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The imbedding theorems for weighted
Sobolev spaces

By

Toshio HORIUCHI

§ 0. Introduction

Let F be a closed set of R", and let 2=R"\F. The purpose of this paper
is to study imbedding theorems for weighted Sobolev spaces of three categories
Wha(Q), GP%2(2) and H!?(R"), where the weight functions considered here are
powers of d(x), where 6(x) is equivalent to the distance from x to the closed set
F, see the § 1 for the precise definitions of those spaces.

In [37-39] S. L. Sobolev introduced a notion of generalized derivative and pro-
ved general integral inequalities for differentiable functions of several variables,
which are usually lumped together in a single theorem as the so-called Sobolev im-
bedding theorem. Later the Sobolev theorem was generalized and refined variously
(Kondrat’ev, II'in, Gagliardo, Nirenberg etc.), and such theorems proved to be a
usefull tool in functional analysis and in the theory of linear and nonlinear partial
differential equations.

Weighted Sobolev spaces also have been studied intensively for more than
twenty years, and the main field of application are the degenerated (elliptic) ope-
rators. This fact makes clear that a large part of papers concerned with Sobolev
spaces with weights where the weight functions are powers of a distance to mani-
folds (see Grisvard [14], Kufner [20], Lizorkin [23-24], Uspenskii [45] etc.). For
the further references, see a survey paper by A. Avantaggiati [8]. The author also
studied in [16] the degenerated elliptic operators, and the present paper is strongly
motivated by the author’s research in this field.

Recently in [30], V. G. Maz’ja has proved a variant of Sobolev imbedding
inequalities in the case of a weighted norm in the right-hand side with weights being
powers of the distance to a linear subspace of R", and refined both the Sobolev
and Hardy inequalities. Here we present his result as our starting point.

Let us consider functions u of z, where z=(x, Y)ER"*xX R’ (1 <s<n).
Moreover let # be a given positive measure on R” such that the number

.1 K = Sup (o+| Y1) %0 [u(By(2)]/1
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is finite, where | <g<-+ o0, —s<a<+ oo and B,(z)={CER"; |{—z| <p}.

Theorem 0.1 (V. G. Maz’ja [30]). We have the following inequality
02 (| 1@ itamnsc| 1#11ruie  wecs@y
n R'l

with a positive constant C independent of u.
Let C be the best constant in this inequality. Then we have

(0.3) CK<C<GK

where K is the number defined by (0.1), C, and C, are positive numbers independent
of u and depending only on n, s, q, a.

Our main interest in this paper is to study imbeddings of weighted Sobolev
spaces in parallel to this result, however we do not work with a general measure z
but the Lebesgue measure with weight for simplicity. In Maz’ja’s theorem the
subspace {z=(x, y)€ R""*x R*; y=0} is considered as Fin our notation. In order
to treat more general F, we shall introduce in § 2 two regularity properties P(s)
and SP(s) which a closed set F of R” may possess, and roughly speaking, we shall
generalize and refine Theorem 0.1 in the following ways.

In the first place, the sets F considered in this paper are not necessarily linear
subspaces but arbitrary closed sets having the property P(s). In Theorem 1, we
shall prove the existence and compactness of imbedding operators of H.?(R") into
LY(R") under the assumption P(s) for F. Here the property P(s) is defined by means
of the behavior as #—0 of the n-dimensional Lebesgue measure of the tubular
neighborhood of F defined by F,={x&R"; dist(x, F)<n}.

What is essential for the proof of Theorem 1 is the equivalence of imbedding
for Sobolev spaces with weights and isoperimetric inequality with weights (cf.
Federer [11], Talenti [41] and Maz’ja [26-29]). The property P(s) is a sufficient con-
dition for the validity of isoperimetric inequalities with weights (see (2.5) in § 2).
A fairly large class of sets F of R" satisfies this property, for example, a set of finite
points (s=n), a (n—k)-dimensional subspace of R" (s=k), a finitely many union of
(n—k)-dimensional Lipschitz manifolds of R" (s=k), a Cantor set (s=1—log,2)
and so on (see §2, for the detailed).

Secondly we consider the case where F is an arbitrary closed set of R" without
any regularity assumption. It is already known that there exists in general no
imbedding of the type (0.1) in Theorem 0.1 (cf. [4], [6], [12], [13], [25], see also [7]).
However we can prove an analogous result Theorem 2 by the aid of suitable norms
with weights and the covering lemma in § 4 (cf. Triebel [42], § 3).

Thirdly we shall assume that F satisfies the property SP(s) which is a stronger
assumption than P(s) in general. Then we shall show the existence of imbeddings
of Wk*7:%(2) into W}%(£2) using the previous theorems and the extension lemma
in §4. 1In particular if p>n, these spaces can be imbedded into Schauder spaces
with weights denoted by SC}(2) and SC§*(2). For the proof we shall make use
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of suitable averaging functions in addition to potential estimate initiated by
Sobolev (cf. [7], [18] and [32-34]). SP(s) is also a regularity assumption for F.
For instance, if F satisfies SP(1), then the boundary of F has the strongly local
Lipschitz property (for the precise definition, see § 2).

Our main imbedding results can be classified according to the following list:
Let p satisfy that 1< p<+oo.
Case 1 (Theorem 1): F has the property p(s) for some s (0, n). Then

(0.4) Hy*(R") - LYR") .
Case 2 (Theorem 2): Fis an arbitrary closed set of R", Then
0.5) WEHH(Q) — Wh(2), SCYB) or SCiNR), 0<2L1.

Case 3 (Theorem 3): F has the property SP(s) for some positive integer s<n.
Then

0.6) Wi @) - Wii(2), SCi®) or SCHN2), 0<i<1.

In asserting an imbedding H ,?(R")—Li(R") for example, it is intended that
there exists a positive constant C such that

0.7) llus LEI<Cllu; Ha"Il ,

where C is independent of each uc H.?(R".

We also construct counterexamples just after the statements of Theorems
showing that they give in some sense best possible imbedding results for the spaces
considered.

There are already many authors who have studied various aspect of weighted
Sobolev spaces, see also [15], [31] and [35]. For the complete references, see the
books by R. A. Adams [6], A. Kufner [21], V. G. Maz’ja [30] and H. Triebel [42]
for example.

This paper is organized as follows:

In § 1, we define weighted Sobolev spaces and Schauder spaces. In § 2, we standar-
dize some geometrical concepts and notations which are useful in this paper. In
§ 3, our main imbedding results will be stated, and most of counterexamples are
also given there. The § 4 is devoted to prepare the lemmas concerned with covering,
extension and isoperimetric inequalities. Theorem 1 will be proved in a chain of
auxiliary lemmas through §§ 5, 6 and 7. The proofs of Theorem 2 and Theorem
3 will be given in § 8 and § 9 respectively. The § 10 is devoted to establish techini-
cal lemmas. To end this paper we shall give the proof of extension lemma stated
in § 4 for the sake of self-containedness.

The author wishes to express his gratitude to Prof. S. Mizohata, Prof. N.
Shimakura, Prof. K. Yabuta, and the staff in Institut Mittag Leffler, especially to
Prof. L. Hérmander, for their kind help and a number of useful conversations.
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§ 1. Definitions of weighted Sobolev spaces

Let F be a closed set in R" and set 2=R"\F.
Let (x)e C=(£) be a nonnegative function satisfying

(1.1) C1<o(x)/dist (x, F)<C,
(1.2) |878(x)| < C(r) dist (x, F)!~" | xE82 = R"\F,

where 7 is an arbitrary milti-index, C and C(r) are positive numbers depending
only on 7 and n.

Here we note that for an arbitrary closed set F, there exist functions 8(x) with
required properties (1.1) and (1.2), see [Triebel [42], P. 250, § 3], for example.

In this paper we shall deal with weighted Sobolev spaces denoted by

(1.3) Wat(Q), We(2) and HYR"),

where k is a nonnegative integer, p is a real number >1 and «a is a real number.
The spaces W k#(2) and WL?(L) are the set of functions on 2=R"\F, whose
generalized derivatives 8”u of order <k satisfy

(1.4) s w2l = 33.({ 1970012000 e <+ o0
and

(1.5) [lu; WE?|| :Iy%( SoIa‘Yu(x)lpa('x)(d+l'ﬂ—k)pdx)1/p <+oo,
respectively.

These spaces are Banach spaces with the norms (1.4) and (1.5) respectively. Con-
ventionally we set

19 L4(8) = WeH(@) = TLX(Q)
and
(1.7) ”u; L£” = ”u; Wg.ﬁ” = “u’ CW:-P“ .

In order to define HX?(R"), we assume that |F| (n-dimensional Lebesgue
measure of F)=0. By H*?(R"), we mean the completion of C§R"), the space of
functions of the class C* having compact support, with respect to the norm defined
by

a9 s B8l = 33 ([ 100 PaGoymeaeye
=k Jre
where the range of a will be specified later.
This space is also a Banach space with the norm (1.8) under additional assumptions
on a and F (see the property P(s) in § 2 and Theorem 1 in §3).
Here we note that these spaces WE*(2), W5#(2) and HE?(R") do not
essentially depend on the choice of the function d(x) having the properties (1.1)
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and (1.2).

We shall define Schauder spaces with weights as target of our imbeddings when
p and k are large numbers.

Let j and k be nonnegative integers, and let 2 satisfy 0<A<1. Let us define
for any usC3(9),

(1.8) lul ;o= . 21(7' N Sgp S(x)Max=0 | §7y(x) |,
Y=
1.9 |u]¥a =m2=j(7‘ n-t Sgp 3(x)*|8"u(x) |,
(110)  ulj00 = () Sup Min[s()", o(y) [ LX) =TuR)|
o =i G,nedxQ [x—y|*
=y

k
(1.11) “u“k,a =§) lulj.¢-lc+j ’

k
(112) ”u”'l):e,u = E’ |“|T.¢-k+j .
Then we set
(1.13) SCH2) = {usCHQ); |lully,a <+ o0},
(1.14) SCYHQ) = {usCHQ); |[ull¥s<+oo}.
We also set

(1.15)  SCENQ) = (usCHQ); llulltu-rtlulera<to}, a0,
and
(1.16)  SCENQ) = {usCH@); |[ull¥e-rtulpra<Too} .

These are Banach spaces with the norms:

(1.17) llu; SCall = llullaya,  Mlu; SCall = llull¥a
(1.18) llu; SC2MI = llullsa-at 4l sp05
(1.19) llu; SCa™ll = lullFa-at 4l aa -

Here we remark that these spaces do not essentially depend on the choice of d(x)
as before.

§ 2. Sufficient conditions on F for the imbedding theorems

In this section we shall introduce two regularity properties which a closed set
F of R" may possess, and we also introduce weighted isoperimetric inequalities
which are essentially equivalent to our imbedding results stated as Theorem 1 in § 3.

Let s be a positive number satisfying 0<<s<<n. We first define the property
P(s) which concerns the (n—s)-dimensional Hausdorff measure of F and the n-di-
mensional Lebesgue measure of the tubular neighborhood of F denoted by F, with
7>0, that is:
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Definition of P(s). Let s be a positive number satisfying 0<s<n and s*=
Min (s, 1). A closed set F is said to have the property P(s)if | F| =0 and there
exist positive numbers C, and A4, such that

(VR | BN(FENF)| SCon*~*"(n—7")"d(B)*™,

where F, = {xeR"; dist (x,F)<7u} ,

B is an arbitrary open ball with diameter d(B)< 4,, 7 and 7’ are arbitrary numbers
satisfying

22 0<7' <n<d(B)<4,.

Here [*| stands for the n-dimensional Lebesgue measure.

In order to make clear in advance the role of this condition P(s) as well as
what it means, we shall describe here the weighted isoperimetric inequalities which
will play an important role in the proof of Theorem 1 and will be established under
this condition in the §§ 6 and 7. To do so, we need the definition of d-dimensional
Hausdorff measure. Let S be a set in R". Consider various coverings of S by balls
of radii<e. We put HYS)=v, Inf >3 r$, where r; is the radius of the j-th ball,

J

vy is the volume of the unit ball in R? and the infimum is taken over all such
coverings. Then we define 4(S) (the d-dimensional Hausdorff measure of S) by

2.3) I(S) = lim H(S) .

Since H¢ is monotone, this limit, finite or infinite, obviously exists. We also define
d(S) (the diameter of S) by

2.9 d(S) = Sup [dist (x, y); x, yeS].

Proposition 2.1. Suppose that F has the property P(s) with s€(0, n). Let M
be an arbitrary bounded open subset of R" with smooth boundary. Moreover sup-
pose that A(M)< A,A,. Then there exists a positive number C; such that

2.5 (s dist (x, F)P1dx)"1< C, sa dist (x, F)*d H* \(x),
M M
where 0<1—1/g ={—a+p)/n and either
—slg<fp<La<0,0<s<1 or —s/g<f<e, l<s<n.

Here C, is independent of M, A, is also a positive number defined in Proposition 6.2
in § 6 and 9" X(x) is the (n—1)-dimensional Hausdorff measure.

For the sake of simplicity we assume that 4j=- co for a moment. As will be
seen later, this proposition leads us to the imbedding of the type HL'(R")—
L(R"), and we also have

(2.6) [lu; LE||<Const.|||Fu|; L], forany ueCy7R").

Conversely we have the following:
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Proposition 2.2. The inequality (2.6) implies (2.5) with Ay=+ oo.

Proof. We take a bounded open subset M of R" with smooth boundary and
construct approximative characteristic functions u,’s of M for sufficiently small
€>>0 as follows.

Let us set M,={x= M; dist (x, dIM)>¢} and

1 xEM,
2.7 u(x) = { dist (x, dM)/e xeM\M,
0 xeEM°.

Since u,’s belong to the space H,''(R") with a> —s, it follows from (2.6) that
(2.8) ||ue; LE|| < Const. ||| Pu,|; L] .

Then we have, letting ¢ — 0,
2.9) lim [Jug; Le|| = ( S S(x)Pedx) e
>0 M
Since M, is a smooth manifolds for sufficiently small é>0, we also have
(2.10) lim sup S | Pu, | 6(x)“dx = lim sup g1 S dt S 6(x)“dﬂn—l(x)
>0 R" >0 0 IM;
- j B(x)*d. I (x) .
oM

Noting that 0(x) is equivalent to dist (x, F), we have the desired inequality. Q.E.D.

Before defining another property SP(s), we shall give some important remarks
here.

Let F satisfy P(s) with s&(0, n]. Take and fix an arbitrary ball B of R" with
d(B)< A,.
Let us set

2.11) fi(m) = |BNF], 0<7<d(B)<4,.

Since |F|=|F,| =0, we get fz(7)<C,d(B)"*7*. Moreover fyz(n) is Holder con-
tinuous with exponent s*=Min (s, 1). If s>1, then we have the following lemma
which will be proved in § 6 (see Proposition 6.1).

Lemma 2.1. Assume that s>1 and F has the property P(s). Then we have
the followings:
(1) It holds that

(2.12) H*(BNOF,)XCn*~'d(B)"~*,

Jfor any nE(0, d(B)) with d(B)< A,.
(2) For any n(0, d(B)) with d(B)< A,, there exists a sequence of smooth manifolds
{Ny} %=1 such that N,C F5 (k=1, 2, ---), N, converges 8F, as k—-+oo and
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(2.13) ligi sup H* Y B NN)ZCr~ld(B)**.

Here 9(*"X(x) is the (n—1)-dimensional Hausdorff measure, and C is a positive number
depending only on the dimension of the space (independent of B and 7).

The followings are typical examples of the set F with the required property
P(s). First we assume that s is a positive integer <n.

Example 1. Assume that F consists of finitely many points of R". Then F
satisfies P(s) with s=n.
Example 2. Let F be a (n—s)-dimensional linear subspace:
F={z=(x,y)ER"*XR'; x€R"*, y =0} .
Then F satisfies P(s) with 4;=+ 0 and C,=2s.
Example 3. Let F be a (n—s)-dimensional compact Lipschitz manifolds in

R" with s<n. Then F satisfies P(s) for some A4;<<+ oo.

As is easily verified, if F* and F* satisfy P(s) and P(t) respectively, then F*U F*
satisfies P(min[s, #]). Therefore the Lipschitz property and compactness of the set
F are not necessary for the validity of P(s). To illustrate this we also give the fol-
lowing example:

Example 4. Let n=2 and s=1. Let us set
F, = {(x, ))ER% (x—4my+y* =m™?% and F=0U F,.
m=1

Then F satisfies P(1) with 4,=1/2, C;=2x.

Proof. First note that dist (F;, F;)>5/2 provided k= j. So that each ball B,
with radius r can meet only one component of the set F,, provided 0<7<d(B,)=
2r<1/2. Then we immediately get

{(F\F) N\ B,| <2 (length of 8B,)|n—n'| = 2zd(B,)|1—7’] ,
for 0<7'<7<d(B,)<1/2.
Q.E.D.

As for the case that 0<<s<1, the following is typical.

Example 5. Assume that n=1 and s=1-—log;2. Let F be the Cantor set in
Hy=[0, 1]. Then F satisfies P(s) with 4,=1, C;=18, and F does not satisfy P(t)
for t>s. (The proof will be given at the end of this subsection for the sake of self-
containedness.).

We note that there exists a set F with null the d~dimensional Hausdorff measure
G{4(F) for any nonnegative d such that F fails to satisfy P(s) for any s& (0, n).

Counterexample 6. Assume that n=2 and b>0. Let ¢ be a positive integer
which will be specified later. Let us set
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2.19) 7y = (m+jmb~Y km™Y),
Q7 = (m+km™7, jm™*7Y),
F,={P74, Qr4;j=0,--,mand k =0, -+, m'} ,
F=UF,.

Then F is a null set with respect to H%(x) for any positive number d, nevertheless
F does not have the property P(s) for any s (0, n].

Proof. Since F consists of a countable set of points, it holds that (F)=0,
0<d<n. Let 7=27'=m™%"*/4, R,=(m+m %2, m™%/2) and let B(m)=B,-s(R,,)
be the ball with center R,, and radius m™%. Then there exists a positive number
C independent of each m such that

[(FEA\E )N Bm)|[{|7—n"|"2*"d(B(m))*~*} = Cm®~ D1,

with s*¥=Min[1, s]. If we set r=1 for example, this inequality implies the assertion.
Here we also note that Theorem 1 fails to hold for this set F, see § 3.

We proceed to define another regularity property of F, which is a variant of
the well-known “strongly local Lipschitz property” (see Adams. [6] P. 66, for
example).

Definition of SP(s). Let s be a positive integer<<n. A closed set F has the
property SP(s) provided there exist positive numbers K, L, M, a locally finite open
cover {U;} of 92 =08F=F\Int F, and if s<n, there exists for each U; a system of
real valued functions G'={gi, ---, g/} of n—s variables such that the following
conditions (1), -+, (6) hold:

(1) If s=n, F consists at most of countable points, and every pair of distinct
points x, { EF satisfies |x—{|>M.

(2) For 1<s<n, every collection of K+1 of the set U; has empty intersection.
(3) For every pair of points x, {€ 2, ={xe2; 0(x)<M} such that |x—{| <M,
there exists j such that

x, {eV; = {z€Uj; dist (z, 9U)> M} .
(4) If 1<s<n, for some Cartesian coordinate system
o, ¥ = (xd, -, xi_s, yi, -+, ¥{) depending onj,
the set F N U; is represented by the equalities
yi=glxf, - xin), I=1,s
(5) Ifs=1, 2N U;=(R"\F)NU; is represented by the single inequality
yi>gl(xd, -, xio0) .

for some Cartesian coordinate system depending on j.
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(6) Each of functions gj in (4) and (5) satisfies a Lipschitz condition with constant
L,

lg{(xls ) xn—s)_g{(fl’ *tty ‘fn—s)l SLl(xl_Ej’ °tty xn-s_fn—s)l’
for /=1, +-+, s, 0<s<n and jEN.

Here we note that if s=1, then this condition is equivalent to the strongly local
Lipschitz property of 2=R"\F. 1If a closed set F of measure zero satisfies SP(s),
then it also satisfies P(s), see example 2.

Proof of Example 5. Let F be the Cantor set in Hy=[0,1], more precisely

2.15) F=n UH;,

where H; = U{o(); I€H; }, j=>1,
o) = {Inf I <x<Inf I4+(1/3) diam I} U
U {Inf I+(2/3) diam I <x<Inf I4+-diam I} .

Without loss of generality we assume that
(2.16) 37#1<d(B)<37*, for some nonnegative integer k .
First we take # and 7’ such that
(2.17) 371-1<p' <7< 37, for some nonnegative integer j .

From the definition of F and Hj, H; consists of 2/ disjoint closed intervals with

lengths 37/, and F)\F, consists of disjoint closed intervals with lengths <
37#-379"1=37i"12. Then it holds that

(2.18) F\FyCH\H;U[—37, 0JU[l, 1+377].

Here H\H; consists of 2/—1 disjoint closed intervals, and each connected com-
ponent contains at most 2 components of F,\F,,. Hence the number of compo-
nents of F,\F, is at most 2(2/ —1)4-2=2*!, It is easy to see that at most 27+~
components of F,\F,, can be contained in B provided d(B)<37* So that we have

2.19) | BO(F\Fy) | <244 —n")<2(n—2")30~P0"9)
L2 —7")r*[3d(B)' < 4n—n')'d(B)' "¢,

if s=1—log, 2.
Secondly we assume that, for some positive integer m,

(2.20) 3l <3 L3 e <37,
If m=1, it follows by the repeated use of the previous step that

2.21) | BN (ENF) | <3 —7" )0’ "'[3d(B)]'" .
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So we assume that m>2. In this case we have
m+1
2.22) F,,\F,,zC’LJI{FgP_l\Ffp} , where §&,=7377.
By (2.21) we have
(2.23) | BN (F\Fy)| <2[3d(B)) ~*n’[1437*+---+37*"]
<2[3d(B)}~*7*(1—37%)"" = 6[3d(B)]'"*%*
<18d(B)*|n—7'|".

Consequently, F satisfies P(s) for s=1—log; 2.
On the contrary, assume that B=H, and 37/7!<7’'<#<27'37. Since it
holds that

(2.29) Min [diam I; I€B\H;] =377,
we have
(2.25) |FA\Fy | 2 =)@ —2)=22"'(—7")
=47 -7
So that F does not satisfy P(t) provided ¢>s. Q.E.D.

§ 3. Results and Counterexamples

In this section we shall describe our imbedding theorems according to the list
in§0.

Let p satisfy 1<p<+oo. Let @ and B be real numbers, and let k and j be
nonnegative integers. Let F be a closed set in R”, and set 2=R"\F, 02 =0F=F\
Interior of F. Note that F=0F if either F satisfies P(s) or SP(s) with s==1.

Theorem 1. Let p satisfy 1< p<<+oo. Assume that a closed set F has the
property P(s) with s€(0, n]. Let D be a bounded subdomain of R". Then the
following imbeddings are valid:

Suppose (1—a+B)p<n, 0<1/p—1/g< (1 —a-+p)/n and either
—slg<pf<La< —Bq(1—1/p), 0<s<1, or —s/q<f<a, 1<s<n. Then

G.D) HYWR" — LYR",  p<q<np/ln—p(l—a+h)].

Moreover if 0<1/p—1/q<(1—a+B)/n, then the following restrictions of the map-
pings defined by (3.1) are compact ;

(3.2 Hy*(R") — LYD),  p<q<np/[ln—p(l—a+p)].

Theorem 2. Let p satisfy 1< p<<-+oo. Let F be an arbitrary closed set in R",
and set =R"\F., Then the following imbeddings are valid:
Case A Suppose (k—a+B)p<n, 0<1/p—1/g<(k—a+p)/n and B<a. Then

(3.3) War2(Q) > WpA(2),  p<q<np/ln—plk—a+p)].
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Case B Suppose (k—a-+8)p=n and < a. Then (3.3) is valid for p<q<-+oco.
Moreover if either p=1 or f<a, then

(3.4) WatiH(2) - SCiD).
Case C Suppose (k—1—a+B)p<n<(k—a+pB)p and B<a, then
(3.5) GYEHQ) - SCiN@),  0<a<k—a+B—np.

Case D Suppose (k—1—a+B)p=n and B<a. Then (3.5) is valid for 0<<A<l.
Moreover if either p=1 or B<a, then (3.5) is valid for 2=1 as well.

Theorem 3. Let p satisfy 1< p<-+oo. Assume that a closed set F has the
property SP(s) with s nonnegative integer <n. Then the following imbeddings are
valid:

Case A Suppose (k—a+B)p<n, 0<1/p—1/g<(k—a-+p)/n and —s/q<pf<a, then

(3.6) Wi @) — wi(2),  p<q<np/ln—plk—a+p)].

Case B Suppose (k—a+B)p=n and 0< B <a, then (3.6) is valid for p<g<<+oo.
Moreover if either p=1 or 0<fB <a, then it holds that

3.7 Wi (2) — SC{Q).

Case C  Suppose (k—1—a+Bp<n<(k—a+p)p and 0<p<La, then
3.8) Witin(Q2) — SCiNQ), 0<i<k—a+p—np.
Moreover if ask—n/p, then (3.8) holds for 2=k —a+8—n/p as well.

Case D Suppose (k—1—a+8)p=n and 0<B<a, then (3.8) is valid for 0<A<1.
Moreover if either p=1 or 0<B <a, then (3.8) holds for 2=1 as well.

Here we remark that: Since elements of weighted Sobolev spaces are not
functions defined everywhere but rather equivalence classes of such functions
defined and equal up to values on sets of measure zero, by an imbedding of
W k+isb(2)— SCiN2) for example we mean that the equivalence class u€ Wit (L)
should contain an element belonging to the target space.

In the rest of this subsection, we construct examples showing that in certain
respects these theorems 1, 2 and 3 give best possible imbedding results for the
spaces considered. For some questions it is helpful to consider spaces without
weights as special cases of spaces with weights.

First, we give counterexamples to Theorem 1 assuming that s is a positive
integer <n, 8(z)=| y| for simplicity and that

(3.9) F={z=(,y)ER"*XR; x&R" ™5,y =0} .

Here we note that F satisfies P(s). (See § 2).
Let Bi={z=(x, y)ER" *xR’; |z| <h}, and choose a function f € Cg(B}) so
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that £ >0 and f=1 for z& Bj),.

Counterexample to Theorem 1 (1/p—1/a>(1—a-B)/n). Suppose that
(3.10) 1/p—1/g>(1—a+B)/n and —s/g<p<Lea.
From this condition, we can choose ¢ and 7 so that
(3.11)  n+(@+r+a—1)p>0, n+(+7+8)g<<0 and ¢ is sufficiently large .
Let us set
(3.12) uz) =f@@) | yl*lz|".

Then we have uc H}?(2) but usLi(92), where 2=R"\F. In fact, both of the
following inequalities are valid:

(.13) S IyI“"lau(z)[’szCS | 2] G++%D? gz < 400 |
B} BY

(3.14) S | 7174 u(z) szcs | 2| G+r+Bag,
BY 1217251yl <1/2

113
>C'S f PRI — f oo .
0

Here we used a trivial estimate |Pu(z)|<C(|y|*!|z|"+|yl*|z|"""). Hence no
imbedding of the type H '?(2)—L(&) is possible provided g>np/{n—p(1—a+A)}.

If 0<s<1 and a>—pBq(1—1/p), then the imbeddings in Theorem 1 do not
hold in general. To see this we give the following example:

Counterexample to Theorem 1 (s=1, p=1). Suppose that s=1, p=1, n=2,
—1/g<f<a and 0<a. Let F be the closed set defined in the example 4 in § 2.
Then the imbedding (3.1) can not hold.

Proof. Let us set

f 0 ’ xE(Gm,a)c
(3.15) Uun(x) =1 dist (x, 8G,, )¢, x€G,, and dist(x, 8G,, )<e
l\ 1, x€G,,, and dist (x, 8G,, )=>¢,

where G,, .= {(x, y) ER?; (x—4m)’+y*<(m '+¢€)*} and ¢ is a sufficiently small
positive number.
Assume that 1 —1/g=(1—a+4)/2. Then we have
G16)  tim (b eePdx = O, HAEN",
>0
G.17) lim g [44,(x) | 8G)%dx = C(1, Q)d(F,)**,
20

(3.18) lim S |Put(x) | 8(x)dx Timm 2™ S [r4d(F,)/2r*dr =0,
- e8> 0
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where C(g, #) and C(1, a) are positive numbers independent of /m and e. There-
fore the imbedding H ' — L does not hold. Q.E.D.

Assume that F does not satisfy P(s). Then Theorem 1 is not necessarily valid
however the set F is “small”. To see this, we give the following:

Counterexamples to Theorem 1 (F fails to have P(s)). Let F be the set defined
in the counterexample 6 in the §2. Then we can choose a parameter ¢ so that
Theorem 1 (n=2) does not hold for any s&(0, 2].

Proof. We note that Theorem 1 is essentially equivalent to Proposition 2.1
in § 2 (see also Propositions 2.2 and 5.1).

(1) Assume that >8> —2/q and a>0. In this case we set M={Convex
hull of F,} in the isoperimetric inequality (2.5) with 1—1/g=(1—a-+£)/2. Then
we have

(3-19) ( S 6(x)5qu)l/42 Cm-(‘+l)<b+l)+2/q ’
M
m—d-t
and Sa 6(x)“dj{n-l(x)s4mg S redr = Cm~@+(etD+t
M 0
So that
(320 (S Bx)Pedxy''e( L 8(0) I Y (x)) 1> Cmet—D+2a-1 |
M M

where C is a positive number independent of each m. Then we put t=1, if a>8;
t==2, if @=p>0. Anyway the right side of the above inequality can not remain
bounded as m—>-+oo. Therefore the propositions 2.1 and 5.1 do not hold.

(2) Assume that —2/g< #<a<0. In this case we put r=1 and set

M = {xe R?; dist (x, F,)<m™%} .

Then we have in a similar way

@3.21) (f, spranyre= S(Ofed)e =

{Convex bull of F,,)
— O(m—(b+1)(a+1)+z/q)

and Sa 8(x)*d.H*Y(x) = O(m—¥e+Dy .
M
So that we have

(3.22) (| scopagync | ocorasyrzcmee.

Therefore the propositions 2.1 and 5.1 do not hold. Q.E.D.

Counterexamples to Theorem 3. We retain the notation introduced by (3.9).
Moreover let us set 2%¥=2, if s>1; 2N R%, if s=1. It suffices to give counter-
examples in the cases B and C.
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Case B. Suppose that #=0 and p>1. Then we have a=1—n/p>0. Let us set
(3.23) u(z) = f(z) log{log (2|z| )} .
Then clearly ueg L=(2%). But we have uc Wl2(2%). In fact,

G2 | 1@ yimdz<c| 11121 og(lz] ) dz<
B} B}

<C SB" [z] 7" [log(|z|/2)| ?dz< C” S: r~t|log (r/2)| “?dr<+oo .
1

Therefore the imbedding W, ?(2*)—SCg(2*)C L;(2*) does not hold in case =0
and p>1. It is also clear from the Sobolev imbedding theorem that the space W,?
can not be imbedded into Lg in case «=4 and p>1.

Case C. Suppose that u=1—a+£—n/p>0. From the previous example it suffices
to assume that @==1—n/p. In fact, if @=1—n/p, then we have |lu; SC3*||>
[lu; SCR_ull=|lu; L=]|. Since p>1, the function u defined by (3.23) becomes a
counterexample again. We proceed to the case that aZ1—n/p. Let 2 satisfy
A>u. Then we can choose ¢ and 7 so that

(325 wu=l—a+p—n/p<t+t+p<2, v+2t=%0 and is = sufficiently large .

Again we set u(z)=f(z)| y|*|z|". Then we have uc Hy?(R*™*x R*) from (3.13)
and (3.25) But u fails to belong to SCg*(R"*x R®). To see this, we take any
points (x, y) and (0, 2y) with 0<| y| =|x|<1/4. Then

(3.26) llus SCEMI= 1 1P u(x, y)—u(0, 29)1/1(x, y)—(©, 2)|* =
= 2 (TN _tT2)| [HHTHEA 5 oo

’
as | y| tends to zero. Thus u has the required properties.

Counterexample to Theorem 2. Case A: In this case the assertion in Theorem
2 is equivalent to the isoperimetric inequality (8.1) in § 8, therefore it suffices to
show the following is sharp up to constants C, and C,.

@8.1)* (S 8 (x)Prax) < C Sa 8(x)*d S (x)" "+ Czs o(x)* ldx,
M M M
where M is a compact domain C £ with smooth boundary, 1—1/g=(1—a+p)/n
and g<a.
Let us set
2 = R: = {(x, yER"; x&R""', y>0}
and M = {(x, ) ER"; X¥*+(y—k ")’ <(2k)7%} .

Then it follows by the dimension argument that the relation among e, 8 and ¢ is
sharp. Moreover the following example shows that if >0, then the second term
in the right side of (8.1)* is needed. Let n=2 and h,=exp(—k). Let us set
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Ay = {k<x<k+k™, h<y<h+k™'},
Bk == {k<x<k+hk, OS yshk} >

2 = {(x, »)ER?; y<0} U{U 4} U{U By} .

Since 4, can be approximated by smooth domain from inside, we can put M=A4,.
Then as is ovbiously seen, the first term in the right side of (8.1)* vanishes rapidly
when k tends to + oo, so that the second term becomes the principal part.

In the cases B, C and D, we can show in a similar way that there exist no im-
beddings of the type considered in the previous examples, except that those explicitly
stated in the theorem 2. Q.E.D.

§4. A review of covering, extension and isoperimetric inequalities

In this section we shall prepare some lemmas which will be needed later. In
the first place we give two covering lemmas (see [30] for the proof).

Lemma 4.1. Let I>1 and let 2 be a domain of R". Then there exists an

uniformly locally finite cover of by open balls
Brj(ej) == {x; Ix_ffl <rj}

such that:

() 2CUB,@).

(2) 27''dist (&7, 02)<r; <27 dist (67, 09).

() 2cu(—27hB,&).

(4) For an arbitrary point x€ 2, the number of balls B, (£7) which intersect

B,-1456t (s, pa)(X) is uniformly less than N, where N=(1+2'*%n)".

Lemma 4.2. Let D be a bounded set in R". With each point x€ D, we as-
sociate the ball By, (x) whose center is x and radius is d(x)>0. Then we can select
a sequence of balls {B;} in {(B,)(X)} :ep Such that:

(1) DcCUB;.

(2) There exists a number K depending only on the dimension of the space, such

that every collection of K+1 of the sets B; has empty intersection.

Secondly we give a lemma on the existence of extension operator which is due
to E. M. Stein provided ¢=0. The proof will be given in § 11.

Let 8* be a modification of 8 such that §* = C=(R"\8F) and such that 6*(x)=
O(x) if x€ 2 =R"\F, 6*(x) is equivalent to dist (x, 8F) if x< {Interior of F}.

Lemma 4.3. Let F satisfy the property SP(1). Let 2=R"\F. Then there
exists a continuous extension operator E , , mapping each element of WkE(2) into

H3}*(R") such that: E, , u=u on 2 and there exists a positive constant C such that
we have

4.1 |Ep,pwtts He (RO Cllu; Wat(@l,
for an arbitrary us Whk?(2) .
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Here the space H®*(R") is defined in analogous way, except that we use 0* in
place of 4.

Thirdly we prepare isoperimetric inequalities which are essential for the present
paper (See [30], P. 163, § 3 for the proof).

Lemma 4.4. Let n>2 and let B be an open unit ball of R". Let M be an open
subset of B such that @M N B is a manifold of class C™'. Then

“2) Min (|M |, |B\M )< C,S(@M N By,
for CO = 2-1 V,,V“_l”/("—l) ’
where S(OM N B) =Sa d 9" Y(x), H""\(x) denotes the (n—1)-dimensional Haus-
QnB

dorff measure and v, denotes the Lebesgue measure of the n-dimensional unit ball.

Lemma 4.5. Let n>2 nad let B be an open unit ball of R". Let M, and M,
be two open subsets of B whose boundary portions 8M;N B, i=1, 2, are of class C*'.
Then

4.3) Min{| M,N M,|, | B\(M, N M,)|} < C,S(8(M,N M,) N By*~V ,
where C, is the same number as the one in the lemma 4.4.

For the proof of Lemma 4.5, it suffices to note that M, N M, can be approximated
from inside by a sequence of open subsets of B with smooth boundaries and with
smaller volumes than | M, N M,]|.

Lastly we prepare the following (The proof is omitted.).

Lemma 4.6. If f: R"— R! is Lipschitzian, then

44 [ errtas={ af | swasico,

for every Lebesgue integrable real-valued function g.
Here 9" '(x) denotes the (n—1)-dimensional Hausdorff measure and |Vf(x)| =
33 18,401

This formulation is due to Federer [11; Theorem 3.2.12.], see also Maz’ja

[30; Theorem 1.24.]. We recall that if n=1 and g(x)=1, then this equality is known
as Banach’s theorem.

§5. Proof of Theorem 1 (First step)

In this section we shall reduce the statements of Theorem 1 to the following
proposition 5.1 in terms of isoperimetric inequalities.

Definition. An open subset M of R" is called admissible if M is bounded
and @M is a manifold of class C*.
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We note that if ue C7(R), then for almost all ¢ the sets
5.1 M, = {xER"; u(x) =t}

are admissible. In fact Sard’s lemma implies that the set of critical values of u
has measure zero in R'.

Then Theorem 1 is reduced to the next proposition 5.1 which will be estab-
lished in § 6.

Proposition 5.1. Let F have the property P(s) with s&(0, nl. Let M be an
arbitrary admissible set with d(M)=diam M < A,A,. Then there exists positive con-
stant C, such that

([ owpanyes camyeroio | seraae i),

where 0<1—1/g< (1 —a+8)/n and either
—s/g<B<a<0,0<s<1, or —s/g<f<a,l<s<n.

Here C, is independent of M, and A, is a positive number independent of M defined
in Proposition 6.2 in in § 6.

Admitting this in the present, we shall establish Theorem 1.

Proof of Theorem 1. By virtue of a suitable partition of unity with radius less
than Min[4,4,, 1], it suffices to establish the following inequality for an arbitrary
ue Cgy(B,), where B, is an arbitrary ball with d(B,)<Min[4;4,, 1]. Letp, q, a
and P satisfy the hypotheses in Theorem 1. Then it holds that

(.3) (Slul"&""ctv)‘/"_{ i S | 7|28 dx)¥s |

where C, is the same constant as the one in Proposition 5.1.
In the first place we have

(54) (| 1u@rocopeanyn = ([Taan | - opranyes

lu(x)|2¢t

< S" ( S 300 dx) e dr .
0 lu(2)12¢

Here we used the following elementary inequality which is valid for an arbitrary
non-increasing function g >0:

(535) (" swraenyn < g,

t

which is a direct consequence of the inequality g(t)ss g(s)ds. By the proposition
[}

5.1 with M={|u(x)| >t} and the lemma 4.6 with f=|u|, g=06%, we have the desired
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estimate (5.3) provided p=1. 1If p> 1, it suffices to replace ¢, a, £ in the inequality

(5.3) with p=1 by 1—1/p+1/q, a+Bq(p—1)/p, 9(1—1/p+1/q) respectively and u
by |u|t+e@-1l,

The assertion (3.2) concerned with compactness also follows from Proposition
5.1:

First we shall prove that the imbedding opreator of H.?(R") into L2(D) is
compact, if D is a bounded subdomain of R".

Let F(n)={x=R"; (x)<7n}, and let B satisfy that max[—s/p, a—1]<B<a.
Then it follows from the previous part that

(5-6)  llu; LADNF)I| <2*Fllu; LED N F)l| < Cn*~Pllus Hy (R -

Since F(7)°N D is an open subset of D with smooth boundary and compact closure
for almost all >0, the imbedding operator H 4*(R?) into L4(F(7)° N D) is compact.
So that the assertion follows.

Secondly we proceed to the general case. We need more notations. We con-
struct a covering {B;} of D by balls with diam B;=7<Min[A4,4,, 1] the multiplicity
of the covering being not more than a constant that depends only on n. Here
we used the lemma 4.2. Let {p;} be a partition of unity subordinate to this cover.
Then it follows from Proposition 5.1 that for e=1—a+g—n(1/p—1/q),

67 | @) <3| 1up,l0mmax<

< 53(| 170177 axyir<
ji=1 D
<CC"llus HER)|+Con)llus LARM*,  forany ueC(R").

Here we used the estimate |Fg;| <Const. 7. Since the imbedding H}*(R")—
Li(D) is compact, it is clear that the imbedding (3.2) is compact provided &> 0.
Q.E.D.

§ 6. Proof of Theorem 1 (Second step: Proof of Proposition 5.1)

In this section we shall prove Proposition 5.1 using Proposition 6.3 which
will be established in § 7.

First we state the following which is a direct consequence of the property
P(s).

Proposition 6.1. Let F have the property P(s). Then the following inequalities
are valid for any 7, ' and any ball B satisfying

0<7'<n<d(B)<4,.
) 5 SR dx < Cr*e | g—n' [*d(B)~,  —s<a.
B0 (Fy\Fy)

Q) SB 3(x)*dx < Cd(B)"[d(B)+dist (B, F)]*,  —s<a<0.
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3) SB 8(x)*dx > Cd(B)'[d(B)+dist (B, F)",  a>0.

@ | dso@<crasy, s>t
Bn3F,
Moreover if s>1, then it holds that:

(5) For any n€(0, d(B)), there exists a sequence of smooth manifolds {N,} 7., such
that N,C F5, N, converges 8F, as k— -+ oo and

liin sup A" (BN N)LCrp d(B)**.

Here C is a positive number independent of B, 7 and 7’

Proof. For the sake of simplicity we assume that d(x)=dist (x, F).
(1) In case a>0 the assertion is obvious, so we assume —s<a<0. Let&;=7'+

(n—7')277 =€ ;,,+(n—7")273"" inductively on j. Then F\F,=U o, ®;=F; \Ft,, ,
j=0
and in @; we have 8(x)>¢,,,. Hence it follows from the property P(s) that:

S B(x)*dx < C2d(BY™* |1 —n'|* 3 €531 T2V
BN (Fy\Fy/) =
S C;ﬂs-sﬂ-al ,7_77: | std(B)”_s .

Here we used £;<2¢,,, and 7/2/*' <€, <7.
(2) In case d(B)<dist (B, F), we get

6.1) (1/2)[d(B)+dist (B, F)|<d(x)<d(B)+dist (B, F), xXEB.
Therefore the assertions (2) and (3) are clear. Now we assume dist (B, F)<d(B)
< A,/3, then 3BBCF,,. From (1) we have, letting 7'=0 and 7=3d(B),
6.2) j a(x)“dng 3(x)°dx < Cd(By+*<
B 3B
< C27%d(B)"[d(B)-dist (B, F)]*.

We note that the excluded case that A,/3<<d(B)<4, can be treated in a similar
way by dividing B into small balls with finite multiplicity.
(3) Again we assume d(B)>dist(B, F). For a small 7 we have

Bn

>7"{1—-C/[n/d(B)} | B] .

(63) [ swrax=|  osworar=n(18I-1FNB)=

Then putting 7=Min [1, (2C,)~*]d(B)/2, we get the desired estimate.
(4) Let ¢ and ¢ be sufficiently small positive numbers, and set

B, = {x&B; dist(x, 8B)>1t}, for e<t.
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Then it follows from the property P(s) and the lenmm 4.2 that there exists an uni-
formly locally finite cover of B,NdF, by open balls B’ with d(B’)=e¢ and centers
on 9F, such that:

S B < C BN Ep\Fy-) Q) < Clr-+2) 7 d(BY

where C and C’ are positive constants independent of 7 and e. In view of the
definition of the Hausdorff measure, we have, letting e—0,

I*Y(B,NOF,)< Cn*~d(B)"* .

Since ¢ is arbitrary, the desired estimate follows.
Here we note the following: From the general measure theory it also holds
that

B NOF)<lim sup h™|(Fy\F) N B| <C,7° d(B)"™,

for allmost all 7. For the detailed proof, see [11, Theorem 3.2.15, p. 252, Theorem
3.2.26, p. 261 and Theorem 3.2.39. p. 275] for example. Since BN 8F, may have
a positive measure, the first inequality can not be replaced by the equality.

(5) For the sake of simplicity, we assume that Ay=-4oco. Take and fix an
arbitrary 7€(0, 4-o0). Let g(x) be a nonnegative smooth function satisfying

(6.4) C-'d(x, 8F,) <g(x)< Cd(x, OF,)
[Fgx)|<C, x€EF;

for some positive number C independent of x and 7.
Then we have for a sufficiently small ¢>0

6.5) meas {x€ B; 0<g(x)<e} < [(Fpice\F) N B| <
<C'n*‘ed(By**.

By the lemma 4.6, we have

(6.6) |Pg(x)|dx = So I ({x e B; g(x) = t})ds.

S(0<h(x) <enB

Then by (6.4) and (6.5) we have
6.7) So I ({xE B; g(x) = 1})dt < Ced(B)"* .

Since g(x) is of class C*, we can choose a sequence {,} 7.1 so that t,—0 as k— -+ oo,
Ny={x; g(x)=#} is of class C~ and lim sup H* (N, N B)<C#'d(B)"*. Q.E.D.
k> +00

The following is also a direct consequence of the property P(s):

Proposition 6.2. Assume that F has the property P(s) and a> —s. Then there
exists a positive number A, such that:
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For any admissible set M satisfying d(M) < A,A, and for any x&EM, there
exists an open ball B with center x and d(B)< A, such that

(6.8) SM” 8 dx = (1/2) SB 8(x)"dx

holds, where A, is depending only on a and the dimension of the space.

Before the proof we remark that 4, is uniformly bounded with respect to « if
a is contained in a interval [—e, 4 oo) for a given ¢ satisfying ¢ <s.

Proof. Take an arbitrary amdissible set M satisfying d(M)< 4,/(4N), where
N is a positive number >2 and will be specified later. Moreover we take an
arbitrary ball B, with d(By)=4,/(2N) so that M CB, and the center of B,E M.
For simplicity we assume the center is the origin. Let B be an arbitrary ball con-
centric with B, and satisfying d(B)<A4,. Then we set

(6.9) r=2 XM“ 8(x)%dx ( SB 8(x)%dx)"" .

As is obviously seen, 7 equals 2 for sufficiently small B. Therefore it suffices to
show that r<1/2 if d(B)>A4,. By Proposition 6.1, we have

(6.10) 7 < Cold(B,)/d(B))"{[d(B,)+dist (By, F))/[d(B)+dist(B, F)I}*,

where C, is a positive number depending only on ».
(1) Assume that dist(B,, F)>(N —1)d(B,). In this case we put B=NB,. Noting
that dist (B, F)=dist (B,, F)—(N —1)d(B,)/2 and d(B)=Nd(B,), we get

(6.11) 7 < CoN ~*{[d(By)+dist (By, F)I/[Nd(B,)/2+dist (By, F)I}*<
<CCyN™" =7p,, for any a>—s,

where C is a positive number depending only on n.

(2) Assume that dist(B,, F) < (N —1)d(By,). Then we put B=(2N)B, so that
dist (B, F)=0. Using another positive number C depending only on », we have in
a similar way

6.12) r<CCyN "Max[l, N°*] =r,, forany a>—s.

Here we choose N so that Max[r,, 7,J<1/2, and we set 4,=[4N]"'. Then the
assertion is now clear. Q.E.D.

Now we state the main proposition which will be proved in § 7.

Proposition 6.3. Assume that F has the property P(s). Let M be an admissible
set with diam M <<A,A,, and let B be an ball with d(B)<<A,. Assume that

6.13) SM” 8(x)*dx = (1/2) SB 3(x)%dx .

Then it holds that
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(6.14) &m 3(x)*dx < C(a) d(B) S 0,

aMn

where either —s<a<0, 0<s<1 or —s<ea, 1<s<n, C(a) is independent of each
M and B, and A, is the positive number defined in Proposition 6.2.

Admitting this in the rest of this section we shall establish Proposition 5.1.

Proof of Proposition 5.1. Let M be an arbitrary admissible set with diam M <
A,A,, where A, is possibly permitted to be 4 co. By virtue of the lemma 4.2
we can construct an uniformly locally finite open cover by a sequence of balls
{B;}7-1 with d(B;)<A, such that the equality (6.13) holds for B=B; (j=1,2, --)
and the constant C depends only on n. Then

6.15) ( SM 6(x)ﬁqu)llqué ( S j(gpqu)l/qs

MnB

<33 (| oraxpe<c S 1a)+dise 8, PPaByI<
j=1 JB; i=1
S Crd(M)l*u‘l'ﬂ-ﬁ(l—l/q) i S 6(x)“dxd(B,)—lS
i=1JB;

<cc@dmy-=rrem [ aerd g =
N

ji=1 j
— C/C(a)Kd(M)l—-¢+P—n(l—l/q) Sa 6(x)¢dj(n—l(x) .
M
Thus Proposition 5.1 has been established. Q.E.D.
§7. Proof of Theorem 1 (Final step: Proof of Proposition 6.3)

In the first place we shall deal with the case that —s<<@ <0, which is rather
simple. We prepare the following:

Lemma 7.1. Let F have the property P(s) with s&(0, n). Assume that —s<<
a<0. Let B be an arbitrary ball with d(B)<<A,. Then

1) [, 160 —us lo@rar < c@) | 17ueo)io0ax,

. B B
for any us C*(B), where uz=|B| ™! SB u(x)dx and C(a) is a positive constant inde-
pendent of B and u.

Proof of Proposition 6.3 in the case @<0. We can replace u in (7.1) by u, de-
fined by (2.7), the modification of the characteristic function of the admissible set
M, and letting € to 0 we have the desired estimate. Q.E.D.

Proof of Lemma 7.1. The following inequality is familiar (see {30], p. 20 for
example):

(12 )| <d(BY'n| BI) { | x—y['7*|Pu(r) dy,
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for any ue CY(B).

Without loss of generality we assume that B is a unit ball {| x| <1} and set

1.3) V(y, 0).= S' |SP8(x+y)"dX-
Then it follows from Proposition 6.1 that
(7.4) V(y, ))<C(@)d(y)°e", 0<p<2.

By multiplying 8(x)” to. the both sides of (7.2) and integrating over B with respect
to the variable x we get

a9 | uw-ulowras<c| 1) iay | 1x—y1roc ax

<c{ 1o a | 1xirotyyras
B 2

B

<c{, i | sar. )
<cc@| 1runiomrdy.

Therefore the lemma 7.1 foilows. Q.E.D.

Proof of Proposition 6.3 in the case a>0. For the sake of simplicity we
assume that d(x)=dist (x, F'). The proof will be carried out in a chain of auxiliary
lemmas. Though it is rather lengthy, the techiniques involved here are quite
elementary, being based on isoperimetric inequalities. First we treat the case that
d(B)<dist (B, F).

Lemma 7.2. Suppose the same hypotheses as in Proposition 6.3. Further
suppose that a >0 and d(B)<dist (B, F). Then the inequality (6.11) holds.

Proof. By the lemma 4.4, (6.1) and Holder’s inequality we have

.6) S 0(x)"dx < Sup 8(x)°d(B) Min {| M 1 B|, | M*N B|}o~Vir<
MnB
< Co(n—l)lnd(B) Sgp 5(X)GS(8M N B)S

<2° VI 4(B) SaMnBﬁ(x)"dj("“(x) .

Q.E.D.

Lemma 7.3. Suppose the same hypotheses as in Proposition 6.3. Further
suppose that «>0 and d(B)<dist (B, F). Then it holds that

() Min{|M NB|, |M°NB|}>«|B|, 0<e<L1/2,

where « is a constant independent of M nad B.
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Proof. From Proposition 6.1 we have for some constant £ with 0<+s<1/2,
(.8) SM 3 dx = (1/2) S 8(x)dx > x| B|(d(B)--dist(B, F))* .
nB B
On the other hand, S d(x)*dx< |M N B| S}le 8(x)*, hence we have
MnB

7.9 |M NB|=«x|B|(d(B)+dist (B, F))’/S;lp 0(x)*>«|B|.
Q.E.D.
Let us set for small 7>0
(7.10) M,=M and M,=F;={xeR";dist(x, F)>7}.

Here we remark that M, is not admissible in general. Nevertheless it can be
apporximated from inside by a sequence of admissible sets with smaller volume
than |M,| for all >0 (Proposition 6.1).

Then from Lemma 7.3 and Lemma 4.5 we have

Lemma 7.4, Suppose the same hypotheses as in Lemma 7.3. Then

(7.11) IM\NM,NB|<C|(M\NM)NB| and
|M,N M,N B| <C’'dB)S@M,NM)NB),

Jor any 7>0.
Here C and C’ are positive constants independent of B and M.

Proof. First we have from Lemma 7.3 and the remark just after (7.10),
|(M,N M)’ NB| =|(M{NB)UMsNB)| > |MiNB|>
>k|B|=c|M\NM,NB| .

Also from Lemma 4.5, Proposition 6.1 (5) and Holder’s inequality we have the
desired estimate. Q.E.D.

End of the proof of Proposition 6.3. Asumme that a>0, 0<s<n and d(B)>
dist(B, F). By virtue of the property P(s),
(7.12) C|B|Supdé(x)*< S o(x)*dx<
B MnB
SSEp 0(x)*| M,N M,N B|+C,d(B)"*n* SL;p o(x)* .

Here M, and M, are defined by (7.10). Without loss of generality we assume
OM,={x<B; dist(x, F)=7} is adimissible as well. Also from Lemma 7.4

(1.13) | M,N M,N B| <C’'d(B)S(@(M,N M,) N B)<

<cred® | srdaT+CABY

aMin



390 Toshio Horiuchi

Let us set 7=d(B)/N, for N>1.
Then combining (7.12) with (7.13) we have

(.14 CSup 6(x)“d(B)”$SM o(x)"dr<

1n

<C'Sup o dBY N oA )+
neB

aMl
+2C,d(B)" Sup 8(x)* N5 <
B

<CUABN® | 0 d I () +(BY N Sup 0,
oMy 0 B B
where C”’=Max [2*C’, 2C|].

Letting N=N,=Max [2, (2C”/C)"¢"Y], we have

(7.15) SMM 3()*dx<2C” Nd(B) S 06"

Mn

Therefore Propostion 6.3 is now established. Q.E.D.

§8. Proof of Theorem 2

Let F be an arbitrary closed set and set 2=R"™\F. Let {B;}7.c=1{B,;(§)}7-0
be a open cover of £ so that the properties (1)~(4) in Lemma 4.1 are fulfilled.
We assume for the sake of simplicity that k=1, j=0and r;<1, because most of the
proofs in the excluded cases follow from this inductively.

[Case A]. In this case Theorem 2 is proved in a quite similar way be using the
following Propostion 8.1 in place of Proposition 5.1:

Proposition 8.1. Let M be an arbitrary admissible set such that
Mc® and dM)=diam (M)<-+oo.

Then there exist positive constants C, and C, such that for A=1—a+8—(1—1/q)=>0
@1 ( S 8(x)Pedx)1< Cd(M )" Sa 8(x)"d I*H(x)+ Cod(M)* 5 8(x)* " dx,
M M o

where 0<1—1/g<(1—a+p)/n and f<a, C, and C, depend only on the dimension
of the space.

Since C§(2) is densely contained in F%#(2), it is easy to see that Proposition
8.1 implies Theorem 2 [case A] by the arguments in § 5. Now we prove this pro-
position. Again we assume that 0(x)=dist (x, F) for simplicity. Let {p;}7.: be a
partition of unity subordinate to the cover {B;} 7., such that [Fp;| <Crj?, let M be
an admissible set in £ and let u,’s be approximative characteristic functions of M
defined by (2.7). Then for any >0, we have for a sufficiently small ¢



Weighted Sobolev spaces 391
®2 ([ scopeanprea( [, @ryanie<
<7+( S é (;u,)" 0% dx)""S’?-l-g: ( S (¢ ) 0Pedx) Vs

Assume that 2=0. Then from Lemma 4.1 and Sobolev’s imbedding theorem we
have

®3) (| @amromanya<crs( | uyanyo<
<o (17 |ax<C” (17(pu) | 0%dx<
sc”g IVu,I&“dx-}-C”Cg g |65~ dx .
Bj Bj
Letting e—0 we get from (8.2) and (8.3)
8.4) ( s 8(x)Pdx) < 7+C, S 8°d. 9" (x)+ czj 35y |
M oM M

Since 7 is arbitrary (8.1) follows. In case 2>0, we can derive the desired estimate
from (8.4) by virtue of Hoélder’s inequality.

Proof of Case B and Case C. First we assume that
0<i=1—a+pf—n/p<l and fF<a.

Then, for each x& £}, there exist a ball B; and a positive number C depending only
on n such that

(8.5) |u(x)|$C$ |x—y|'""|P(p;u)|dy, forany ueCY(Q).
B;

Then noting p>n>1, we get

(8.6) [u(x)| < Cri=*{r7!lu; L2(B)||+1|Ful; L*(B)I} .
Therefore
(8.7 8(x)** 7 u(x)| < C'llu; W), forany x=2.

On the other hand, from the inequality (7.2) it holds that for any ball B.
(8.8) lu(x)—ug| <Cr'="?|||Pul; L*B)l|,  r=d(B).

Take an arbitrary point (x, y) from £ X2 and put r=|x—y|. First we assume that
r=|x—y| <Min {6(x), 8(»)}/4. So that we have

dist (B,(x), 82)>38(x)/4 and 40(x)/5<0(y)<56(x)/4 .
Then we have from (8.7) and (8.8)
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(8.9) [lu; SCM| = lullFa-r+ lulonp =
= 0(x)P* u(x)| +Min {3(x), 8(»)P) |u(x)—u(y)|/| x—y|*<
< Cllu; We?||<+oo.

If |x—y|>Min {6(x), (»)} /4, then we have
Max {8(x), 8(y)} <Min {8(x), 6(»)} + |x—y| <5|x—y].

So that the desired estimate (8.9) follows in a similar way. Thus the assertion in
the case C has been established.
Secondly assume that

l—a+p—nlp=0 and pg<ea.

Since the weight function & does not vanish for any x& £, by Sobolev’s
imbedding theorem, the imbedding (3.4) can not be true in case that «a=# and
p>1. Hence it suffices to assume either p=1 or f<a. If f<a, then from (8.7) it
holds that 8(x)?|u(x)| < Cllu; Wa?(2)ll. Hence this implies that u belongs to the
class SCy(2). We proceed to the case p=1. We may also assume that n=1 and
a=}p, otherwise p should be strictly larger than 1. For simplicity we assume that
0=Fand (0,2T)C 2, T>0. Then the assertion follows from the next elementary
inequality:

@10 @] ot | uoleascls wie,

for any u C0, T)N W, (2) and any x(0, T).
Proof of (8.10). Since lim u(x)x* =0, this is ovbious. Q.E.D.
>0

In a similar way we can prove the cases C and D using the previous result,
so that Thoerem 2 has been just established. Q.E.D.

§9. Proof of Theorem 3
We shall begin with the case A.

Proof of the case A. For simplicity assume that k=1 and j=0 as before.
Assume that F has the property SP(s). So that 0F has measure zero, and if s=1,
F satisfies P(s) as well. Therefore the assertion in the case A4 follows from Theorem
1 and the extension lemma 4.3 (s=1), if either —s/p<a<0, s=1 or —s/p<a,
1<s<n. Hence it suffices to consider the excluded case s=1, @>0. In this case
F=06F has the strongly local Lipschitz property. By Proposition 8.1 we have
already established that:

©.1) (SQ || 6P dx) < C( Snlru|a’dx+jn lu|61dx)

for any us C5(2). Here 1—1/g=(1—a+pg)/n, <a and C is a positive constant
independent of u and £.
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Assume that £ satisfies the stronlgy local Lipschitz property. Then Hardy’s
inequality implies that the space C§(2) is densely contained in W''(2) provided
a>0 or a< —1. For the detailed proof, see [15], [21], [42].

Therefore the assertion follows easily from the following lemma.

Lemma 9.1. Let 2 have the strongly local Lipschitz property. Assumue that
a>0. Then there exist positive numbers C, and C, such that we have

9.2) S ulo=tar<C, | |Vu|a°'dx+czj' |u 5% ,
Q Q Q

Jor any ue C5(2). Here C, and C, are independent of each u.
Proof. In the first place we asuume that
2 ={x=(, x,)ER"; x,>0t and do(x)=x,.

Then integration by parts gives
9.3) S |u|x:“dx£a'1S|6,,ulx:dx.
Q

The proof in the general case follows from this elementary inequality using a
partition of unity and diffeomorfism. Q.E.D.

We proceed to the proofs of the cases B, C and D. Here we note that the
assertions in the case D follow from those in the cases B and C. Again by a
partition of unity and diffeomorfism, we can reduce the assertions to its simplest
form as follows:

We denote by z=(x, y) and é=(£, #) points in R**xX R’ with x, EER""",
¥, 7ER’, where s is a positive integer <n. Let F={z=(x, ))& R"*xR’; x&R""*,
y=0} if s>1, and let F={z=(x, y)ER"'XR; x&€R"!, y<0} if s=1. We
adopt | y| as 8(z) for simplicity (See Example 2 in §2.). Lastly we set 2=R"\F
(If s=1, 2=R%.). Then

Proposition 9.1. Let p satisfy p>1, and let @ and B be real numbers.
Case B. Suppose that p(1—a+f)=n and 0< < a. Then the following imbeddings
are valid:

04 Woh(@)—> LY®?), p<g<+oo.
Moreover if either p=1 or 0< B <a, then it holds that
©9.5) WiH(2) - SCYQ).

Case C. Suppose that 1 —a+p8—n/p>0 and 0<B<a. Then the following imbed-
dings are valid:

9.6) Wat(2) — SCNQ), 0<i<l—a+p—nlp.
Moreover if a==1—n/p, then it holds that
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.7 Wk (2) — SCyN®), 0<i<l—a+B8—nlp.

In order to prove this proposition we prepare more notations. Let Bi(a)
denote the s-dimensional ball with center a= R® and radius &, and let S$°~! equal
9B;(0). Let us set

9.8) Che ={y =, =, Y)ER"; 0K (¥4 +yi )2 <y, <h},

where e=(0, ---,0, 1) S*~! denotes the direction of the cone. By Ci.. with
o€ S*7!, we mean the congruent cone to Ci,. with the same vertex, where
denotes the direction of the cone. We also set for s> 1.

9.9 L =y =0, y)ER; 0L i+ +yi )<y, =h} .

In a similar way let I'; , denote the boundary portion of Cj , which is perpendicular
to  and congruent to I'; .. We introduce averaging functions as follows:

9.10)  Bi~[w] = | By~f| ! SB u(x)dx = SB u(x)dx |
for u,eC(S*).
|r;,w[-‘5 ul)ds, =§ WS, s>1,
Thw e

u(hw), s=1,

for u,eC(RY).

I'Isl,w[uZ] =

h
M) =mh"”$ "u()de,  for u,eCY(R) and m>0.
0

AR = METITL B T 2] =
h
(m—[—s)"h‘""ss t’"*“-"dt& dS,§ u(x, y)dx, s>,
0 I‘f’w Bj™*
. h
(m+-1)"thm! S t”dt& u(x, t)dx, s=I,
0 B!

for ue C(R**x R’) and o€ S*~'. Here S, is the (s—1)-dimensional
Lebesgue measure.
The proof of Proposition 9.1 will be carried out in a chain of auxiliary lemmas

being based on potential estimates. The next lemma 9.2 will be established in
§ 10.

Lemma 9.2. Let us Cy(R"), and let m be an arbitrary positive integer. Then
for an arbitrary point z=(x, y) with x&B; *(0) and 0<<|y|<<h, the following
inequalities are valid:

(1) Suppose that s=1. Then

., FuE, m|  I2l"
11 —arvwi<c| aef -
9.11) |u(z)— AR5 [ul] gt day, [z—=C|* | z=C*|" T
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where w=y/| y| and £¥=(&, —7).
(2) Suppose that 1 <s<n. Then

\Pu, m)l 121",
—dn+
G l2z=CI" (Iy|+121)

[Pu(é, n)| 12]|"
+C
ga%" Sc;,m(lyIJrlvl)'"*“‘

©.12)  |u@) 47yl <C SBn_sdf S

dn,

where @ is an arbitrary element of S satisfying |© —w,| </ 2 [4 with w,=y/| y|,
and C is a positive constant depending only on n and m.

The following lemmas are easy corollaries of this lemma and (7.2) in § 7.

Lemma 9.3. Let p satisfy p>n and let us Cy(R"). Suppose that 1—a+p
—nfp>0 and 0<B<a. Then for any z=(x, y)ER" with x& B} *(0) and 0<| y|
<h, i1 holds that

©.13) | »18lu(z) — A7 [ | < Chi= 22| Pu| 5 LEI|

where @ is an arbitrary element of S*! satisfying |w—w,| </ 2 [4 with w,=y[| y|,
and C is a positive number independent of each u and h.

Lemma 9.4. Let p satisfy p>n and let ucCy(R"). Suppose that 0<a<
L —n/p. Then for any point a=(d’, a,)ER"*X R and any positive number h, it
holds that

0.14)  |u(@)—Biu(x+a)l| <C(h-+|a,[) k"7 | Pul; LE]| ,
| Bilu(x+a)l| <C(h+1a, 1) *h™""?|lu; LI, for any zEBi(a).

Here C is a positive number depending only on n and a.

Proof of Proposition 9.1. Since the weight function | y| does not vanish in 2,
the assertion (9.4) follows from Theorem 1 by making use of partition of unity.
So we proceed to the assertion (9.5). First we assume that p=1. Hence we have
n=s=1 and 0<a=p. From (9.2) with B=(y, y+1), y=0, we have

y+1 @ y+1 «
015 PluI<| lumldr+c | alumldn,  ueci®).

y y
So that we have
(9.16) Yo u(») | <Cllus Wil
Secondly we assume that p>1 and 0<f<a. Again from (7.2) with 2=Cj (2)=
z+C} .. zER"*XR’, y*+0 and o=(0, y/| y|), it holds that for an arbitrary
ueCyR")

o1 lw@l<it | lwoldesc|  iruo1z—e1rae =
h.w'

C;.«,(z

=TI+J.
where £=(¢, ))eR" *xX R".
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By Theorem 1 and Holder’s inequality we have IX | y|P < Ch™*?||lu; Wi?||. As
for J we further divide it into two terms. Let us set D,=Cj (2)\By,(z) and

D,=C},(2)\D,, and set J=C$D [--~]d(+CSD [-Jd¢=J,+J, Then by Holder’s
inequality we have ' ’

018 IxIpIP<Cly(P({ 1z—c10mmr dey lus Wil <
Dy

Iyl
<C"|lu; Wi .

<C Uyl ramemr st Wil <
¥

Let ¢ satisfy 0<<e <a—p, then we have
019 LxIyP<ClyI(| (z—caemnraeyu; wisli<
12

<cC l yl —!( SIJI r(l—n—u+ﬂ+!)p'+n—ldr)llp’llu; W‘l‘,p” <
0
<C”llu; Wyl , where p’ = p(p—1)7".
Therefore we have the desired estimates.
Lastly we prove the assertion in the case c.
Suppose that u4=1—a+F—n/p>0and 0< <. Then it follows from the previous
part and the lemma 9.4 that:

(@ Ife=l—np,|lu; SColI<Cllu; Woll, 0<i<a.
(b) Ifex1—njp, |lu; SCHIISCllu; Wall,  0<A<p.

Here C is a positive constant independent of u.

Proof. If @a=1—n/p, then we have 0=F—u<f—2a<a and 1—a+(f—2)—
n/p>0. Hence one can choose r so that n<r<p and 1 —a-+(#—2)—n/r=0. Then
the assertion (a) follows from (9.5) and W.-*(B)— W y"(B) by virtue of a partition
of unity. If a>1—n/p, then we have 0<f—2<pf<a, so that the assertion (b)
follows from (9.5) replacing 8 by #—x. In a similar way, if 0<ae<l—n/p, the
assertion follows from the lemma 9.4. Q.E.D.

We proceed to the estimates of Holder norms of us Wy?. Let u=1—a+
B —n/p>0. We shall establish the following:

© luloars<Cllu; wall, 0<ag.

Here |*]o,,s is the semi-norm defined by (1.10), and C is a positive constant in-
dependent of each wu.

Proof. Let z=(x, y) and {=(&, #n) be arbitrary points in £, and put
p=2|z—{|. Without loss of generality we assume that |y|>|7| and po2>1.
Now we shall classify the case by the values of o. In the first place, assume that
p=2|z—C| <|y|/2. Then we have z, {EBj(z) and |7|>3p/2. By the inequality
(7.2) we have for z/=(¥/, y)e2
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(9.20) | u(z)—B[u(x+2)]| <C sm |Pu(z)| |z—2' |'="dz .

p

Since 0< A< e and 3p/2<|7| < | y|, we have
0:21) | y|Plu(z)—Bilu(x+2)]| <

<Clylf(ly| —n)® S “ [y 1%1Pu(z’)| | z—2'|'""dz' < Co*|lu; Wi?l| .

”
By

In a similar way,

(0.22) [718u($)—Bilu(x+2)]| < Co*llu; Wl .
So that
(.23) Min[| y|8, |2|8]|u(z)—u(C)| <2Co"||u; Wi .

Secondly we assume that p=2|z—{|>|y[/2>|7]|/2. Without loss of generality,
we also assume that z=(0, y) with y=0 and 0. Then z, { € B},(0) (s>1), and
z, {€B5, (0N RE (s=1). If 0<a<1-—n/p, the desired estimate (9.23) follows from
the lemma 9.4. So we assume that a>1—n/p. Moreover if s=1, then the asser-
tion follows directly from the lemma 9.3 in place of the lemma 9.4. If s>1, one
can choose a finite number of points w;, i=1, ++, n(s), so that w,=y/| y|, 0,H=
72/17|, ;€85! and Ci,.,NCi,,, ,F¢, where the number n(s) depends only on #
and s. Then it holds that ye C3, ,,, n€C5,,,,,, and B3 *(0) N B3, °(€)+0. By an
obvious inequality we have |[u(z)—u({)| < |u(0, y)—u(O, 7)| + |u(0, 7)—u(&, 7)|.
After multiplying the factor Min[| y|®, |7]|f] to the both sides, the repeated use of
the lemma 9.3 gives the desired estimate (c). Q.E.D.

§10. Proof of Lemma 9.2

We have postponed to this section the proof of Lemma 9.2 which will be
established in a chain of lemmas being based on Potential estimates. We retain
the notations introduced in § 9. Without loss of generality, we assume that v =w,
=)/l y|=(0, --,0, )&S*"'. We begin with the following lemma which implies
the assertion (1) of the lemma 9.2 in the case n=s=1.

Lemma 10.1. Let veECR,). Let m and h be nonnegative numbers. Then

h
(10.1) Iv(r)—M,’:‘[v]|$2"‘“S V(@) r+o)dr,  forany re[0, A
0
Proof. By virtue of integration by parts, we have
h
(10.2) [v(r)—MED]| = |v(@r)—mh™™ s ™ y(o)ydr | <
0

<2 Sh |v'() | d+ " So |y ()| dr
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and hence
h h
(10.3) S |v'(z) | de< 2 S V'@ | (o) d
S (=/h)" |v'(z)|de <2" S V(@) " /(r47)"dT .
0 0
So that we have the desired estimate. Q.E.D.

From now on we assume that n>2. First we deal with the case s=1. Let
t=(t,, +**, ty4,) and o =(o,, **+, 0,,4,) denote points in R™*! with m positive integer.
Take an arbitrary function v C{(R"), and set

(10.4) Ulx, 1) = ulx, [t]),

where x=(x,, -**, x,_)ER" ' and |t | =(t}+4---+1%.1)Y2. Then setting

105 sy = (s 1B | ax| | ve nar,
B! Byt

we have By V"*[u]= Ap1'[u]. Since Bi~!x Bp*! is convex, we also have by the
inequality (7.2), for any (x, t)E B}~ x Bp'+!,

(10.6) |U(x, t)—Ari'[u]| <C S [(x, )—(&, o)|* " " |Pu(, |o|)|déda .

n-1 m+1
By~ "xBYy

In order to estimate the right-hand side of this, we prepare the following:

Lemma 18.2. Let v and w be of the class CY(R,). Let m be a positive integer.
Then we have

(10.7) SBmﬂv(lt—al)w(IaDda _
—c, S" w(r )™ dr Sl (61 — Oy £(| ], r, 8))d6 ,
0 0

where Cy=27"1[S" 1|, f(|1], r, 0)=[(| 1 | —rY'(1—6)+(|¢ | +r) 61"

Admitting this for a moment, we establish the assertion (1) of the lemma 9.2.
Let v(r)=[|z—C|24-r?4=7=m/2 with z={, and let w(r)=|Fu(E, r)|. Then we have
for any z=(x, y)€B; ' XCj

(108)  |u(z)—Aril|<C gg 7" |Pu(E, 7)|dedn ¥

n=1y el
By~ XCy

X S] [0(1 =) ~m2[| z—C |21 —0)+ | z—C* | 20)A-n=m2d ¢ |
]

where {*=(&, —7).
Thus with somewhat more calculations we have
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1O [ z=C [ | z—C*| rdE
h,1

(109)  |u—diai<c|

for any z=(x, y)E B ' x C}.,, which is the assertion (1) in the lemma 9.2.
Proof of Lemma 10.2. We make use of the polar coordinate system defined by

(10.10) t=rr, 0 =pr’ with 7,7'eS",
dS? = (psiny)*~'dST 'dy with O<y<z, and ’&S"7.

Then we have

(10.11) L W(|t—o|w(|a])da —

m+
h

= Sh o"w(p)dp Ss dasm;t S‘ W(r2 402+ 2rp cos Y)Y3)(sin ¥)" " 1dyr .
0 m=1 0

Carrying out the change of variables defined by

(10.12) sinyr = 2[0(1—06)]/*, that is, cosyr = 20—1,
dyr = (—2/siny)d@ ,
the desired estimate follows. Q.E.D.

We proceed to the case s>2. For the sake of simplicity we assume that o=
wy=e=(0, -++, 0, 1) 85*! as before. Letting y=pe with 0<p<h, we have

(10.13) u(z)— APl = [4+J+K ,

where
I = uz)—2/o g:”r:,,[Bz"[u(*, 7)ldr,
V=20 [ 1% B Tut, mlldr—T B s, 0],
K = I3 By *[u(*, n)]]—Ap+[4],
ThAB e D) = s, §uce, e
In the first place we can rewrite I to obtain

(10.14) 1 =u(z)—| 2] S u(¢)de,
Q
where 2 =By x{neCj..; of2<n,<o} .

Since £ is convex, we have by an easy variant of the inequality (7.2)

(10.15) lscj |Pu()| |z—C | "de <
Q

<c'|_1ruoniz—cr=inlmi( a1 +oyac
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As for J and K, we have

(10.16) J=2/p SP/ v(r)dr—v(p) and K = v(o)—Mp+i],
where V(o) = I'; [Bi™*[u(*, 2)]] .

By the lemma 10.1 and its easy variant,
(10.17) K <o+ g: V() | P75 o) dir

J SS:/z V() |dr<C S: [V/(r) | r™*s/(r+p)"¥edr .
Since it holds that

ao18)  eyl<crsi (| e pideas,,

B TSXT

s
r,e

we have the desired estimates. Q.E.D.

§ 11. Proof of Lemma 4.1

We shall prove the extension lemma 4.3 in § 3 which is estentially due to
E. M. Stein. He treated the case @ =0. Following his arguement we shall
show the existence of extension operator E,,,: Wh(2)— HL?(R") satisfying
|1 Ep p.ott; HEY(RM|ZCllu; WE(2)||. For the sake of simplicity we assume that
2={(x, y)=(x;, ***, X,_1, V) ER"; p(x)<<y, where ¢; R"'— R is a Lipschitz func-
tion with Lipschitz constant 1. In fact the main part of his proof is based on the
existence of functions defined in neighborhood of a simple domain as above. Then
by virtue of a partition of unity he constructs a global extension in general case.
Choose a smooth function ¥~(2) so that

(L1 S:"y,(x)dz:u Sj¢(x)x'dz=o, [=1,2,

For the sake of simplicity we assume that ¢ introduced in § 1 satisfies

(11.2) é(x, y) =0 for y>g¢(x),
2p(x)—y)<0(x, )<3(p(x)—y)  for y<e(x),
and 18%(x, y)| < C(7r) | p(x)—y |~
Let us set
u(x, y), y=o9(x)

AR ErneD D=1y 206 AR, <o)
1

In the first place we shall see that E, , & Hy?(R") provided ue Wy*(2). Since
[¢(2)| is rapidly decreasing, it is majorated by Const.1/2%. So we have for
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y<g(x)
(A1) 80, ) Euptds NSC[ | loG—y 1= |uCx, D1/ l1=y |7t
Raising both sides to the p-th power and integrating for y&(—co, ¢(x)],

L) 1={"00 1 IE a0 214y <

¢ (x)
<c " Iy—eGl lutx, )1/ 11—y %t |dy .
—o0 y+8(x,y)

Using the fact t—y>t—@(x) = y+96(x, y)—¢(x) = ¢(x) —y 20, for y<e(x), we have

e 1W< @@l ooy <
<]z, e0o+n1 e 2.

The following inequality is familiar. For the proof, see [15].

Lemma 11.1 (Hardy). Let p satisfy p>1 and p(r+1)4+1>0. Then
a1 rema< e+ D+ 1576012500,
0 t

for any fECF(R,).
From this we get

(118) 1=C [ luee g+ % = ux, 31?1 y—p(x)|*dy
0 x
Hence we have, by integrating with respect to x over R*",
(11.9) | | 1Bupawdtx 91200k, y)asdy<Clius Li@)P .
R'l

Secondly we proceed to the estimate of derivatives 8%(E, ,,u) with [r]|=1.
Let 8; and d; denote 9,, and 9,0 respectively.

(11.10) 8,(Ey pu) = Sl (0,u)(x, y+ABWAA)A +Sl @)(x, y+20)28 (A2,
0,(Enyst) = | (0)(x, y+10)(1-+28,1p()d2

Since the first derivatives of 0 are bounded, we have in a similar way that

|P(Eypat); LURMILCllu; Wi?||. The proof for k>0 is similar. Consider for

example k=2. We shall handle typical term 83(E, ,,) only.
Then it is easy to see that only the following term

(11.11) S: @)(x, y+48)38, ,y(D)d3
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needs to be dealt with separately. We write

(11.12) 8, u(x, y-+18) = 8, u(x, y—l—&)—{—g ™ x, 1)

y
y+8
Since v is rapidly decreasing, it suffices to estimate
oo y+AS
(11.13) J=y—p(0)]! S A3da S u,(x, 1)dt .
1 y+8
By interchange of the order of integration we have

(11.14) I=120—p0) ™ [ v 0005, 91—y .

So that it follows from the earlier case that the desired estimate holds. Q.E.D.
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