if
s> A,

> diam(Q)* < C diam(Q)*,

QEeSL(Q)
where the constant C' = C(Cy,s,\) > 0 is independent ofé and k.

Proof. Assume that @ € Wj, and let k € N. It follows easily from condition

(15) that SE(Q)NW,; =01if j < jo— i\oigg Let j1 be the smallest integer for
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which Si(Q) NW; # 0. Then 2771 < 27797 Xe2 = (12770, and we calculate

Y diam(Q)" < Y #{Q € Su(@) Nw;} 27

QES(Q) J=n

< Cy i 2N diam(Q)* 277° < Cp diam(Q)> i 973(s=A)
J=J J=n
< C'diam(Q)* 2716~ < ¢ diam(Q)* diam(Q)*~*
< Cdiam(Q)*,
where C' = C(Cp, s, A) > 0. O

We can now formulate and prove our main result concerning unbounded
domains. The condition (16) in the theorem is satisfied (for instance) if
' C Q is an unbounded c-John subset so that, either, (i) 9 N OQ # 0,
dim4 (02 NIN) < n—p+ G, and d(z, 00 NIN) < Cidg(x) for all z €
Y (Lemma 2.4), or (ii) the uniform cube-count condition (15) holds in €’
(Lemma 4.2). In particular, (16) holds if §2 is an unbounded c¢-John domain
with dim 4(9€) < n —p+ , and so Theorem 1.3 follows as a special case of
Theorem 4.3.

Theorem 4.3. Let Q C R™ be an unbounded domain, and assume that
O = Ui, Q. is an unbounded c-John subset of Q, so that

(16) Z diam(Q)"?*8 < C diam(Q)"P+8

QESK(Q)

for all Q €W and all k € N, where Sk(@) is the shadow of@ with respect
to Q.. Then the pair (¥, Q) admits the (p, 3)-Hardy inequality

Proof. The proof goes along the lines of the proof of Theorem 3.1, but with
some modifications that we present here.

We may clearly assume that 0 € 912, and moreover, that 0 is the fixed
reference point for the bounded c-John subsets ). Let u € C§°(f2), and
take k € N such that spt(u) C B(0, k). We then choose L € N to be so large
that L/(c+1) > 2, and consider the bounded c-John subset €7 ,. Let zq be
the center of . Since B(0,Lk)NQ C Q,, there exists z € Q, such that
|z| > Lk. But ), C B(xo,cda(zg)), and thus

Lk < 2] < |z = @o| + [2o| < eda(wo) + |2o| < (¢4 1)[xol,

giving |zg| > 2k by the choice of L. Let then Qo € W' be such that 29 € Qo.
It follows that

2k < |zo| < d(0, Qo) + diam(Qo) < d(0, Qo) + d(Qo, Q) < 2d(0, Qo),

and so Qo N B(0, k) = 0, in particular u(xz) = 0 for every x € Q.

If now @ € W' is such that @ Nspt(u) # 0, we let C(yg) denote a
chain of cubes joining ) to Qg, just as in the proof of Theorem 3.1, whence
C(vg) C Q). It follows that the estimate (10) holds for w in this case as
well, with a constant independent of u. But since vg, = 0 for v = |uf?,
the term involving this average vanishes from (10), while the other terms
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in (10) can be treated just as in the proof of Theorem 3.1, especially the
assumption (16) for €, offers a substitute for (12). Hence we obtain the
(p, B)-Hardy inequality for the function u with a constant independent of w,
and it follows that the pair (€', ) admits the (p, )-Hardy inequality. O

See Section 6.4 for an example of the use of Theorem 4.3.

A special case of unbounded domains is the one where 02 is bounded.
Using the necessary conditions for weighted pointwise Hardy inequalities
(cf. [14]), it is easy to see that such a domain can not admit the pointwise
(p, B)-Hardy inequality for any 3 > p — n. This fact follows also from the
next observation, which says that in this case the usual (p, p—n)-Hardy fails
as well. Whether such an ) admits Hardy inequalities for any 8 > p —n
depends on the size and geometry of the boundary of the particular domain.
Let us recall here that, by [10], each domain 2 ¢ R™ admits the pointwise
(p, B)-Hardy inequality if 5 < p — n.

Proposition 4.4. Assume that QQ C R™ is unbounded with 02 bounded.
Then Q2 does not admit the (p,p — n)-Hardy inequality for any 1 < p < oo.

Proof. Take r > 0 such that 9Q C B = B(0,r). For k € N, k > 4 define

r~td(z,2B), x € 3B
up(z) = ¢ 1, x € kB\ 3B
(kr)~td(z,R™\ 2kB), z€R"\kB.
Then wug is a compactly supported Lipschitz function in 2 for each k > 4.
Using polar coordinates it is easy to calculate that

/Q @ o) P> [ do(e) " de

kB\3B

kr
> C’(n)/3 t™"¢" 1 dt = C(n)(log(kr) — log(3r)) koo, 00,

T
while the corresponding integrals involving the gradients remain uniformly

bounded:
/ |Vug(z) P do(z)P~" dz
Q

= / r Pdo(x)P " dx + / (kr) " Pdq(z)P " dx
3B\2B 2kB\kB

3r 2kr
< C(n) <r—P / P~ dt + (kr)™P / tp—ldt)
2r kr

< C(n,p) < 0.

By approximation it is now clear that 2 does not admit the (p, p—n)-Hardy
inequality. O

5. THE DIMENSION OF THE COMPLEMENT

Let us now discuss our necessary condition for a domain admitting a
Hardy inequality. This condition is given in terms of the (local) dimension
of the complement of €2, and generalizes the dichotomy results of [11] to the
weighted case.
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As the proofs turn out to be a bit technical, let us give a quick overview
of how to obtain the result. What we need to prove is that if €} admits the
(p, B)-Hardy inequality and the Hausdorff dimension of 2B N Q€ is small, at
most n — p+ [, then actually dim4(BNQ°) <n—p+ B — 4 for some § > 0.
The idea is to use the Hardy inequality for the function u(x) = ¢(z)dq(z)~¢,
where ¢(z) = r~1d(z, (2B)¢) and « > 0 is small enough. Then

Vu(@)[” S [Ve(x)[Pdo(z) " + o [u(z)[Pdo(z) ",

and so the integral of |Vu[Pdo® can be estimated by two terms, of which the
other is af times the left-hand side of the Hardy inequality for u. Taking o
small enough then gives us the desired estimate with § = ap.

The above argument is not quite rigorous, as u is not bounded, or even
supported in 2, so there is no (a priori) reason why the Hardy inequality
should hold for w. In addition, we need to assure that certain integrals of
the distance function are finite, but nevertheless, after more careful consid-
erations where suitable truncations and approximations are used with the
fact that dimy (2B N Q°) < n — p+ (3, this same idea can be carried out to
prove that the Aikawa dimension of Q¢ is indeed less than n — p + 5 — 4.
Let us start with a lemma that allows us to use the Hardy inequality also
for some functions which are not supported in €. As a consequence we also
obtain a useful estimate for a distance integral.

Lemma 5.1. Let 1 < p < o0, 0 < 0 < p, and assume that € admits
the (p, 8)-Hardy inequality with a constant Cy > 0. Assume further that
By C R" is a ball such that

(17) H™PTB(4By N Q°) = 0.

Then

(1) the (p, B)-Hardy inequality holds for all w € C°(QU4By) with a constant
Cl == Cl(c()vp) > 0; -

(7i) we have for each closed ball B(w,r) C 3By, with w € Q°, that

/ dQ(aj)ﬂ*p dr < C’grnpri,
B

where Cy = Cy(Coy, p,n) > 0.

Proof. (i) Let u € C§°(Q2 U 4By). For a fixed j € N there exists balls
Bg = B(w;,r;) with w; € Q°, for i = 1,..., N, so that 4By N Q° C Uf\;l Bg
and SN P48 < ||u|| 1277, Now define cut-off functions v; by ;(z) =
min; {1, r;~d(z, 23?)}, and let u; = ¢ju. We may assume that u; < ujq
for each j € N. As d(spt(u;),99Q) > 0, it follows that u; is, for each j € N,
a Lipschitz function with compact support in €, and so the (p,3)-Hardy
inequality holds for the functions wu; as well. Since |Vu;| < |V;||u] + |Vu|
a.e. in §2, we obtain from the Hardy inequality that

(18) /|uj!pd§zﬂ_p <Ci {IUI\OO/vaj\deBJr/|Vu|pdgﬂ},

with the constant C7 = 2PCy. But now, as 3 > 0,

N
|V7/’j(x)|pdﬂ($)ﬂ < ZTi_pTiBX3Bj () for a.e. z€Q,
i=1 ’
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and thus (18) yields that

/\uj\pdﬂﬁp <Cy

N

llulloo Y " PP / \vu|pdgﬁ]
=1

<C2i 40 / VulPdo?,

where C' = C(Cy,p,n) > 0. Now u;(z) — u(z) for a.e. z € QU 4By, since
(17) with 8 < p implies that |[4By N Q¢| = 0, and claim (i) follows from the
monotone convergence theorem.

(i) Let w € Q¢ and r > 0 be such that B = B(w,r) C 3By, so that
3B C 4By. We define ¢(z) = (r/3)"'d(z,R"\ $B). Then ¢ is a Lipschitz
function with a compact support in QU4By, ¢ > 1in B, and |Vy| < (r/3)7!
a.e. in %B . Thus we may apply part (i) of the lemma to conclude that

/ dQﬂ*p S/ ’¢|pd9ﬁfp < Cl/ |V<p\pd9ﬁ < CQTH*erﬂ’
B iB iB

since now dq(y) < %r for all y € %B. O

The proof of the main result of this section, Theorem 5.3, relies on the
following lemma, which is basically a “weighted” version of Lemma 2.4 from
[11], altough the proof is quite different.

Lemma 5.2. Let 1 < p < o0, 0 < B < p, and assume that Q) admits
the (p, 8)-Hardy inequality with a constant Cy > 0. Assume further that
By C R™ is a ball such that H&7p+ﬁ(4BgﬂQC) = 0. Then there exist constants
d = 0(Co,p,B,n) >0 and C = C(Cop,p,B,n) > 0 such that if w € Q° and
B(w,r) C 2By, then

/ do(x) P80 dg < OpnPHA=0,
B(w,r)

In particular, dima(BoN Q) <n—p+ [ —4.

Proof. Let B = B(w,r) C 2By, where w € Q¢ and let @ > 0 be small,
to be chosen later. Define, for j € N, 1;(z) = min{dq(x),277}~*, and let
¢(z) = (r/2)"'d(z,R™ \ 3B). Then the functions u; = ¢; are Lipschitz
functions with compact support in 3By, and so, by Lemma 5.1(i), the (p, 3)-
Hardy inequality holds for u; with a constant C; = C1(Cop,p) > 0. Denote
Aj ={z € 3B :dg(z) >277}. Then, for a.e. z € 3BN A},

Vuj(2)] < [Ve(z)|da(z)™ + alp()|da(z) =,

and |Vuj(z)| = 0 for a.e. z € 3By \ (3B N A;). Hence the (p, 3)-Hardy
inequality for u; yields

[
3Bo

< Cﬂp[ﬁ |V<p|pd9ap+f8+ap/

3

lp[Pdo

2 BNA; 2 BNA;

(19)
—ap—p+B |
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Using the upper bound |u;| < 3-2% and the part (ii) of Lemma 5.1, we
infer that

P —ap—p+p P q.B—p jap B—p
= 7 =
(20) / ’g0| da </ ]u ’ do < (2 / do < 0.
3BNA; 3Bo 3Bo

Let us now require that « is so small that C12Pa? < 1/2 and ap < 3. Then,
if we move the last term of (19) — which is finite by (20) — to the left-hand
side, and then use the first inequality of (20), we obtain that

(21) / |uj|de/3—p < 2p+101/ |v¢|pd9—ap+ﬁ < Opnp—opth
3By

3
5B

for every j € N, since |Ve| < (r/2)~! and dg P8 < (3r)=eP+F in 3B.
As [3By N Q¢ = 0 (since B < p and (17) holds), it follows that wu;(x) —
p(x)do(x)~* for a.e. € 3By. Moreover, the sequence (u;) is monotone
increasing, and so (21) yields that there exists dg = do(Co, p,n, 3) > 0 such
that for all ap < §y we have

(22) / dg PHIe < / PdgPdg P < CrnrHs—op
B 3By

with a constant C' = C(Cy, p, 3,n) > 0; notice here that ¢ > 1 in B.

It is easy to see from the definition of the Aikawa dimension that, when
calculating dim_4(Bo N Q°), it suffices to consider in (2) only balls B(w,r) C
2By with w € By NQ°. Hence we conclude from (22) that dim 4(Bp N Q°) <
n—p+ 06— do. O

Remark. If the (g, 3)-Hardy inequality holds for all p; < ¢ < po, with a
constant C7, we can take § > 0 in Lemma 5.2 to be independent of ¢; more
precisely, then § = d(p1, p2, B,n,C1) > 0.

We are now ready to prove our main dichotomy result for domains which
admit the (p, #)-Hardy inequality. Here we need to assume that 5 # p, as
the result need not hold for the (p, p)-Hardy inequality, see the example of
Section 6.1.

Theorem 5.3. Let 1 < p < oo, B # p, and assume that Q admits the

(p, B)-Hardy inequality with a constant Cy > 0. Then there exists €9 =
e0(Co, p, B,n) > 0 such that for each ball By C R™ either

dim'H(4BO ﬂQC) >n—p+ B+ ¢g

or
dimy(ByN Q) <n—p+ 6 —eo.

Proof. If 3 > p, it is clear that the upper bound for the Aikawa dimension
holds with g9 = (8 — p)/2, so we only need to consider the case § < p.
First of all, we may assume that § > 1. Indeed, if this is not the case, we
have, by [13, Thm. 3] (essentially Holder’s inequality), that 2 admits the
(p — B+ 1,1)-Hardy inequality with a constant C}, = C{(Co,p, 3) > 0, and
now we may consider this instead of the (p, 3)-Hardy inequality.

Using a self-improving property of Hardy inequalities (cf. [13]), we find
e1 = €1(Co,p, B,n) > 0 and C; = C1(Cy, p, B,n) > 0 such that Q admits the



18 JUHA LEHRBACK

(¢, B)-Hardy inequality for all p — &1 < ¢ < p, and the constant in all these
inequalities can be taken to be Cy. We require in addition that e; < p — f.
Let then 0 < € < £1/2 to be specified later. If

dimy(4ByNQ°) >n—p+ [ +e¢,
the claim is true. We may hence assume that
dimy(4ByNQ°) <n—p+ [ +e¢,

and thus
HA(A4ByNQ) =0 for\=n—p+ 3+ 2.

As Q now admits the (p—2¢, 3)-Hardy inequality and p—2e > p—e1 > 3, we
may use Lemma 5.2 to conclude that there exists 6 = 6(Co, p, 5,n,e1) > 0,
independent of the particular choice of € < £1/2 (cf. the remark after Lemma
5.2), such that

dimy(BoN Q) <n—p+ G+ 2 —09.

If we now choose ¢ < min{e;/2,/3} the claim follows. O

Theorem 5.3 proves the local dichotomy, but the global dichotomy of The-
orem 1.1 follows along the same lines; notice however the subtle difference
between the global and local Aikawa dimension, which is present e.g. in the
domain of Example 6.5. Nevertheless, if 2 admits the (p, 5)-Hardy inequal-
ity for § < p, and if in addition dimy () < n —p+ B + €, we obtain, as
above, from Lemma 5.2 that

/ dQ(x)—p+2e+,3—§ dr < Crn—p+25+ﬁ—§
B

for any ball B = B(w,r) with w € Q¢ and r > 0, where C and ¢ are
independent of B and the particular . Choosing ¢ as in the proof of Theorem
5.3 leads to the global dichotomy result.

6. EXAMPLES

6.1. Dichotomy for the (p,p)-Hardy? In Theorem 5.3 we assume that
a domain Q C R™ admits the (p, 3)-Hardy inequality, with the requirement
that 8 # p. Here we give an easy example which shows that this restriction
is really needed.

Let Q@ = {x = (z1,...,2,) € R" : 2, > 0}. It is then easy to see that 2
admits the (p, 5)-Hardy if 1 < p < co and # # p — 1; in the case f <p —1
even the pointwise inequality holds by the results of [10], and in the case
8 > p—1 we can apply Theorem 1.3, as 2 is an unbounded John domain
with dim4(092) = n—1 < n—p+ (. In particular,  admits the (p, p)-Hardy
for each 1 < p < oco. However, dimy(Q°) = dim4(Q2°) = n, so there does not
exist g9 > 0 such that dimy (Q€) > n—p+F+eg or dimy(Q¢) < n—p+L—ep
when 3 = p, and so the conclusion of Theorem 5.3 indeed fails in this case.
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6.2. Easy sequence. Let £ = {(j71,0,...,0) : j € N} U {0} C R~
and denote @ = R" \ E. Let us first show that dims(E) = 1; recall
that dimy(E) = 0 and dimpy(E) = 1/2. Since E C [0,1] and clearly
dim 4(]0,1]) = 1, it suffices to show that dim4(F) > 1. To this end, take
z; = (571,0,...,0) and r; = (2j%)7!, and denote Bj = B(zj,r;) for j € N.
Then the balls B; are pairwise disjoint, and if R =1/jp and 0 < s < 1, we
have that

d(x, E)* " dx > /dx,Es”dw
L2 > [ dwr)

Jj=jo+1
(23)
o0 r o
J -1 .—2s8
~ g r* T dr & g jes.
j=jo+170 j=jo+1

The last sum in (23) diverges if 2s < 1; this is actually an indication of the
fact that dima(E) = 1/2. Thus, we may assume that s > 1/2, whence

o
Z j—25 ~ (]0 + 1)—25+1 2 RS Rs—l.
J=jo+1
If we now let jo — oo (i.e. R — 0), it follows from the above calculations
and the fact s —1 < 0 that

RS/ d(z, E)* " dx — oo.
B(0,R)

This shows that s ¢ G(E) (cf. Section 2.2), and so dim4(F) > 1.
Now, by Theorem 5.3, the domain 2 = R™ \ E can not admit the (p, 3)-
Hardy inequality if

0 = dimy(E) <n—p+ 8 < dima(E) =1,

ie.if p—n < B < p—n+ 1. But, as was already mentioned, by the
results from [10], every proper subdomain of R™ admits the (p, 3)-Hardy if
8 < p—n, and on the other hand it is easy to see that {2 is an unbounded
John-domain, and so Theorem 1.3 yields that Q admits the (p, 3)-Hardy if
1 =dimy(E) <n—p+ g, ie f>p—n+1. We conclude that Q admits
the (p, f)-Hardy inequality, for 1 < p < oo, if and only if 5 < p —n or
B>p—n+1.

6.3. Square with a twist. For 1 < A < 2 we let K C R? denote the usual
A-dimensional von Koch -snowflake curve joining points (0,0) and (1, 0) (cf.
[9, Section 2]), but reflected so that K is contained in the lower (closed)
half-plane {z = z + iy € C : z,y € R, y < 0}. We first consider the
bounded domain 2 = Q(\), whose boundary consists of K and the line
segments [0, 4], [¢,1+1], and [1,1+1] (in complex notation). Let 1 < p < co.
It is easy to see, using the results from [10], that ©Q admits the pointwise
(p, B)-Hardy inequality for all 8 < p — 1, but even the usual (p,p — 1)-
Hardy fails in €. Also, if we let {1, denote the part of {2 which is below
the line segments [0, (1 4+ ¢)/2] and [(1 + 4)/2,1], it follows, by pointwise
(p, B)-Hardy inequalities for z € Qg, that the pair (24, Q) admits the (p, 5)-
Hardy for all 8 < p —2+ X. But then again, if , = Q\ Q,, we have that
dim 4 (0 N ON) = 1 and 2 satisfies clearly the assumptions of Theorem
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3.1 when p—1 < 8 < p—2+ X (take zg to be the center of the unit
square), and so the pair (£, Q) admits the (p, 3)-Hardy inequality for these
(. Combining the above facts we conclude that 2 admits the (p, 3)-Hardy
inequality for all 8 < p — 2 + X, with the exception of 3 =p — 1.

Now let us modify the domain €) in the following way: For j € N we
denote @Q; =1 — 2771 + i+ 27712 where I? = [0,1]? is the unit square, so
that {Q;}; consists of squares attached to the top of Q. Let s > 1. We open
a passage of width ¢; ~ 2775 from 2 to Qj, for each j € N, in order to obtain
a new domain, denoted ©°. Let Q4 be as above and Qj = Q°\ ;. Then
direct calculations yield that dim 4 (8(2;"; N 895) = 1. However, it is easy to
see that if s > 1, then the accessibility assumption of Theorem 3.1 fails to
hold in €2, and, indeed, we show that the (p, 3)-Hardy fails to hold in Q°
whenever 8 > p— 1 if s > 1. To see this, it suffices to consider Lipschitz
functions w; such that spt(u;) C @; and

uj(z) = min {1, max {0, 275d(z,0Q;) — 1}}

for z € Q;. Then, for j so large that 27751 < 27971 we have
/ ‘uj‘pdﬂﬂ—p >/ doP P ~ 279C2—PHR),
§2 3Q

here %Qj is the cube with thg same center as (); but diam (%Q]) = % diam @Q;.
Now ‘spt(|Vuj|)| ~ 2779277, and |Vuj(:c)|pdg(:c)ﬁ < 275P2738 for a.e. x €
spt(|Vu,|), since 3 > p —1> 0. Thus
/ IVu;Pdo? < 2 is(1=p+B)g=j,
Q
and because (1 —p+ 5)(1 — s) < 0, it follows that

Jos luglPda®P 273 p4H) _ o-i(-ptB)(1-s) F00
Jas ‘vuj‘deB ~ 9—js(l—p+B)9—j )

This, together with the easy observation that the (p,p — 1)-Hardy fails in
Q° as well, shows that Q° for s > 1, admits the (p, 5)-Hardy inequality if
and only if B < p — 1. Notice however that for s = 1 the assumptions of
Theorem 3.1 are satisfied when p—1 < 3 < p—2+ A, and so Q! admits the
(p, B)-Hardy also for these 8. This shows that the accessibility assumption
of Theorem 3.1 is essential for weighted Hardy inequalities.

If we only consider the union of cubes ; and open the passages of width
§; ~ 277% just as above, we obtain unbounded domains Q° with dim4(Q°) =
1, which fail to admit the (p, 3)-Hardy for 8 > p — 1 if s > 1. This shows
that we can not remove the assumption that €2 is John from Theorem 1.3.

6.4. Snowflake line. As a positive example of the use of our results for
unbounded domains we present the following construction: For 1 < A < 2
we let Ky C R? denote again the usual A-dimensional von Koch -snowflake
curve joining points (0,0) and (1,0). Then we set Ky = ;7 (Kx+ (5,0))
and let 2 = Q()) be the (0, 1)-component of R? \ Ky. Now fix 1 < p < oo.
Then, by the results in [10] and [14], ©Q admits the pointwise (p, §)-Hardy if
and only if § < p — 1. We now claim that the usual (p, 3)-Hardy also holds
inQwhen () p—1<f<p—2+Aor(i)>p—2+A\
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In the case (i) we take Q1 = QN {(z1,22) : 0 < x9 < 2}. Then, since
B < p—2+ A, there exists C' > 0 such that the pointwise (p,3)-Hardy
inequality holds at every x € € with this constant C, and so the pair
(Q1, Q) admits the (p, 3)-Hardy. But it is also easy to show that Qo = Q\
is an unbounded c-John subset of €2, as defined in Section 4, satisfying
the uniform cube-count condition (15) with the exponent A = 1, and so
Theorem 4.3 yields that the pair (2,Q) admits the (p,3)-Hardy for all
B>p—2+1=p—1, and claim (i) follows.

On the other hand, in the case (ii) we observe that  is an unbounded
John domain with dim4(9Q2) = A. Hence, by Theorem 1.3, we conclude
that Q admits the (p, 5)-Hardy whenever A <2 —p+ (3, i.e. 6>p—2+ A

Finally, it is quite easy to see that, for a fixed 1 < p < oo, both (p,p—1)-
and (p,p — n + A)-Hardy inequalities fail in the domain .

6.5. Local and global Aikawa dimensions. Let E = {(k,0,...,0) : k €
Z} C R™. Then, obviously, dimy(F) = 0, and also dim4(E N B) = 0 for
any ball B C R", but still dim4(FE) = 1. These facts have at least two
implications which are of interest to us: (i) by Theorem 1.1, Q@ = R"\ E
does not admit the (p, 5)-Hardy inequality when p—n < <p—n+1, and
(ii) there is a difference between the local and global Aikawa dimensions.
Let us verify the claims concerning the Aikawa dimension. Let B be a
ball of radius R > 0 and take K € N so that R € [K —1, K], and let w € E
and 7 > 0 be such that B(w,r) C 2B; we may in fact assume that w = 0.
Then, if we denote By, = B((k:, 0,... ,0),7“), we have for each s > 0 that

/ d(z, E)* " dx < Z d(z, E)* " dx
B(O,’!’) ‘]{?‘ST Bk
<4K " dt < C(R, s,n)r?,
B(0,r)

and so dim4(E N B) = 0.

On the other hand, it is clear that dim 4(F) < 1. To see that dim(E) >
1, we denote Cy, = [k, k] x B"1(0,k), where B"~1(0,k) C R""!, so that
Cr C B(0,ky/n). If s < 1, we calculate, using Fubini’s theorem, polar
coordinates, and the fact that for (¢,5) € R x R"~! with |y| > 1 we have
d((t,y), E) < 2|y|, that

/ d(z, E)* " dx > / d(z, E)* "dx
B(0,ky/n Ck

)
k k k
:/ / d((t,y),E)S_ndydtZ/ / ST 2 Ay dt
—kJBr-1(0,k) k1
k

> k/ 2 dr 2 k(1 — k1) = (k- k°),
1
where the constants involved depend only on n and s. Thus

() [ dw By ez (8- 1)
B(0k/m)

showing that dim4(£) > 1.
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