SOLUTIONS OF THE DIVERGENCE AND KORN INEQUALITIES ON
DOMAINS WITH AN EXTERNAL CUSP
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ABSTRACT. This paper deals with solutions of the divergence for domains with external
cusps. It is known that the classic results in standard Sobolev spaces, which are basic in the
variational analysis of the Stokes equations, are not valid for this class of domains.

For some bounded domains 2 C R™ presenting power type cusps of integer dimension
m < n—2, we prove the existence of solutions of the equation divu = f in weighted Sobolev
spaces, where the weights are powers of the distance to the cusp. The results obtained are
optimal in the sense that the powers cannot be improved.

As an application, we prove existence and uniqueness of solutions of the Stokes equations
in appropriate spaces for cuspidal domains. Also, we obtain weighted Korn type inequalities
for this class of domains.

1. INTRODUCTION

This paper deals with solutions of the divergence in domains with external cusps. Given a
bounded domain € C R", it is known that, under appropriate assumptions on €2, there exists
a continuous right inverse of the operator div : Wol’p(Q)” — LH(Q), 1 < p < oo, where LE(Q)
denotes the space of functions in LP(€)) with vanishing mean value in €. In other words,
given any f € L{(f2), there exists a solution u € Wol’p(Q)" of

diva=f (1.1)
satisfying

lallwir) < Clfllze)s (1.2)

where the constant C' depends only on € and p.

This result has many applications, for example, in the particular case p = 2, it is a basic
tool for the variational analysis of the Stokes equations and it implies the Korn inequality in
its more general form (see for example [BS, C]).

Consequently, this problem has been widely studied and several methods to prove the
existence of u satisfying (1.1) and (1.2), under different assumptions on the domain, have
been developed (see for example [ADM, ASV, B, BS, DRS, GR, BA, L]).

On the other hand, it is known that this result does not hold for domains with external
cusps. Several arguments have been given to show this fact [ADLg, D, GG]|, but the oldest
counterexample goes back to Friedrichs, who showed that an inequality for analytic complex
functions (which follows easily from the existence of u satisfying (1.1) and (1.2)) does not
hold in a domain with a quadratic external cusp (see [F]).

Therefore, it is an interesting question what kind of weaker results can be proved for these
domains and whether these results can be applied to show the well posedness of the Stokes
equations in appropriate spaces. Since the problem arises because of the bad behavior of
the boundary, it seems natural to work with weighted Sobolev spaces where the weights are
related to the distance to the boundary or to its singularities.
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Recently, in [DLg], we have obtained results for planar simply connected Hélder-ow domains
working with weights which are powers of the distance to the boundary of 2. The domains
with external cusps that we are going to consider in this paper are a subclass of the Holder-a
domains. However, for this particular subclass, it is natural to look for stronger results where
the distance to the boundary is replaced by the distance to the cusp, which can be a point
or more generally a set of dimension m < n — 2. To obtain this kind of results is the main
goal of this paper.

As mentioned above, an important consequence of the existence of continuous right inverses
of the divergence is the Korn inequality. We are going to show that the known arguments can
be extended to some weighted cases allowing us to obtain new weighted Korn inequalities for
domains with external cusps.

Our results are optimal in the sense that the powers of the distance to the cusp involved
in the estimates cannot be improved, this is proved in [ADLg].

As an application we prove the well posedness in appropriate spaces of the Stokes equations
in domains with external cusps. In the particular two dimensional case similar results were
proved in our previous paper [DLg] but a restriction in the power of the cusp was needed
(this restriction is removed here).

The rest of the paper is organized as follows. Since the analysis of the Stokes equations is
our main motivation, we start developing a generalized variational analysis of these equations,
this is done in Section 2. Also in this section, we show by a simple example, that the existence
of solution of the Stokes equations in the standard spaces is not true for cuspidal domains. In
Section 3 we prove some auxiliary results concerning solutions of the divergence in weighted
Sobolev spaces for domains which are star-shaped with respect to a ball. Section 4 contains
our main results, namely, the existence of solutions of the divergence in appropriate spaces
for cuspidal domains. Finally, Sections 5 and 6 deal with the applications to the Stokes
equations and to the Korn inequalities respectively.

We will work with weighted LP-norms. Given an almost everywhere positive function w
and a domain 2 C R" we denote with LP(Q,w) the Banach space with norm given by

11y = /\f )P

If w is such that LP(Q,w) C LY(2), L5(Q,w) denotes the subspace of LP(,w) of functions
with vanishing mean value in €.

2. GENERALIZED VARIATIONAL ANALYSIS OF THE STOKES EQUATIONS

The goal of this section is to explain the motivation of the main results of this paper,
namely, the existence of right inverses of the divergence in weighted Sobolev spaces.

First of all, we show by a simple example that the Stokes system of equations is not well
posed in the usual Sobolev spaces for domains with external cusps. In view of this fact we
introduce a generalization of the classic analysis for this kind of domains. We will use the
usual notations for Sobolev spaces.

The Stokes equations are given by

—Au+Vp =g in
divu =0 in Q (2.1)
u =0 on 0.

For a bounded domain € which is Lipschitz (or more generally a John domain [ADM]) it
is known that, if g € H~1(£)", then there exists a unique solution

(u,p) € Hy(Q)" x L§(9).



Moreover, the following a priori estimate holds

[ull g1y + Pl 22 < Cllglla—1@)n

where the constant C' depends only on the domain (2.
Let us show that this result is not valid in general for domains with external cusps. Consider
for example the domain

Q:{x:(xl,xg)eRQ: 0<z <1, |x2|<x%} (2.2)

It is known that there exists a function p € L§(Q) such that Vp € H=1(Q)? but p ¢ L?(Q). A

simple example given by G. Acosta is p(z1,22) = x—g — 3. Indeed, by elementary integration
1

one can easily check that p ¢ L?(2). On the other hand, to see that Vp € H~1(Q)?, we only

have to show that %}1 € H~1(Q), but this follows from % = 8%2 (—2:]0%12) and —230%12 € L?(Q).

Consider now the Stokes problem (2.1) with

g(z) = (—;,o) =Vpe H Q)2

1
2
is a solution, but p ¢ L(€).

One could ask whether another solution in the space HJ ()% x L3(2) exists. That this
is not the case will follow from our general results which, for this particular domain, give
existence and uniqueness (up to an additive constant in the pressure) in the space

Hy(Q)? x L*(€, |2[*) D Hg(Q)* x L*(9)

Then,

and it is easy to see that our solution (0, p) belongs to this larger space.

Our general existence and uniqueness results for domains with cusps follow from the classic
theory but replacing the usual Sobolev spaces by appropriate weighted spaces.

The classic analysis of the Stokes equations is based on the abstract theory for saddle point
problems given by Brezzi in [Br| (see also the books [BF, GR, BDF]).

Indeed, for properly chosen V' and @, the weak formulation of (2.1) can be written as

a(u,v) +b(v,p) = [,8-v VeV (2.3)
b(u,q) =0 Vg € Q, .
where
a(u,v) = / Du: Dv
Q
and

b(v,p):/pdivv,
Q

where, for v € H1(Q)", Dv is its differential matrix and, given two matrices A = (a;;) and
B = (b”) in Rnxn, A:B= ZZj:l = CLZ‘ij‘j.

The abstract theory gives existence and uniqueness for (2.3) when a and b are continuous
bilinear forms, a is coercive on the kernel of the operator B : V — Q' associated with b, and
b satisfies the inf-sup condition

b(v,q)

inf  sup ————— > 0.
0#£4€Q ovev llallQllvilv
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In the case of the Stokes problem, if we choose the spaces V = H}(Q)" and Q = L3(Q), con-
tinuity of the bilinear forms and coercivity of a follow immediately by Schwarz and Poincaré
inequalities. Therefore, the problem reduces to prove the inf-sup condition for b which reads

"
inf sup qu vy
0£4€L3(2) oxveri @ 14l L2@)l1vIia2 @)

> 0. (2.4)

It is well known that this condition is equivalent to the existence of solutions of divu = f,
for any f € LZ(Q), with u € H(Q)" satisfying lallzr ) < Cllfllz20)-

Observe that in the above example of cuspidal domain, the condition (2.4) does not hold,
because it would imply existence of solution (u,p) € H}(Q)" x L3() for any g € H-1(Q)"
and we have shown that this is not possible.

For domains such that (2.4) is not valid, the idea is to replace this condition by a weaker
one. With this goal we will work with weighted norms.

We will use the following facts for w € L'(2) which are easy to see. First, L?(Q,w™!) C
L' () and therefore L3 (2, w™!) is well defined, and second, the integral [, gw is well defined
for ¢ € L?(Q,w) and therefore we can define the space

12,0(2w) = {qeﬁ(ﬂ,w) : /quzo}.

We have the following generalization of the classic result which will be useful for cuspidal
domains.

Theorem 2.1. Let w € LY(Q) be a positive weight. Assume that for any f € L(Q,w™!)
there exists u € H} ()™ such that divu = f and

[ullzr @ < Crllfllzz@w-1):

with a constant C1 depending only on  and w. Then, for any g € H~1(Q)", there erists a
unique (u,p) € Hg(Q)" x L2 ((Q,w) solution of the Stokes problem (2.1). Moreover,

HUHHI(Q)n + HPHLZ(Q,w) < CQHgHHfl(Q)M
where Co depends only on C1 and €.

Proof. We apply the general abstract theory for saddle point problems with appropriate
spaces.
For the pressure we introduce the space @ = L2 (€, w) with the norm [lg/l¢ = ll¢ll 12(0,0)-
Since we are modifying the pressure space, we have to enlarge the H'-norm of the velocity
space in order to preserve continuity of the bilinear form b. Then, we define

V= {v e HX Q)" : divv e LQ(Q,Ufl)}
with the norm given by
VI = VI gy + iV V1720 0-1)-

Since [|[v||g1q)yn < [|v]lv the continuity of a in V' x V follows immediately by Schwarz
inequality. Also, from the definitions of the spaces it is easy to see that b is continuous on
V xQ.

On the other hand, coercivity of a, in the norm of V', on the kernel of the operator B
follows from Poincaré inequality because this kernel consists of divergence free vector fields.

Therefore, to apply the general theory it only rests to prove the inf-sup condition

divv
inf  sup qu

Joqdivv (2.5)
0£4€Q o4vev llallQlviv
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But this follows in a standard way. Indeed, given g € @ it follows from our hypothesis that
there exists u € H}(Q)" such that divu = qw and

lallzr @) < Cillgwllz2w-1) = Cillgllq-

Moreover, since [|divul[z2(q -1y = [|q]lq we have

[l < Cllgll,
with C' depending only on C].

Then,
Joaqw Jogdivua
lallq = =-r— < ¢4
lalle [[ully

and therefore (2.5) holds. O

As an example let us mention that the hypothesis of the theorem holds for the case of the
cuspidal domain introduced in (2.2) with w(z) = |z|2. This result is a particular case of the
general results that we are going to prove in Section 4. Consequently, there is a unique weak
solution (u,p) € H}(Q)% x L3(Q, |z|?) of the Stokes equations (2.1) in this domain.

3. SOLUTIONS OF THE DIVERGENCE IN STAR-SHAPED DOMAINS

We will work with weighted Sobolev spaces. Given weights wy,ws : R" — [0, o], for any
domain U C R" and 1 < p < oo, we define

Wl’p(U,wl,wg) = {f € LP(Uw) :

with the norm given by

1 = [ W @Per() o+ Y [
U — Ju

To simplify notation we will write WP (U, w) instead of WP (U, w,w).
To prove our main results concerning solutions of the divergence in cuspidal domains, we
will make use of the existence of solutions in weighted Sobolev spaces for good domains.
We will work with weights in the Muckenhoupt class A, (see for example [Du, S2]). Recall
that, for 1 < p < 0o, a non-negative weight defined in R" is in A, if

! ! e\
sup (= [ w| (= [ w™ p_> < 00,
BCR”<|B|/B )<|B|/B

where the supremum is taken over all the balls B C R™ and |B| denotes the Lebesgue measure
of B. Tt is known that, if w € A, the spaces WP (U, w) and LP(U,w) are Banach spaces (see
[GU]).

Remark 3.1. If U is a bounded domain and w € A, then, LP(U,w) C L*(U). Indeed, let B
a ball containing U. We have,

Ifl = | flw' /PP < [P p 1 1/p
fon = s (i) ()

(r-1)/ 1 _yeen)
B[ ﬂmmmmgméw p ) .

In view of this remark the space L{)(U,w) is well defined. We will work also with the space
Wol’p(U,w) defined as the closure of C§°(U) in WhP(U, w).

Now we give the auxiliary result that we need. We state it as a theorem since it can be
of interest in itself. We outline a proof based on Bogovskii’s formula for solutions of the
divergence [B, DM, GJ. An alternative proof of this result was given in [DRS].

p
wo(x) dx.

0f(x)
8$i

IN
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Theorem 3.1. Let w € A,, 1 <p < o0, and U C R" be a bounded domain which is star-
shaped with respect to a ball B C U. Given f € LE(U,w), there exists u € Wol’p(U,w)”
satisfying
divu=f
and
[ullwir@e < Clfllrww), (3.1)

with a constant C' depending only on w, U, p and n.

Proof. Using general results for singular integral operators we are going to show that the
explicit solution of divu = f introduced by Bogovskii in [B] (see also [DM, G]) satisfies the
desired property. In what follows we consider f defined in R™ extending it by zero to the
complement of U.

Bogovskii’s solution can be written as

m:LGmwmwy

with G(z,y) = (G1,...,Gy) given by
1 J— J—
Gl =) [ o (v 7Y as

where ¢ € C§°(B) is such that [5¢ =1 and ¥ € C§°(R") is a regularized characteristic of
U,i. e, ¥(y) =1 for any y € U and 1) is supported in a neighborhood of U.

In what follows the letter C' denotes a generic constant which may depend on n, p, @, w,
and the diameter of U, that we will call d, but is independent of f and u.

Let us first see that u € LP(U,w)™. It is known that (see [DM, G])

Gyl < ——-
Gl <

Using (3.2) we have, for x € U,

(@) <€ [ s f)ldy < © o Sy

Blwd) |T—Y

1
<CZ/ W’f@ﬂdy

k+1<|y ac|<f
2k—|—1 n—1
<CZ/ (d) £l dy
k+1<|y oc|<—
gczpkB / v)ldy < CMf(),
k=0 | 52k |

where M f denotes the Hardy-Littlewood maximal function of f. Since w € A, the maximal
operator is bounded in LP(R™,w) (see for example [Du, S2]), and therefore

[l ey < Clf e ) (3-3)

Now, to see that the first derivatives of the components u; of u are also in LP(U,w) we use
that this derivatives can be written in the following way (see [DM, GJ),

ou;
8;@, =i f + T f,




where ¢;; is a function bounded by a constant depending only on ¢ and

T f(2) = lim 06,

e—0 ly—z|>¢ 8901

(z,y)f(y) dy.

Therefore, to prove (3.1) it only remains to prove that the operators Tj; are bounded in
LP(R™, w).

It was shown in [DM, G] that Tj; is continuous in LP(R"™) by using the Calderén-Zygmund
singular integral operator theory developed in [CZ].

We were not able to find in the literature that a general operator of the form considered
in [CZ] is continuous in LP(R",w) for w € A,. However, such a continuity result is known to
hold for an operator of the form

Tf(z) = lim K(z,y)f(y) dy

e—0 ly—z|>e

which is bounded in L?(R") and with a kernel satisfying

Kﬂ%y Siv
K| < o

and the so called Hérmander conditions, namely,

x—a .
|K(z,y) — K(2',y)| < C]x| — y’nll if | —y| > 2]z — 2|,
and
/
y—y .
erwaamynscm_ygﬂ it o~ y| > 2y — o/

see [S2, page 221].
For T;; we have

oG by r—y\ |, x;—yj 0p T —y
K(x,y):a;(x,y):@b(y)/o snil‘p<y+ s )+ an+236m<y+ s )ds,

where 6;; denotes the Kronecker symbol.
This kernel satisfies (3.4) ([DM, G]) and also the Hérmander conditions (this was proved

in [N]).
In conclusion we obtain that, for any 4, j,
ou;
H6] < O\l fllrww)
L LP(Uw)

which together with (3.3) gives (3.1).

To end the proof we have to show that u vanishes at the boundary, i.e., u € W(} P(U,w)".
For an arbitrary weight this is not obvious from the definition of u. However, once that
we know the estimate (3.3) we can prove it by density. We omit details because they are
standard.

O

Remark 3.2. If the weight w in the previous Theorem is a power of the distance to the origin
(which is one of the case of interest in our applications to Stokes) it is not necessary to use
the Hormander conditions. Indeed, in this case (3.1) can be proved using the results in ([S1]).



4. SOLUTIONS OF THE DIVERGENCE IN CUSPIDAL DOMAINS

In this section we prove the existence of solutions of the divergence in weighted Sobolev
spaces for domains with an external cusp.

We consider the following class of domains. Given integer numbers k£ > 1 and m > 0 we
define

Q:{(x,y,z)EIkaxIm : ]y\<x7}CRn, (4.1)

where n = m + k + 1, I is the interval (0,1) and v > 1.
For v = 1, Q is a convex domain while, for v > 1,  has an external cusp. The set of
singularities of the boundary, which has dimension m, will be called M. Namely,

M = {0} x [0,1]™ c RF1 x R™, (4.2)

We will work with weighted Sobolev spaces where the weights are powers of the distance to
M that will be called dj;. Precisely, we will use the spaces LP(€2, dﬁ? ) and W1P(Q, dﬁfjl , d’;v‘f)
where 3, 31 and (32 are real numbers. For 3; = 5 = 3 we will write WP (Q,dﬁf ) instead
of WH(Q, d’]’\g , d’;\? ). It is well known that these spaces are Banach spaces (see [Ku], Theorem
3.6. for details).

We consider dj; defined everywhere in R™ and we are going to use the following result that
we state as a lemma for the sake of clarity.

Lemma 4.1. If —(n—m) < pp < (n —m)(p — 1) then, dy,; € A,.

Proof. Tt follows from the more general result proved in Lemma 3.3 of [DLg]. Indeed, calling
dr the distance to a compact set F' C R", it was proved in that paper that d’;; € A, whenever
the m-dimensional Hausdorff measure of B(z,r) N F is equivalent to ™, for all z € F and
r < diam(F). O

In what follows we will use several times that, for (z,y, z) € Q, dy(x,y, z) ~ x, where the
symbol ~ denotes equivalence up to multiplicative constants. Indeed, it is easy to see that

In the proof of the main result of this section we will use the Hardy type inequality given
in the next lemma.

Lemma 4.2. Let Q2 be the domain defined in (4.1) and 1 < p < co. Given k € R, if
v E Wol’p(Q,dﬁ'}) then, v/z € LP(Q,dY)) and there exists constant C, depending only on p,
such that

v
e ) 4.3
Hﬂf‘ Lr(Qudy) H@yl Lp(Q,d57) 3
Consequently, Wol’p(Q, dhy) is continuously imbedded in WO P(Q, dﬁfﬁfl), diy).
Proof. By density it is enough to prove (4.3) for v € C§°(Q). Writing 2P 7P = 6(1:1’8”7;;/1) and

integrating by parts we have
(PP
/ lv(x,y, 2)|P2P* Pde dy dz :/ lv(zx,y, z)|pu dzdydz
Q Q o

p
L[S g g0
Q 8yl

Then, since |y;| < x, we have
Ov(z,y, 2)

PP dr dy dz
I

/Q ol y, =) PP Pda dy dz < p /Q o, g, ) P!




prR—p
and so, writing now 2P Pt! = 2 » 2z and applying the Holder inequality, we obtain

/ lv(x,y, 2)[PeP* Pdr dy dz
Q

(p—1)/p
o[
2 Q

and therefore,

1/p
(/ (@, y, 2)[Pa?* Pz dy dz) <p (/
Q Q

To conclude the proof we use that dys(z,y, z) ~ x and then, that WO1 P(Q, db}) is continuously
imbedded in WP (€, d?") db%) follows from (4.3). 0

ov(z,y, z)

P 1/p
P dz dy dz>
oy

ov(z,y,z)

p 1/p
P dr dy dz> .
o

We can now prove the main result of this section.

Theorem 4.1. Let Q) be the domain defined in (4.1) for a fired v > 1, M defined as in (4.2),

and 1 <p<oo. Iff € (M—%,W—L}) and n € R is such thatn > f+~v—1

then, given f € Lg(Q,dﬁf), there exists u € W&’p(Q,dﬁgfnfl),dﬁg)" satisfying
divu=f (4.4)

and

Hu‘|W1,p(Q7dl§7\<{7I*1)7d%)n S C”fHLp(Q,dz;\f)

with a constant C' depending only on v, B, n, p and n.

Proof. 1t is enough to prove the result for the case n = 5+« — 1. Therefore we are going to
consider this case.
Define

~

Q:{(ﬁc,g),é)elkax[m: yy\<az~}cR” (4.6)
and let F : Q) — Q be the one-to-one application given by

F(2,9,2) = (2%,9,2) = (z,y,2),
where a = 1/~.
By this change of variables we associate functions defined in 2 with functions defined in
Q in the following way,

h(x,y,z) = h(i, ], 2).
Now, for f € Lg(Q,dﬁ?), we define §: Q — Q by

(2,9, 2) == " f(2,9, 2).
We want to apply Theorem 3.1 for ¢ on the convex domain Q and then obtain the desired
solution of (4.4) by using the so called Piola transform for vector fields.
In the rest of the proof we will use several times that, for (z,y,z) € Q, dy(z,y,2) ~ =,
det DF (2,9, 2) = a2® ! and det DF~(x,y, 2) = y27 L.
First let us see that, for § = a (84 (y —1)/p), we have

geLi@.d)  and  dl 6 e = 1l (4.7)

Indeed, we have
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1P o~ SPapB _ p £ ap(a—1) sop(B+(v—1)/p)
1917, o, = 13077 = [ (oo

_ P P PB+L1=7 71 2
S R T

Thus, (4.7) holds.

Observe that, from Lemma 4.1 and our hypothesis on 3, we have d’;@ € Ap. In particular,

it follows from Remark 3.1 that § € L'(Q)) and therefore the mean value of f in Q is well
defined.

Now, from Theorem 3.1 we know that there exists v € WO1 P(Q, d?\/’?)” such that

and

dive = g (4.8)
and
¥ty < C10 0t (4.9)
Now, we define u as the Piola transform of v, namely,
u(@,y,2) = T DF(E,§,2)9(0, 5, 2)
or equivalently, if v = (01,...,0,),
u(z,y,z) = A (axlfvﬁl (7, y,2),02(27,y, 2),...,00(27,y, z)) .
Then, using (4.8), it is easy to see that
divu = f.
To prove (4.5) we first show that
sy < Ul (410

In view of the equivalence of norms given in (4.7) and the estimate (4.9), to prove (4.10) it
is enough to see that

[allwre@azmn < ClIV (4.11)
M

WLp(Q,dbyn”
But, we have

P ~ _ S (Paapn ao—1 |1 ([P
Wmmw%_émww_gémwmw ~ 1l s (4.12)

where in the last step we have used apn +a —1 = pB. In an analogous way we can show
that, for j =2,...,n,
3l .05 < CIl 0
Then, it only remains to bound the derivatives of the components of u. That
ouq ||P 001 ||P
Iy i

~

Lp(Q.d77)

Lp(Q,d57)

follows exactly as (4.12). Let us now estimate % Using

Ouz
Ox

and Lemma 4.2 for Q we have

2|7 — ]_’[)2($’Y,y,z) + 8@2($7,y,z)

2(y=1)
0 x oz v
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8’&2

6'[,62
ox

p Na | P
V2 8’1)2
+ ‘

p A~

~ P < C =
LP(Q,d87 /Q = /ﬁ(fc oz
<o (3] )=

LP(Q d%) ’
where we have used again apn + o — 1 = pf3 and that 2p(1 — a) > 0.
All the other derivatives of the components of u can be bounded in an analogous way and
therefore (4.11) holds.

Now, since

) ;2p(1—a) gapnta—1

09 ||P
0

(9112

Lr( Q dP@) 8%’

1
= — "~ _DF%¥|.~
tloa = Gor o PF Vo
it is easy to check that u belongs to the closure of C§°(2)".i. e., u € Wol’p(Q, dih™ and by
Lemma 4.2 u € W, (4, dﬁffn_l), dih™ as we wanted to show. O
Remark 4.1. The hypothesis that § < W — 7771 is necessary in order to have the
condition [, f =0 well defined for f € LP(Q,dZ]’V’;). Indeed, if B > W — 7};1, it 1is easy to

check that f(x,y,z) = (1 —logz)~tzY~1=7(=") belongs to LP(Q,d’;/’?) \ LY(Q).

Remark 4.2. It can be shown that the condition n > B+~ —1 assumed in the theorem is also
necessary. Indeed, if n—0G < v—1, it can be shown by generalizations of the example presented
in Section 2, that there exists f € Lg(Q,dﬁ?) such that a solution w of (4.4) satisfying (4.5)
does not exist (see [ADLg] for the details).

5. APPLICATION TO THE STOKES EQUATIONS

In this section we show how the results obtained in the previous section can be applied to
prove the well posedness of the Stokes equations in appropriate weighted Sobolev spaces for
cuspidal domains.

Indeed, combining the variational analysis given in Sections 2 with the results in Section
4 we obtain the following theorem.

Theorem 5.1. Given v > 1, let Q be the domain defined in (4.1). If g € H=1(Q)" then,
there exists a unique (u,p) € HI(Q)" x LQ(Q,diE,V_I)), with p satisfying prdQ(7 - 0,
weak solution of the Stokes equations (2.1). Moreover,

Ml @ + 1Pl 2 260y < Cllgllr-1()n
with a constant C' depending only on v and n.

Proof. Consider the particular case n =0, 6 =1— and p = 2 in Theorem 4.1. It is easy to
check that in this case (§ satisfies the hypothesis of that theorem for any values of n and m
(recall that m <n —2),1i. e

521—76(‘7("—7%) v—1 v(n—-m) 7—1>.

2 2 2 2
Then, given f € LZ(Q, d?\?—w) there exists u € H}(Q)" satisfying
divu=f
and
[ullgr ) < CHfHLg(deiy—w)

with a constant C' depending only on « and n. Therefore, the result follows immediately
from Theorem 2.1. O
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In the next corollary we show the well posedness of the Stokes equations in standard spaces.

Corollary 5.1. Given v > 1, let 2 be the domain defined in (4.1) and g € H=1(Q)™. If ro
is defined by

Ay —1)
y(k+2) -1
then, ro > 0, and for 0 < r < ro, there exists a unique (u,p) € HH(Q)™ x L"(Q), with
p satisfying prd -1 _ = 0, weak solution of the Stokes equations (2.1). Moreover, there
exists a constant C' depending only on n, v and v such that

rg=2—

lall 2 @n + IPlLr @) < Cllgllz-1
In particular, if k > 2, or k=1 and v < 3, p € L'().

Proof. Since v > 1 and k > 1 it follows that o > 0. Now, given a positive r < rq it is enough
to see that, if (u,p) is the solution given by Theorem 5.1, then p € L" () and

||pHL7 < C||pHL2 QdQ(’Y 1)) (51)

It is easy to see that fQ dj; < +oo for any s > —vk — 1. Then, applying the Holder
inequality with 2/r and its dual exponent we have

2—r

2(1—)r 2

1)r 1 oy

ol = [ 1P < ol o) ([ )

Since r < rp, we have (2(1 —v)r)/(2 —r) > —vk — 1, and so the integral on the right hand
side is finite. Therefore, (5.1) is proved. Finally, if £ > 2, or £k = 1 and v < 3, it is easy to
check that rg > 1 and therefore p € L'(1). O

To end this section let us show the results of the above theorem and corollary in the
particular cases n = 2 and n = 3. We will use here the usual notation z = (z1,73) € R? or
x = (71,22, 73) € R3.

For n = 2 we have m = 0 and, for v > 1, the domain is

Q:{x:(xl,x2)6R2:0<$1<l, |:E2|<:U¥}

In this case M = (0,0) and therefore dy;(x) = |z|. Then, for g € H~1(Q)?, there exists a
unique

(u,p) € Hy(2)* x LX(Q, |z[*7Y),
with p satisfying [ p |2[20=1) = 0, weak solution of the Stokes equations . Moreover,

lall g )2 + 1Pl 20, z20-0) < Cllglla-1(0)2 (5.2)

4(y-1)
and, for r < 2 — 11’

1Pl ) < Cliglla-1(0)2 (5.3)
with a constant C' depending only on v and 7.
For n = 3 we have the two possible cases m = 0 or m = 1. In the first case the domain
has a cuspidal point and is given by

0= {a:: (z1,20,23) ER®: 0 <2y < 1, \/ 23+ 23 <x¥}

In this case we obtain exactly the same estimates (5.2) and (5.3) with obvious changes of

4(v— )
dy—

dimension. The only difference is that now r < 2 — Observe that in particular, in this
case p € L(Q).
Finally, when m = 1, the domain has a cuspidal edge and is given by

Q:{x:(ml,xg,x3)€R3:0<x1<1,0<x3<1,]a:2|<x¥}
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and, defining = (z1,x2), we have dy/(z) = |Z| and the a priori estimates

lall g2 @3 + 1Pl L2 z20-0) < Cllglla-1@)

4(y—1)
and, for r < 2 — T

Il ) < Cligllz-1(0)3-

6. WEIGHTED KORN TYPE INEQUALITIES

Important and well-known consequences of the existence of a right inverse of the divergence
operator in Sobolev spaces are the different cases of Korn inequalities. It is also known that
the classic first and second cases (in the terminology introduced by Korn) can be derived
from the following inequality,

1DVl Loynxn < C{IIVIio@yn + le(¥) ]l Loynxn } (6.1)
where we are using the usual notation for the symmetric part of the differential matrix Dv
of a vector field (vy,...,v,), namely,

1 81}1‘ c%j

€MW_2<my+m)'
For the cuspidal domains that we are considering this inequality is not valid (counterexamples
are given in [ADLg, GG, W]). In view of our results on solutions of the divergence it is natural
to look for Korn type inequalities in weighted Sobolev spaces. For general Holder av domains,
inequalities of this kind were obtained in [ADL| using weights which are powers of the distance
to the boundary. Here we are interested in stronger results for the particular class of Hélder
a domains defined in (4.1). We are going to prove estimates in norms involving the distance
to the cusp.

It is not straightforward to generalize the classic arguments to derive Korn inequalities
from the existence of right inverses of the divergence to the weighted case. We do not know
how to do it if we work with weighted norms in both sides of the inequality (6.1). Therefore,
we are going to prove a result for a general weight and afterwards, we will obtain more general
inequalities for the case of weights which are powers of the distance to the cusp, using an
argument introduced in [BK].

Let us mention that in what follows we state and prove several inequalities assuming that
the left hand side is finite. Afterwards, by density arguments, one can conclude that these
inequalities are valid whenever the right hand side is finite. This is a usual procedure.

Given 1 < p < o0, a domain U C R", and a weight w, we denote with W*I’p/(U,wlfp/)

the dual space of Wol’p(U,w). Observe that W1P(U,w) = Wolvp'(uwl—p’)_

Lemma 6.1. Given a weight w, a bounded domain U C R", and 1 < p < oo, assume that
or any g € LY (U) there exists u € Wi (U, w'=P)" such that divu = g and
0 0
||u||W1,p’(U7w1—p’)n < CHQHLP’(U)a

with a constant C depending only on U, p, and w. Fix an open ball B C U. Then, for any
fe L),

I fllery < C {Hf”W—lvP(B) + ||vf||W—1vP(U7w)n} ;
where the constant C depends only on U, B, p, and w.

Proof. Take f € LP(U). If f denotes the mean value of f over U we have, for g € L? (U),

Ju=ha=[ =D
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But, from our hypothesis, there exists a solution u € Wol’p,(U,wl_p/)" of divu = g—g
satisfying

Hunlp "(Uw!=P) n < Cllg - gHLP

Thus,
Jr=na= [ 7=Daiva < 19l o Il o,
< ClIVAlw-1re@wnlly = all o @0-
Therefore, by duality,
If = fller@y < CIV Fllw 1o @ wyn- (6.2)
Now, we decompose [ as
f:(f_f4ﬁ)+f§07

where f, := [ fo with ¢ € C§°(B) such that [ ¢ = 1. Thus,
f=fo=i=i+ [ (F-Dw
and so, using (6.2),

I1f = Felleowy < (L4 el ) ) 1f = Floew) < CIVFllw-1o@wyn-
(B)

Therefore, to conclude the proof we have to estimate || fo||r(1y- But,

1 foll oy < U7

1
/ st‘ < VUT2) -1 W g
O

Using this lemma we can generalize a classic argument to prove a Korn type inequality
obtaining the following result.

Theorem 6.1. Given a weight w, a bounded domain U C R", and 1 < p < oo, assume that
for any g € LY (U) there exists u € Wol’p (U, wlfp/)” such that divu = g and
Il (@ wi-ye < Cllgll @

with a constant C' depending only on U, p, and w. Fiz an open ball B C U. Then, for any
v e whtr(u)r,

1DV || Lo @ynsn < C{IIVI|o(yn + (V) Lo@wymen } »
where the constant C depends only on U, B, p, and w.

Proof. It is known that, for any g € LP(B),

< 91l e (B)- (6.3)

Hal‘] w-Lr(B

Analogously, for any g € LP(U,w), we have

00
’fu 9%z,
= sup

WLP(Uw)  0zgeWy ™ (Uw!—) 1Sl 071y

Wlr(Uw)” }

< llgllLew,)- (6.4)

H Ox;

On the other hand, applying Lemma 6.1, we have

H ov; H ov;
O0x; Lp(U Ox;

8v,~
8$j

+ v

W-12(B
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Using now the well known identity
821)1‘ _ aEik(V) T (96¢j(V) _ 85jk(v)
8wj8mk 8xj 81‘k ax,-

in the last term on the right hand side, and the inequalities (6.3) and (6.4), we conclude the
proof. O

An immediate consequence of Theorems 6.1 and 4.1 is the following.

Corollary 6.1. Given v > 1, let Q be the domain defined in (4.1), M defined in (4.2),
1 <p<oo, and B C Q an open ball. Then, there exists a constant C, which depends only
on Q, B, and p, such that for all u € WHP(Q),

1Dulo@yen < C {llzomyn + 1@ g g )

Proof. According to Theorem 4.1, for any g € Lg/(Q) there exists u € W()l’p’(Q,dI])\;[w_l))”
such that divu = g and

”unl,p/(Q’d%(W*I))n S CHQHLP’(Q)?
with a constant C' depending only on « and p. Therefore, Theorem 6.1 applies for w =
dl]’\gl_'Y). O

We conclude the paper proving more general Korn type inequalities for the cuspidal do-
mains defined in (4.1). To obtain these inequalities we use an argument introduced in [BK].

Theorem 6.2. Given v > 1, let Q be the domain defined in (4.1), M defined in (4.2),
1<p<oo, BCQ an open ball, and 3 > 0. Then, there exists a constant C, which depends
only on Q, B, p, and 3, such that for all u € WP(Q, dz;\g)

||DuHLp(Q,dﬁf?)n><n S C{HUHLZD(B)H + ”e(u)||LP(Q7d§\’/<IB+17’Y))”X”} :

Proof. To simplify the notation we will assume that m = 0 in the definition of €2. The other
cases can be treated analogously.
Let n’ € Ny and 0 < s < be such that sn’ = p. As in [BK] we introduce
QY = {(z,y,2) e R" ¢ (z,y) € Q, 2 € R" with |2/| < 2°}. (6.5)

Suppose that the hypothesis in Theorem 6.1 on solutions of the divergence is verified for
U=0"% and w = 2?07, Then, if B’ ¢ Q" is a ball with the same radius and center
than B, we have

1DVl gt oymsmnrsonsans < C LIV pogryrn + 1€ ot o pyoremystnsnrs |+ (6:6)

for all v e Whp(Qs)n+n’,
Now, given u in W1P(Q, d’;\?)” we define

v(z,y,2') = (u(x,y),0,...,0).
———
n/

Then, using that for (z,y) € Q, dy(x,y) ~ x, it is easy to check that (6.6) is equivalent to

1Dl 02y < € {Illioqmyn + 1@ 4100100 }

Hence, to finish the proof we have to verify the hypothesis of Theorem 6.1 for the domain
Q"% with the weight w = P17 Since in this case w!™? = ¢’ ('~1) we have to show that,
for any g € Lf (Q”/*‘”)7 there exists w € Wol’p (s, 2P’ (=) guch that divw = ¢ and

HWHI/VLP’(Qn’,s,zp’(vfl))n < C”g”Lp’(Qn’,s)‘
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But this can be proved exactly as Theorem 4.1, using now the convex domain
QY = {(2,9,2) e R"™™ : (&,9) € Q, 2/ € RY with |2/| < 2%},
with Q defined as in (4.6), and the one-to-one map F : Q"5 — Q"5 defined by
F(z,9,2) = (2“,9,%).

REFERENCES

[ADL] G. AcosTa, R. G. DURAN AND A. L. LOoMBARDI, Weighted Poincaré and Korn inequalities for Hélder
a domains, Math. Meth. Appl. Sci. (MMAS) 29(4) (2006), pp. 387-400.

[ADLg] G. AcosTa, R. G. DURAN aND F. LO6PEZ GARCIA, work in progress.

[ADM] G. AcosTa, R. G. DURAN AND M. A. MUSCHIETTI, Solutions of the divergence operator on John
Domains, Advances in Mathematics 206(2) (2006), pp. 373-401.

[ASV] D. N. ArNoLD, L. R. ScorT AND M. VOGELIUS, Regular inversion of the divergence operator with
Dirichlet boundary conditions on a polygon, Ann. Scuola Norm. Sup. Pisa Cl. Sci-Serie IV XV (1988),
pp. 169-192.

[BA] 1. BABUSKA AND A. K. Azi1z, Survey lectures on the mathematical foundation of the finite element
method, in The Mathematical Foundations of the Finite Element Method with Applications to Partial
Differential Equations, A. K. Aziz, ed., Academic Press, New York (1972), pp. 5-539.

[BDF] D. Borri, F. Brezzi, L. F. DEMKowIcz, R. G. DURAN, R. S. FALK AND M. FORTIN, Finite ele-
ments, compatibility conditions, and applications. Edited by Boffi and Lucia Gastaldi. Lecture Notes
in Mathematics, 1939. Springer-Verlag, Berlin.

[B] M. E. BoGovskii, Solution of the first boundary value problem for the equation of continuity of an
incompressible medium, Soviet Math. Dokl. 20 (1979), pp. 1094-1098.

[BS] S. C. BRENNER AND L. R. ScotrT, The Mathematical Theory of Finite Element Methods, Springer-
Verlag, Berlin, 1994.

[Br] F. BRrEzzl, On the ezistence, uniqueness and approximation of saddle-point problems arising from
Lagrangian multipliers, Rev. Francaise Automat. Informat. Recherche Opérationnelle Sér. Rouge 8
(1974), pp. 129-151.

[BF] F. BREzzI AND M. FORTIN, Mixed and hybrid finite element methods, Springer Series in Computational
Mathematics, 15, Springer-Verlag, New York, 1991.

[BK] S. M. BUCKLEY AND P. KOSKELA, New Poincaré inequalities from old, Annales Academiae Scientiarum
Fennicae Mathematica 23 (1998), pp. 251-260.

[CZ] A.P. CALDERON AND A. ZYGMUND, On singular integrals, Amer. J. Math. 78 (1956), pp. 289-309.

[C] P. G. CIARLET, Introduction to linear shell theory, Series in Applied Mathematics, P. G. Ciarlet and
P. L. Lions, eds., Gauthier-Villars, 1998.

[DRS] L. DIENING, M. RuZICKA AND K. SCHUMACHER, A decomposition technique for John domains, to
appear in Annales Academiae Scientiarum Fennicae (2009).

[Du] JAVIER DUOANDIKOETXEA, Fourier analysis, Graduate Studies in Mathematics, 29, American Mathe-
matical Society, 2001.

D] R. G. DURAN, The inf-sup condition for the Stokes equations: A constructive approach in general
domains, Mathematisches Forschungsinstitut Oberwolfach, Workshop on Gemischte und nicht-standard
Finite-Elemente-Methoden mit Anwendungen, Extended abstract, Report No. 5 (2005), pp. 270-272.

[DLg] R. G. DURAN AND F. LOPEZ GARCIA, Solutions of the divergence and analysis of the Stokes equations
in planar Holder-a domains, M®AS 20 (1)(2010), pp. 95-120.

[DM] R. G. DURAN AND M. A. MUSCHIETTI, An explicit right inverse of the divergence operator which is
continuous in weighted norms, Studia Math. 148 (3) (2001), pp. 207-219.

[F] K. O. FrIEDRICHS, On the boundary-value problems of the theory of elasticity and Korn’s inequality,
Ann. Math, 48 (1947), pp. 441-471.

[G] G. P. GaLpi, An introduction to the mathematical theory of the Navier-Stokes equations. Vol. 1,
Springer, 1994, Linearized steady problems.

[GG] G. GEYMONAT, G. GILARDI, Contre-ezemples d linégalité de Korn et au Lemme de Lions dans des
domaines irréguliers, Equations aux Dérivées Partielles et Applications, Gauthiers-Villars (1998), pp.
541-548.

[GR] V. GIRAULT AND P. A. RAVIART, Finite Element Methods for Navier-Stokes Equations, Springer-
Verlag, Berlin, 1986.

[GU] V. GOL'DSHTEIN AND A. UKHLOV, Weighted Sobolev spaces and embedding theorems, Trans. Amer.
Math. Soc. 361 (2009), pp. 3829-3850.



17

T. KILPELAINEN, Weighted Sobolev spaces and capacity, Annales Academize Scientiarum Fennicae, Series
A. I. Mathematica. Vol. 19 (1994), pp. 95-113.

A. KUFNER, Weighted Sobolev Spaces, John Wiley & Sons, Inc., New York, 1985.

O. A. LADYZHENSKAYA, The Mathematical Theory of Viscous Incompressible Flow, Gordon and
Breach, New York, 1969.

F. NIcOLAS, Inverse of the divergence in Hardy Spaces on star-shaped domains, Preprint (2008).

E. M. STEIN, Note on singular integrals, Proceedings of the American Mathematical Society, Vol. 8,
No. 2 (1957), pp. 250-254.

E. M. STEIN, Harmonic analysis: real-variable methods, orthogonality, and Oscillatory integrals,
Princeton Mathematical Series 43, Monographs in Harmonic Analysis ITI, Princeton University Press,
Princeton, NY, 1993.

N. WECK, Local compactness for linear elasticity in irregular domains, Math. Meth. Appl. Sci. 17
(1994), pp. 107-113.

DEPARTAMENTO DE MATEMATICA, FACULTAD DE CIENCIAS EXACTAS Y NATURALES, UNIVERSIDAD DE
BUENOS AIRES, 1428 BUENOS AIRES, ARGENTINA.
E-mail address: rduran@dm.uba.ar

DEPARTAMENTO DE MATEMATICA, FACULTAD DE CIENCIAS EXACTAS Y NATURALES, UNIVERSIDAD DE
BUENOS AIRES, 1428 BUENOS AIRES, ARGENTINA.
E-mail address: £lopezg@dm.uba.ar



