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Abstract

To characterize compact parts of spaces LP(£2), we introduce a con-
cept of equi-integrability based on the approximation of elements of
L?(Q) by simple functions. The resulting theorem will be used to de-
velop a new methodology to prove and extend results about the com-
pactness of Sobolev embeddings.

Introduction

This paper is divided into two parts. In sections 1 to 4, we develop a char-
acterization of compact subsets of LP(Q2). Results and proofs are simple but
appear to be unknown until now. More precisely, for a metric locally compact
space §2, we define a notion of equi-integrability which allows us to state an
Ascoli theorem for LP(£2). This approach is a continuation of some work in
generalized Riemann theory of integration framework [4]. In the second part,
we develop a methodology to retrieve and improve standard results about
Sobolev embeddings and compact embeddings WP(Q2) — L7(£2). In the clas-
sical approach (Cf [1, 2, 3, 7] for instance), the Sobolev-Gagliardo-Nirenberg
inequality is proved on RY and is extended to some extension domains (i.e.
with a bounded extension operator W'P(Q) — WP (RY)). This provides
the continuity of Sobolev embeddings. Obtaining the Rellich-Kondrachov
theorem requires the use of a theorem characterizing the compact parts of
LP(Q2) using the approximations of functions f by the translated functions
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Th(f)(x) = f(x + h). To prove those results, we must extend functions from
WP(Q) to WIP(RY): this is an “external” approach limited to extension do-
mains. Our approach is “internal”. Results on Sobolev spaces will arise from
our characterization of compact part of LP(€) and from the Meyers-Serrin
theorem, which is available for every open set 2. We always stay in 2 and, for
this reason, we will be able to extend Sobolev and Rellich-Kondrachov results
to more general domains than extension domains. Precisely, the compacity of
the embedding W' — LP(Q) is proved very easily in section 6 for bounded
convex open subsets of RY. We need some additional estimation to prove the
continuity of embedding W' — LP™(Q) with compacity for W' — LP" (Q),
1 < ¢ < p* (see section 8). Finally, we prove in section 10 that compact
embedding W' — LP(£2) can be achieved for a wide class of domains which
overshoot the Lipschitz condition, the cone condition (see [1]) or the domain
extention condition.

1 Definitions and Notations

In section 2 and 3 (2, d) denotes a relatively compact part of a metric locally
compact space 2, It is a g-algebra of 2 including all borelian sets, and p is
a measure over M satisfying the following conditions (Cf. [6]):

(i) u(K) < 400 for every compact subset K C .
(ii) If E € 9, then p(E) = inf{u(V),E C V and V open }.

(iii) If E is open with a finite measure, then p(FE) = sup{u(K), K C E and
K compact }.

(iv) f E€ 9, AC E and u(F) =0, then A € M.

Briefly, i is a Radon measure. We also assume that p(€2) > 0.

In section 5, (€2, d) denotes a metric locally compact space and p is a Radon
measure on 2.

In particular, in sections 6, 7, 8, 9 and 10 € will be a bounded open subset
of RY and y will be the usual Lebesgue measure on RY. We denote | | as the
euclidian norm of RY.

We write diam(FE) for the diameter of E C Q and E° for the complement
of £ in .

For a normed vector space (X, || ||), we denote by Bx (y, ) the closed ball
of center y and radius a.

For p € [1, 4+00[ and every measurable function f: €2 — C, we set ||f|, =

(Jo |f|p)1/p. We denote LP(Q) as the set of functions satisfying || f]|, < oo.



CHARACTERIZATION OF COMPACT PARTS OF LP SPACES 685

As usual, LP(Q) is the quotient of £7(€2) modulo the negligibility relation and
[ I, is the usual norm of LP(€2).

A subdivision of € is a partition S = (E;)1<;<q of 2 with measurable parts
satisfying pu(E;) > 0 for all 1 <i <n and we set 7(5) = Max; ¢;<, diam(E;).

A simple function f : ) — C is a (finite) linear combination of character-
istic functions of measurable sets. We say that a subdivision S = (E;)1<i<q
of Q and a simple function f are adapted to each other if f is constant over
E;, for all 1 <i < g. We denote E(Q) as the classes of simple functions mod-
ulo the negligibility relation. We say that a subdivision S = (F;)1<;<q of ©2
and F' € E(Q) are adapted to each other if there is a simple function f € F
adapted to S.

Let f: Q — C be an integrable function and a subdivision S = (E;)1<i<q
of Q. We denote T'(f,S) the simple function such that

Vie{l,...,q}, Vt € E;, T(f, S)(t) = M(IE)/E f-

For every F' € LP(Q2), f € F and S, a subdivision of 2, we still denote by
T(F,S) the class of T(f,S).

2 A Theorem on Approximation by Simple Functions

In this section, 1 < p < +00 and €2 is bounded. Let us recall a usual approxi-
mation theorem (Cf. [6] for instance).

Theorem 2.1. Let f € LP(2). For every e > 0, there exists g € C.(2) such

Lemma 2.1. Let (f,g) € £LP(Q)? and S be a subdivision of 2, we have
1T(f,8) = T(g, 9, <Ilf =gl

PROOF. Indeed, if S = (E;)1<i<q, We have

/Q (g, S) — T(f, S)I" < guwi) L(lE) [E o flr
> s [ o=t < flo=1r
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We can state an approximation theorem of integrable functions by simple
functions.

Theorem 2.2. Let (fr)ogk<n e a finite family of LP(Q). For every e > 0,
there exists n > 0 such that for every subdivision S of Q0 satisfying 7(S) <1
we have

Vke{oa"'7n}7 ||fk_T(fkaS)Hp<€

PROOF. We first extend the functions to © (by 0 for instance). For € > 0 and
k € {0,...,n}, there exists gy € C(€2) such that || fx — gxll, <
There exists n > 0 such that

Wl M

3

Vk € {07 e an}v V(ua U) € 927 d(u,v) <= |gk(u) - gk(”)| < W-

Let S = (Ej)1<igq be a subdivision of € such as 7(S) < 7 (note that Q is

bounded). For every 0 < k < n,
>
i=1" i

q

gp

<.
\3])

P

du

1
gr(u) — m /E gr(v)dv
1

/Q gk — T(gk, S)|" =
[ [y [ vt - lollde]

K3

From Lemma 2.1, we also have || T(gx, ) — T(fx, )|, < % and we have,

e =T (s O, < I = grellpy+llgr = Tgr, S, +1T gk, S) = T(fr, S, < e
O

3 A Characterization of Compact Sets in L?(()

In this section, 1 < p < +o0 and 2 is bounded.

Definition 3.1. Let I' be a subset of LP(§2).We say that I" is uniformly equi-
p-integrable if one of those equivalent properties is satisfied.

(a) For every € > 0 there exists 7 > 0 such that for every subdivision S of
Q satistying 7(5) < n we have

VFeT, |F-T(F 9, <e.
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(b) For every € > 0 there exists n > 0 such that for every subdivision S of
Q satisfying 7(S) < 7, and for every F € T', we can find Fy. € E(Q)
adapted to S such that ||F — Fs€||p <e.

Definition 3.2. Let I' be a subset of LP(2). The set I is equi-p-integrable if
and only if one of those equivalent properties is satisfied.

(a) For every € > 0 there exists a subdivision S of Q such that
VEel, |[F-T(FS),<e.
(b) For every € > 0 there exists a subdivision S of € such that for all F € T
we can find Fy. € E(N) adapted to S and such that ||[F'— Fi.[|, <e.
Theorem 3.1. In the above definitions the pairs of properties are equivalent

PROOF. The equivalence of those two pairs of properties is easy to show. For
the equi-p-integrability, one implication is obvious (we choose Fs. = T'(F,5)).

Conversely, we suppose that for every € > 0 there exists a subdivision S of
2 such that for all F' € I" we can find Fs. € E(2) adapted to S and such that
|F — Fser < ¢. From lemma 2.1,

|F'=T(E, S, <IF = Feell, + |T(Fse, §) = T(F, 5)||,, < 2[|F = Fiell, < 2¢

because Fy. = T'(Fs.,S), and the result follows. The proof for the uniform
equi-p-integrability is similar. O

Remark 3.1. FEqui-p-integrability and uniform equi-p-integrability are differ-
ent notions.

For instance, if we define f : [0,1] — R by

1

-1 if0gz <=,

flx) = 1 2
1 if§<x<1,

the set of functions I' = {\f, A € R} C LP(Q) is obviously equi-p-integrable
- consider the subdivision (0, 2 1) , but T is not uniformly equi-p-integrable
k

2p+1 ) 0<k<2pr1
a consequence of theorem 3.1, those concepts are equivalent for a bounded
subset of LP(2).

by considering the subdivisions ( , p € N. Nevertheless, as
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Lemma 3.1. Let (F,) be a sequence of E(Q) adapted to a same subdivision
of Q. If (I1F|l,,) is bounded, we can extract a subsequence (F, ) converging

in (E(Q), [ ,)-

PROOF. Let S = (F;)1<;<q be asubdivision adapted to (F},). The subspace of
simple functions adapted to S is of finite dimension and the result follows. [

We are now able to state a theorem characterizing the compacts subsets
of LP(Q).

Theorem 3.2. Let T' be a subset of LP(Q2). The following assertions are
equivalent:

(i) T is relatively compact ;

(i) T is bounded and uniformly equi-p-integrable ;
(ii) T is bounded and equi-p-integrable.
PrRoOOF. We consider three implications.

o (i) = (i1):
A relatively compact subset T' of LP () is bounded. We have to show that
I is uniformly equi-p-integrable. For € > 0, there exists Gy, ...,G, in LP(Q)

such that I' C U B(Gk, %) From Theorem 2.2, there exists 1 > 0 such that
k=0

Vk € {O,...,’I’L}, ||Gk: _T(Gkvs)

|p<

Wl M

for every subdivision S = (F;)1;gq of Q satisfying 7(S) < n. For F' € T,
there exists k € {0,...,n} such that ||[F'— G|, < % Now, from Lemma 2.1,
we have || T(Gy, S) — T(F,9)[|, <||Gx — F||, and we deduce

[

IE=T(F, ), <|[F = Grll,+Gr = T(Gr, S|, + [T (G, S) = T(F, )|, <e.

o (ii) = (iii):

For € > 0, we choose n > 0 from the equi-p-integrability hypothesis. From
the compacity of Q, there exists a subdivision S of Q such that 7(S) <7, and
the result is proved.

Let I be an equi-p-integrable bounded part of LP(2) and M = Suppcr || F],,-
Let (F,) be a sequence of I'. For every ¢ € N, there exists a subdivision S?
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such that for every n € N we have |[F, — F}!||, < 27% Just as in Ascoli’s
theorem, the end of the proof is an application of the Cantor diagonal process.
From lemma 3.1 there exists a strictly increasing application ¢y : N — N such
that

2 0 0
V(n,m) EN 5 HFAPO(n)iFAPO(m)Hpgl'

Then, for every integer ¢, we build a strictly increasing application ¢, : N — N
such that

q —q
Fouomy| <275

p

2 q
V(n,m) € N2, HF@

q(n) -

where indices (¢q(n))nen are selected from the previously selected indices
(pg—1(n))nen. Let ¢ : N — N be the strictly increasing application defined by
o(r) = ¢r(r). For r < s, we have

1Fo) = Foioll, <[ Foery = Fir

<3-27".

ot HF&r) o

) + HF;(S) — Fy(s)

P

The sequence (F,(,))ren satisfies the Cauchy property and the compacity of
T follows from the completeness of LP((2). O

We emphasize the simplicity of the above equivalences. Statement and
proof are analogous to Ascoli’s theorem, with the definition “4 la Riemann”
for the equi-p-integrability of classes of functions.

In the following, the property of equi-p-integrability will be used to estab-
lish the compacity of some parts of LP(Q). In fact, the characterization using
T(f,S) gives a precise direction to follow in order to verify the compacity of
a given subset of LP(Q).

4 The Case p = 400

In this part,unless otherwise stated, ) is a metric locally compact space. We
are going to study how to modify the previous results in the special case
p = +oo. In this context, we extend the definition of subdivision and simple
functions to metric locally compact spaces.

Theorem 4.1. Let (fi)og<k<n be a finite family of L>(S2). For every e > 0,
there exists a subdivision S of Q and simple functions (gr)o<r<n adapted to
S such that || fr — grll <e. If u(2) is finite, for every e > 0, there exists a
subdivision S of Q such that || fi — T (fi,5)|o <€ for all0 <k < n.

lloo
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PROOF. Let f € L>(Q). For e > 0, we denote by r the entire part of 2|| f|| _/e.
We have f = R(f) +iS(f), and for every (k,1) € {—r —1,...,7}?, we set

(k+1)e le (I+1)e
Tand;g\s(f)(z)< 5 }

Ekl:{xeﬁ/k;g%(f)(lf)<

Let A be the subset of indexes such that p(Ey;) > 0. We choose (ko,lp) € A
and we add to Ej,;, the elements of the negligible set € — U, yeaEri- The
resulting family S = (Egi)(x,1ea is a subdivision of € and the function g =

Z (I;E +il28)XEkl satisfies to ||f —g||., < e. Now, for a finite family
(k,hHeA

(fx)ogk<n, we can build such subdivisions (Sk)ogr<n- The subdivision S
obtained by taking the intersection of all elements of those subdivisions answer
to the question. If u(2) < +oo, for the previous subdivision S, T(f,S) is
defined for every f € L>°(2) and clearly verifies || f, — T'(fx,S)|| <e. O

Definition 4.1. Let T' be a subset of L>°(). We say that T is equi-oco-
integrable if for every € > 0 there exists a subdivision S of {2 such that for
all F € T' we can find a simple function F. adapted to S and such that
||F - Ess”oo < g.

Theorem 4.2. When p(QQ) is finite, T' is equi-oo-integrable if and only if
for every € > 0 there exists a subdivision S of Q0 such that for all F' € T,
|F—T(F,9)|. <.

PROOF. We suppose 1(£2) < +o0. If I' is equi-oo-integrable, let S = (E;)o<i<n
be a subdivision of € such that for every F' € T" there exists a simple function
Fse = Z a;(F)xE, satisfying || F — Fs.||, <¢/2. Fori € {0,...,n} and for

0<isn
almost all x € E;, we have |F(z) — a;(F)| < §. Thus [T(F, S)(z) — i (F)| < 5
and ||[F —T(F,S)| ., <e. The converse implication is straightforward. O

Theorem 4.3. Let T' be a subset of L>°(Q)). The following assertions are
equivalent:

(i) T is relatively compact ;
(i) T is bounded and equi-oo-integrable.

PROOF. (i) = (i1):
We have to show that I' is uniformly equi-co-integrable. For £ > 0, there

exist G1,...,G, in LP(Q) such that I" C U B(Gk, %) From the Theorem
k=0



CHARACTERIZATION OF COMPACT PARTS OF LP SPACES 691

4.1, there exists a subdivision .S of €2 and simple functions Hy, ..., H, adapted
to S such that

vk € {0,...,71}, HGk_Hk”oo <

DO ™

For F' €T, there exists k € {0,...,n} such that ||F — Gyl < g and we find
IF = Hyll oo <[1F = Grll, + G — Hill,, <e

Let I" be an equi-co-integrable bounded part of L>°(Q2) and define M =
Supper [|[F|lo- Let (F) be a sequence of I'. For every ¢ € N, there exists
a subdivision S? such that, for every n € N, ||F,, — FY|| <27 Now, just
like for lemma 3.1, for every bounded sequence in L () of simple functions
adapted to a fixed subdivision of €2, we can extract a subsequence converging
in L>°(€2). The end of the proof is similar to the one of Theorem 3.1. O

To conclude this section, let us recall the usual characterization of the
compact parts of LP(€2) ([1] p. 31 or [2] p. 72). Let © be an open subset of
RY and 1 < p < +oo. For every f € LP(Q), we define an extension f of f

) f(x) ifzeQ
(z) {o if 2 € RV — Q.

Theorem 4.4. (Fréchet-Kolmogorov Theorem) A bounded part T' of LP(Q) is
relatively compact if and only if we can find, for everye >0, a real § > 0 and
a compact part w of Q such thatVf €T,

Vh € RN with |h| < 0, / Feutn) — Fw)| du<e?,
w

and

/ ) du < &P,
Q—w

Remark 4.1. This theorem provides a direct characterization of bounded equi-
p-integrable parts of LP(SY), when Q is an open subset of RY.

Remark 4.2. The Fréchet-Kolmogorov theorem uses the additive structure of
RY which is not required in our approach.
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5 The Embedding W' (Q2) — LP(2) is Compact for every
Convex Bounded Subset of RY

Let Q be an open subset of R™ and p the Lebesgue measure on R . For every
p € [1,+0c0], let W'P(Q) be the usual Sobolev Spaces normed by

Ve WPQ), [fllyw = IF1, + IV,
with
N 1/2
Vf=(0uf,....0nf) and |Vf|= (Z aif2> :
i=1
We recall a well-known density theorem (Cf. [1] or [7]).

Theorem 5.1. (Meyers-Serrin Theorem). For every open subset Q of RY
and every 1 < p < 400, C®(Q) N W1P(Q) is a dense subset of WP((Q).

Lemma 5.1. (Poincaré-Wirtinger Theorem). Let E be a bounded convex
part of RN and 1 < p < +00. Then, there exists Ay € R*_, such that for all
fewr(E),

oo 10~y o 0
2N

. -2
with A1 = 2In(2) and Ay = 1

p
dv < Aydiam(E)? / IV £ ()P du

ueE

for N >2

PrOOF. Using Meyers-Serrin’s theorem, we have only to prove the result for
feCc=(Q)NwW'r(Q). Let D = u(E)P~!diam(E)P

/ / (f(v (u)) du dv<u E)P~ 1/ / )|pdudv
ver veE uEE‘
HeE) 1/ / / IV f(u+ t(v—u))[|v—ul’ dt dudv
veE JueE Jte[o,1]
<D/ / / (IVf(u+tlw—u)f’ + |VF(v+tu—0)P)dtdudo
veE JueE Jte[1/2,1]
<2 / / / IV f(h)[” dtdh du
ueb Ji€[3,1] hEutt(—u+E)
<2b / / = / [VF()|? dtdh du
uekE % heE

<AnD IV f(h)[Pdh. O
heFE
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Theorem 5.2. (Rellich-Kondrachov Theorem) Let ) be a bounded convex
open subset of RN . For every p € [1,+00|, the canonical embedding of W'P()
into LP(Q) is compact.

PROOF. e FIRST CASE: 1 < p < +o0.

We will show that the unit ball By, (0,1) of W1P(Q) is a relatively com-
pact subset of LP(€). This is a bounded subset and we have to prove that
Bw1»(0,1) is an equi-p-Integrable subset of L?(€2).

Let S = (Ej)1<igq @ subdivision of © composed of convex parts (the in-
tersection of 2 with a regular lattice, for instance). We deduce from lemma

5.1
[1r-10.9) Z/

\

P
u) du| dv

- u(E) Jg,
{ / F(v |du} dv

g/\NZdlam E;)P / ; |V f(w)]? du
uck;

i=1
AN(SPS / V()P du
i—1 JuEE;

g)\NT(S)p/ V()] du

u€e]
g/\NT(S)p.

At last, for every n > 0, there exists such a subdivision S of Q satisfying
7(S) < n. We apply the previous inequality to conclude with theorem 3.2.

e SECOND CASE: p = +00.

Let f € W1(Q). For every p € [1, +oo[, f € W'P(Q) and

Jtim 1), = 1l and T [l = e

From the first case, we know that for every subdivision S of Q2 composed
of convex parts, we have

1f =T, ), < NPT F [y

and we deduce

Ve W), [If =T S) o < 7)o
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The unit ball By (0,1) of W(Q) is a bounded and equi-oo-Integrable by
theorem 4.2: it is a compact subset of L>°(f2). O

Extension of theorem 5.2. The aim of this section and those following is to
show how to deal with equi-Integrability and theorems 3.1, and 4.2. The
Rellich-Kondrachov theorem presented above can be extended classically in
two directions: compact embeddings between W™P()) spaces and compact
embedding W1P(Q) — L4(Q) for q € [1,p*[, where p* is the Sobolev conjugate
exponent of p. The first extension can be done, as is usual, by the iteration of
W1P(Q) — L9(Q) compact embeddings. The second one is more difficult.

Usually, we must prove the Sobolev-Gagliardo-Nirenberg inequality with
Q =RY, and this result is extended to every extension domain. To conclude,
we can prove that convex bounded open subsets of RY are extension domains,
but this “external” proof is not very satisfying in our “internal” approach.
In fact, we shall prove a Sobolev-Gagliardo-Nirenberg inequality for convex
bounded open subsets © of RY. First, we give two results allowing one to
extend compact embedding results.

6 Compact Embedding Theorems for Other Domains
From a “puzzle” point of view, the following theorem will be useful later.

Theorem 6.1. Let 2 be an open subset of RN such that there exists a family
m

(Q)ogicm of subsets of Q0 satisfying Q = UQZ and, for all 0 < i < m,
i=0
n(09;) =

We assume that the embeddings Wlp(gli) — L9(§Y;) are compact for some
(p,q) € [1,400]2. Then the embedding W'P(Q) — L4(Q) is compact.

PROOF. Let (f,) be a sequence of Byyir(q)(0,1). From the hypothesis, we
can extract a sequence (g, ) such that, for every 0 <7 < 'm, the restriction of

gn to Q converges to a limit G; in Lq(Q ). If Q N QJ = (), the restriction of
G; and G define the same class of functions.

m
o
Thus, we can define a unique class G over U Q;, which can be extended
i=0

to Q because p| Q — U QZ> < Zu(aQi) = 0. It is easy to verify the con-
i=1 i=0
vergence of (g,) toward G in L7(€2). O
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We shall also need a result concerning a change of variable on Sobolev
functions.

A one-to-one mapping T : Q — ' is bi-Lipschitzian if T and T~! are
Lipschitzian maps. As an application of Rademacher’s theorem, we find in [7]
p- 52 the following result.

Lemma 6.1. Let T : RN — RY be a bi-Lipschitzian mapping. If f € WP(Q),
p € [1,4+00], then g = foT € WP(T~Y(Q)), and Vf(T(z)).dT,, = Vg(x) for
a.e. © € ), where dT,, is the differential of T at point x.

We deduce easily the following theorem.

Theorem 6.2. Let (p,q) € [1,+00]?, T : RN — R be a bi-Lipschitzian map-
ping, Q1 an open subset of RN and Qo = T(). If the canonical embedding
W1P(Qq) — L9(Q4) is compact, then the embedding WIP(Qg) — L%(Qy) is
compact.

PROOF. The applications ®, : LI(Q;) — L(Qs) and ¥, : WP(Qy) —
W'P(Qy) defined by ®,(f) = foT ! and ¥,(9) = go T are linear and
continuous. The result follows by chain rule since W' (Q) — L%(£2;) is com-
pact. O

7 A Sobolev-Gagliardo-Nirenberg Inequality

Let us recall a well-known result (See [2] for instance).

Lemma 7.1. Let N >2 and fi,..., fy € LN "LY(RN71). For x € RN we set
fk:(mh...,xk,l,xlﬁl,...,xN) GRN_l.

Then, the function f(x) = f1(%1)... f(Zn) is in L*(RYN) and

N
11l 21wy < H 1 fell -1 =1y
k=1

Lemma 7.2. Let Q be a convex bounded open subset of R™. For every f €
WL(Q) we have

If =T(f )

diam(Q)N
| oo e NI gy,
LN=1(Q) w(§2) Q

where T'(f, Q) is the average of f over ).
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PROOF. The proof is a simple adaptation of the corresponding estimation in
the usual Sobolev-Gagliardo-Nirenberg inequality.

We have to prove the result for f € C*°(€2). We first remark that we can
find a box F =1; X ... x Iy, © C E, where every I, are non empty open
intervals of R with I(;) = diam(Q2) and I(I};) < diam(Q?) for 2 < k < N (we
denote by I(I) the length of I). We extend f and V f by null functlons over
FE—Qand weset [y =11 x ... Jh_1 X Inp1 X ... x Iy.

Thanks to the convexity, for (u,v) € Q? we have

‘f(vla"'avN)_f(ulv'nauN)‘

N
SZ IV f(u1,. -, Uk—1,tk, Vkt1,---,UN)| dtg
k=1

By a permutation of indexes, we also have |f(v) — T(f, Q)| < fx(0x) for every
1<k <N.
A simple computation gives

diam ()Y
1kl 2 (7 <NM(Q)/Q|Vf|-

N
Now, since |f(v) — T(f, Q)" < H fix(01), we deduce from Lemma 7.1 the
k=1
inequality

If =T(f, 9

N dlam
1/N
<11, < / V1.
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1 1 1
We recall that the Sobolev conjugate of p € [1, N[is defined by — = W
p p
Theorem 7.1. Let N > 2 and Q be a convex bounded open subset of RY. For
every p € [1, N[ we have W™ (Q) C LP"(Q) with continuous embedding and
Ve WP(Q),

iam(Q)N 1/p diam
e + A7 s I Al

PROOF. It is enough to prove this inequality for f € C!(f) that satisfy
T(f,Q)=0. Fort > 1,

If =T Q. < ((N '

I =[]
<[t —rauha o+ HT(f\fV*HQ)H%
<o BB 1|+ o 1
We have
([Pl S Ty e T\

and, thanks to the Poincaré-Wirtinger inequality,

AN < ALy < AN diam ()1 £l IV 11,
tN

Choosing t such that NI p'(t — 1) we have p* = % and previous
inequalities give
diam(Q)V 1/p diam ()
f *<<N—1p*+>\ pi V1,

Now, for every f € C1(£), we have
, diam () 1/p diam(€2)
< (7 = A s NIV, + T,

iam N iam "
. ((N—mp*wwﬁﬁm)wn (@Y
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which proves the continuity of the embedding W'?(Q) — LP" (Q). O

Now, we can extend theorem 5.2.

Theorem 7.2. Let Q be a bounded convex open subset of RV, N > 2. For
every p € [1,+00], the canonical embedding of W'P(Q) into LI(S2) is compact
for1 <q<p*.

PRrROOF. These embeddings are continuous. Without loss of generality, we
can assume that 0 € . There exists h € C°(Sy_1,R%) such that Q =
{th(y)y, vy € Sn—1, t € [0,1[}. The application h is Lipschitzian and the
application defined by ®,(0) = 0 and ®p(z) = h(ﬁ)x for z € RN — {0} is
bi-Lipschitzian (a proof is given in appendix B). Obviously, ®; sends the unit
open ball By onto ).

The hypercube C' =] — 1, 1["V also satisfies this condition for an application
®p,. Then & = &, o &, ' is a bi-Lipschitzian application sending C' onto
Q. Considering theorem 6.2., we have merely to prove the compacity of the
embeddings W'?(C) — LI(C) for 1 < q < p*.

For every n € N*, we consider a subdivision S,, = (Cj)iea, of C' by half-
Open hypercubes with sides of size 1/n. From theorem 7.1, there exists a

constant o = (N, p) such that for every Cyy,
P~ p*/p
< a< / IVfI”> .
Cin

1
) = )/Cmf

We deduce, for all f € WIP(C),

WGWW@,/

Cin

L -rsawr <o ([ |Vf|p)p*/p

€A, v

<a( /. |Vf|p)p*/p

since p <p* and [|f —T(f, Sn)ll,- < al/P” VI,
The end of the proof is classical: for every 1 < g < p*, we can write

1 1—
*ZQ—FTTI with 0 <7 < 1.
qg 1 P
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Using Hélder’s interpolation inequality, we find

If =T, S)lly <If =T ST = T(f, Sn)
ol TN 1,7 = TS
=Ty (eI F| T = T S
7(S) " (YDA [V £,

1-n
P

N

N

N

thanks to the final estimation in the proof of theorem 5.2. Now, the conclusion
follows from theorem 3.2. O

Remark 7.1. In the special case N = 2, we need not to use Lipschitzian
and bi-Lipschjitzian mappings. Indeed, the reader will easily see that for every
e > 0, there exists a subdivision S- of  such that diam(E)? < 2u(E) for every
part of this subdivision, and 7(S:) < e. The end of the proof is straightforward.

8 Extension domain and the Rellich-Kondrachov theo-
rem

Let us recall that a bounded open subset  C R¥ is a Lipschitz domain if
each point on 92 has a neighborhood U, such that 92 N U, is the graph of
a Lipschitz function. For a general definition of Lipschitz domains, see [1] or
[3].

It is well known that embeddings W'P(Q) — LP(Q) are compact for Lip-
schitz domains because they are extension domains [3]. In this way, P. W.
Jones characterized all finitely connected extension domains in the plane (for
the Sobolev embedding) and proved that it is exactly the (e, d)-Domains [5].
Using this characterization, we will show that a very simple subset Q of R?
which is not an extension domain can satisfy the conclusion of the Rellich-
Kondrachov theorem.

An open subset  of RV is an extension domain if for every (k,p) € N x
[1,+00] there exists a bounded linear operator Ay, : W*(Q) — WH(RVN)
such that A, (f)jq = f for all f € WkP(Q).

An open subset  of RY is an (e,d)-Domain if, V(x,y) € Q2 such that
|z — y| < J, there exists a rectifiable arc v C 2 joining x to y and satisfying

elz — z[ly — 2|

, Vz €n,
|z — y

1
() < glx —y| and d(z,Q°) >

where [(7) is the length of ~.
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Jones proved the following theorem: Let 2 C R? be an open finitely con-
nected set. Then € is an extension domain if and only if it is an (&, §)-Domain
for some values of €, > 0.

Let us consider the open set of the plane Q = {(z,y), z €] - 1,1, 0<y <
1+ +/|z[}. The set  can be split in two convex subsets by the line z = 0.
We can apply theorems 5.2 and 6.1 to deduce that the canonical embeddings
WP (Q) — LP(Q) are compact for p € [1,+0oc]. Nevertheless, 2 is not an
extension domain.

1 1
Indeed, for n € N*, n > 2, we consider X,, = (—,1—1— 2) and
n n

1 1
Y, = (, 14 2) . We easily verify that every path v C Q joining X,, and
n n

1
1 1)\?2 2
Y, i h that () >2( 5+ — | ~1/—.
is such that I(~) <n2 + Qn) .

But we have |X,, — Y,| = — and the (e, d) condition cannot be verified for
n

any € and ¢ in R7.

9 Compact embedding theorem for non Lipschitz do-
mains

In this section, we will extend the Lipschitz boundary condition to provide
more general domains satisfying the conclusion of the Rellich-Kondrachov the-
orem. The reader will easily verify that those domains are not (e, )-Domains
in general. In fact, if a boundary of an (e, §)-Domain must be rather smooth,
we will show that the boundary of domains satisfying the conclusion of the
Rellich-Kondrachov theorem can be wilder.

For every p € [1,+0o0], we denote by p’ the conjugate exponent of p. For
r >0, weset Q. =] —r,7[V"!and Q, = [-r,r]V L

For every h € C°(Q,, R ), we set

E(h>:{<y1a7yN)a (y17"',yN—1) GQTa and0<yN <h(yl7~-~ay1\7—1)}

and

F(h) ={(y,h(y)), y € Qr}.

Definition 9.1. Let ¢ € [1,00], Q be an open subset of RY and = € 99.
We say that € has a g¢-Rectifiable boundary at point x if there exists r > 0,
h € C°(Q,,R%) N W'(Q,), an affine rotation L and an open neighborhood
U of z such that L(F(h)) CU, QNU = L(E(h)) and
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(a) For ¢ = +o0o: There exists o > 0 such that for all 1 <k < N — 1, and

almost all (Y1, Yk—1,Ykt1,---,Yn—1) € — r,7[V =2, the application
2= WYLy Yk—1y 2y Ykt 1s - - - s YN—1) i in WL (] — r 7[) with
€8S. Supgr {|Vh(y17 s Yk—1,2 Yk+1 - - - 71/]\771)‘7 z E] - T7T[} <.

(b) For 1 < ¢ < 4o00: There exists & > 0 such that for all 1 <k < N—1, and
almost all (y1,...,Yk—1,Yks1s---,YN_1) €] — r,7[V=2, the application
2= h(Y1y o Ykl 2, Yktly - - -, YUN—1) 18 in W(] — 7, r[) with

r 1/q
[/ IOk (Y1, - - Yk—15 2, Ykt 1, - - - YN —1)|"dz <a

—r

(¢) For ¢ = 1: Yo > 0, 3n > 0 such that for every 1 < k < N — 1, and for
almost all (y1,...,Yk_1,Yks1s--->YN_1) €] — r,7[V~2, the application
z2 = h(Yi, - Yk—1, % Ykt1, - - - YN—1) B8 in WH(] — 7, 7[) with

b
/ ‘6k7h(y1a"'7yk—172ayk+1a'"’yN—l)‘dZga
a

assoonas —r <a<b<rwithb—a<xn

Remark 9.1. If N = 2, the conditions become h € CO([—r,r],R%) NnW'e(] —
r,r)).

Remark 9.2. In the general case, the hypothesis on functions h impose a
condition on the length of paths drawn on the surface F(h) staying on the
parallels to the coordinate axes.

Lemma 9.1. Let p € [1,+00], r > 0 and h € W' (Q,.) satisfying the hypoth-
esis of definition 9.1 for ¢ = p'. Then the canonical embedding WP (E(h)) —
LP(E(h)) is compact.

PRrROOF. Without loss of generality, we can assume r = 1.
e FIRST CASE: 1 < p < +00.
For every 0 < t < 1 and = € Q, we set v(t,z) = (z,th(z)). We denote
m =minh(z) > 0 and M = maxh(z) > 0.
T€Q z€EQ
From the hypothesis, there exists a > 0 such that for all 0 < &k < N — 1,

almost every y €] — 1, 1[V—2

1 P /2 1/p
|:/ (1+|8kh(yl>~-~7yk71727yk+17---72/N—1)| ) dZ:| <a.

-1
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For every n € N*, we denote (C})xea, a subdivision of @ by half-Open
hypercubes of size 1/n. In the following, for the sake of simplicity, we denote
(Ci)ogigr for the partition (CY)xen,, -

We consider a sequence 0 =ty < t; < ... <t; =1, and for 0 i <r
and 1 < j < g, we set Q;; = {y(t,z), z € C;, t; <t < tjp1} and Qp =
{y(t,z), 2 € C;, 0 <t <t1}. Thus, Sy .0, = (Qij)o<i<r is a subdivision

0<5<
of @ = E(h). -
Let us fix 0 <i <rand 0 <j < q. For g € L'(Q;;) N C*(£;), we have

/Q g(u) du = /Ieci /t:m 9(v(t, z))h(z) dtdz.

For f e WP(Q)NCH(Q),0<i<rand 0<j < g, we set

AW = / / flu du
Qi Qij)

u(é) // / @) = F(E, @) h(2)h(a)da' db' da dt.

dv

Now, we must join the points v(t,z) and y(t',2’) with a path staying in §;;.
We have
[f (vt ) = fF(y(t,2"))]
<|f(v(t @) — f(y(E @) + [ f (v (¢, 2) — fF(y(E, 2))

and

[f(v(t ) = F(r(#, ’))\”
<277 (| f(v(t,2) = F(E )P + [F((E,2) = F(y (' 2))IP).

On one hand
P

Pt a)) — FOE )P < / IV 6(a.2))h(@)da

tj+1
< (o — )P M7 / IV £(v(a,2)) " da.
a=t

Then,

tjt1 tit1

|f(v(t,2)) — F(y(t, )P h(x)h(2")d2’ dt’' dz dt
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L+t
<l —tyM [ [ 9s ) b dads
zeC; a=t;

<(tj+1—tj)pMp/ IV fIP

Qij

On the other hand, if we set C; = I;; X ... X I;ny_1, then for 1 <k <N —1,

|f(7(t/7 (1‘1, sy Te—1, .T;C, s 733/1\7—1))) - f(’Y(tla (1'1; B xkvx;c—i-l? LR x;\f—l)))|
1/p
< [/ |Vf(fy(t’,(z1,...,xk_l,z,x;H_D...,x?v_l)))|pdz]
Lik Sy
X [/ (1 +|Okh(@1, - T, 2, Ty, - Ty ) dz}
ik 1/p
< a{/j ‘Vf(v(t’, (@1, B, 2, T s - - ,x']\,l)))’pdz} )

We obtain
[F(y(t' 2)) = F(y (', 2) |

FOy@, (x1y .y o1, Ty TN 1))

N-1
P>
k=1

— fOy@, (@1, Tk Thgas -+ T 1))

]p
N-1
<P NP1 Z / IV, (21, T, 2 Thgys - )| dz
k=1 7 1ix
and, if Afy = f(y(t',z)) — f(y(',2")), then
. 1 tj+1 tit1
i L L
1(€2i5) t=t; JzeC; Jt'=t; Ja'eC;

N
aP M2ANP~L

—1 /t.7’+1 /
nm kZ:1 t'=t; JC;

o M2 NP
< [ v

nm

P
Afy| h(z)h(z")dx' dt' dx dt

P
dxy ... deg_1dzdr) dey_i dt

o(f,)

N

ij
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where @(f7 P)/) = Vf(’)/(t/7 (x17 sy Th—15 2, x;g-‘,—l? s 737/]\]71)))- N0W7 AiJ <

22~1(AY + AYY), and

1f =T St = 3 AY

0<i<r
0<j<q
aP M2NPH!
<2rt —tPMpi/vp.
2. [m e AL
0<i<lr ij
0<j<q
€
We choose (t;)ogj<q Such that Maxggjcq(tjr1 —t5) < 7= Wi and n > 1 such
2PaP M2 NP

. The subdivision Sy, ¢,....¢, satisfies

1/p
TR (/ Vi |”du)

for every f € WP(Q) (with the usual density argument). Thus, the embedding
W1P(Q) — LP(Q) is compact, and the proof is complete.

e SECOND CASE: p = 1.

The proof is very similar. Indeed,

that n > 5
m=eP

AV < (41— )M / IV f(u)] du, and

i M2N(1 + |||y

nm2

e THIRD CASE: p = 4o00.
Let f € W°(Q) N CYQ). For (t,t') € [tj, t;+1]% t <t and (z,2) € C?,
the estimations become
t/
[f(v(t,z) = f(y (', ) </ IV f(v(a,z))|h(z)da < (tjp1 — ;) M| fllyre
a=t

and

|f(’)/(t/,$) - f’}/(t/7 Z‘/))l
N ) ) o\ 1/2
< fllwreo Z/l (1 + |8kh(x1, ey TR—15 2, Ty gy ,xN71)| ) dz.
k=1 ik
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Now, for € > 0, we can choose (t;)<;<q satisfying Maxogj<q(tj+1 — t;) <

2M

£ and n > 1 such that for every 1 < & < N — 1, and for almost all
(ylu"wykfhyk‘i*lw"7yN71) S [_171]N_2

b ) ) o 1/2
) (1—1—‘3kh(x1,...,xk,l,z,xk+1,...,xN71)| ) <3N

1

as soon as —1<a<b<1withb—a<n. And we have

f € Wlm(Q)mcl(Q)7 Hf_T(fa Sn,to ,,,,, tq)HOO <£;”-}[HWM’O

Using an usual application of regularization, for every f € W' (Q), there
exists a sequence (f;)ren of W'°(Q) N C(Q) such that

Jm [fr = fllo =0 and ¥r € N, [frllyree <[ fllypa

‘We obtain

f € Wloo(Q)7 Hf - T(f’ S’ﬂio,...,tq)Hoo < 8||fHW1°0

and the result follows.
O

Definition 9.2. We say that an open set ) has a ¢-Rectifiable boundary if
there exists a finite family (z1)ogr<m of 00 such that Q is g-Rectifiable at

every point zj with 0Q = U Ly, (F(hy,))-
k=0

Theorem 9.1. Let p € [1,+00]. If Q is a bounded open subset of RN with a
q-Rectifiable boundary, then the embedding W1P(Q2) — LP(Q) is compact.

PRrROOF. Let Q be a bounded open subset of RV with a g-Rectifiable boundary

m

and a family (2;)ogi<m of points of 9§ such that 902 = U L, (F(hy,))-
k=0

The reader may wish to convince himself that ' = Q — U L,,(E(hg,))
i=0
is a an open polytope of RY which can be split (up to a neglideable set) in
a finite partition of convex polytopes (Qi)ogi<r- A proof of this result can
be found in appendix B. Then, from theorems 5.2 and 6.1, the embedding
W1P(Q') — LP() is compact.
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We have a partition of 2 in m + 2 parts. From lemma 9.1 and theorem
6.2, the embeddings W' (L, (E(hs,))) — LP(Ly,(E(h,,))) are compact, and
since p(0F(hy,)) = 0 for 0 < i < m, we conclude from theorem 6.1 that the
embedding W' (Q) — LP(Q) is compact. O

We can give a nice formulation of this result in the case N = 2.

Corollary 9.1. Let p € [1,+oco[. If Q is a bounded open subset of R? for
whom the boundary is locally a graph of continuous applications in WP, then
the embedding WP (2) — LP(Q) is compact.

10 APPENDIX A Extension to Locally Compact Met-
ric Spaces

In this appendix, we give without proof the straightforward extension of
compactness theorem when €2 is a general metric locally compact set and
1<p < Hoo.

To extend the result of section 3, we must specify notions of subdivision
and simple function.

- A restricted subdivision of Q is a couple (€, S), where Qp € Mt is
relatively compact, and S is a subdivision of .

- A function f : Q — C is a restricted simple function if there is a re-
stricted subdivision (£2g,.5) of €2 such that the restriction of f to g is
simple, and f is the null function over 2§. In this case, we will say that
f and (Q0, S) are adapted to each other. We denote by E(2) the classes
of restricted simple functions modulo the negligibility relation. We will
say that F' € E(Q) and a restricted subdivision (€, S) are adapted to
each other if there is f € F' adapted to (Qo,.5).

- Let f: Q — X be a measurable function and (2, 5) a restricted sub-
division such that f is integrable on Qy. We denote by T'(f,Qq, S) the
restricted simple function null outside of 2y and such that the restriction
to Qo is T(f,S). For every F' € LP(Q), f € F and (9o, 5) a restricted
subdivision of €, we still denote by T'(F,Qq, S) the class of T(f,.5).

Remark 10.1. If 2 is relatively compact, for every subdivision S of Q, (2,.5)
is a restricted subdivision of Q. Moreover, simple functions and restricted
simple functions are the same.

Theorem 10.1. Let T be a subset of LP(Q)). We say that T is equi-p-Integrable
if one of those equivalent properties is satisfied.
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- For every € > 0 there exists a restricted subdivision (£o,5) of Q such
that
VFel, |F-T(FQ9),<e.

- For every € > 0 there exists a restricted subdivision (Qqg,S) of Q such
that for all F € T we can find Fs. € E(Q) adapted to (Qo,S) and such
that |[F — Fy||, <e.

We say that T' is weakly uniformly equi-p-Integrable if one of those equivalent
properties is satisfied.

- For every € > 0 there exists n > 0 and Qo € M such that for every
restricted subdivision (o, S) of Q satisfying T7(S) < n we have

VFGF, ||F7T(F’QOaS)Hp<€

- For every € > 0 there exists n > 0 and Qg € 9N such that for every
restricted subdivision (Qo,S) of Q satisfying 7(S) <1, and for every F €
L', we can find Fs. € E(Q) adapted to (o, S) such that ||[F — Fy||, <e.

Remark 10.2. The equivalence of the two definitions of equi-p-Integrability
is obvious for a relatively compact subset ), but uniform equi-p-Integrability
and weak uniform equi-p-Integrability are not exactly the same notion.

Clearly, uniform equi-p-Integrability implies weak uniform equi-p-Integrability
but the converse is false. For instance, if f : [0,1] — R with f(z) = 0 for
0<z <3 and f(z)=1for & < <1, the set of functions I' = {A\f, A € R} C
LP(Q) is weakly uniformly equi-p-Integrable (we set Q¢ = [%, 1]...), but it is
not uniformly equi-p-Integrable.

Nevertheless, as a consequence of theorem 10.3, those concepts are equiv-
alent for a bounded subset of £P((2).

The proofs of the following results are straightforward adaptations of pre-
vious theorems and will be omitted.

Theorem 10.2. Let (fi)ock<n be a finite family of LP(SY). For every e > 0,
there exits a relatively compact part Qg in M and n > 0 such that for every
restricted subdivision (o, 5) of Q satisfying 7(S) < n we have

VkE{O,...,n}, ka‘_T(fk7QO7S)”p<€

Lemma 10.1. Let (F},) be a sequence of E() adapted to a same restricted
subdivision of 1. If (|| Fy||,,) is bounded, we can extract a subsequence (Fiy(n))
converging in (E(Q), || [,).
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Theorem 10.3. Let T' be a subset of LP(Q)). The following assertions are
equivalent:

(i) T is relatively compact ;
(i) T is bounded and weakly uniformly equi-p-Integrable ;
(#ii) T is bounded and equi-p-Integrable.

11 APPENDIX B Topological Results

Theorem 11.1. Let Q be an open subset of RN with a q-Rectifiable boundary,
and let a finite family (xx)o<k<m of OS2 be such that Q0 is q-Rectifiable at
every point xy, with 0Q = Ul oLy, (F(hy,)). Then the open set ' = Q —
U oLz, (E(hg,)) is the union of a finite family of convex polytopes, with a
negligible set lying on boundaries of those convex polytopes.

PROOF. For 0 <i <m weset Q; = Ly, (E(hg,;)) and denote by (Gix)1<pgan —1
the hyperplanes limiting the boundary of ;. We set G, = {x € RN, gi(z) =
0}, where g;; are non null linear forms, and ij = {x € RN, gix(x) > 0},
G ={z eRY, gy(z) <0}

We first prove that 0Q C U; 1 Gig.

Indeed, since ' = Q¢ U (Uogigmﬁi) we deduce that for every x € 9¢Y,
there exists an index i such that € Q; N€Y, and more precisely, z € 9Q; N Q.

For every index i, we have dQ; C (UxGix) U Ly, (F(hy,)). But U,, ¢ O
and Ly, (F(hy,)) C Ug,. We deduce z € UG, C U;Gj, and the result
follows.

For ¢ = (ei) € {+,f}(m+1)(2N71), we set Vo = N, :G;F. We want to
prove the following alternative: V. N Q' =0 or V. C Q.

If there exist xg € V.NQ and 1 € V.NQ'“, we can find 23 € [zg,21]NOY.
Then, there exists an index (i, k) such that xo € G, which is a contradiction
with x9 € V..

Now, let A be the set of indexes £ such that V. C €. From the partition
RN = (U.VZ) U (U £ Gi k), we deduce Q' = (UeeaVz) U (' N (Ui xGik))-

O

Lemma 11.1. Let Q be a bounded convex open subset of RN with 0 € Q. The
function h: Sxy_1 — R defined by h(u)u € 02 is Lipschitzian.

PROOF. Let o > 0 be such that B(0,«) C . If h is not a Lipschitzian
application, we can find two sequences (u,) and (v,) of Sy_; with the same
limit u, such that

Yn €N, u, £ vn, U, #—v, and h(u,) — h(v,) = nlu, — vy
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Let w,, € Sy_1 besuch that (v,,, w,,) is an orthonormal basis of vect (u,, wy, )
satisfying u, = cos(0,)v, + sin(6,)w, with 8,, €]0, x| and HEIEOO 0, =0. We
have 6,, < w/2 for n > ng. We are going to show that h(v,)v, falls into the
triangle (O, h(uy )y, —aw,) for some n. This will be in contradiction with
h(vp)uy, € 02

h(vn)
cos(0y,)h(uy)

h(vy,) an sin(6,,)h(v,,)
cos(@n)h(un)>0 d acos(f,)

sin(6,,)h(vy,)

F > 7h n)Un =
or n > ng, h(v,)v o cos(0n)

We have

h(un )ty + (—avy).

> 0;
we have to prove

h(vy) sin(6,)h(vy,)
cos(f,)h(uy) acos(6,)

< 1 for large n.

From the hypothesis,

h(vy,) sin(6,,)h(v,,) 1 2nsin(6,/2)  sin(6,)
X 1- h n
cos(0,)h(uy) acos(6,) < cos(6,) h(uy) + ! (vn)
nb,,
which concludes the proof. O

Theorem 11.2. Let Q be a bounded convex open subset of RN with 0 €
and h as in lemma 11.1. The function ® : RN — RN defined by ®(0) = 0

and, for x € RN — {0}, ®(z) = h(i

| |)x 18 bi-Lipschitzian.
x

PROOF. M denotes a Lipschitz ratio for h. For x and 2’ in RY — {0},

i X
d(z) — ®(2')] = |h(-—)x — h(—)a’'
2(x) ~ @) = |h()e — ()
!
<k _ M2y = p e
Il el =+ 121 | () — R )
!
< bz — '] + Mla'|]| 2 — 2
BN

M
<Nhllolz = 2| + —|2fa’| — a'l]|

]
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M
< Plllr = 21 + (][l = |2]] + [2]|z — 2])

||
< ([Pl + 2M)]a — 2'|

which is still valid when z =0 or 2’ = 0.

Now, &~ 1(z) = [h( ?

m)] x for x € R—{0} and the previous calculus still

stands for ! because

1 1 M
v S3 — = < —lu-—
(u,v) € Sy_q, ‘h(u) o) < — lu — |
where m = min{h(u), v € Sy_1} > 0. O
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