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Abstract

In this paper, we study certain inequalities and a related result for weighted Sobolev spaces
on Holder-o domains, where the weights are powers of the distance to the boundary. We
obtain results regarding the divergence equation’s solvability, and the improved Poincaré,
the fractional Poincaré, and the Korn inequalities. The proofs are based on a local-to-global
argument that involves a kind of atomic decomposition of functions and the validity of a
weighted discrete Hardy-type inequality on trees. The novelty of our approach lies in the use
of this weighted discrete Hardy inequality and a sufficient condition that allows us to study
the weights of our interest. As a consequence, the assumptions on the weight exponents that
appear in our results are weaker than those in the literature.
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1 Introduction

Let {U;};er be a certain partition of a bounded domain 2 C R”". Given f € L1(Q) with
vanishing mean value, we decompose it into the sum of a collection of functions { f;}/er,
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where each f; is supported on U; and has vanishing mean value. This kind of decomposition
was applied by Bogovskii in [5] using a finite partition to extend the solvability of the
divergence equation from star-shaped domains with respect to a ball to Lipschitz domains.
In the articles [8] and [12], the authors used a similar decomposition where the partition
of the domain is countable. In the case where the partition is not finite, it is required to
have an upper bound of the sum of the norms of { f;},er by the norm of the function f.
In [8], the decomposition is developed for John domains, and the estimation of the norms
is based on the continuity of the Hardy-Littlewood maximal operator. In [12], the authors
considered more general domains and the decomposition is based on the validity of a certain
Poincaré-type inequality. This decomposition can be used for extending to general domains
several results that are known to hold on simpler ones, e.g.: the solvability of the divergence
equation, and the inequalities Poincaré, improved Poincaré, fractional Poincaré and Korn.
The decomposition presented here is based on the one developed in [23] where a continuous
Hardy-type inequality is applied for proving the estimation for the norms. Moreover, in [23]
the partition of the domain is indexed over a set I with tree structure, which is strongly
related to the geometry of the domain. Other references where variations of these techniques
are used are: [9, 13, 19, 24, 25].

Also, a similar decomposition on cuspidal domains is used in [3, 7] for proving weighted
Korn inequalities and the solvability of the divergence equation in weighted Sobolev spaces.
In those papers, thanks to the geometry of the domain, the partition is indexed over N (in
other words, it is formed by a chain of subdomains). The discrete weighted Hardy-type
inequality [22, inequality (1.102), page 56] is used for proving the estimate of the norms.

In this work, we are interested in having a better understanding of the weights that make
these inequalities valid. We apply a discrete approach, similar to the one used in [3, 7], i.e.:
our partition of the domain allows us to regard the weights as essentially constant over each
sub-domain and a discrete Hardy-type inequality is used for estimating a weighted norm of
the sum of { f;} in terms of another weighted norm of f. On the other hand, we recover the
tree structure introduced in [23], which allows the method to be applied to a larger class of
domains. Hence, we need a discrete weighted Hardy-type inequality, similar to [22, inequal-
ity (1.102)], but for sequences indexed over trees. For this inequality to hold, necessary and
sufficient conditions on the weights can be derived from the continuous case treated in [16].
However, as we shall discuss below, these conditions are very hard to check for our exam-
ples. Hence, we prove a sufficient condition which is somehow a natural extension of the
classical condition for sequences and is much easier to verify.

The paper is organized as follows: Section 2 introduces the weighted discrete Hardy-
type inequality that is applied later, and provides two conditions on the weights that imply
its validity. In Section 3, we present our decomposition of functions with vanishing mean
value on arbitrary bounded domains. We also show how the Hardy-type inequality stated in
the previous section can be used to obtain an upper bound of the norms of the functions pro-
posed in the decomposition. In Section 4, we study the decomposition of functions defined
in Section 3 on bounded Holder domains. In Section 5, we prove several interesting results
that are obtained as a consequence of the decomposition. In particular, we prove the solv-
ability of the divergence equation and the improved Poincaré, the fractional Poincaré and
the Korn inequalities. All these results are stated on weighted Sobolev spaces on bounded
Holder domains, where the weights are powers of the distance to the boundary. In all cases,
the conditions imposed on the exponents of the weights are less restrictive than the ones
in the literature. In Appendix A, we derive from [16] a necessary and sufficient condition
for the validity of the weighted discrete Hardy-type inequality treated in this work. This
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condition is included in the manuscript for general knowledge, but it is not used in our
applications.

2 A Weighted Discrete Hardy Inequality on Trees

In this section, we study a certain weighted Hardy-type inequality on trees, and give two
conditions for its validity. The first condition is sufficient and necessary and it follows from
[16] (see Theorem 1). The second condition is sufficient, and it may also be necessary, but
we have not proven it. We are especially interested in this second one because its verification
in our examples is easier than the first one.

Throughout the paper 1 < p, g < oo, with S 1, unless otherwise stated.

A tree is a graph (V, E), where V is the set of vertices and E the set of edges, satisfying
that it is connected and has no cycles. A tree is said to be rooted if one vertex is designed
as root. In a rooted tree (V, E), it is possible to define a partial order “<” in V as follows:
s < tif and only if the unique path connecting # to the root a passes through s. The parent t,
of a vertex ¢ is the vertex connected to ¢ by an edge on the path to the root. It can be seen that
each ¢t € V different from the root has a unique parent, but several elements (children) on
V could have the same parent. We assume that each vertex has a finite number of children.
Note that two vertices are connected by an edge (adjacent vertices) if one is the parent of
the other one. We say that a set of indices I" has a tree structure if there is a set of edges
such that (T", E) is a rooted tree.

Trees can be regarded as continuous or as discrete. In a continuous tree, the edges are
segments on the plane, and one can define functions taking values over them, whereas the
set of vertices has vanishing measure. On the other hand, on discrete trees, the edges are
just links between the vertices that define a partial order. In this case, sequences indexed on
the vertices can be defined. There is a natural one-to-one map between the edges and the
subset of vertices I' \ {a}. It is given by the association of the edge (¢,, ) with the vertex
t. This map implies an association between the continuous and discrete versions of a given
tree. Therefore, we define:

=TI\ {a).

We will work with discrete trees which are derived from a continuous setting, so I'* is the
natural environment for stating our Hardy-type inequality. It is important to notice, however,
that the same results that we present here on I'* can be easily extended to T.

Given a rooted tree I", we consider collections of real values indexed over I'’*, named in
this work as I'*-sequences. We define the space £7(I'*) of collections b = {b;};cr* such
that:

1
P
61, = (Z b[’) < oo,

tel'

We also define the path P; from the root a to ¢:
Pri={s:a=<s <t}

and the shadow S; of t:

Si={sel*: s>t}
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ut_l st

s>t

Given positive I'*-sequences (i.e. weights) u = {u;};er* and v = {v;};cr*, we introduce

the inequality:
N A
sc( X |p'[") @1
tel'* tel'*

for every b = {b;};er such that by~ e ¢£9(I'™).
Notice that the following dual version to (2.1) is equivalent.

Lemma 1 Inequality (2.1) holds if and only if

(Z v Y di P)i =C (Z Idsusl”>é 2.2)

sel'* a<t=s sel'*

is satisfied, for every d = {d;};er such that du € £P(I'*). Moreover, the optimal constants
for both inequalities are equal to each other:

Proof The best constant C for (2.1) can be characterized by duality as:

C = sup sup Zut_l(st)S,

6:”5“]1:1 b:”bU*lHq:l telr* s>t
= sup sup be( Z S,MI_I).
b:”bv*l”q:l a:018llp=1 sel* a<t=<s

Now, taking d = su~! and p = bv~!, we obtain the dual characterization of the optimal

constant in (2.2):
C= sup sup Z vs( Z dt)Bs. -

B:”B”q:l d:HdMszl sel'* a<t=<s

The goal of this section is to establish sufficient conditions for (2.1) that can be tested on
our examples.

It is known (see for example [21, 22, 27]) that the classical necessary and sufficient
condition for the continuous Hardy inequality in an interval translates to the discrete case.
Namely, if I" is a chain (i.e. a tree where each vertex has at most one child), then inequalities
(2.2) and (2.1) hold if and only if

1 1
q P
Achain = Sup ( > us_q) (Z vf) < 0. (2.3)

X
tel™ \g<s=<r s>t

Moreover, the constant C in (2.1) is proportional to Acpgin-

The authors in [16] studied continuous Hardy inequalities on trees. Their main result can
be easily translated to the discrete case as shown in the following theorem. However, they
also showed that, on trees that are not chains, condition (2.3) is necessary for the validity of
(2.1), but not sufficient.

Theorem 1 Let T' be a discrete tree with root a. Given a subtree K of T, we define its
boundary as
0K ={s € K: 3t €'\ K such thatt, = s}.

We also define the following class formed by some subtrees of T':

IC = {K subtree of T : a € K, andifs € 0K, thent ¢ K, Vt > s}.
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For K € K, we define the interior of K, K° = K \ 0K. Then inequality (2.1) holds if and
only if:
B := sup w < 00, 24
Kek aK
where:
ag = inf{||b||,, DY bl =1 Ve e aK}.

a<s=<t

Moreover, the constant C in (2.1) is proportional to B.

Condition (2.4) is rather cumbersome and one can find it very hard to prove in practi-
cal examples. However, valuable information can be derived from it. E.g., fixing a vertex
t € I'*, consider the sub-tree: K = I' \ S;. In this case, [[v[lerara\k) = llVller(s,). On
the other hand, ¢ is the only vertex in K and a,_(l becomes a dual characterization of
=t va(p,)- Hence, the expression inside the supremum of (2.4) becomes the expression
inside the supremum of (2.3), which proves: Acnqsin < B. The converse is not true: in
[16, Section 5] an example is given where B = oo whereas A j4i, remains bounded.

A recursive method for computing o is given in [16], as well as several sufficient and
slightly less complex conditions. But the main difficulty of estimating a supremum over all
subtrees in }C remains. Hence, we prove in the following theorem a sufficient condition that
can be regarded as a generalization of (2.3), and which is almost as easy to check. On the
downside, we do not know if this new sufficient condition is also necessary for the validity
of (2.2).

Theorem 2 Let u = {u;}ier+ and v = {v; }ser+ be two weights that satisfy:

N7 L=\ 7
Atfree = sup < Z Ug q) (Z vf( Z u, q) ) < 00, 2.5)

*
tel’ a<s=<t s>t a<r=Xs

for some 0 > 1. Then inequality (2.2) holds. In addition, the optimal constant in (2.2)
1
satisfies that C < (90%1) " Aree.

Proof We follow an idea used in [26], where a sufficient condition is given for the case
p = g = 2. However, this new variant, with the inclusion of the parameter 9, gives a much

sharper result for our applications to inequalities in weighted Sobolev spaces.

1

We begin observing that the concavity of the function f(x) = x -7 implies, via the

mean value theorem, the following inequality for 0 < x; < x3 :

1

_ 9 _1 _1
270 @ " —x 7). (2.6)

L =g _
x§ 0—1

In order to prove the validity of (2.2) we can assume that d; > 0. Now, let us define N (¢) :=
D a<r<t u, ?. Applying the Holder inequality we obtain:

1= o ( X d) =2 o ( X duN@ i Ny )

sel'* a<t=<s sel'* a<t<s

p i\ 2

P p,p & —q —1\q

< sz( 3 dlul N(t)f'q)( 3w NG e) .
sel'* a<t=<s a<t=<s
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For the last factor, observe that u, Y = N(t) — N (tp) for every ¢t in I'*, where N (a) is
defined as 0. Thus, using this and (2.6) with x; = N(z) and x; = N(¢,) we have:

u;qN(t)_$ = NO = 1\]7’(1‘,,) < 0
N(t)? 0—1

(N8 = N(t,)' 7).

Now, we apply a telescopic argument along the path that goes from a to s, obtaining:

= L) T o) 3 o)’

el* a<t=<s a<t=<s
9 5 )4 p.p A E(lfl)
= (;57)" (T drutnoF)ne b,
o= sel™* a<t=<s

Interchanging the summations and applying condition (2.5) we obtain:

0 \Z2 N b
1= ()" Y dluf[NOB Y ol N
rel* o1
< L gAP Z dp P
—\06—1 tree : Us
tel’*
and the result follows. .

Remark 1 Condition (2.5), with the parameter & > 1, resembles similar sufficient con-
ditions that appear when dealing with weighted inequalities involving two weights. For
example, see [28, Theorem 1].

Remark 2 Observe that condition (2.5) (as well as (2.3)) implies that ) " v’ < co.In
other words, v € £7(T"%).

Remark 3 The proof for Theorem 2 can be copied verbatim replacing I'* by I, both in the
inequality (2.2) and in the condition (2.5).

Observe that as 6 approaches 1, condition (2.5) “tends” to condition (2.3). It seems that

we cannot take 6 — 1, since the factor 90%1 goes to infinity. However, condition (2.5) is

actually equivalent to (2.3) if T" is a chain. Indeed:

Theorem 3 If T is a chain, then conditions (2.3) and (2.5) are equivalent.

Proof Equation (2.5) implies the validity of (2.2), which is equivalent to (2.3) on chains,
proving that (2.5) implies (2.3).
Suppose now that (2.3) holds. Then:

( Z ur_q)ql fAchain(va)_%7

a<r=Xs r>=s

which in turn gives:

St 2w sl St (Tr),

s>t a<r=s s>t r=s
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Now, let us assume the following inequality holds on chains for any 6 > 1 :

1

va(Zv,")é_l ge(zuf)g. 2.7)

s>t r=s s>t

Using this, we obtain:
1

1
b= o (5 ) (D )’

tel'™

a<s=<t s>t a<r=xs
R ei i@ 1
ES —9 —q q PP P
< Qr Achain sup ( E U ) ( E vx) < 07 Achain-
1el™ g 5=t s>t

Hence, it only remains to prove (2.7). Let us first present the main idea of why (2.7) holds
naturally on every chain. Suppose that we are working on a continuous setting. In that case,
the left member of (2.7) would become:

[’ oo 14
1= P Pdx)” ds.
/t v(s) (/3 v(x) x) s

Now, through the substitution § = F(s) = foo v(x)? dx, d&§ = —v(s)Pds, we have:

s

U 1 I e !

I=—[ & lde =067 =0F1)7 = 9(/ v(s)Pds )",
F(1) t

which is the continuous analog to the right hand side of (2.7).

Now, in the discrete case, we cannot change variables as we did with the integral, but an
adapted version of the same idea can be applied. We proceed in a similar way than the proof
of Theorem 2: we define M(s) = >, , vl Recalling Remark 2, we have that M (s) < co
and lim;_, oo M (s) = 0. We denote by_sc the child of s along I', which is unique thanks to

the fact that I is a chain. Applying the convexity of the function f(x) = x7 anda telescopic
argument, we obtain:

va(va’)é_] = MO =M o5 y5)F - Miso)?

1
s>t r>s s>t 1‘4(5‘)17§ s>t
1
— OM(1)? = 9(2 vs")g,
s>t
which completes the proof. O

Observe that the fact that each s has only one child s. is crucial for the telescopic
argument to hold. On general trees, this step cannot be performed, and the proof fails.

The proof of the previous theorem shows that condition (2.5) can be unravel into two:
the classical condition (2.3), and the additional (2.7). We state this as a corollary, although
for the application considered here it is easier to work directly with (2.5).

Corollary 1 Let T be a tree. If u = {us}ier and v = {v;}er verify both (2.3) and (2.7)
(with any constant), then (2.5) holds.
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3 A Decomposition of Functions

Let Q C R” be a bounded domain with n > 2. We refer by a weight n : @ — R toa
Lebesgue-measurable function, which is positive almost everywhere. Then, we define the
weighted spaces L? (€2, n) as the space of Lebesgue-measurable functions f : @ — R with
finite norm

1/p
I fllLea,y = (/Q |f(x)|”n(x)dx) .

Henceforth, d, dy : € — R will denote the distance functions to 92 and A C Q
respectively.

Definition 1 Let C be the space of constant functions from R” to R and {U; };<r a collection
of open subsets of Q2 that covers Q2 except for a set of Lebesgue measure zero; I' is an index
set. It also satisfies the additional requirement that for each ¢ € I' the set U, intersects a
finite number of U; with s € I'. This collection {U;};cr is called an open covering of 2.
Given g € L' () orthogonal to C (i.e., f g ¢ = 0forall ¢ € C), we say that a collection of
functions {g;};er in L'(Q)isa C-orthogonal decomposition of g subordinate to {U;};cr if
the following three properties are satisfied:

. g= Ztel" 8t
2. supp(gr) C U;.
3. fU, g =0,forallt eT.

We also refer to this collection of functions by a C-decomposition. Notice that the third
condition is equivalent to the orthogonality to the space C of constant functions. Indeed, this
condition can be replaced by fU[ g(@)p(x)dx =0,forallp e Candt €T.

In Theorem 4 below, we show the existence of a C-orthogonal decomposition by using a
constructive argument introduced in [23].

Definition 2 Given a countable open covering {U; };cr of €2, we say that a weight : Q@ —
R is admissible if there exists a constant C independent of ¢ such that:

esssupn(x) < Cessli]nfn(x), 3.1
el

xeU; x

for all # € I'. Notice that admissible weights are subordinate to {U, };cr of 2.

Example 1 One classical example is induced by a Whitney decomposition. Given 2 C R”
an open set, it is known (see, for example [29, Section VI]), that there exists a collec-
tion of dyadic closed cubes, {Q ;};en, with edges parallel to the coordinate axis, such that
Q= Uj 0, satisfying the length (£(Q;)) of the edges of the cube (Q ;) is proportional to
d(Q;, 82), where the constant involved does not depend on j. Moreover two neighbouring
cubes are of similar size. These properties are well adapted for working with weights that
depend on the distance to the boundary. Then, every weight n(x) = d(x)?, with 7 in R, is
admissible subordinate to {U;};, where U; = % Q;. A construction similar to a Whitney
decomposition is used in [23], and in Section 4.
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Example 2 Another example is the one studied in the articles [3, 7, 23], where Q2 is a
cuspidal domain with only one singularity (the tip of the cusp) on its boundary. For example,
we can consider

Q:={(x1,x) eR?: 0<x; <land0 < x» <xi’},

where y > 1. In this case, it is of interest to consider weights that depend on the distance to
the cusp instead of the distance to the boundary. For that reason, the partition of the domain
depends on the singularity we have at the origin as it can be seen at the open covering
{Un}n=0:

Up={(x1,x2) € Q: 2702 < x; <27},
For this open covering, any power 1(x) = dp(x)® of the distance to the cusp is admissible.

Definition 3 Let @ C R” be a bounded domain. We say that an open covering {U, };er is a
tree covering of 2 if it also satisfies the properties:

1. xe®) <) cr xu,(x) < N xq(x), for almost every x € 2, where N > 1.

2. The set of subindices I" has the structure of a rooted tree, i.e. it is the set of vertices of
arooted tree (I', E) with a root a.

3. There is a collection { B}, of pairwise disjoint open sets with B, C U; N Us,.

Remark 4 Given an open covering of a domain €2, one can choose an element of the cov-
ering as the root, and there are different ways to define a tree-covering. Notice that two
vertices on the tree are adjacent only if the intersection of their corresponding open sets
is non-empty. Some care should be taken in order to obtain a meaningful tree-covering,
according with the geometry of the domain. For example, it is known that the quasi-
hyperbolic distance between two cubes in a Whitney decomposition is comparable with the
shorter chain of Whitney cubes connecting them (see [18]). Hence, on an open covering
like the one in Example 1 and using an inductive argument, we can define a tree-covering
such that the number of Whitney cubes in each chain to the root (a distinguished cube) is
minimal. This tree structure contains some geometric information in terms of the quasi-
hyperbolic distance. Another possible tree-covering on a Whitney decomposition can be
defined when the domain is a John domain, in which case each chain connecting a Whitney
cube with the root is a Boman chain. This type of tree-covering, which characterizes John
domains, is introduced in [25].

The open covering for external cusps in Example 2 can be seen as a tree-covering that is
actually a chain, with the root defined as the open set furthest from the tip of the cusp.

Given a tree covering {U;};er of Q and v, w : 2 — R admissible weights subordinate
to {U;}ier, we define the following discrete Hardy-type inequality on trees for positive
sequences {b;}ser

N i
(Z|Bz|"“’vt“f (st>> fc(Zw,M/pw,‘qb?) : (3.2)

tel'* szt tel'*

where the sequence weights {w; };er+ and {v;};er+ are defined as

wy =essinfw(x) and v, =essinfv(x).
X€EB; X€B;

Observe that here is where the necessity of working on I'* becomes apparent, since the
weights depend on By, which plays the role of the edge between ¢, and 7, and is not defined
for the root of the tree.
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1 1
Remark 5 Observe that (3.2) is exactly (2.1), taking u; = |B;|? vy and v, = | B;|? wy;.
Theorem 4 Let Q C R" be a bounded domain with a tree covering {U;};er such that % <
C foreveryt € T* and let v, w : Q@ — R be admissible weights, with oP € LY(2), such
that L1(Q2, w™9) — L9(2, v~ ?) and the weighted discrete Hardy inequality on trees (3.2)
holds. Then, given g in L1(2, w™1), with fQ g = 0, there exists {g: }er, a C-decomposition
of g, such that

Z/ g ()77 (x)dx < Cf lg()|Tw™ (x)dx. (3.3)
U; Q

tel

Proof Observe that since g € LI(Q2, w™9), then g € L'(). Indeed, using the Holder
inequality and the integrability of w? we obtain:

/ﬁgunm:=/ﬁgumumw*@om
Q Q

< ([ tsrrems@) ([ o) = Clellisgoo,

Now, let {¢;};er be a partition of the unity subordinate to {U;};cr. In other words, we
have that supp(¢;) C U;, 0 < ¢¢(x) < land ), ¢;(x) =1, Vx € Q. Now, we can define
an initial decomposition for g given by f; = g¢,. The collection { f;};cr satisfies the first
two properties in Definition 1, but not necessarily the third one. Hence, we modify these
functions in order to obtain the C-orthogonality.

For s € I', we define the shadow W; of Uy, as:

ws = Ur.,

k>s

and fors € I'*

_ Xxs()
mm‘wmﬁzh

S k>=s

where x;(x) is the characteristic function of B. Note that supp(hs) C B and f hs(x)dx =
fw.Y > kss Ji- Now, we take:

g =L@+ (Y @) -hw vi£a,

SZSp=l
800 = o0+ (3 h).

Note that the summations above are finite since they are indexed over the children of ¢ (or
a). With this definitions, we have for ¢t # a:

foeo= e 2 e
- [ s

YRR ol

sisp=t VWS k=g k>t
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Z/Utfz-F Z Z/kak_Z/kak

S:Sp=t k>s k>t
=Y | ii->_ | f=o0
k>t Uk k>t Uk
Whereas for t = a:
8a = / Ja+ Z / hy
‘/;2 Ua sisp=a By
= / fa + Z / Z fk
Ua sisp=a Ws k>s
= [ Y= s=0
& k>a &

Hence, {g; };cr is a C-orthogonal decomposition of g. It remains to prove estimate (3.3),
which is a consequence of inequality (3.2). Recall that the support of each &g, with s € T'*,
is included in By, and the collection of open sets {B;};-, is pairwise disjoint. Moreover, A,
appears in the definition of g, if and only if # = s or t = 5,,. Now using the basic inequality
(a+b)? <2971 (a7 + p7) repeatedly we can prove the estimate:

> / |81 (0)|7v(x) ™7 dx
U

tel

q
< qu‘I/U @I+ D h@) —m| v
tel* t sisp=t
q
w2 [ e+ | 3 e | v as
Ua s:sp:a
=207 {Z/ | £ G190 (x) dx
tell Ut
+y / (11O + D7 g0l )y~ () de
tel* U sisp=t
+/ D lhe ()70 (x) dx
Ua S:Sp=a
52‘?*‘2/ |f,(x>|‘fv*q(x>dx+2"2/ |y (¥)]9v77 (x) dx
tel Ui tel™* 2
<27 [ @it 20 Y [ it dr
§ rerx Y€
=)+ {UI).

The term (I) gives the desired estimate thanks to the embedding L7(Q2, w™9) —
L1(2,v™7).
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Now, observe that

1 1
= e [ 3= g [

S k>s

Thus,

(n

IA

gl dx)”

ey vl f

tel'* Wi

¢S v E (X [ reconar)”

tel'* s>t

IA

Now, we apply (3.2) with by = f U, |g|, obtaining:

cy w,‘"|B,|‘*q(/U gl dx)”

tel'*

n

IA

q
< Ctg;wtqlB,|]_q(/Ura)(x)de)p</(‘jt |g(x)|qa)_q(x)dx)
< © 3 0B o 10 ([ letolo o ax)
tel’* U;
<cC Z/ lg)?w™ (x) dx,
tel'* Ui

which completes the proof. The constant C depends on the constants in (3.1) for w and v,

on the constant N that appears on Definition 3, on sup, 'féj and linearly on the constant on

(3.2). O

Remark 6 Observe that, combining Remark 5 with Remark 2, it is easy to check that the
requirement w” € L'(R) is implied by the validity of the Hardy-type inequality (3.2).

4 Decomposition on Holder Domains

In this section, we prove that a C-orthogonal decomposition of a function g as the one given
in Theorem 4 can be obtained when €2 is a Holder-o domain, and the weights are powers of
the distance to 9€2.

Let 2 be a bounded domain whose boundary is locally the graph of a function ¢ that
verifies: |@(x) — ¢(y)| < Kylx — y|* for all x, y. Our approach follows the construction
given in [23, Section 6].

Letop: (—%, %)”*1 — R be a Holder-« function with 0 < ¢ < 1 and £ > 0. We also
assume that 2¢ < ¢ < 3£. Consider:

Q= {0 x e (=55 xR 0<x < 0()]. (4.1)

We could assume €2 is locally €2, but in that case, the distance to €2 is not necessarily

equivalent to the distance to the portion of the graph of ¢ above (—%, %)"‘1 . Thus, in order

to solve this problem, we assume €2 is locally an expanded version of €,:

Qr = [(x’,x,,) e(—% 33" " xR 0<x, < q;(x’)}. 42)
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Now, for x € €2, the distance to 9§2 is equivalent to the distance to:
n—1
= [(X’,xn) e(-3£3)" xR x, = w(X’)]-

We denote dg the distance to G. Now, we can prove our first result regarding Holder-o«
domains, namely:

Lemma 2 Let Q, be the domain defined in (4.1) for some 0 < o < 1, and B satisfying:
Bp > —a. 4.3)

Then, given f in LY(2y,, d Bq) with vanishing mean value, there exists a C—decomposition
of f that satisfies estimate (3.3) with w = dg andv = ngrDHI.

Proof We build a tree covering of 2, and prove that the hypotheses of Theorem 4 hold on
it. The main idea is to give a Whitney-type decomposition of 2, into cubes that satisfies:

— The edge ¢, of a cube Q; is proportional to dg(Q;).
— Two adjacent cubes have comparable sizes.

The cubes are constructed level by level, moving upward towards the graph of ¢. The level
0 is given by the root cube Q, = (—— —)" 1'% (0, ). The other cubes are built recursively.
Suppose that Q; = Q) x (xn_t, n,t) is a cube of level m. Then, cubes Qj in level m+ 1, with
sp = t, are defined in the ft)llowing way: consider the cube Q = 3(Q; + (0, ...,0, ¢)),
which denotes an expansion of a translated copy of Q,. Then:

- IfQ C Qq,,E, then we define only one cube Qy at level m + 1 with s, = ¢, Oy =
0:+(,...,0,¢).
- IfQ¢ Qw £, we define 2"~ cubes Q; at level m + 1 with sp = t, written as Q5 =

Q, X (xn o x,% .+ er) where Q, is one of the (n — 1)-dimensional cubes given by the

partition of Q/ into 2"~! cubes with edges of length Kz’ .

See Fig. 1 for an example of this construction.

It is easy to check that this partition satisfies the two main properties of a Whitney
decomposition mentioned above. Recall that in a tree covering a certain overlapping of
the elements is needed, but our cubes are pairwise disjoint, so we need to enlarge them.
If Q, 0 x (x,ll 0 ,% .)» we can expand it downward with a half of itself, defining

= Q) x (xy, — %, x2,). Now {U,}, is a tree covering, with B; = Q] x (x} , — %’ Xt ).
We denote I" the underlylng set of indices with tree structure.
Now, we need to prove that the hypotheses of Theorem 4 hold for the weights w = d; p

B+a—1 Wl
dg t 1=

andv = . Notice that the tree covering defined above satisfies tha B = 3 5 for every

t € I'*. Moreover, observe that L7 (R, dc_;(ﬁ-m_l)) — L1(Sy, d(_;ﬁq) since 3 > B—i—a —1.
Notice that, by construction:
maxdg(z) < Cmindg(z) ~ ¢, Vz € Oy,
which implies that the weights » and v are admissible. As we mentioned in Remark 5, (3.2)
1 _ 1

is equivalent to (2.1) and (2.2) with u, = |B,|7 €#*"" and v, = |B,|7 ¢". Thus, the rest of
the proof is devoted to verifying the sufficient condition (2.5) for these weights and finally
the integrability of w?. '

Without loss of generality, we assume that £ = 1, and thus the edge of every cube is 27/
for some j € N. Since (2.5) involves summations over the shadow S; of a node, and over
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_3¢ _t
2

2

Nl

Fig. 1 Partial representation of a partition of €, into cubes

the path P, that goes from a to 7, we begin by estimating the number of cubes of a given
size both in &; and P;. Definitions of the shadow and path appear in page 4.

Consider a cube Q; = Q; x (x,L /- x,%. ;) and take Qj the first cube going downward from
Q;, such that s < 7 and £, = 2¢,. We have that 3(Q, + (0, ..., 0, £,)) & Q4. Hence, there
is some x| € 3Q) such that p(x}) < x7 (+20; < x} ,+20; = x, , +4¢, (see Fig. 2 (left)).
Now, for every x; € Q}:

lo(epl < 1) — (el + o] < Kylx) — 1% + x, , + 44
< CaKyld +x, , + 4.
Now, let us consider the shadow W, = Ur:t Q,, the union of all the cubes Q, with r in S;.
Then, the above estimate and the fact that ¢, < ¢ gives:
(Wil < 6"V (CoKpt? +46,) < COITIT
where C is independent of ¢. Finally, for i € N, let us denote P; (#) and W; (¢) the number
of cubes Q, of side length 27 with r in P; and S; respectively. Namely:
Pi(t) = #{rel: r<t, £, =271},

Wi(t) = #{rel:r>t £ =27

We want to estimate both of these quantities. For P; (¢), let us take r € I" the lowest index

in P; such that £, = 277, Now, [P; (¢) is at most the number of cubes with edges £, in W,.
Hence:

Pi(t) < :VQVr: < CE:l—l-err—n < CZr_H_a — ¢pill—a)
r
Observe that, in particular, this is an estimate for the number of cubes of the same size in a
chain of cubes.
On the other hand, for W; (¢), we assume 2, = 27% and consider the set of the first
cubes Q, such that r > ¢ and £, = 27'. In Fig. 2 (right) a cube Q; is shown, along with
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-
1T
e hiidass
90 Q3|Q4 I —i—
Qr i@
()
3(Qs + (0,0, 4) Q:
x’?ls
Qs
1‘1
n,s BQL 1’,’3

Fig.2 Left: given Q,, we can estimate ¢(x;) in terms of ¢;. Right: a cube Q; and the first cubes with edges

of length 27 in its shadow

n—1
t

. . . . Y4
the four first cubes of a certain size in W;. There are T of such cubes. Moreover each of

these cubes Q, is followed by a chain of cubes with side length 2~ which is bounded by

P;(r) < C2/0=®) Therefore:
Wi@) < Cz?_lﬁr_(”_l)zi(l—“) — o kn=D—i(a—n)

Finally, we can prove sufficient condition (2.5). We have three indices in I':

for which we have: ¢, = 271, ¢, =27/ ¢, = 27 Hence:

r,s and ¢,

k
Z ur_q — Z |Br|—%d8’4(ﬁ+a*1) < CZ]P)i(t)(zfin)—%ziq(ﬁ+a71)

a<r=t a<r=t i=0
k q B k 1+ B
i(1—a+nL+q(B+a—1)) iq("=*+p)
< CZZl( P < CZZ P
i=0 i=0

n—l+a
Cqu(TJr +B) )

IA

In the last step we used that the exponent is positive. Indeed:
n—1l+a«a +a n-1
nolte g brte,

p p

since Bp > —a. In the same way, we obtain that:

Z u;q < Czj‘](%‘f‘ﬁ).

a<r=s

> 0,

Let us denote:

S
S
<
“s
S
<
O
=<
N—"
S
=
|
Dl—=
N—"
==

I,=< Z u;q)e

a<s=<t s>t a<r=s
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Recall that we want to prove that As.e. = sup,cr+ I; < 00. Then:

k(r=lte i) L B g\ FU=N T
Io= (N g (3 w) T
s>t a<r=s
0 1
< CHACTE (S W yaminyBeg O B0 )2
j=k
oo 1
- Czk(%w)é(Zsz(nfl)fj(a—n)z—j(n+Bp—(%+B)p(l—é)))F
Jj=k
o] 1
< ok +B>52—k<n—1>$(Z2—j(a+Bp—<%+B)p<1—é>>)5_

j=k

For the summation to be finite, we need the exponent of 2 to be negative or equivalently:
n—1l+a 1
(x+[3p—(7+[3)p(1 —f) > 0.
)4 0

But (4.3) implies o« + Bp > 0, so we can choose & > 1 but close to 17 such that the
inequality above remains valid. Now, we can continue the estimate:

I, < CHUTF B k=)o k(@ Pp— (AP p(1=5))

IA

=

Since Ayyee 18 the supremum of I; over ¢, we need I; to be bounded uniformly on ¢, which
is to say on k, hence we need:

n—1+4+a«a Il n—-1+a«a n—1+4+a«a 1
R e O L e B . Y
P 0 P P
But it is easy to check that, in fact, E = 0. Hence, (2.5) is fulfilled.
Finally, as we mentioned in Remark 6 the integrability of the weight w” is implied by
the sufficient condition for the Hardy-type inequality (3.2). Indeed:

o
/ P (x)dx < Z/ oP (x)dx < C Y U ) < CZWk(a)Z_k”Z_kB”
2y rer YU rel k=0
o0 o
< C Zz—k(a—n)z—knz—kﬁp =C Zz—k(l)ﬁi—ﬁ[))’
k=0 k=0
which is finite since Bp > —a. O

Remark 7 The previous lemma was stated assuming a certain fixed shift in the exponents of
the weights. However, one can prefer to consider the general case, with two different weights

v = dé and w = dg. In that case, the proof of Lemma 2 can be reproduced verbatim until
the last step, where the exponent E in the estimate of I, should be studied. The requirement
E < 0 is not automatically fulfilled, but implies the restriction y < B + « — 1, where
the natural shift between the weights becomes apparent. In order to simplify the proof, we
stated the lemma in the critical case y = B + o — 1, which is the most useful.
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Lemma 2 constitutes the core of the decomposition on Holder-o domains. In order to
extend this result to a complete Holder domain, we just need to cover it with patches given
by rectangles of the form of £2,:

Theorem 5 Let Q2 be a Holder-a bounded domain, with 0 < a < 1, and B satisfying
that Bp > —a. Then, given g € L9(2, d=P9), with vanishing mean value, there exists a
C—decomposition of g subordinate to a partition {U;};cr of Q2 that satisfies:

> / |g:(x)|7d PtV (xrydx < € / |g(x)9d P4 (x)dx. (4.4)
U, Q

tel

In addition, the partition is formed by one smooth domain Qq, with positive distance to 9%,
and denumerable cubes or cubes extended by a factor 3/2 in one direction.

Proof Let us begin by covering d<2 with a finite number of open sets {{/;}; fori =1, ..., m,
such that ; = U; N Q are of the form of Q, defined in (4.1). We may assume also that
there are open sets V; such that V; N Q are of the form of Q r, defined in (4.2). Then,
we take a smooth domain ¢ that intersects each 2;, with 1 < i < m, and such that
d(Q0,99) =48 > 0,and | J/~, Q2 = Q.

We continue by using the idea by Bogovskii in [5] for a finite partition and Lemma 2 in
each Q;, with 1 <i < m. Indeed, let us apply an inductive argument. Let A, B C Q2 be two
sets such that |[A N B| > 0 and a function f € L9(2, d_B‘I) such that fAUB f = 0. Then,
we can decompose f in A U B in the following way:

B xang (X)dPP (x)
JO) = xa@) f(x) - PP (ANB) Ja
fax)
xans (x)dPP (x)
+xp\a(x) f(x) + TP (ANB) ’
fB(x)

where dPP (AN B) = Jangd Br 1t follows from the integrability of dP? that f is integrable
and the functions f4 and fp are well-defined. In order to show the weighted integrability
of f4 and fp, it is sufficient to estimate the second term of f4. By the Holder inequality,
we obtain:

/A (ol dx = fA F )P )d P ) d

1
< ( / |f(x>|qd—ﬁq<x))quP(A>75.
A

Hence the weighted integral of the second term of f4 is:

Xang (0)7dPPe (x) ( / )‘f "
S T a——— d™P(x)dx
R e [171) a P
dﬁp(A)%
q B(p—Dq
< U W0 g [ 0
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Now, we use that (p — 1)g = p and the integrability of d Br_ which gives:

Xang (x)4dPP (x) T p
f PP (AN By </A|f|) T

dBP(A)%

q Bp

< W r 30 oo B [A P wa
dBr(A)”

s (A brcan By

L9(2.d7P) 4Bp(A N B4
daPray 9! g .
= (m) ||f||Lq(Q’d,gq) = C||f||Lq(Q,d7;3q)-

Since d(x) > 0 on A N B, which has positive measure, we can conclude that abr (AN
B) > 0. Thus, there is a constant C such that:

”fA”LfI(Q,d*ﬁC/) + I fB ”LCI(Q,d*ﬁQ) =< C||f||Lq(dequ)~

Furthermore, it is easy to check that f4 and fp are supported in A and B respectively and
that both has vanishing mean value.

Next, we can apply this argument with A = ,, and B = U;":_Ul 2;, and then again with
A=Q,,—1and B = U?’;OZ Q;, etc. Therefore, we obtain for every g € L9(2, d‘Bq), with
vanishing mean value on €2, a finite decomposition g = sz=0 gi, such that g; is supported
on €2; and has vanishing mean value, with the estimate

m

14 q
D184 gty < ClENT o gmay:
i=0

Now, each g; fori = 1,...,m can be decomposed applying Lemma 2 with estimate
(3.3). And, using that d(x) is bounded and 1 — o > 0, we have:

||gO||Lq(Q,d(foa+l)q) =< C”gO”Lq(Q,d*Bq)a

which completes the proof. O

5 Applications to Inequalities on Holder Domains

In this section we present several results regarding different inequalities on Holder-o
domains. In all the cases the proof follows a similar model: given a function f with vanish-
ing mean value on €2, we consider a partition {U, };cr, as the one provided by Theorem 5 and
apply the decomposition to f. Then, we apply an unweighted version of the inequality on
each U;, fort € I, and take advantage of the estimate (4.4) for recovering a global norm. For
doing this we rely heavily on the fact that the distance to <2, d(x), can be regarded as con-
stant over each U,. In other words, we can define values d; such that d; ~ d(x), Vx € Uy,
where the constants involved in the proportionality are independent of . Moreover, we have
that each U; is either a smooth domain (€2¢ in the proof of Theorem 5), or a cube or a cube
expanded along one direction by a factor % For this simple domains, we can control the
constant involved in the unweighted inequality.
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The divergence problem is solved directly: we apply the decomposition to the data f.
For the other results a duality characterization of the norm on the left hand side is used,
and the decomposition is applied to the function in the dual space of the one where the
function involved in the inequality belongs. For applying this argument we need the lemma
below.

Recall that the weight dP? is integrable over Q. Thus, let us define the following subspace
of L4(2,d 1)

Vo= {g(x)—l—l//dﬁp(x):

g(x) € LY(,d P9y and y € R, with supp(g) C Q/ g=0, }
Q

Lemma 3 V is dense in LY(Q2, dP%), and any g + ydPP € V verifies that

I8l paq,a-Bay <2l + WdBp”Lq(Q,deq)-

Proof First, let us prove the estimation in the lemma. Notice that

=

Thus, by using the Holder inequality we obtain

g+vd| s,
1™ Lo gy = W”dﬁ] lLo@.a-p0)
Q

1/p+1/q—1
< (/;2 dﬁ”) g+ lﬂdﬁp”Lq(Q,d—M)’

which implies the estimate.
Now, given F € L9(%2, d’Bq) and ¢ > 0, let us show that there exists gr + 1//de” inV
sufficiently close to F. Using again that d Br s integrable, we define ¥'r by

_JoF
Jo dbr’
Then, the function Ap(x) = F(x) — Wpdﬁp has a vanishing mean value, but it does not

necessarily have a compact support. Thus, let B be an open ball, independent of ¢, such that
B C . And, let 2, be an open set that contains B such that Q. C 2 and

YF

”(1 — XQS(X))hF(x)||Lq(Q,d—B‘4) <8

where x denotes a characteristic function. Finally, let us show that the following function
fulfils the requirements

x5 ()PP (x)

hp.
JpdP  Jae, "

gr(x) = x,(X)hp(x) +
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Following some straightforward calculations, it can be seen that g (x) + ¥ rd Br(x) belongs
to V. And, by using the Holder inequality multiple times we conclude the proof of the
lemma with the following estimation

IF(x) = g7 (x) = YrdPP ()l g (.a-00)
lhr(x)— gF(x)”Lq(Q,d*ﬁfl)

4Bp
< 0= xa, hr(o - KEDZEE [y
fB Q\QS Lq(Q,d—ﬁq)

Jod®\""

=< 1+ fB dBP ”(1 — X ()C))hF()C)| L‘I(Q,d_Bq)
Bp\ /P

14 ({2?

fB dabr

O

The importance of this lemma will become evident later, in the proof of the improved
Poincaré inequality, which is the first result that is obtained via a duality argument.

5.1 The Divergence Equation

In this subsection, we study the problem divu = f in 2 with boundary condition u = 0
on 02, for certain f such that fQ f = 0. In addition we want to obtain an estimate for the
norm of the solution u in terms of the datum f. The unweighted estimate ||Dul|rq(Q) <
Cl fllLa(e), that is valid on regular domains, cannot hold on Holder-o domains due to
the singularities on the boundary of 2. Weighted norms can be used to compensate those
singularities, as shown in the following inequality:

||Du||Lq(Q,d(lfa>q) < Clfllras-

Such a result was extended in [14], under certain additional hypotheses. Indeed, in that
paper only the planar case is considered, and €2 is assumed to be included in a 1—Ahlfors
regular set. In this context the following estimate is proven:

||Du||Lq(Q,d(1—B—Dt>q) =< C”f”Lq(Q,d—qB)a (5.1

where the restrictions 0 < <1 —a and B < % are imposed on B. It is important to notice
that we have stated (5.1) in the same terms of our results to simplify the comparison. We
follow the same principle when citing previous results in the next subsections.

Observe that the restrictions on 3 allows the weight to be transferred partially (or totally)
to the right hand side. The case B = 1 — « is used to prove well-posedness of the Stokes
equations. The estimation (5.1) was generalized in [23] where the restrictions on the dimen-
sion on €2, on the parameter 3, and on the Ahlfors regularity on 92 were lifted, with the
exception of the requirement B > 0. Our result shows that this restriction can be relaxed,
and that it is enough to ask B > —a/p.

Theorem 6 Let @ C R" be a bounded Holder-o domain, and Bp > —a. Given f €
Lg (2, d‘qﬁ) such that fQ f = 0, there exists a vector field u € Wol’q(Q, dq(l_“_ﬁ))”,
solution of divu = f, that verifies the estimate (5.1).
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Proof 1t is known (see, for example, [17]), that given a John domain U and f € L9(U),
with vanishing mean value, there exists u € WOI’q(U )" such that divu = f and:

lallwie@wy < Cllfllzew)-

Moreover, a simple scaling argument shows that the result holds with the same constant C
for every cube (or, more generally, for every rectangle with a fixed aspect ratio). Indeed,
consider a reference cube Q = (0, 1)". For simplicity, we take Q C R” some other cube,
with edges parallels to the coordinate axis and of side-length £y. We can consider the affine
map F : 00— 0, F&) = LoX + b, being b a fixed vertex of Q. Then, given f € L”(Q)
such that fQ = 0, we define f(x) = f(F(X)), and u the solution of div ;0 = f on Q
Now we define u(x) = £ou(F~ L(x)), which satisfies that div yu = Lodiv G(F~ lx)) =
Lo idiv LU(x) = f (¥) = f(x). The estimate follows in a similar way, where the constant

C is the same for Q and for the fixed cube Q If the edges of Q are not parallel to the axis,
a rotation needs to be included in F, but the same idea follows.

Now, given 2 a Holder-o domain, and f € L9(S2, d"/B) such that fQ f =0, we con-
sider { f;};er the decomposition of f given by Theorem 5. For each f;, we have a solution
u, of divu; = f;, supported on U,, with the unweighted estimate:

1D llLaw,y < Cll fillLrw,)-

In addition, we can choose a uniform constant C for every ¢t € I". Now we define u =
Zter u;, which satisfies that diva = f in Q and u = 0 on d2. Moreover, we can take a
constant d; ~ d(U,, 02) for each ¢, and:

q
DUl o qa-apay < C D IDWIT, 0 i
tel
17 —_
< CZd,( “ B)q”Dut”%q(U,)
tel’
1-
=< Czd( T B)q”ft”m((/,)
tel
= CZf | £ (0)19d ()=~
tell
< / @I de = CIAIL, g 4 s,
where in the last step we used (4.4). O

5.2 Improved Poincaré inequality
Improved Poincaré inequalities have been largely studied in several contexts. For a Holder-o
domain €2, it is proven in [4] (and later in [12]) that:

I fllLr@) < CIV fllLe(@.der)

for every f with vanishing mean value on 2.
A weighted extension of this result was given in [1], where the authors proved:

||f||LP(Q,dBp) = C”Vf”Lp(Q,d(BJra)p),

for B satisfying 0 < B < 1 — «. We show that this restrictions on 3 can be reduced to the
requirement B > —a/p.
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Theorem 7 Let Q2 be a Holder-a domain for some 0 < a < 1, and Bp > —a. Then, there
exists a constant C such that for all f € LP(S2, dPP), with Jo fdPP =0, it follows that

||f||Lp(Q,dﬁp) =< C||Vf||Lp(gz,d(ﬁ+a)p)~

Proof We study the norm of f using a duality characterization. Thanks to Lemma 3, it is
enough to consider 1 = g + dﬁpw eV:

||f||L11(Q,d[511) = / fh
h:thqu(Qd By =
- [ rerdir
h:thqu(Qd —Bay=
= /fg
h!HhIILq(Qd pg,=17%

In the last step, we used that fQ fdPP = 0 and v is a constant. Now, since g has vanishing
mean value, we can apply the decomposition of Theorem 4:

11 Lo (g abey = / > far.

|h”Lq(Qd Bgy= tel’

Here the necessity of Lemma 3 becomes clear: since the support of g is compact in €2, it
intersects only a finite number of sets U;, so the summation is finite and it can be pulled out
of the integral. We denote fy, = ﬁ /; v, /- Hence, using the C—orthogonality of g; and the
fact that d(x) ~ d; for x € U, we have:

/fg—Z/ fa = Zf(f g

tel tel’

< Y U = full o, arevm gl Lo, et o)
tel
1
1 1
P = q q
< (205 = 10 e (N80 s ety
tel tel

1

(D aP0Pr — ful )" N8l Loaatoy

tel
In the last step we used (4.4).

In order to complete the proof, we recall that, thanks to the estimate in Lemma 3,
lgllLaq.a-Bsy < 2, and that the Poincaré inequality holds on the unweighted case for
smooth domains. Moreover, for convex domains the constant is proportional to the diam-
eter of the domain. In our case, the diameter of each cube U, is proportional to d;,
hence:

IA

IA

1
B—-1+a) r
(X dP AN 1 g)”

tel’

1
p P
C( Z ”Vf”Lp(U,,d(BJra)p))

tel

C”Vf”Lp(Q,d(BJra)p)- O

||f||Lv(Q,dBp)

IA
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5.3 Fractional Poincaré Inequality

Recently, different versions of the classical fractional Poincaré inequality have been studied.
For example,

1
_ p 7
inf lu — cllrwy < C (/ / M@m) " (5.2)
ceR U JUNBG,td(x)) X — yI"TEP

for t € (0, 1). Let us recall that the classical fractional Poincaré inequality is obtained by
replacing the right hand side in (5.2) by the seminorm of W*7?, for 0 < s < 1, where
the double integral is taken over U x U. Both expressions (seminorms) are equivalent for
Lipschitz domains ([15, equation (13)]), but this equivalence fails on irregular domains such
as Holder-o domains. The classical inequality holds for every bounded domain (see, for
example [10, Section 2], [19, Proposition 4.1]). In addition, it is shown in [19, Proposition
4.1] that the constant involved in the inequality is proportional to diam (U )%HIU |7%. On
the other hand, the stronger version (5.2) fails on irregular domains. Here we prove a weaker
version of this inequality in weighted spaces for Holder-o domains.

Theorem 8 Let Q be a Holder-a domain, with 0 < o < 1, u € Ws’p(Q,dﬁp), with
s €(0,1)and Bp > —a, and t € (0, 1). Then:

nf Il — <

CIER [|ue C||Lp(9,dﬁp) =

1

(/ f |u()’) u(x)|P 8(x, y)(s+[370t+l)1]dydx) r , (53)
QNB(x,7d(x)) 1Y — Ty — x|t

where §(x, y) = min{d(x), d(y)}.

Proof For simplicity, we may assume that fQ udP? = 0. As in Theorem 7, we write the
norm on the left hand side by duality and apply Lemma 3. Taking h = g 4 d Bry

||”||Lp(gz,dﬁp)= 4 sup /uh: . sup /ug,
Bl g 4—Bgy =192 Bl g 4—Bay=1 Y2

Now, we apply the decomposition for the function g and the estimate (4.4). Thus, for any
set of constants {c;};cr, we have:

[o=3 [ wman

tell

IA

Z N = cill Lo, ar®+a-1) 181l La v, gat-B-a+1)y
tel
1

P
-1
C(Z||u—c,||mu,)d,‘"ﬁ+“ >> :

tel’

IA

For completing the proof we invoke [19, Proposition 4.2], that states that for a cube Q
with edges of length £(Q):

1
—_ P -
influ = cllrig) < Ca,p7" " U(Q)’ (f / %)” ’
ONB(x,ze(Q))  1X — y["TP
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for any T € (0, 1). This result also holds for the elements U; that are cubes expanded in
one direction by a factor % For the central subdomain €29, we apply inequality (5.2) (which
holds, since €2 is a Lipschtiz domain). Hence, we obtain:

Il u ||Lp(9,d[3p)
1

)4 P
< Cp ot [u(x) —u(y)| Z(Ut)spdp(BJrotfl)
P | _ |n+vp t
teI‘ U JUINB(x,ze(Uy))  1X =Y

Since £(U;) ~ d; ~ d(x) ~ d(y) for every x € U; and y € U;, we continue:

l
u(x) —u 4
< Cp lu(x) 62] dp(v+[3+a 1)
Y n+sp 1
teF UiNB(x,d(x)) X = I

1

< lux) —u)? 5r. )P B v
B ter‘ Uy JBred())  1X — y|”l+Sp Y
1
= <[ / ) = u(y)|P S(x y)P(S-HS-Hx—l)) P
B B(r,td(x)) X — Cx =yt T ’
which completes the proof. .

This result provides a partial generalization of the one obtained in [10]. In that paper,
a more general form of the inequality is considered, with different exponents p and g on
the left and right hand sides, as well as a larger class of domains. However, for technical
reasons, when dealing with Holder-o domains, only the case 3 = 0 is considered. Our result
is equivalent to [10, Theorem 5.1] with p = ¢, but the restriction on [ is weaker.

Moreover, [10, Theorem 5.2] shows that the shift in the exponent between the left and
right hand sides of (5.3) is optimal.

5.4 Korn's Inequality

Given a vector fieldu € W7 (U)", Korn’s inequality states that,

I DullLrw) < CllelLrw), 5.4

where e(v) = DV%DV’ is the symmetric gradient. This result fails when e(u) vanishes but

Du does not. Thus, some additional condition on u is needed. The so-called first case states
the inequality when u vanishes on the boundary of U, and it can be proven using simple
arguments, for every bounded domain. We are interested in the second case that establishes
that (5.4) holds when |, U D“%D“t = 0. This case requires deeper considerations on the
domain and it actually fails for irregular domains.

A general case is also considered in the literature:

I1Dullrwy < Cllle@)lLrw) + llallLew)}, (3.5)

which does not need any further assumption on u. Inequality (5.5) can be easily derived
from the second case of (5.4) (see, for example [6]). The converse can be proved, for regular
domains, using a compactness argument (see [20]).

We prove the following weighted version of (5.4).
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Theorem 9 Let 2 be a Holder-a domain for some 0 < o < 1, and u € whr(Q, dBP)”
with Bp > —a, such that [, D"%D"tdﬁp = 0 then,

| Du”Lp(Q_dBﬁ) < Clle(u) ||L11(Q,d([5+w71>1')~

Proof Observe that if we denote n(u) = D“%D“t then Du = e(u) + n(u). Thus, it is
enough to prove the estimate for the coordinates »; j(u) of the matrix 5 (u), that have van-
ishing weighted mean value. The estimate is obtained by following step by step the proof of
Theorem 7 so we only give references for the needed unweighted inequalities. The norm of
n;, j (w) is characterized by duality via Lemma 3. The unweighted estimate (5.4) is known to
hold for convex domains with a constant C proportional to the ratio between the diameter of
U and the diameter of a maximal ball contained in U (see [13]). Hence, a universal constant
can be taken for every U; that is a cube or a cube expanded in one direction by a fixed factor.
On the other hand, for the central subdomain €29, we can apply [11, Corollary 2.2] where it
is shown that (5.4) holds on domains of Jones, which include Lipschitz domains. O

This generalizes [1, Theorem 3.1] and [14, Theorem 2.1], where a similar result is
proven, but only for 0 < B < 1 — «. In both cases the result is stated in the form of (5.5) but
it is derived from the second case. In [2] a counterexample is given that shows that the shift
o — 1 between the exponents on the left and right hand sides is optimal.
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Appendix A: Proof of Theorem 1

We derive the discrete result from a continuous analogous proven in [16]. We begin by
obtaining another equivalent form for the Hardy-type inequality:

Lemma 4 Inequalities (2.1) and (2.2) are equivalent (with the same constant C) to:
P\ 7 5
> (vs > F,u,—‘) <C| YR . (A1)
sel™* a<t=s sel'*
forevery F = {Fi}ier € £,(I).
Proof Equation (A.1) is obtained from (2.2) by changing variables Fs = d,us. O

We deduce inequality (A.1) from the continuous case. Let G, = (I, E.) be a continuous
tree with root a. By continuous, we mean that the edges in E. are segments in the plane, with
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a certain length. In [16], the authors consider  and p two weights and study the operator
T : LP'(G) — LP2(G) given by:

T(f) = nix) / FOIRG)y.

Where the integral is taken along the path that connects the root a with the point x, that
could lie anywhere in G.. Here we are only interested in the case p; = p» = p, so we
consider u € L;Io (G¢) and n € LP(G,), but the same ideas could be applied to the general
case. T is continuous in L?(G,) if and only if:

<=

(Jo. COL FGI()dy)” dx)
Cc = sup : < o0.
feLr

(o, forax)”

Given a sub-tree K, we denote 0K the boundary of K. We say that x € dK is maximal
if every point y > x does not belong to K. We define /C, the set of all sub-trees of T’
containing a and such that every boundary point is maximal. We also define:

1

(fr\l( n(x)de) '
B = sup —F——"—,
Kek. Q¢ K

where
t
ek =inf {If1], /If(x)lu(x)dx, vi € 9k |,

Now, we can state the main result of [16], namely:

Theorem 10 T is continuous if and only if B, < 0o. Moreover:

Bc < Cc < 4Bc~
Proof See [16, Theorem 3.1]. O

Finally, we can prove the theorem:

Proof of Theorem 1 We prove that given G = (I, E) a discrete tree, v = {v;},er* and
u = {u;}ser+ positive weights, inequality (A.1) holds for every F = {F;};cr= if and only if:
1
(Zzer\KO vzp> :
B=sup ——mF—F-F-—.
Kek aK

Moreover B < C < 4B.

In order to apply Theorem 10, we build a continuous tree G, from G by assigning each
edge in E alength of 1. Take 0 < ¢ < 1. We denote (s — ¢, 5) the points in the edge (sp, 5)
that are at a distance less than ¢ from s. For each s € I'*, we take ¢ a function such that:

S
supp(gy) C (s —¢€,5), / @l (x)Pdx = 1.
§—&
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Now we complete the setting for the continuous problem by defining, for z € (s, s) the
functions:

- [f@=F
- p@=u;l,
- 1e(2) = vsp; (2).

In the definition of C. we take 1, and u as the weights and the supremum over all
functions that are constant on each edge and denote the result C,. Analogously, B; is B,
with . and p. We prove that C, — C and B, — B whene — 07

First, for C, observe that we can assume without loss of generality that F; (hence, f) is
positive. Then:

s X 4 s X p
/ (mx) / f(y)u(y)dy> dx = / (nam / f(y)u(y)dy> dx

p

P
zf vyws(x)p<2 Fu, +(1—5)F5u;1> dx
S—¢ a<t<s
p N
> vf(Z Fm,”) (1—8)/ @ (x)Pdx
a<t=<s s—¢&
P
=1-en! (Z Fou, ) .
a<t=<s
On the other hand:

s X V4 s s P
f (ne(X) / f(y)u(y)dy> dr < / (nem f f(y)u(y)dy> dx

P
s p
< / vl ol (x)? ( Z Fiu; ) dx =P (Z Fiu; ) .

a<t=<s a<tr=s

Finally, observe that
S
f f)Pdx = F.
Sp
Hence, we have:
(I-¢e)C =<C.=C,

which proves that C, — C, when ¢ — 0.
For B, take § > 0 and K € K such that

1
(Zver\Ko Uf)

ag
Consider K, the continuous subtree obtained by removing from K the points that are at a
distance less than ¢ from its leaves. Then:

e(x)Pdx = / spi(x)Pdx = 5 -
/GC\KEU(X) X Z v(p(x) x Z vP

sel\K°vs sell\K°

> B — 3.

In a similar way, it is easy to see that:

lim o g, = ak.
e—0t
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Moreover, we have that if K|, K» € K and K| C K, then ag, > ag,. In particular, this
means o g, > ®c x = k. This implies:

B, < B and lim B, > B — 6.

e—0F

Since this can be done for every § > 0, we have: B = B,. O
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