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ABSTRACT. We study the validity of (g, p)-Poincaré inequalities,
q < p, on domains in R" which satisfy a quasihyperbolic bound-
ary condition, i.e. domains whose quasihyperbolic metric satisfies
a logarithmic growth condition. In the present paper, we show
that the quasihyperbolic boundary condition domains support a
(g, p)-Poincaré inequality whenever p > py, where pg is an explicit
constant depending on ¢, on the logarithmic growth condition, and
on the boundary of the domain.

1. INTRODUCTION

A bounded domain G in R", n > 2, is said to support a (g, p)-Poincaré
inequality if there exists a finite constant ¢ such that the inequality

l/q l/p
(1.1) (f [u(x) — ugl? dx) < C(f [Vu(x)|? dx)
G G

holds for all functions u in the Sobolev space W!'*(G); here 1 < p,q < oo
and ug is the integral average of u over G. If G is a John domain (see
Definition 4.1), then it is well known that (1.1) is valid for all (g, p)
where 1 < p < g < np/(n— p) [I, Theorem 5.1]. Property (4.2) of
John domains implies that a Poincaré inequality supported by balls is
valid also in John domains. In this paper we consider a larger class
of domains which do not inherit the inequalities which balls support;
we study bounded domains satisfying the quasihyperbolic boundary
condition, see Definition 2.2.

A proper subclass of quasihyperbolic boundary condition domains
is formed by John domains, but domains in the former class allow
narrow gaps which can destroy the John condition (4.2), [4, Example
2.26]. This kind of effect implies that a (p, p)-Poincaré inequality fails
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to hold for small values of p, whereas the domain does support the
(p, p)-Poincare inequality for large enough p.
A (g, p)-Poincaré inequality is valid in a B-quasihyperbolic boundary

condition domain, if n —nB < g = p < oo, see [10, Theorem 1.4], and
also [7, Remark 7.11]; and if n —nB < p < ¢ < Bnp/(n — p), when-
ever p < n, [10, Theorem 1.5], [8, Theorem 1.4]. It is shown in [10,

Example 5.5] that if 1 < p < n — nB, there exists S-quasihyperbolic
boundary condition domains which do not support the (p, p)-Poincaré
inequality. We remark that S-quasihyperbolic boundary condition do-
mains support (1, p)-Poincaré inequality for all p > n — n8 by Holder’s
inequality while John domains support (1, p)-Poincaré inequality for all
1 < p < . The question one may ask is, what can be said about the
validity of (g, p)-Poincaré inequalities in the case 1 < g < min{n—ng, p}.

Poincaré inequalities, (1.1), in the case 1 < ¢ < p have been con-
sidered on general domains, e.g., in [13, Section 6.4], see also [5] and
the (1, p)-case in [6]. Maz’ya [13], Theorem 6.4.3/2 on p. 344, gives a
characterization for domains which support (1.1) when g < p. In addi-
tion, this class of domains characterizes certain compact embeddings,
see Theorem 6.8.2/2 on p. 376 [13] for more details. Maz'ya presents
also applications to the Neumann problems for strongly elliptic opera-
tors in domains which characterize (1.1) with p =2 and 1 < ¢ < 2, cf.
Section 6.10.1. We shall discuss applications in Section 6.

In the present paper, we answer the question about (g, p)-Poincaré
inequality for quasihyperbolic boundary condition domains in the case
1 < g < min{n — ng, p}. We use the upper Minkowski dimension of the
boundary. Roughly speaking, an issue is the counting of the number of
those Whitney cubes, of a given size, whose shadows are comparable
in measure. The shadow of a fixed Whitney cube is the union of those
cubes to which one goes through the fixed cube when approaching the
boundary of the domain from inside. The use of the upper Minkowski
dimension enables us to count the aforementioned cubes in an efficient
manner. Previously the upper Minkowski dimension of the boundary
has been used in studying weighted Poincaré inequalities in [2] and
[3], but maybe not to its full potential. On the other hand, the upper
Minkowski dimension seems to be a right tool for the (g, p)-Poincaré
inequality with ¢ < p, see Lemma 3.4 and Lemma 3.9 in Section 3.

More precisely, we show that a S-quasihyperbolic boundary condition
domain with the upper Minkowski dimension of the boundary being less
than or equal to A € [n — 1,n) supports the (g, p)-Poincaré inequality
(1.1) with 1 £ g < p < o0 if

q(n — AB)
g+Bn—-2)°

see Theorem 3.1. Here, the right hand side bound is, as it should be,
an increasing function of A, when ¢ < n—nfB. Namely a quasihyperbolic

(1.2)
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boundary condition domain is more irregular and Poincaré inequality
(1.1) fails to hold more easily when the upper Minkowski dimension
of the boundary is larger. We also show that the bound in (1.2) is
essentially sharp in essentially all the possible cases in the plane, see
Theorem 5.1 and Remark 5.9; and we discuss sharpness of the bound
in higher dimensions, see Theorem 4.7, Theorem 4.15, and Remark 5.2.

To show that our results are sharp in the plane we introduce a method
for modifying any given John domain in a controlled manner so that
the resulting domain is no more a John domain but it satisfies a quasi-
hyperbolic boundary condition.

The structure of this paper is as follows. In Section 2 we recall the
quasihyperbolic boundary condition and some basic facts related to
this condition and the geometry of Whitney cubes; we also recall the
shadow of a Whitney cube. Lemma 3.4, Lemma 3.6 and Lemma 3.9
in Section 3 are the key ingredients in the proof of the main result of
the paper, Theorem 3.1. In Section 4 we modify a given John domain
in order to revoke its John properties and to obtain a quasihyperbolic
boundary condition domain. We use such a modification in Section 5
where we consider sharpness of our main result in the plane. We close
the paper by giving an application to the solvability of the Neumann
problem on quasihyperbolic boundary condition domains in Section 6.

2. NOTATION AND PRELIMINARIES

Throughout the paper G is a bounded domain (an open connected
set) in R", n > 2. The closure, the interior, and the boundary of a set
E c R" are denoted by E, int(E), and JE, respectively. We write yg
for the characteristic function of E, and the Lebesgue n-measure of a
measurable set E is written as |E|. The Hausdorff dimension is denoted
by dimg/(E). The upper Minkowski dimension of a set E is

dimp(E) = sup{d >0 : limsup My(E,r) = oo},
r—0+
where for each r > 0
Uses B3, )

rn—ﬂ

M,l(E, 7') =

is the A-dimensional Minkowski precontent.

The family of closed dyadic cubes is denoted by 9. The side length
of a cube Q C R" is £(Q) and its centre is xo. We let D; be the family of
those dyadic cubes whose side length is 27/, j € Z. For a domain G we
fix a Whitney decomposition W = Ws C D. We write W; = WnND;,
J € Z, and §W; is the number of those cubes in W whose side length
is 27/. For a Whitney cube Q € W let us write Q* = %Q. Then

diam(Q) < dist(Q, 0G) < 4 diam(Q),

and } xo- < 12". For the construction of Whitney cubes we refer to
Stein [15].
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Let us fix a cube Qyp € W. Then for each Q € W there exists a
chain of cubes, C(Q) := (Q;, 07, ..., Q}), joining Qf to Q7 = Q" such
that Q; N Q; # 0 if and only if |i — j| < 1. The length of this chain is
{(C(Q)) = k. Moreover, the shadow S(Q) of a cube Q € W is defined
as follows

(2.1) S(Q) = U R.
ReW
Q" eC(R)
The quasihyperbolic distance between points x and y in G is defined as

ds
ko(x,y) = inf [ ——
olx.y) =1y fydist(z, 3G)

where the infimum is taken over all rectifiable curves y joining x to y
in G. In this paper we study bounded domains satisfying the following
quasihyperbolic boundary condition. Other equivalent definitions can
be found, e.g., in [7, p. 25].

2.2. Definition. A bounded domain G C R”" is said to satisfy a B-
quasthyperbolic boundary condition, B € (0, 1], if there exist a point
Xo € G and a constant ¢ < oo such that

1 1
kg(x, <-log——~+
6(xx0) < glog a6y + ¢

holds for every x € G.
The following theorem is from [l 1, Theorem 5.1].

2.3. Theorem. Suppose G satisfies a 5-quasthyperbolic boundary con-
dition. Then dimp(0G) < n — ¢, "~ with a constant ¢, > 0 depending
only on the dimension n.

The notation a < b means that an inequality a < ¢b holds for some
constant ¢ > 0 whose exact value is not important. We use subscripts
to indicate the dependence on parameters, for example, c; means that
the constant depends only on the parameter A.

3. POINCARE INEQUALITIES

The following theorem is our main result.

3.1. Theorem. Suppose G satisfies a 5-quasthyperbolic boundary con-
dition, B € (0,1], and dimpy(0G) < A e[n—1,n). If1 <g<p < oo are
real numbers such that

g(n —Ap)
q+pn—2ay

then G supports the (q, p)-Poincaré inequality (1.1).

(3.2)
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3.3. Remark. Theorem 3.1 is concerned with the case when the upper
Minkowski dimension is bounded by A. Observe that the right hand
side of (3.2) is an increasing function of A, when g < n—ng; recall from
the introduction that this is the interesting case. This reflects the fact
that a quasihyperbolic boundary condition domain is more irregular
and the Poincaré inequality fails to hold more easily when the upper
Minkowski dimension of the boundary is larger.

Preparations for the proof of Theorem 3.1. Let us choose A" € (A, n) such
that inequality (3.2) holds if A is replaced by A’. Then dimy(dG) < A’
and we may assume that dimp(0G) is strictly less than A € [n — 1,n).
The following lemma from [0, Lemma 4.4] relies on this strict inequality.

3.4. Lemma. Let K C R" be a compact set such that
dimy(K) < A

where A € [n — 1,n). Assume that {By, B,,...,By} is a family of N
disjoint balls in R", each of which is centered in K and whose radius is
re(0,1]. Then

N < cr ™,
where the constant c¢ is independent of the disjoint balls.

Let Qp € W and xy € Qyp be fixed. Choose any Q € ‘W and join x; to
Xg by a quasihyperbolic geodesic. By using those Whitney cubes that
intersect the quasihyperbolic geodesic we find, as in [7, Proposition 6.1],
a chain C(Q) connecting Qp to Q such that

(3.5) U(C(Q)) < crkg(x0,x) + 1 < 5¢,(L(C(Q)) + 1),
for every x € Q.

3.6. Lemma. Suppose G satisfies a B-quasihyperbolic boundary condi-
tion, B € (0,1]. Let e €(0,1) and 1 < g < oco. Then

(3.7) > UC@)y o< el S ()],

Qew
0cS(A)

where ¢ 1s a positive constant, independent of A € W.

Proof. By inequality (3.5)

(3.8) Y= § L(CO) 0| < § (ke (x0, x0) + 1)1 0.
QW QW
QcS(A) 0cS(A)
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We employ Hélder’s inequality with r € (1,00) and ' = r/(r — 1) and
estimate as follows

25( Y oo+ i) (Y 10

1/r

QW QeWwW
0cs(4) 0cS(4)
, 1/r
<( Y oo,y + 1Y Mi0l) ()
QeWw

By inequality (3.5) and [7, Theorem 7.7] the last series is finite, and its

least upper bound depends only on n, g, r, xo, and G. Indeed, by [14,

Corollary 1], domain G satisfies the required Whitney-§ condition.
The above estimates give

< dS@AI|",
where ¢ depends only on ¢, n, r, xo, and G. Choosing r = 1/(1 —&) > 1
gives inequality (3.7). O
We write [s] for the integer part of s € R.

3.9. Lemma. Suppose G satisfies a B-quasihyperbolic boundary condi-
tion, B € (0, 1]. Suppose further that dimy(0G) < A, where A € [n—1,n).
Then there is a number o > 1 such that

[j-B]
(3.10) W= Wi

k=0

for every j € N, where
Wike :={Q €W, : 27V <|S(Q) < o - 27074y,
Also, if k€ {0,1,...,[j— JBl}, then
(3.11) bW o < € 27070,
Here ¢ is a positive constant independent of j and k.

Proof. Let us fix j € N. The 5r-covering theorem, [12, p. 23], implies
that there is a finite family

F Cc{B"(x,27 ") : x € OG}
of disjoint balls such that

(3.12) 9G < |_JsB.

BeF
We claim that, if Q € W;, there exists a ball B € ¥ such that
(3.13) Q C c|B.

Here ¢y is a constant depending on n only. To verify this let y € dG be
a nearest point in dG to the centre xy of Q. By inclusion (3.12) there
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is a point x in G such that B"(x,27%#) € ¥ and y € B"(x,5-27#). If
z € Q the triangle inequality implies

lz—x <lz—xpl+lxog =yl +ly—x1 <27 +c27 +5-27#F < ¢;27,

Inclusion (3.13) follows because Q € B"(x,c; 27#) = ¢; B*(x,27).
Let us fix Q0 € W; and a ball B := B*(x,27#) in ¥ such that Q C ¢;B.
We claim that

(3.14) S(Q) c B'(x,c227%),

where ¢, > ¢ is a constant which depends on 8, n, x9, and G only. To
prove inclusion (3.14), let R € ‘W be a cube such that Q* € C(R). Then
R c S(Q). By [10, Lemma 2.8]

diam(R) < diam(S (Q)) < ¢, dist(xo, dG)'* diam(Q)Y’ = c27%.
Hence, if y € R, the triangle inequality gives
ly = x| < |y = xgl + |lxr — X0 + |xg — x|
<B4 2B 4278 <278,
Inclusion (3.14) follows.
As a consequence of (3.14), we obtain
27 =10l <IS(Q)I <027

with a constant o > 1, depending on 8, n, xp, and G only. Identity
(3.10) is valid with this constant.
To prove estimate (3.11) we use the following inequality

(3.15) HO e W, : Q"€ CR)} < cuj, ReW,

from [10, Lemma 2.5].

Let us fix k € {0,1,...,[j — jB]} and let us consider an arbitrary
ball B := B"(x,27#) in #. We estimate the number of cubes that are
included in ¢;B. By inclusion (3.14)

Qe Wio : QCciB)
< ) WISl <29 Y IS@neB

0eWiio 0eWio
Qcc1B
< 2U-hn Z Z IR N ¢, B| = 200n Z Z IR N c,B|.
QE(Wj,k’U- ReW Rew QE(Wj,k,o—
Q*eC(R) 0*eC(R)

Inequality (3.15) shows that the last sum is bounded by
an2(j—k)n|C2B| < C3j2—kn2j(n—n,6)

with a constant ¢; > 0 which depends on 8, n, xy, and G only.
Inclusion (3.13) implies that

(3.16)  HWike < D HOEWye 1 QC 1B < Y j2 /0P,
BeF BeF
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Recall that ¥ is a family of disjoint balls, each of which are centered
in G with radius 27 € (0, 1]. Therefore, Lemma 3.4 yields

17 < 2/,
Combining this estimate with inequalities (3.16) yields
Ij(Wj,k,(r <cj A =knp jin=np)
which is estimate (3.11). O

Proof of Theorem 5.1. We may assume, by scaling, that diam(G) < 1.
Hence W = Ui, W;. Using Holder’s inequality, and inequalities |a +
b7 < 247(|a|? + |b|%) and |a + b|'/? < |a|'/9 +|b|'/4, a,b € R, we obtain

(f lu(x) — uglt dx)l/q < 2(f lu(x) — uQSIq dx)]/q
G G
(3.17) < (qu;/fg |u(x)_uQ*|qu)‘/q+(;VL . —M93|qu)

The first term on the right hand side of (3.17) is estimated by the
(g, p)-Poincaré inequality in cubes and by Hélder’s inequality,

( 2, fQ e - ”Q*'qu)l/q s ( fG Vu(x)p” dx)l/p.

Qew

1/q

For the second term on the right hand side of (3.17) let us connect Qy
to every cube Q € ‘W by a chain C(Q) = (Q;, 07,....0)), O; = O,
that is constructed by using quasihyperbolic geodesics as in connection
with (3.5). By the triangle and Holder’s inequalities, by the properties
of Whitney cubes and by the validity of (g, p)-Poincaré inequality in
cubes we obtain

k-1
D f g —ugtdx s f (e lug: - ug: | dx
o 0 j=0 |

QW QeWw
k
< > [ ac@r Yo [ o) - gl dyds
oew V& j=0 Q]

k q/p
<y fQ oy Y| fQ vl dy) .
| 2. *_

QW = J
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By rearranging the double sum and by using Hdélder’s inequality with
(p/q. p/(p — q)) we obtain

— Ul
ZquQ* ug;|" dx
Q*

[0154%

~ . q/p
<> Y, ey iglap fA VU dx)

AeW QeW
0cS(A)

. ( Z ( Z K(C(Q))q_l|Q||A|q/”_q/p)p/(p_q))(p_q)/p ( j;|Vu(x)|p dx)q/p.

AeW  QeW
Qcs(A)

We write
2= 3 (3 wcoytomrr)

AeW  QeW
0cS(A)

Hence it is enough to show that the quantity X is finite. The preceding
part of the proof followed the chaining argument in [0, Theorem 3.2],
which is nowadays a standard approach dating back to [9].

Fix € € (0,q/p). By Lemma 3.6,

) < Z (l S(A) |l—s |A|q/n—q/p)17/(l7—q).
AeW
By (3.10) we obtain

25 Z Z (IS )l |A|”’/”—fl/p)p/(p—q)_

J=0 k=0 AeWj;

Definition of W, and inequality (3.11) imply

: 3

—
~.
|

Y j- Al J-R+jBA-n) (2—11( j-k(1-¢) - jnq(l/n—l/p))p/(p—q)

7

[

_
T

~.
=
=

j . 2kn(p(l—8)/(p—q)—1)2j(n+ﬂ(/l—n)—n(l—a)p/(p—q)—qp/(p—q)+nq/(p—q)).

(NgEIRiNgE
>~
I
[«

Il
(=)

k=

(=]

J
Let j and k be as in the summation. Then,
1- 1- in(1 — -
kn(p( g) 1) < n(j— jﬁ)(p( g 1) _ i —pB)q-ep)
P—q P—q P—q
By the estimate [j — jB] < j, where 8 € (0, 1],

Y < Z 2 - 2B a=ep)/(p=a)+n+BA-m)=n(1-)p/ (p~4)=4P/(P=0)+na/(P=0))

J=0
< Z 2 - 25ip =gy (1=B)p/(p=) 9 J(BA-n)—q((B~Vn+p)/(p~4))
j=0
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Inequality (3.2) allows us to choose &€ > 0 so small that the last series
converges. O

We have the following corollary of Theorem 3.1.

3.18. Corollary. Let 1 < g < n—nf, where B € (0,1). If G satisfies a
B-quasthyperbolic boundary condition, then G supports the (q,n — nf3)-
Poincaré inequality (1.1).
Proof. By Theorem 2.3, A = dimpy(0G) < n. Observe that r = n — ng
satisfies the identity

r(in=BAa)
r+Bn—-21) "
On the other hand, since 1 < g < r and p’(r) > 0 if t > 0, we obtain
that p(q) < p(r) = r = n—nB. The claim follows from Theorem 3.1. O

p(r) =

3.19. Remark. A conjecture [10, p. 813] states that a domain satisfying
a B-quasihyperbolic boundary condition supports the (p, p)-Poincaré
inequality, where p = n—nB > 1. To our knowledge, this boundary case
is still an open question.

4. MODIFICATION OF A JOHN DOMAIN

In this section, we introduce a method how to modify a given John
domain G in a controlled way such that the resulting domain, denoted
by Gg and called a S-version of G, is no more a John domain but it
satisfies a B/4-quasihyperbolic boundary condition if 8 < x%c;. Here x is
a constant depending on n only, and ¢, is the John constant of G (see
Definition 4.1). By studying the validity of Poincaré inequalities (1.1)
on these B-versions of John domains we shall show that Theorem 3.1
is essentially sharp in the plane. Theorems 4.7 and 4.15 are the main
results of this section.

We assume that G is a bounded domain such that diam(G) < 4 in
Section 4 and Section 5. We recall the following definition.

4.1. Definition. A bounded domain G c R" is a John domain, if there
exist a point xy in G and a constant ¢, € (0, 1] such that every point
x € G can be joined to xy by a rectifiable curve vy : [0, £(y)] = G which
is parametrized by its arc length, y(0) = x, y(£(y)) = xo, and

(4.2) dist(y(t), 8G) > c,t

for each t € [0,€(y)]. The point x is called a John center of G, and
the largest ¢; € (0, 1] is called the John constant of G. The curve v is
called a John curve.

Let us fix 8 € (0,1] and let Q C R” be a closed cube that is centered
at xp = (x1,...,x,), and whose side length is £(Q) = € <4, i.e.

0:= ]_[ [x; — £/2, x; + £]2].
i=1
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The room in Q is the open cube
.1 s
R(Q) := 1nt(ZQ) = l;l(x,- —£/8, x; + £/8)

whose center is xy and side length is £/4. The B-passage in Q is the
open set

n—1
Po(0) = ([ ] o= €/8)"%, 3+ €18)1) ) x (o €78, 5+ €78+ (€/8)').

i=1
Note that £/8 < 1 and 1/8 > 1, hence we have (£/8)/# < £/8. Thus,
Ps(Q) C %Q. The open cube

E(Q) := int(%Q) = ];[(xl. —3¢/8, x;+3€/8) C O

contains the room and S-passage in Q. The long B-passage in Q is the
open set

n—1
150 = ([ ] (i = €/8)%, i+ (€/8)%)) (s 30+ €/2) < 0.
i=1

The B-apartment in Q is the set

Ap(Q) == Ly(Q) U Q \ (GR(Q) U 9Ps(Q)) C Q.
Figure 1 depicts these geometric objects in a cube Q when 8 =1/2.

L o s s s s s s s s s s St s s s s

e s e e S S — ————— ————

FIGURE 1. A modified Whitney cube with g = 1/2.

4.3. Definition. Let G be a John domain. A B-version of G is the

domain
Gs:= | 450
QeWs
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The following proposition is a modification of [0, Proposition 5.11].
4.4. Proposition. Let G c R" be a John domain. Then
dimp(0G) = dim(0Gp)
for every B € (0,1].

Let us next study the validity of Poincaré inequalities on a S-version
of a given John domain. Let Q c R” be a closed cube, €(Q) < 4, and
define a continuous function

ut @ Gs—> R

which has linear decay along the n'" variable in Pg(Q) and satisfies

(A-n)/ i .
(45)  u @ = @ i x & RQ); _
0, if x € Gy \ (R(Q) U PA(Q)).
Moreover, in the sense of distributions in Gz the following holds
(4.6) Vi = (0,...,0,-8"PL(Q) 1y p ).

The following is the first main result in this section.

4.7. Theorem. Let G c R" be a John domain such that

(4.8) limsup2™* - W, > 0,
k—o0
where A = dimpy(0G). Suppose that
q(n — AB)
4.9 < —,
49 "= g -0

where 1 < g < p < oo and B € (0,1]. Then the B-version of G does not
satisfy the (q, p)-Poincaré inequality (1.1).

By [0, Proposition 5.2] for every A € [n— 1,n), n > 2, there exists a
John domain G c R" such that dimy(dG) = A and hypothesis (4.8) in
Theorem 4.7 is satisfied.

Proof of Theorem J.7. Choose ky € N such that limsup, . 2~1¢* .
#W, > 2. This allows us to inductively choose indices j(k), k € N, such
that

ko< j(1) < j2) <---
and W ) > 2 - 24000 for every k € N. Let us write M, := 2400l
where [A(j —kg)] is the integer part of A(j— ko), and let us choose cubes

WM .
}(k), o Qj(k)’(“ € Wjw. For every m € N let us write

M 2M iy

m
Vi = Z ( Z u i) — Z uAﬁ(QW) e WH(Gy).

k=1 i=1 iZMj(k)+1



POINCARE INEQUALITIES AND QUASIHYPERBOLIC BOUNDARY CONDITION 13

Note that (v,)g, = 0 and

2M

Ap = ( 6 Vi — (Vm)Gﬁ|q)Uq = (Z Z f |uAﬁ(Q}<k>)(x)|q dx)l/q

k=1 =1 YO
S , . o\l
> (Z 2 . QAR | 9=jBNA-m)  g=n | z—j(k)n) S
k=1
On the other hand, by inequality (4.9),

1/p
B, : = ( Vv, () dx)
Gp

m 2Mj

A 1/p
= (X 9 )
k=1 i=1 “YGs
m 1/p
<c ﬁ( Z 2 . pAMiKIko) | 9=pkN(A-m)/q=1/B) _ yn-1 ,2—nj(k)/ﬂ)
k=1

1/
< Cugpakom '’
Hence, we obtain

m—oo

A,

1/q-1/
2 CnB,p.g koM 1P —— oo,
B,

where 1 < g < p. It follows that Gz does not satisfy the (g, p)-Poincaré
inequality (1.1). O

We shall show that a S-version of a given John domain G satisfies a
B/4-quasihyperbolic boundary condition if 8 < xc,, where c¢; is the John
constant of G and x is a constant depending on n only, Theorem 4.15.
Let us begin with the following auxiliary result.

4.10. Lemma. Let G ¢ R" be a John domain with the John constant
cy. Let further g € (0,1) and Gz be the B-version of G. If x € E(Q)NGg,
0 € Wg, then there is a point z € OE(Q) such that

2 1 1

(4.11) ka5, % (5 + 2 ) loe gies
If x € Q\ E(Q), then

(4.12) kGﬁ(x’ Xo) < Ll 1

—— +ec.
xey C dist(x, 8Gg) ¢
The constant x € (0, 1) appearing in both inequalities (4.11) and (4.12)
depends on n only.

Proof. Let us consider the case x € R(Q) ¢ E(Q). We will join x to the
point z := xp+(3¢/8)e, € OE(Q), where e, = (0, ...,0, 1), by a rectifiable
curve that is to be constructed next. For this purpose, we record the
following inequality

(4.13) dist(x, 8Gp) < /8.
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Notice that there is a constant » such that
1

—+c.
©8 dist(x, 8Gs) €

Next we connect xp to the point z by a curve y : [0,3£/8] — G which
parametrizes the line segment [xg,z]. Write & = €/8 — (£/8)!"F and
n={/8+2(t/8)"8. Observe that

dist(y(2),0Gg) > £/8 — ¢
for all ¢ € [0, €/8]. By this inequality and (4.13), we obtain

f\‘ dt f\‘ dt 1 1

—— < < —log ——F—0.

o dist(y(1), dGp) o £/8—t B dist(x, dGp)

In the following step, we pass through the S-passage in Q. If ¢ € [£,7]
then dist(y(r), dGp) > (£/8)"F. Hence

f” dt < 3(¢/8)\P B
¢

1
ke, (x, < -1
Gﬁ(x Xg) %

dist(y(1),0Gg) ~— (£/8)'F B
For t € [n,3¢/8],
dist(y(), 0Gg) > min{¢/8, (£/8)"F +t — n}.
By this inequality and the fact that (3£/8 —n)/(£/8) < 3,

3¢/8 dt 30/8 dt
,  dist(y(1), 9Gy) D ETEY

1 1 1 1
<-log—+c<=-log——+c.
=B %8 T B dist(x, 0Gy) ¢

By these estimates we have
1

2 1
ke (5.2 = ke (1 00) + k(309 = (5 + 1 Jlow g e

B

for every x € R(Q). This gives inequality (4.11).
Let us consider the case x € Gg N Pg(Q). There is a point w on the
line segment from xy to z such that

1 1
k s <—-log——+c.
6 w) < 2l e a6y ¢
Joining w to z by the line segment [w, z] C [xg, z] gives the inequality
1 1
kGﬁ(a), 7) < E lOg [/—8 + C.
Since dist(x, dGg) < (£/8)'F < £/8, we have
1

ogm+c.

1 1
kGﬁ(X, Z) < kGﬁ(X, (;.)) + kGﬁ((«U, Z) < (B + ;)1

This gives inequality (4.11).
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If x € E(Q) \ (R(Q) U Pg(Q)), then clearly there is a point z € dE(Q)
such that
1

k < log—
62 < log e

C.

But this is inequality (4.11).

Finally, let us consider the case x € Q\ E(Q). The idea is to construct
acurvey : [0,4(y)] — Gg, parametrized by arc length such that y(0) = x
and y(€(y)) = xp, so that

(4.14) dist(y(t), Gg) > xcyt

for every t € [0, £(y)]. This is done by taking a John curve from x to
the John center xy, and modifying it whenever it intersects with E(Q),
0 € Wg. This is illustrated in Figure 2. For further details, we refer
to the proof of [6, Proposition 5.16].

Let us write ¢ = dist(x, dGg). If £(y) < 6/2, then kg4(x, xo) < 1. Hence,
we may assume that £(y) > §/2 and therefore

ds
ke, (%, Xo) < f —
G700 = ) dist(z, 0Gg)

~ ﬁ/z dt .\ f“” dt
o dist(y(1),0Gp)  Jspn dist(y(r),0Gg)

If t € [0,6/2] then dist(y(7), 0Gg) > 6/2. Inequality (4.14) implies that
t(y) < diam(Gg)/xc; =: T. Hence,

1"t log(T) — log(6/2
koo < 14+ [ 4 <y loaD) — log6/2)
xey Jspp 1 xc;
1 1 1 N
=—log—————+c.
xey g dist(x, dGp)
This gives inequality (4.12). a

The following is the second main result in this section.

4.15. Theorem. Suppose G C R" is a John domain with a John con-
stant c;. Then the B-version of G, Gg, satisfies a B/4-quasihyperbolic
boundary condition if 0 < B < xc,, where x € (0, 1) is the same constant
as in Lemma 4.10.

Proof. Fix a point x in Gg C G. We shall show that the inequality

4 1
(4.16) ke, (%, x0) < = 1

B 8 dist(x,0G,) €

is valid with some constant ¢; the point x belongs to some Whitney
cube Q € W;.

Let us consider the case x € E(Q) N Gg. By Lemma 4.10, there
is a point z € JE(Q) such that inequality (4.11) holds. Applying
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Q
EQ) -

[

FIGURE 2. John curve y and its modification (dotted
line) on E(Q).

Lemma 4.10 again, now with the point z € Q \ E(Q), yields

ke, (x, x0) < kg,(x, 2) + kg, (2, Xo)

( + )lo + ! lo ! +
-+ - ——+ —log— +c.
B %) 8 dist(r,0Gs) T e, ° dist(z, 9Gp)

By inequality dist(z, 0Gg) > €/8 > dist(x, 0Gg)/c,

4 |
ke (x, %0) < ~log ———— + ¢,
6% X0) = g lo8 e GG, tC

<

This gives inequality (4.16).
If x € Q\ E(Q), then inequality (4.16) follows from Lemma 4.10. O

5. SHARPNESS OF THEOREM 3.1 IN THE PLANE

We consider sharpness of our main result, Theorem 3.1, in the plane.
We introduce new constants T and ¢, whose values will be clear later.
It will become apparent that we would like to have the constant ¢,
as close as possible to the constant ¢; in Theorem 2.3. The following
theorem is a delicate extension of Theorem 4.7 in the plane.

5.1. Theorem. Let A € [1,2) and let B € (0,1) be such that 1 <2—¢, .
Then there is a domain Gg C R?* which satisfies a B/4-quasihyperbolic
boundary condition, dimy(0Gg) = A, and which does not satisfy the
(g, p)-Poincaré inequality (1.1) if 1 < g < p < o0, and

_ 4=

Cq+p2-A)
5.2. Remark. A counterpart of Theorem 5.1 for n > 3 is not known to us.
It seems that the construction behind Theorem 5.1 can be generalized
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only if A < n - ¢,B. However, Theorem 2.3 suggests that it is natural
to consider the less restrictive condition, A < n —&,8""!, which allows
larger values of B, i.e. more cases to be covered by a counterexample,
for a a given A. An obstacle is that it seems not to be known whether
Theorem 2.3 is sharp in case of n > 3.

We need the following construction for the proof of Theorem 5.1.

5.3. Proposition. Let A1 €[1,2) and B € (0,1) be such that 1 <2 — 1.
Then there exists a John domain G C R? with a John constant c; > 3
such that dimpy(0G) = A and

(5.4) limsup 2% - f W, > 0.
k—o0

Proof. Let Q := [-1,1] x [-1,1] € R? and, for x € (0,1), r(x) := (1 —
k)/2 € (0,1/2). Let us write z; := (k + r(k), k + r(x)), and let z,,z3,z4 be
the corresponding symmetric points in the three remaining quadrants in
any order. Let S{,S5,,53,54 be similitudes that are defined by §;(x) :=
r(K)x + z;, i = 1,2,3,4. By reasoning as in [12, pp. 66-67] we have a
non-empty compact set K in Q such that

(5.5) K = S1(K) U S»(K) U S3(K) U S4(K).

The similitudes S, S,,S3,S4 satisfy an open set condition [12, p. 67].
Hence, by [12, Corollary 5.8, Theorem 4.14],

log 4
dim p(K) = dimg(K) = ——2

log r(k)

If we let k vary between (0, 1/2], then dimy(K) reaches all values in
[1,2). There exists, in particular, « = «(1) € (0,1/2] for which the
upper Minkowski dimension of K; := K is 4. We define G to be the
open set

G := B}0,2) \ K,.

Since G = dB*(0,2) U K, we obtain dim(dG) = A.

Estimate (5.4) has been verified in [6, Proposition 5.2].

We shall estimate the John constant of the domain G. We show that
there is a constant ¢ > 0 such that for every x € G, there is a rectifiable
curve y : [0, £(y)] — G, parametrized by its arc length so that y(0) = x,

Y((y)) = 0, and
(5.6) dist(y(1), 0G) > c«t

for all r € [0, €(y)]. Before the construction of y, let us explain why the
property above implies that the John constant ¢; of G is larger than g
if 1 <2—1B, where 7 :=4/(clog?2). By the mean value theorem (recall
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that dlog,(f)/dt = (tlog2)™" for t > 0) and the fact that x € (0,1/2],

B 1 3 log,(1 - «)
Bs2-a= 2(1 " logl(1 = K)/z]) - 2(10g2(1 mpryn 1)

3 2( log,(1 —«) —log,(1) ) - 2K - 4k

B log,(1 — k) —log,(1) =1 (log2)(1 —k) ~ log2’

It follows that B < ck < ¢, where c; is the John constant of G.

We construct the curve y. If x lies in G \ Q then the construction
is clear. Hence, we may assume without loss of generality that x lies
inGNQ=0Q\K,. Let m>0 the smallest positive integer for which
x € Q\ K7™ where for each j > 1

4 4
(5.7) K ::U-HUS,-lo-uoS,-j(Q).

To see that such an m exists, we use the fact that iterations Kj converge
to K, in the Hausdorff metric p as j — oo, [12, pp. 66-67]. Hence, there
is M € N such that p(K¥, K,) < dist(x, K;)/2. Especially,

KY c{y e R? : dist(y, K)) < dist(x, K,)/2},

and it follows that x € Q \ K¥. Hence, the smallest m exists.
We write X° = {y e R?> : y; = 0 or y, = 0} for the coordinate axes in

R?, and
4 4
X/ = U...Usil O"'OSij(XO)
=1 Q=1
for all j > 1. We connect x to the set X" N Q by a curve y : [0,1,] = G
such that inequality (5.6) is valid and

t, = dist(x, X™) < kr(k)" < r(k)™.

We proceed inductively: We connect sets X/ and X/~! to each other,
when j > 1; we connect X° to 0, when j = 0. Figure 3 depicts one
of the intermediate construction steps. Let us first consider the case
1 < j < m: inequality (5.6) is valid for all ¢ € [0,¢;], point ¥(¢)) lies in
X/ N Q, and

(5.8) <)
i=j

Let us connect y(¢;) to X771 as follows: we define y in [tj,%j-1] by tracing
along set X/ N Q until we reach X/ N X/~' N Q. This can be done in a
way that 7,_; — 1; < r(k)’"'. Hence,

o=t — G+ <7 D ' < Y ) < 2rw

i=j i=j-1
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and inequality (5.8) is true for j— 1. Since K; c K7*!, we have for all
te [tj,tj_l]

dist(y(1), 0G) = dist(y(1), K,) > dist(y(1), K"*') > kr(x)’

> 47 kr(k) ™! > 8_1Ktj_1 > 8 lkr.

Hence, inequality (5.6) is valid for these values of 7.

We consider the case j = 0. Now y(fy) lies in X° N Q, the curve y
satisfies inequality (5.6) for all # € [0,%], and 7y < Y7200 r(k)'. Define y
in [t9,1_1] by tracing along X° N Q during time 7_; —t, < 1. This yields
a curve y : [0,7_1] — G satisfying estimate (5.6) for all 7 € [0, ] |

[
X

O O O

. L O

FIGURE 3. Q\ K? with coordinate axes X° and X' (x = 1/2).

We are now ready for the proof of Theorem 5.1.

Proof of Theorem 5.1. Let % € (0, 1) be as in Lemma 4.10 and let 7 > 0
be as in Proposition 5.3. Choose ¢, := max{2/x,7/x}. Fix A € [1,2) and
suppose that 8 € (0, 1) is such that 4 <2—-¢,8. Then A4 <2 —-16/x%, and
hence by Proposition 5.3 there exists a John domain G in R?* whose
John constant is ¢; > B/x, i.e. B < xc;. By Theorem 4.15, G4 satisfies
a B/4-quasihyperbolic boundary condition. Proposition 4.4 gives that
dimp(0Gg) = dimp(0G) = A. By Theorem 4.7 the domain Gg does not
satisfy the (g, p)-Poincaré inequality (1.1). |

5.9. Remark. Theorem 3.1 states that a domain G ¢ R? supports the
(¢, p)-Poincaré inequality (1.1) with 1 < ¢ < p < oo if the following
conditions are met: G satisfies a S-quasihyperbolic boundary condition,
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dimp(0G) < 1 € [1,2), and

. _4C- 4B
q+B2-A)

Recall a natural restriction among these parameters; by Theorem 2.3
there is a constant ¢, > 0 such that dimp(0G) < 2—c, 8. Taking this into
account, Theorem 5.1 shows that our main result is essentially sharp
in essentially all the possible cases when n = 2. More precisely, if 1 <
2, B, then there is a domain Gy which satisfies a 8/4-quasihyperbolic
boundary condition, dimy(0Gg) = A, and Gg does not support the
(¢, p)-Poincaré inequality (1.1) if inequality (5.10) fails to hold and
1<g<p<oo.

(5.10)

6. APPLICATIONS TO THE NEUMANN PROBLEM

We discuss an application of our main result to the study of the solv-
ability of the elliptic second order Neumann problem in quasihyperbolic
boundary condition domains. We hence supplement Corollary 4.5 in

[10]

Let G in R" be a bounded domain which satisfies a S-quasihyperbolic
boundary condition. We consider the following second order strongly
elliptic partial differential operator

= 0 0
(6-1) Lyu =~ Z a (aij(x)a_j) s
i J

ij=1
where A = {a,j(x)}zjzl, with a;; being real-valued measurable functions
in G, a;; = aj, and there exists a constant ¢ > 1 such that

e < Z ai(0)éE; < cléf

ij=1
for almost every x € G and for all £ € R". We deal with the equation
in divergence form

(6.2) Lau=f

subject to the Neumann boundary condition.

Let us fix 1 < g < co. We say that u is in the domain D(L,) of Ly if
u satisfies (6.2) in the weak sense, i.e. u € W'3(G) N L4(G), f € LY (G)
with ¢" = g/(g— 1), and

. Ou dp
fG > s 2% = fG 00 f(x) dx

i,j=1

for all ¢ € W"3(G) N LY(G). Then the Neumann problem is said to be
g-solvable if for each f € L7(G) with

fodx:O
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there exists u € D(L,) such that (6.2) holds in the weak sense.
We have the following corollary of Theorem 3.1.

6.3. Corollary. Suppose G C R", n > 2, satisfies a B-quasithyperbolic
boundary condition for some 1—% < B < 1. Then the Neumann problem
(6.2) on G is g-solvable for each 1 < g < 2.

Proof. By [13, 6.10.1/Lemma, p. 381}, the Neumann problem (6.2) on
G is g-solvable if and only if G supports a (g,2)-Poincaré inequality.
Therefore, the claim follows from Corollary 3.18. O

We note that in the plane the Neumann problem (6.2) is g-solvable
in every S-quasihyperbolic boundary condition domain G, 0 < 8 < 1,
whenever 1 < g < 2.
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