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Abstract

If $2 C R” is a bounded domain, the existence of solutions u € W‘: F82) of divu = f for f e
LP($§2) with vanishing mean value and 1 < p < 00, is a basic result in the analysis of the Stokes
equations. It is known that the result holds when £2 is a Lipschitz domain and that it is not valid for
domains with external cusps.

In this paper we prove that the result holds for John domains. Our proof is constructive: the so-
lution w is given by an explicit integral operator acting on f. To prove that u € Wo!’p (§2) we make
use of the Calderon—Zygmund singular integral operator theory and the Hardy-Littlewood maximal
function.

For domains satisfying the separation property introduced in [S. Buckley. P. Koskela. Sobolev—
Poincare implies John, Math. Res. Lett. 2 (5) (1995) 577-593], and 1 < p < n, we also prove a
converse result, thus characterizing in this case the domains for which a continuous right inverse of
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the divergence exists. In particular, our result applies to simply connected planar domains because
they satisfy the separation property.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Given a bounded domain §2 C R”, a basic result for the theoretical and numerical analy-
sis of the Stokes equations in §2 is the existence of a solution u HO1 (§2)" of

diva= f (1.1)
such that
lullgiey < CIHfl20) (1.2)

forany f € L%(SZ), where C is a constant depending only on §2, and L%(Q) denotes the
space of functions in L%(§2) with vanishing mean value in §2. By duality, an equivalent
way of stating this result is to say that

11200y S CIV L1y (13)

forany f € L%(.Q).

This result is of interest also because of its connection with the Korn inequality which
is fundamental in the analysis of the elasticity equations. Indeed, the Korn inequality can
be deduced from (1.1) and (1.2).

Several arguments have been given to prove the existence of u € HOI(SZ)” satisfying
(1.1) and (1.2) (see, for example, [5] and the references therein). In particular, it is known
that the result is true for Lipschitz domains.

On the other hand, it is known that the result does not hold if the domain has an external
cusp. In fact, this can be deduced from a counterexample given by Friedrichs [6] for a
related inequality. Let us recall here this counterexample which seems to be not very well
known. Other counterexamples have been given in much more recent papers (see [7] and
also [13] where counterexamples for the Korn inequality are given).

Suppose that §2 is a two-dimensional domain and that

w(z)= f(x,y)+iglx,y)

is an analytic function of the variable z = x 4+ iy in §2 with f and g real functions and
f o J dx = 0. Under suitable assumptions on £2, Friedrichs proved in [6] that there exists
a constant I, depending only on £2, such that

Iz <TG N 202y (14)
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He also proved that the existence of the constant I” is equivalent to the existence of a
constant 8 < 1 such that

‘/wzdxdy‘ <9/|w|2dxdy (1.5)
$2 $2

whenever [, wdxdy=0.
Now, in order to show that the inequality does not hold for a domain with an external
cusp, he defined, using polar coordinates (r, ),

Q2={@r) 0<r <R, 910) < <)}, (1.6)
with
91(r) = —kr + O(r?), Bo(r) =kr + O (r?)

where k is a constant. Then, for « > 0 he introduced the functions wy, = (2a)1/2z%=3/2
and showed by an elementary computation (see [6, p. 343] for details) that

| o widxdy] (1.7)
fg |we [2dx dy

when « — 0. And, since f o Wedxdy — 0, one can subtract to wy its average to obtain
functions with vanishing mean value and satisfying (1.7). Therefore (1.5) does not hold,
and consequently (1.4) does not hold either.

But, on the other hand, observe that (1.4) follows easily from (1.3) together with the
fact that f and g satisfy the Cauchy-Riemann equations. Consequently, we conclude that
(1.3), and its equivalent forms (1.1) and (1.2), are not valid for the domain defined in (1.6).

An interesting problem is to determine which conditions on the domain §2 are sufficient
in order to have the existence of u satisfying (1.1) and (1.2). In view of the results men-
tioned above it is clear that we have to consider a class of domains which excludes domains
with external cusps. On the other hand, the Lipschitz condition is not necessary. In fact, it
is known that if the result holds for two domains then it also holds for the union of them
(see, for example, the argument given in [1]), and consequently, domains having internal
cusps are allowed although they are not Lipschitz.

Taking into account all the comments made above, it seems that a natural class of do-
mains to be considered for our problem is that of the John domains. For instance, it is
known that a two-dimensional domain with a piecewise smooth boundary is a John do-
main if and only if it does not have external cusps.

These domains where first considered by F. John in his work on elasticity [8] and where
named after him by Martio and Sarvas [10]. Further, John domains were used in the study
of several problems in Analysis. For example they were used by G. David and S. Semmes
[4] in the analysis of quasiminimal surfaces of codimension one and by S. Buckley and
P. Koskela [2] for the study of different kind of inequalities. On the other hand, the John
domains are closely related with the extension domains of P. Jones [9]. Indeed the (g, c0)
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domains, also called uniform domains, are John domains (but the converse is not true:
a John domain can have an internal cusp while a uniform domain can not).

We will recall in Section 2 the definition of John domains but, roughly speaking, §2 is
a John domain with respect to a point xp € £2 if each point y € §2 can be reached by a
Lipschitz curve beginning at xo and contained in £2 in such a way that, for every point x in
the curve, the distance from x to y is proportional to the distance from x to the boundary
of £2 (in particular, external cusps are not allowed).

This class contains the Lipschitz domains but it is much larger. In fact, the boundary of
a John domain can be very bad: a typical example is the so called snowflake domain which
has a fractal boundary.

In this paper we prove the existence of solutions of (1.1) satisfying (1.2) and vanishing
at the boundary when 2 is a John domain. More generally, we prove the analogous result
in L7, for 1 < p < oo, namely, if f € Lg(Q) then our solution of (1.1) satisfies

lullwrren < ClfliLe) (1.8)

and u € WO1 P = C(‘)X’(SZ)”. Moreover, our proof is constructive: we give an explicit
solution of (1.1) defined by an integral operator (actually, a family of solutions because our
operator depends on an arbitrary weight function).

For the class of domains satisfying the separation property introduced in [2] we prove a
converse result, namely, if for some 1 < p <n and any f € LP (£2) there exists a solution
ue W p(Q)” of (1.1) satisfying (1.8), then £2 is a John domam This result applies in
partlcular to simply connected planar domains since, as was proved in [2], these domains
satisfy the separatlon property. To prove this converse result we prove that the existence
of solutions u € W P (§2)" of (1.1) satisfying (1.8) for 1 < p < n implies the Sobolev—
Poincaré mequahty forany 1 < p < n.

Our construction generalizes the one given in [1] (and analyzed also in [5]) for a do-
main which is star-shaped with respect to a ball. The arguments are rather technical and
s0, to help the reader, we explain here some of the ideas. Given a function ¢ let us call
¢ = [ ¢, where » is an arbitrary smooth weight such that [, @ = 1. Now, a key point in
our construction is to recover ¢ — ¢ from its gradient. Suppose that §2 is star-shaped with
respect to a ball B centered at xo and that suppe C B. If for any y € £2 we call y (s, y) the
function defining the segment joining y with xo, namely, y (s, ¥) = y 4+ s(xp — y), then, for
any z € B, the segment joining y with z is parametrized by y (s, ¥) + s(z — x0). Therefore,
integrating over the segments [y, z], we have

1

P —d2)= —/()'/(S, V) + (2 —=x0) - Vo(y(s, )+ sz —x0))ds,  (1.9)

0

and so, multiplying by @ (z) and integrating on z, we obtain

(¢—5)(y)=—//()?(s,y)+(Z—xo))~V¢(V(S,y)+S(Z—XO))w(Z)dst- (1.10)
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Fig. 1.

Then, we have obtained an expression for (¢ — @)(y) in terms of an integral involving V¢
evaluated at points in the cone formed by all the segments with end points at y and z € B
which is contained in £2 (see Fig. 1).

Suppose now that £2 is not star-shaped but it is a John domain with respect to xg, with
Xo being as above the center of a ball B which contains the support of w. We can then gen-
eralize formulas (1.9) and (1.10) replacing the segment joining y and xo by an appropriate
curve given by y (s, y), such that y (0, y) = y, ¥ (1, ¥) = x¢ and with the property that the
“twisted cone” formed by the curves parametrized by y (s, y) +s(z — x¢) is contained in £2.
In this way we obtain a generalization of (1.10) where now V¢ is evaluated at points in
that “twisted cone” (see Fig. 2).

Fig. 2.
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The paper is organized as follows: In Section 2 we recall the definition of John domains
and prove some of their properties. In particular we construct the curves that will be used to
obtain formula (1.10) and, as a byproduct, our solution of (1.1). The arguments of the rest
of the paper depend only on the properties of these curves stated and proved in Lemma 2.1
and not on our particular construction. In Section 3 we construct our explicit solution of
divu = f. This solution is given by an integral operator acting on f. In Section 4, we prove
that our solution satisfies the estimate (1.8). In order to do that, we first show that the deriv-
atives of u can be expressed in terms of a singular integral operator acting on f and then
we show that this operator can be decomposed in two parts: the first one is a singular in-
tegral operator with a kernel that satisfies the conditions of the classic Calderon—Zygmund
theory while the second one can be controlled by the Hardy-Littlewood maximal opera-
tor. We end Section 4 with an important corollary of our main result: the Korn inequality.
Finally, in Section 5 we prove a converse result for the case of planar simply connected
domains.

2. Properties of John domains

In this section we recall the definition of John domains and prove some of their prop-
erties which will be useful in our construction. We will denote with d(x) the distance of
x € £2 to the boundary.

Definition 2.1 (John domains). Let 2 C R” be an open bounded set, and xg € 2. We say
that £2 is a John domain with respect to xo and with constant L if for any y € §2 there exists
a Lipschitz mapping p : [0, |y — x0|] — §2, with Lipschitz constant L, such that p(0) =y,
Py —xol) =xp and d(p(1)) = t/L for t € [0, |y — xo].

Clearly, if §2 is a John domain, for each y € §2 there are many curves joining y and
xp satisfying the properties required in Definition 2.1. To construct our solution of the
divergence we will choose a family of curves verifying some extra conditions, in particular,
we will require that the first part of each curve (i.e., the part closer to y) be a segment,
this fact will be important in our analysis. Moreover, we need to have some control of
the variability of the curves as functions of y. Indeed, measurability will be enough for
our purposes. Also, for convenience we rescale the curves in order to have the parameter
in [0, 1].

In the next lemma we state the properties that we will need on the curves and prove
the existence of a family of curves satisfying them. We will make use of the Whitney
decomposition of an open set which we recall in the next definition (see, for example, [11]
for a proof of its existence). In what follows, d(Q, 2£2) denotes the distance of a cube Q
to the boundary of §2 and diam(Q) the diameter of Q.

Definition 2.2. Given an open bounded set §2 C R”, a Whitney decomposition of §2 is a
family W of closed dyadic cubes with pairwise disjoint interiors satisfying the following
properties:
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1 £2= UQeW Q;
(2) diam(Q) < d(Q, 352) < 4diam(Q),VQ € W;
(3) 1diam(Q) < diam(Q) < 4diam(Q), ¥Q, 0 € W such that @ N Q # @.

Given Q € W, let xg be its center and Q* the cube with the same center but expanded
by a factor 9/8, namely,

9
Q*= g(Q —x0)+xg.

We will make use of the following facts which follow easily from the properties given in
Definition 2.2,

d(Q*,82) ~diam(Q¥) ~d(y) Vy e Q% 2.1)

where A ~ B means that there are constants ¢ and C, which may depend on the dimension
n but on nothing else, such that cA < B < CA.

Lemma 2.1. Let §2 C R" be a John domain with respect to xo and with constant L. Then,
there exists a function y . [0, 1] x §£2 — £2 and constants K, § and C1 depending only on L,
diam($2), d(xg) and n, such that:

(1) O, y)=y, y(1, y) =xo;

(2) d(y(s,y)) 2 8s;

(3) y (s, y)is Lipschitz in the variable s with constant K

4 y(s,yyisasegment for 0 <s < Cid(y) < 1;

B5) vy, y)yand y(s,y) = %—’;(s, y) are measurable functions.

Proof. et W be a Whitney decomposition of §2 and Q¢ € W be a cube containing xp.
Given y € £2, let Q € W be such that y € Q. We remark that if y belongs to the boundary
of some Q € W then it belongs to more than one cube. We choose one of them arbi-
trarily (in any case this is of no importance because the set of those points has measure
Zero).

Suppose first that xo € Q*. In this case, we can take the curve to be a segment, namely,
y (s, y) =sxp+ (1 —s)y. In fact, in view of (2.1), it is easy to see that y (s, y) satisfies (2)
and (3) with K and & proportional to d(xg). Also (4) is trivially satisfied for any Cy such
that C1d(y) < 1, we can take for example C1 = 1/diam(s2).

Now, if xo ¢ Q*, let xo be the center of Q and take a parametrization p(¢) of a curve
joining x¢ and xo satisfying the conditions given in the definition of John domains. First
we reparametrize p and define

u(s) = p(slxo —xgl).

Then, w is Lipschitz with constant K = L diam(£2) and satisfies d(u(s)) = 8s with § ~
|xo —xgl|/L. But, since xo ¢ Q*, then Q # Qo, we obtain from properties (2) and (3) of
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o L
Q //

u(s,)

Fig. 3.

Definition 2.2 that |xg — xg| 2 cd(xp) with ¢ depending only on n. Therefore, (2) holds
for y with § ~ d(xp)/L.

To define y (s, y) we modify this curve in the following way. Let 51 be the first s € [0, 1]
such that . (s) € 9 Q*. Then we define

es), ifsel0,s1],
y(s,y)= .
un(s), ifselsy, 1]
where
s s
Us)=—p(s)+ <l - —)y,
S| 1
see Fig. 3.

Now, |€(s)| = (1e(s1) — v)/s1. But, since p is Lipschitz with constant L diam($2),
p(s1) € 30* and p(0) = xg, it is easy to check that 51 > cdiam(Q*)/L diam($2) with
¢ depending only on n. Therefore, ¢ is Lipschitz with constant K ~ L diam(£2).

So, y (s, y) satisfies (2) on the interval [0, ;] with K ~ L diam(§2). On the other hand,
for s € [0, 51), both u(s) and y (s, y) belong to Q* and so d(y (s, y)) ~ d(ju(s)) which
proves that (2) holds on this interval. Since, y (s, ¥) = u(s) on s € [s1, 1], (2) and (3) hold
on the whole interval [0, 1].

Using again that 5| > ¢ diam(Q*)/L diam($2), (4) follows from (2.1).

Finally, observe that (5) holds because y (s, y) and y (s, y) are continuous for y in the
interior of each Q € W and so they are continuous up to a set of measure zero. Therefore,
the proof is complete. [



G. Acosta et al. / Advances in Mathematics 206 (2006) 373—401 381

3. Construction of the explicit solutions of the divergence

In this section we construct the explicit solution of the divergence. For any y € §2 let
y (s, y) be the curve given in Lemma 2.1. We define a new family of curves in the following
way.

For y € §£2 and z € B(xg, §), where § is the constant given in Lemma 2.1, define

y(s,y.2)=y(s,y) +sz—x0), s€[0,1] (3.1)
Let us note the following facts, which follow immediately from (1) and (2) of Lemma 2.1,
y0.y,2) =1y, 7, y,2)=z and p(s,v,z) €82 foranyse[0,1]. (3.2)
In order to simplify the notation, we will assume without loss of generality, that xo = 0.
Let @ € C§° such that fg o =1 and suppw C B(0, §/2). Observe that from the proof of
Lemma 2.1 it follows that § < d(xg) and so B(0,8/2) C 2.
Let us now introduce the function

G=(G1,....,Gp): 2 x2—>R"

which will be the kernel of the right inverse of the divergence. For x € £2 and y € £2 we
define

N S

1
G(x,y) = /{)'/(s, v) + - )/S(s, y) }w(x —vs. y))inds. (3.3)
0

Observe that, from (5) of Lemma 2.1, we know that G (x, y) is a measurable function.

In the rest of the paper it will be important to use that the integral defining G(x, y) can
be restricted to s = Cp|x — y| for some positive constant Cy. Indeed, for Cr =1/ + K),
we have:

if s<Calx —y| then a)<L(S’y)):0. 34)

N

In fact, if s is such that (x — y (s, ¥))/s € supp o, then, |x — y(s, ¥)| < 8s. Therefore,
recalling that y = y (0, y) and that y is Lipschitz with constant K in the variable s, we
have

v =yl < |x =y (s, 0| + [y (s,3) —y(0, )| <85+ Ks
and so (3.4) holds.

An important consequence of (3.4) is the bound for G(x, y) given in the following
lemma.
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Lemma 3.1. There exists a constant C = C(n, 8, K) such that

[@]loo

(3.5)

Proof. In view of (3.4) we have

1
Gx,y)= / {)-/(S’y)_"_x—);(S,Y)}w<)€—y(s,y))ids.

s st

Colx—y|

But,

%(Sy)‘ <y |+

. X — - s,
o s

and from property (3) of Lemma 2.1, and recalling that y = y (0, y), we know that the first
and last term of the right-hand side are bounded by K, and therefore estimate (3.5) follows
easily. 0O

We will call ¢ the weighted average of a function ¢, namely, ¢ = |, ¢o. The next

lemma shows how ¢ — ¢ can be recovered from its gradient by means of the kernel G. As
a corollary of this result we obtain our constructive solution of the divergence.

Lemma 3.2. For ¢ € C1(2) and for any y € £2,

G —F) = / Gx.y) Vo) da.

2

Proof. Since [, =1, we have, in view of (3.2), that for any y € £2,

1
(¢—5)(y)=/(¢(y)—¢(z))w(z)dz= —//f(s, ¥.2) - V(7 (s. y, 2))w(z)dsdz.
2 0

2

But, )L/(s, v,z) = y(s,y) + z (recall that we have assumed xo = 0). Then, making the
change of variables x = y (s, v, z), we have z = (x — y (s, y))/s and dz = dx/s". Hence

N

1
G —F)0) = —//{y‘(s, S _VS(S’ ”}w(x —ris y))si,,d»vmx)dx
2 0

which in view of the definition (3.3) concludes the proof. O
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Corollary 3.1. For f € L'(£2) such that |, f =0 define

u(x) = / G, ) f () dy.

2

Then, u satisfies
diva= f.

Proof. For any ¢ € C§°(§2) we have

383

(3.6)

/ FOIB()dy = / FONG =B () dy=— / f(y)< / Gix,y) - V¢<x>dx) dy
2 2 2 2

=—/</G(x,y)f(y)dy) ~V¢(X)dx:—/U(X)~V¢(X)dx
2 2 §2

where the change in the order of integration can be easily justified by using the

bound (3.5). 0O

In order to show that the solution defined in (3.6) vanishes on the boundary we will

make use of the following lemma.

Lemma 3.3. If x € 352, G(x,y) =0 for all y € §2. Moreover, for any x,y € §2 and any

0 < a <1, there exists a constant C = C(n, 8, K, w) such that

d(x)®
|G, )| < S F———
Proof. Observe first that
a)<L(Sy)) —0 forxed2, yeandselo,1].
A

Indeed, in this case we know from property (2) of Lemma 2.1 that
3s <d(y (s, ) <y (s, ) —xl.
Hence,

|y(sv y) —X| 28
A

(3.7

(3.8)

and therefore, (3.8) follows immediately since suppe C B(0, §/2). Then, from the defini-

tion of G, it follows that G(x, y)=0 forall x € 3§2 and all y € §2.
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Now, for x € §2, let X € 052 be such that d(x) = |[x — X|. Since @ ((x — y (s, ¥))/s) =0,
we can write

1
Glx, y) = / {y<s,y>+%w}{w<%w)_w<%w)}sinds

Colx—y|

but, since » and its first derivatives are bounded, o is a Holder « function for 0 < o < 1.
Also, as was shown in the proof of Lemma 3.1, y (s, ¥) + (x — y (s, ¥))/s is bounded by a
constant which depends only on § and K. Therefore, there exists a constant C = C (8, K, »)
such that

1

lx —X[\*1
|G| <C = ds,
N N

Colx—y|

and integrating we conclude the proof of (3.7). O

4. Estimate of the derivatives

The object of this section is to give an estimate of the derivatives of the solution of
the divergence defined in (3.6) in terms of the right-hand side. First, we show that the
derivatives of u can be written in terms of a singular integral operator applied to the right-
hand side f. With this goal we introduce

. Gy
Tix f(x) = lim — G, »fdy (4.1)
e—=0 ax;
lx—y|>¢
and
N . G
Tre(y)=lim —(x, y)gx)dx (4.2)
e—0 8)6,‘
lx—y|>¢

for functions f and g with support in §2.

In the proof of the next lemma we will use that the operator 77} is the adjoint of T3 This
is a consequence of the existence in L? norm of the limit in (4.1) and of the boundedness
of Tir in L? for 1 < p < oo. These results will be proved in the last part of the paper. We
prefer to present the results in this order for the sake of clarity.

Lemma 4.1. For u= (uy, ..., uy) defined as in (3.6), we have

Jug ,
P irf Foif inf2
1
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where

ZkZi
oip(y) = IZ_IZZO)(

R}'L

—7(0,y) +2) dz,

in particular, o, € L°(£2).

Proof. For ¢ € C§°(§2) we have

duy ¢
/—(X)¢(X)dX— —/Mk(X)—(X)dX— /(/Gk(x,y)f(y)dy)f(X)dx
$2

ax;
2 2
:—/(/Gk()C,y)a_f(X)dX)f(y)dy:—/](y)f(y)dy (4.3)
2 0 ! A

with
d¢
I(y):= / Gplx, y)g(X)dx,
2

where again, the change in the order of integration can be done because of (3.5). Also from
(3.5) we know that I (y) is finite.
We can write

. ¢
I(y) = lim / Grlx,y)o—(x)dx
e—0 ax;

|x—y|>e

and integrating by parts we obtain

oG — V)
1<y>=hm{— / G D) oy dx / e () =2 dc}. (4.4)
e—0 0x; & — I
lx—yl>e & —y|=e
Now, the surface integral can be written as
enes y>¢<c>(f yy)|’ e =1+, 4.5)
[§—yl=e
where
I = () / Gr(Z. y) (é Y )|’ de

[E—yl=¢
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and

1L := / GG, (&) - ¢(y))%d§-

|£—yl=e
But, it is easy to see that

lim I, =0 (4.6

e—0

uniformly in y. Indeed, using again the bound (3.5), we have

1 _ Vel _
| < C ||V¢||oomd§ =C ¢ =0(e).

8”_2
[E—yl=¢ [E—yl=¢

Let us now treat I.. We have

L=¢0 [ Guent=lac
& — ¥l
[E—yl=¢
and so, from the definition of G (see (3.3)), we have
I, =¢(y)(a. +b,) 4.7
with
1
aa(y) = / /(Ck—yk)w<§ —y(s, y))(é“ —i L
s s & —y| s"
[E=yl=¢ O
and

1
— s — s _ i 1
bo(y) 1= / /()'/k(s,y)Jr Vi );k(s y))@(é y (s y))(é ¥) L gsde.

s & —yl s"
[E=yl=¢ O
We claim that
. ZkZi .
lae(WI<C and lima.(y)= —Zw(—V(O, y)+z)dz 4.8)
e—0 |Z|
where C = C(n, K, §, ) and that
|be(W|<C and limb.(y)=0 (4.9)
e—>0

where, also here, C = C(n, K, 8, w).
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To prove (4.8) we introduce the change of variables r = ¢/s to obtain

& _ _ o n—1
wor= [ JEF)Le (o)) i =

[E—yl=¢ ¢

Then, a further change of variables o = (¢ — y)/¢ yields

(e8]
I3 & n-1
a.(y) = oroiol =y —y| =,y ) ) +ro )" drdo.
& I3
lo|=1 &
Hence, taking z =ro, we obtain

a:(y) = / Z"—Z;w<@<y—y<i,y))+z)dz.
|z] e |z]

HEE

Now, (|z|/e)(y — v(&/lzl, ¥)) + z € supp o implies

(i)
90 20

y0,y) —y(e/lzl. y) <5+ K
e/lz| N '

< 8.

But,

and so,

IZI<8+‘

Therefore, we have shown that
ZkZi |z| £
a.(y) = / = w(— <y -y <—, y)) + Z) dz,
|z] € |z
e<|z|<S+K
which in particular implies that
|la:(»)| < C(n. K, 8|0l o-

On the other hand, since

|z]

e—0 e/z

lim @(y _y<i,y)) i YOV v/l

de.

387
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(the existence of this limit follows from (4) of Lemma 2.1), the dominated convergence
theorem allows us to conclude the proof of (4.8).
To prove (4.9), we make again the change of variables

3 {—y
r=-, o= , Z=ro
N &
to obtain
. € € |z \ zi
be(y) = — / <yk<—,y)+<yk—yk<—,y))—)—’
|z |z] ¢ )zl
lz|Zze
1z| £
xol| —y—y|—=.y])+z)dz
€ |z]
But now,

€2K

() o)

and, as in the case of a., taking into account that suppw C B(0, §) we can restrict the
integral defining b, to ¢ < |z| £ 8 4+ K and obtain that

|| < Cn, K, 8) || -

Y : £ |z|
hm)/ —, Yy + Y—=—v{—y -
e=0" \|z] |zl €

_ hm)./(i’y) 4+ 1im YO —vee/izl y)
e—0 1z| e—0 e/lz|

=y0,y) —y0.»)=0

Now, observe that

and applying the dominated convergence theorem again we conclude the proof of (4.9).
Now, from (4.7)—(4.9) we conclude that

L] <] (Ja)| + b)) < C, K, 8, )| (3)] (4.10)
and
lm L () = ¢ (y)oie (). .11

Finally, from (4.3)—(4.5), we have

/ B ) dx = / lim{ / meux+18<y>+ns<y>}f<y>dy
X; 2—0 dx;
§2

2 [E=yl>e
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but, in view of (4.10) we can apply the dominated convergence theorem to obtain from
(4.6) and (4.11) that

8Ltk
/ S () (o)
X;

2

e—0 ax;
§2 [x—y|>e

4G
:/{ lim / Mqﬁ(x)dx}f(y)dw/wik(y)f(y)qﬁ(y)dy
2

or, in view of (4.2),

ad
[ 3= [ Tipesmas+ [owmrepmay
§2

§2 §2

and, since ¢ is arbitrary, the lemma is proved. 0O
Our final goal is to prove the estimate

lallwiee) < ClLfllLree)

forl < p<oo.

In view of Lemma 4.1, our problem reduces to show that T;; is a bounded operator
in L? for 1 < p < co. To simplify notation we drop the subscripts i, k and introduce the
functions

dw _ d(xpw)

and

= ax; 0x;
Then, we have to prove the continuity of an operator of the form

Tfx)= lim I f(x) (4.12)
where, for ¢ > 0, T is given by

1

— , — , d
T, f(x) = / {/(y‘us,y)n(%(s”)w(x VS(S y)))snil}ﬂy)dy
0

|x—=y|>e

(4.13)

with 1 and v bounded and with support contained in that of . Moreover, since both are
derivatives of functions with compact support, they satisfy

/nzo and /w:o. (4.14)

We will use the following
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Lemma 4.2. There exists a constant C3 = C3(K, 8) such that, if o((x — y (s, ¥))/s) #0,
then

Ix —yI < C3d(x).

Proof. Recalling that suppe C B(0, §/2) and using (2) of Lemma 2.1 we know that

Ss
— <
2

|x — (s, | < d(y(s,y) (4.15)

N =

and so, recalling that y (0, y) = y and that y is Lipschitz with constant K in the variable s,
we obtain

5
e =yl < Jx =y (s [+ [y =y 0.9 < 7S+Ks.

Therefore, using (2) of Lemma 2.1 again, it follows that

1 K
Ix — ¥l < <§ + ?)d()/(s, »)- (4.16)

But, the function d is Lipschitz with constant 1 and then, it follows from (4.15) that

d(y (s, )

o] =

dy(s,y)) —dx) < |y(s,y) —x| <
and therefore,
d(y (s, »)) <2d(x)
which together with (4.16) concludes the proof. 0O

In order to prove the continuity of the operator defined in (4.12) and (4.13), in the next
lemma we decompose it in two parts. Afterwards, we will show that the first part is a
singular integral operator with a kernel satisfying the conditions of the classic theory of
Calder6n and Zygmund while the second part can be bounded by the Hardy—Littlewood
maximal operator. In all our integrals the domain of integration is contained in §2 and so,
to simplify notation, we extend the function f by zero outside of £2.

Lemma 4.3. The operator T, defined in (4.13) can be written as
Ts = Tl,s + TZ,s

with

Ty f(x) = / KiGe ) f () dy
e<|x—y|<C3d(x)
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where
Kl(xvy):H(yvx _y)
and
r . Z . Z . ds
H(y,z2)= /{yk(O, y)n(— — 70, y)) + w(— -7, y))},L—Jrl
S S A
0
and with
Ty, f(x) = / Ka(e. ) £ () dy
e<lx—y|<Csd(x)
where
r . X =Yy .
Ka(x.y) = — / {mo, y)n<T 50, y))

max{C1d(y),Calx—yl}

xX—=y . ds
+¢<T -y, y))}s”+1

1
— (s, — (s, d
+ / {)'/k(s, y)n(%(sy)) +1ﬁ<x ys(s y))}sn—il.

max{Cyd(y),Ca|x—y|}

Proof. From the previous sections (see (4) of Lemma 2.1 and (3.4)) and recalling that the
supports of n and y are contained in supp®, we know that there exist constants Cy =
C1(K, 8) and Cp = (K, 8) such that

v, =y0,»)+y0,y)s=y+y0,y)s for0<s <Cid(y) (4.17)

and

Colx — y| <s whenever n<w)¢o or w(%(”));éo. 4.18)

A
Therefore, using Lemma 4.2 we can write

1
T f(x) = / ( / {Ms,y)n(x_ysﬂ)

e<lx—y|<C3d(x)

— , d
+w<x )/S(S y))}snil)f(y)dy.

Colx—y|
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Letus call

1
— (s, — (s, d
I = / {)'/k(s, y)n<x—ys(s y)) +1ﬁ<x ys(s y))}sn—il'

Crlx—y|
In view of (4.17) we can decompose this integral as

max{C1d(y),Calx—yl}

. X —y . X =Yy . ds
I= / {J/lc((ly>'7<——)/(O,y))er(——y(o,y))}n_+1
A K 5
Colx—y|
1

—y s, —y s, d
+ / {)@(&Wﬁ(%(sy))‘i‘w(x ys(s y))}sn—il

max{C1d(y),Ca|x—y|}

and so, using (4.18),

i . X =y . X =Yy . ds
Z/{yk(O,y)n<— —y(O,y))er(— —)/(O,y))}n—_H
A K 5
0
[ . =y . ds
- / {yk(o, y)n<T—y(0, y)) w(——y«) y))}—1

max{Cyd(y),Ca|x—yl}
1

— , — , d
+ / {ms, y)n(%(”))w(x VS(S y))}snil,

max{Cyd(y),Ca|x—yl}

and the lemma is proved. 0O

Next, we show that the kernel of the operator T . satisfies the conditions of the classical
Calder6n—Zygmund theory (see [3]).

Lemma 4.4. The kernel H(y, z) is homogeneous of degree —n in the variable z, and has
vanishing mean value and is uniformly bounded in y on S = {|z] = 1}.

Proof. Given A > 0, making the change of variable r = s/, we have

i . Az, iAo ds
H(y,kz)zf{yk(O, y)n<T -y, y))+tﬁ<T — (0, y))}sﬂT
0
—n i . z . z . dt n
=X /{Vk(O, y)n(; -y, y)) +1ﬁ<; -y, y))}t,Hrl =X""H(y, 2).
0




G. Acosta et al. / Advances in Mathematics 206 (2006) 373—401 393

On the other hand, to see that H(y, z) is bounded on {|z| = 1} uniformly in y, observe
that for |z| =1, H(y, z) can be written as

i . z . z . ds
H(y,2)= /{Vk(O, y)n(; -7, y)) + w(; -7, y))}s,m

4

with C4 = min{l/§, 1/2K}. Indeed, since the supports of ¢ and n are contained in
B(0,8/2) it is easy to see that the integrand vanishes for s < Cy4. Therefore, the bound-
edness of H(y, z) follows from the fact that v, n € L™ and also y¢(0, y) is a bounded
function of y.

Now, making the change of variable » = 1/s in the integral defining H (y, z), we obtain

oo

HGy.2)= /{ﬂov Wi(rz =y O, 0) + ¥ (rz =y O, ») }r"ar
0

and therefore,
/H(y, o)do = / /{ﬂo, Do — 70, ) + ¥ (ro — 70, )}V dr do
S S 0

= /{y‘(o, »n(z =70, M)+ ¢ (z—v0,»)}dz=0

R}'L
where the last equality follows from the fact that [g. ¥ = [r. 7 =0. O

Although the kernel defining the operator 77 satisfies the Calderon—Zygmund condi-
tions, this operator is not exactly of their type because the domain of integration in the
definition of T1 . i8S € < [x — y| < C3d(x) instead of ¢ < |x — y|. However, we show in
the next lemma that the continuity of 77 follows from the general theory of Calder6n and
Zygmund.

We will make use of the Hardy—Littlewood maximal function which we denote Mf.
Also, we will use again a Whitney decomposition of §2 (see Section 2 for its definition and
properties). To simplify notation we call dg the diameter of a cube Q.

Lemma 4.5. The operator
T f= h_r)% Tiof withTi,f(x)= / Ki(x, »)f(y)dy
&
e<lx—y|<C3d(x)

defines a bounded operator in LY ($2) for all 1 < p < oo, and the convergence holds in the
L? norm.
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Proof. Let Tg be the operator defined by
T.f = / Ki(v, y)f() dy.
e<|x—y|
Recall that K1(x, y) = H(y, x — y) and then, the adjoint operator of Tg is given by
Tre(y) = / H(y, x — »)g(x)dx.
e<|x—y|

Now, Lemma 4.4 shows that the kernel of this operator satisfies the conditions of Theo-
rem 2 of [3] and therefore,

Tre=1lmTrg
e—0

with convergence in L7, and T* is bounded in L, for 1 < p < oo. Moreover, the norms of
T as operators in L are bounded uniformly in ¢. As mentioned in [3, p. 291], the same
results follow by duality for the operators Tg.

Consequently, if for a constant § > 0 we define

Tesfx)= / Kix,y) f(y»)dy, (4.19)
o<l y| <
we obtain
11105 fllzecy SCNSfllze @) (4.20)

with a constant C independent of ¢ and 8, and

Wm Tiesf = Tisf € LP(§2) (421)
e—0

with convergence in the L? norm. Indeed, this follows immediately from the results given
above by writing

Tiesf)=Tof —Tsf.

Let W be a Whitney decomposition of §2 and choose a constant ¢ small enough such
that:

(1) forany Q € W and any x € @, cdg < C3d(x);
(2) ifx € Q and |x — y| < cdp then y € Q*.
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Now, given a cube ¢ € W, suppose that ¢ < cdg. Then for x € ), we can write

Tiof(x) = / KiGr ) f ) dy + / Ki(e, ) f(y)dy
e<|x—y|<cdg cdg<|x—y|<Csd(x)

and therefore, in view of (2) and using the notation given in (4.19) we have, for x € Q,

T f () =T1ecap (X0 X))+ / Ki(x, fndy  (422)
cdg<|x—y|<Csd(x)

where x o+ is the characteristic function of Q*. But, recalling that K1(x, y) < C/|x — y|"
and that, for x € Q, dg ~ d(x), it is easy to see that

Ki(x, »)f () dy‘ SCMfx)
cdg<|x—y|<Csd(x)

for any x € Q. In particular, if f € L?(§2), the second term in the right-hand side of (4.22)
is a function of L?(Q). Therefore, it follows from (4.21) that 77 . f converges in the L¥ (Q)
norm to a function 77 f. Moreover, using (4.20), we obtain from (4.22) that

/|T178f(x)|p dx<C{/|f(x)|pdx+/|Mf(x)|p dx}. (4.23)
0 0 0

On the other hand, if € > cdg, the same argument shows that, for x € Q,
|T1e f(x)| S CMf(x)

and so, (4.23) is true for all ¢. Therefore, summing over all Q € W, using the boundedness
in L? of the Hardy-Littlewood maximal operator, and recalling that > 0 X0+ (x) < C for
some C depending only on the dimension, we obtain

1T flloecoy <SClfllLec)

with a constant C independent of &.

To finish the proof, it only remains to prove that 17 . f converges to T1 f in L?(£2).
If for j € N we call W; the subset of W of all the cubes of side length less than
277/, we have that the measure of U 0ew; Q* tends to zero when j tends to oo. There-
fore, in view of (4.23) and the fact that |11 . fllr(oy = IT1fllLe(o)y in LP(Q) for
every 0 € W, we can make ||T178f||LP(UQer) and ||T1f||LP(UQng> (and consequently

T f — legf”Lp(UQEWv)) smaller than any given positive number by taking j large
J
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enough. Then, the proof concludes by observing that the cubes in W \ W; are a finite
number and using that, for those cubes, 11 . f — T f in LP(Q). O

Finally, we have to prove the continuity of the operator corresponding to K. Moreover,
the next lemma shows in particular that the integral

/ Ka(x, v)f () dy

is absolutely convergent for almost every x when f € L? and so, we can work directly
with the operator 1o f =1lime_0 12 .

Lemma 4.6. There exists a constant C = C(K, 8, n, ) such that
|T2f (x)] S CMf(x).

Proof. From the definition of K5 it is easy to see that

1 1
Ko(x,y) <Cmin{ ) }
| | lx =y d(y)"

where C depends only on » and the L° norm of 4. Now, we can write
Lfx)= / Ky(x, y) f(y)dy + / Ka(x, ) f(y)dy. (424)
lx—y|<d(x)/2 d(x)/2<|x—y|<C3d (x)

To bound the first part, observe that if |x — y| <d(x)/2, then d(x)/2 < d(y) and therefore,
using that

Ky (x,9)] < C——,
we obtain
Ko(x,y) f(0)dy| < _c / | f)|dy <CMf ().
d(x)/2)n
lx—y|<d(x)/2 lx—y|<d(x)/2

Now, the other term of (4.24) can be bounded in an analogous way using that

|Kax, »)| < C p——T

and therefore the lemma is proved. O
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Summing up all our results we obtain our main theorem:

Theorem 4.1. Let 2 C R” be a bounded John domain with respect to xo and with con-
stant L. Given f € LP(£§2), 1 < p < o0, such that fg f =0, the vector function

ur) = / Gl ) f(v)dy

2
with G =(Gy,...,G,): 2 x 2 — R" defined as in (3.3), verifies that u € Wol’p(Q)” and
diva=f inf2.
Moreover, there exists a constant C = C (L, d(xp), diam(§2), n, @, p) such that
lulyirop < CIf e (4.25)

Proof. First, using the bound for G given in (3.5) we obtain, by an application of the
Young inequality, that u € L? (£2)" and

lullzr2y < Cl fllee (4.26)

with C =C($, K, n, ,diam(s2)).

From Lemma 3.6 we already know that divu = f. Now, the estimate (4.25) follows
from Lemmas 4.1, 4.3, 4.6 and 4.5, and (4.26), recalling that, from L.emma 2.1, we know
that the constants K and & depend on L, d(xo) and diam(£2).

It only remains to show that u € WO1 P (£2)". But, the bound (3.7) gives that for any
0<a<l,

|u(x)|<Cd(x)“/| /) (4.27)
X
2

_ y|n—1+oz

Now, suppose first that p > n and let g be the dual exponent of p. If we take v <1 —n/p
then g(n — 1 + «) < n and then, using the Holder inequality in (5.3) we obtain

luo)| < Cd || fllLr )

with C = C(4, K, n, w, diam(82), p). In particular, u is continuous at the boundary. But,
in [12] it is proved that for an arbitrary open set £2, if a function is continuous, vanishes
on 352 and belongs to WLz (£2), then it belongs to WO1 "7 (£2). Therefore, we conclude the
proof in the case p > n.

Finally, for any 1 < p < o0, take a sequence f;, € L°°(§2) such that f,, — f in L¥(£2)
and let

um(X)Z/G(x,y)fm(y)dy-

2
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Then, from (4.25) applied to f — f, it follows that u,;, — win WLe($2)" . But we already
know that u,, € WO1 P ($2)" and therefore, u € WO1 P (§2)" and the theorem is proved. O

An important consequence of our result is the validity of the Korn inequality on bounded
John domains. Although the argument used to prove this fact is well known, we recall it in
the next theorem for the sake of completeness.

We will use the following standard notation. For ve W12 (§2)", Dv denotes the matrix
of first derivatives of v and e(v) its symmetric part (i.e., the strain tensor), namely,

()_1 8v,~+8vj
=\ ox; T )

Theorem 4.2 (Korn inequality). Let 2 C R" be a bounded John domain. Then, there exists
a constant C depending only on §2 such that

1DV Lo (2yn < CLIVILo(2y + 1EW Lo ¢2y00n }- (4.28)

Proof. It is not difficult to see that the following inequality is a consequence of the result
proved in Theorem 4.1,

I zecy SCISlw o)+ IV w1 )

with a constant depending only on §2. Therefore (4.28) follows by using this inequality
and the well-known identity

9% dep(v) N deij(v) ek (v)
8)Cj8xk o 8)Cj 8xk 8)6,‘ )

5. The converse for domains satisfying the separation property

A natural question is whether the condition of being a John domain is also necessary
for the existence of continuous right inverses of the divergence. In this section we prove
that a bounded domain 2 C R” which satisfies the separation property introduced in [2]
is a John domain if and only if the divergence operator acting on WO1 P (£2)" admits a
continuous right inverse for some p such that 1 < p < n. In particular, the result applies to
planar simply connected domains, indeed, it was proved in [2] that these domains satisfy
the separation property.

Given p, we denote with p’ its dual exponent and, if p is such that 1 < p < n, we call
p* the “critical exponent,” namely, p* = pn/(n — p).

It is easy to check that, if 1 < p < n, then (p*) < n and

()] =»". (5.1)
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Lemma 5.1. Let | < p < n. If §2 admits a continuous right inverse of div: WO1 42—
Lg(Q) for q .= (p*Y, then the Sobolev—Poincaré inequality for p holds in $2, namely,
there exists a constant C such that

1/l ot 2y S CUV fllLe 2y (5.2)
forall f e WhP(2)n L (52).

Proof. Given f € W2 (£2) N Lg(Q), let g € L2(£2). From our hypothesis we know that
there exists u € WO1 42" such that

divu=g—gp inf2
and
lullwiaoy < ClligllLa) (5.3)

where g denotes the average of g over £2. We have

/ fe= / flg—ga)= / fdivu=— / VS u< VS ey ol o
$2 $2 $2 $2

Now, since u € WO1 4(2)", we know that
||u||Lq*(Q)n < C”“”wl,q(g)n-

Indeed, since the extension by zero of u belongs to W12 (R"), this inequality follows by a
standard imbedding theorem. But, from (5.1) we know that p’ = ¢* and so, using (5.3) we
obtain

/fg <IVAllr@ylluliwragp < CIV fllLeey lgllLe)
§2

for any g € L2(£2), and therefore the proof concludes recalling that g = (p*)’. O

Now, our result is a consequence of Lemma 5.1 and the following theorem which was
proved in [2] (we refer to this paper for the separation property).

Theorem 5.1. Let 2 C R” be a bounded domain satisfving the separation property. The
Sobolev—Poincaré inequality (5.2) holds in §2 for some p such that 1 < p < n if and only
if §2 is a John domain.
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Then, we have

Theorem 5.2. Let §2 C R” be a bounded domain satisfying the separation property. Then,
§2 admits a continuous right inverse of div: WOI”](Q)” — Lg(Q) Jor some g such that
1 <q <nifandonlyif §2 is a John domain.

Proof. In view of Theorem 4.1, it only remains to show that if £2 admits a continuous
right inverse of div: WOI”](Q)” — L{(82) for some ¢ such that 1 < ¢ < n, then it is a John
domain.

But this follows immediately from Lemma 5.1 and Theorem 5.1 observing that if 1 <
q < n,then g = (p*) for p=(¢g*Y. O

In particular, for the case of planar domains we obtain the following result.

Theorem 5.3. Let $2 C R? be a bounded simply connected domain. Then, §2 admits a
continuous right inverse of div: WO1 1(2)? — Lg(Q) Jor some q such that 1 <q <2 if
and only if §2 is a John domain.

Proof. The result is a consequence of the fact that a simply connected planar domain
satisfies the separation property (see [2]). O
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