KORN’S INEQUALITIES FOR GENERALIZED EXTERNAL CUSPS

GABRIEL ACOSTA AND IGNACIO OJEA

ABSTRACT. In this paper we consider a general class of external cusps defined by linking ap-
propriate collections of John domains. For that class, weighted Korn inequalities are proved by
means of rather elementary arguments.

1. INTRODUCTION

For a given a domain  C R™ and a vector field u € W12(Q), Korn’s inequality states
HDUHLQ(Q)"Xn < CH&“(U)HLQ(Q)nxn, (11)

where Du is the differential matrix of u and e(u) its symmetric part

o 1 Gul 8u]'
suij =3 <axj * axi>'

Inequality (1.1) introduced in [1, 2] has become a classic subject in the literature of continuum
mechanics. In elasticity theory, u plays the role of the displacement field of an elastic body. In
this case e(u) is called the linearized strain tensor and (1.1) equals to the coercivity of the
bilinear form associated to the underlying linear equations.

Non-constant vector fields in the kernel of e can not obey (1.1) and therefore Korn’s inequality
can not hold without considering some extra conditions. Two classic cases treated in the seminal
works by Korn and called the first and the second case of the inequality state that (1.1) holds
if either u vanishes on the boundary of €2 or if

Du — t
Du—Duw* _ 0, (1.2)
2
Q

respectively. The first case can be proved by means of very simple arguments and as it is well
known it holds for any bounded domain. On the other hand, the second case requires deeper
considerations and actually it fails for domains with poor regularity.

Inequality (1.1) can be found in different forms involving traditional and weighted spaces. In
LP norm it reads

[1Dull o @yrxn < Clle(@)] e @ymen, (1.3)

where p should be in the range 1 < p < oo. Another version, sometimes called the general case
of Korn’s inequality, takes the form

IDull gy < Cllullzo@y + le@) @y |, (1.4)

in which no extra conditions other than u € W1P(Q)" are required. It can be shown, see e.g.
[3], that (1.3) implies (1.4) for any domain . On the other hand, for regular domains (1.3) can
be deduced from (1.4) using compactness arguments [4].

Key words and phrases. Poincaré inequality, Korn inequality, elasticity, external cusps, weighted Sobolev
spaces.
This work was partially supported by ANPCyT under grant PICT 2010-1675. The first author is a member
of the IMAS-CONICET and the second author is a fellow of CONICET.
1



KORN’S INEQUALITIES FOR GENERALIZED EXTERNAL CUSPS 2

Many proofs of Korn’s inequality have been given since Korn’s original works, and even a
short review of this subject would involve a large number of references. Friederichs [5] was
unable to reproduce Korn’s arguments for the second case and proved the inequality for smooth
domains by reducing the second to the first case. Since then, different arguments allowed to
treat less regular domains. That is the case of those arguments involving singular integrals (see
[4] and the references therein) where typically the derivatives of the vector field u are written as
an average of derivatives of £(u) in a cone. This idea, that follows closely Calderén’s extension
method, applies naturally for Lipschitz domains since they enjoy the cone property. In this
regard, let us recall that the connection of Korn’s inequality with extension procedures was also
exploited by Nitsche, who used elementary arguments [6] to prove (1.1), in the second case, for
Lipschitz domains by modifying appropriately the extension operator due to Stein. The same
line of reasoning is applied in [7], where the authors prove that (1.4) stands not only for Lipschitz
but for the broader class of uniform domains, using a modification of the extension operator
given by Jones in [8]. In spite of these results let us observe that the second case of (1.3) holds
for

Qoo = B0, 1)\ {(z,y) eR?: 0< 2z <1,y =0}, (1.5)

where B(0,1) is the unitary ball. However it is easy to see that 0 is not an extension domains.
Therefore it becomes clear that extension arguments should fail to tackle (1.3) in the more
general setting. Actually, (1.3) holds in the second case for a family of domains that contains
strictly the set of uniform domains. In this concern let us recall the class of domains introduced
by John in [9], and named John domains after him by Martio and Sarvas [10].

Definition 1.1. Let 0 < o < 8 < oco. A domain Q C R"™ is called a John domain with
parameters « and B if there is a point xo € ) (the John-center of ) such that for every x € Q
there is a rectifiable curve with parametrization by arc length ~ : [0,£] — Q such that v(0) = z
and y(¢) = xp, and:

< B, (1.6)

d(y(t),00) > %t vt € [0,4). (1.7)

Given z € ), and its correspondant curve v, the set U B(y(t), 7t) C € can be regarded as
a twisted cone with its axis depicted by the curve . In this sense we may say that in a John
domain Q any x € 2 can be joined with xy through a curve that remains “away” from the
boundary. John domains contains star-shaped, Lipschitz and Uniform domains. The inner cusp

Qo = B(0,1)\ {(z,y) e R?: |y| < 2} a>1, (1.8)

as well as the limit case (1.5) are examples of John domains. The boundary of a John domain
can be very intricate, for instance the Koch snowflake, with fractal boundary is also a John
domain. In Figure 1, we show all these examples along with schematic twisted cones. Korn’s
inequality holds on John domains, with a constant depending only on the parameters o and .
This is shown in [11] where an explicit continuous right inverse of the divergence is constructed.
In simple geometries it is possible to get more information about the constant involved in the
inequality. For instance, in a convex domain ) the constant depends linearly on the ratio
between the diameter of € and the diameter of a maximal ball contained in € [12]. Remarkably,
for star-shaped domains the same bound is valid in dimension two as it is shown in [13]. For
star-shaped domains, the dependance of the constant on that ratio in dimension n is also studied
in [12].

Although Korn’s inequality holds for very general domains it fails, as it was early noticed
by Friederichs, in domains with external cusps (see [14] for a collection of counterexamples).
Roughly speaking, an external cusp is a domain that narrows towards a point (the tip of the
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(A) The inner cusp Qa (B) The limit case Qs (¢) The Koch snowflake

FiGURE 1. Examples of John domains.

cusp) faster than any cone. Observe that this narrowing prevents any external cusp to be a
John domain.
The simplest kind of external cusps are given by power type cusps:

Q={(z/,2,) eER" ' xR: |2/| <27}, (1.9)

being v > 1 a real number. This notion is naturally generalized to domains with a profile
depicted by a more general function ¢:

Q={(2,2,) eER" I xR: || < p(x,)}, (1.10)
where ¢ : R>g — R>( is a non-decreasing derivable function such that ¢(0) = 0 and ¢’(0) = 0,
or, more generally , ¢ is non-decreasing, Lipschitz and @ — 0 (t—0™).

The main precedents that we follow regarding Korn’s inequality on external cusps work with
these definitions. In [15] power type cusps are treated, and the existence of a right inverse for
the divergence operator in weighted spaces is proved. As a corollary, the following weighted
Korn’s inequality is obtained (see [15, Theorem 6.2]):

Theorem A. Given Q2 a domain of the form (1.9), 1 < p < oo, B C Q an open ball and 5 > 0;
there exists a constant C, depending only on 2, B, p and B, such that for every u € Wdll;g(Q)"
1Dullgr @ < C{llullze By + leClize, o, (@mxn

where d = d(x) is the distance to the origin and v is the exponent of the cusp.

Notice that for WhP(Q)" (i.e. 8 = 0) the weight on the right hand side, due to the cuspidal
behavior of  is d?(1=7). The optimality of Theorem A is treated in [14], where the authors work
with cusps with a general profile ¢ and prove the following theorem:

Theorem B. Let Q2 be a cusp with profile ¢, according to (1.10), 51,82 € R, 1 < p < 0o and B
a ball compactly contained in Q. If there is a constant C such that:

HDUHLP (Q)nxn < C{HUHLP(B)" + H&(U)HLP Q)nxn},
(e")PP1 (¢’

yPB2 (

1
for every v € W(ﬁ)?ﬁ ()", then p1 > P2 + 1.

Observe that for a power type cusp ¢/(t) = 47!, and since inside the cusp one has d(z) ~ z,,
then Korn’s inequality in Theorem A corresponds with the case 51 = S2+1 in Theorem B, which
shows that Theorem A is sharp.
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Other results about external cusps can be found in [16], where weighted anisotropic Korn
inequalities for power type cusps are proved in R3. There, the author mentions that more
general cases could be treated by using the same arguments developed in that paper.

Let us recall that for a Holder-a domain weighted versions of Korn’s inequality can be found
in [17]. Since such a domain may have many “cuspidal” singularities, the weight that naturally
arises depends on the distance to the whole boundary. On the other hand, for more general
domains abstract weighted Korn inequalities can be derived from results concerning the existence
of a right inverse of the divergence operator, see for instance [18], [19].

The aim of the present paper is to extend Theorem A to a wider class of external cusps.
Actually, we prove that such a result can be generalized to external cusps whose boundary is
locally the one of a John domain. In this context we show that the function ¢ does not need
to depict the precise profile of the domain, but only to give a qualitative description of the
narrowing.

Our technique is based on rather simple ideas. Since the behavior of the constant in Korn’s
inequality on rectangles is known, we consider chains of rectangles, and use a discrete Hardy in-
equality to pass from one rectangle to another, proving a weighted Korn inequality for the whole
chain. The weight is piecewise constant and it is given by Korn’s constant on each rectangle.
This approach depends exclusively on the existence of intermediate rectangles that link each
rectangle in the chain with its two neighbors. This approach can be applied to more general
subdomains and in this regard we introduce the notion of quasi-rectangle. A quasi-rectangle is,
essentially, a domain that contains a rectangle and where Korn and Poincaré inequalities hold
with constants similar to those corresponding to this interior rectangle. The boundary of a quasi
rectangle can be locally as general as the one of a John domain. The results obtained for chains
of rectangles are straightforwardly generalized to chains of quasi-rectangles, yielding weighted
Korn’s inequalities for a very general class of domains. Finally, we consider as an example,
external cusps formed by chains of quasi-rectangles. This chains are defined by requiring an
appropriate narrowing towards a “singular” point. In this way our generalization of Theorem A
is a simple corollary of our results for chains of quasi-rectangles. Counterexamples proposed in
[14] can be easily adapted for proving the optimality of the weights obtained in this paper.

Finally, before proceeding, let us mention that the extension procedure for external cusps
used in [20] can be appropriately combined with the extension operator for uniform domains
constucted in [7]. In that way it is possible to obtain similar results to those given here. However,
by doing that, the notion of “locally John” should be replaced by the notion of “locally uniform”
proposed in [20]. This allows to handle a less general class of external cusps than that treated
here. This limitation is not surprising in the light of the facts mentioned above concerning the
use of extension arguments in the context of Korn’s inequality. For that reason we do not follow
this approach.

2. NOTATION AND PRELIMINARIES

Throughout this article &,, stands for the z,, axis, and C' denotes a generic constant that may
change from line to line. We say that two positive numbers a and b are C-comparable, and we
write a > b, if %a < b < Ca. For every collection of sets C, we denote with UC the union of all

the sets in C, i.e. UC := UgeeS. Given two sets, we write A = B if they differ in measure zero.

In this work we deal with open rectangles R C R™ with edges parallels to the coordinate
azes. The size vector of R is denoted with £(R) = (¢1(R), l3(R), . .., n(R)), where {;(R) is the
length of the R’s i-th edge. For a cube @ we use ¢(Q) to denote the length of any of its edges,
and for a rectangle R we take: Lj/(R) := maxj<ij<p{li(R)} and L,,(R) := minj<;<,{(;(R)}.

In some point we restrict our attention to rectangles with n — 1 short edges of equal size that
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we denote (R) and a long edge (the vertical) L(R). A pair of rectangles R;, Ry are called
C-comparable, and we write Ry ~ R, if ¢;(Ry) ~ li(Rg) for 1 < i < n. For a rectangle
R, we denote its center with cg. If cg = (c1,---,¢,) the upper face Fj of R is given by
F¥ = {(x1, -+ ,2n) € R : 2y = ¢y + 20,(R)}, and analogously is defined the lower face F.
Given a rectangle R, we denote aR (a > 1), the expanded rectangle centered in cg with edges
li(aR) = al;(R). With zp we denote the last coordinate of points belonging to Fb, that
IS 2p = ¢ — %En(R). We say that R; and Ry are touching rectangles if Ry N Ry = () and
Ri N Ry = F with F a face of R or Rs.

When we consider external cusps, with tip at the origin, we write, for every x € R", d = d(z)
for the distance to the origin. For any p, 1 < p < oo, p’ stands for the conjugate exponent of p,
% + 1% = 1. For a matrix A € R™" we denote: |[AP =377, 7" |A;;P, and analogoulsy for
vectors v € R™.

Let w : © — R be, a measurable function, the weighted L norm of a matrix field
A:R" — R™"™ is defined as

n n 1
LI e = /Q APw =373 o A 2,0
i=1 j=1

and analogously for vector fields. The weighted Sobolev space Wi ()™ is defined by the set of
vector fields u : 2 — R™ for which

n n

1

AR [l + Put@ye = 3 1 Z| Je? Dl
1= =1 |a|<1

is finite. In the case w = 1, we drop the subscript and write ||ully 1oy and [|Al[y1e@)nxn,
respectively. The average value of a function u over a domain D is written with either of
the following notations: up = f,u := ﬁ [ u, where D] stands for the measure of D, and

analogously for the weighted average we write up, := wa U= ﬁ I} p uw
Let us state the following discrete weighted inequality of Hardy type [21, page 52]:

Lemma 2.1. Let {u;}; and {v;}; be sequences of non-negative weights; and let 1 < p < q < 0.

Then the inequality:
o0 j 1 1S9 1
()] < e ]
j=1 i=1 j=1

holds for every non-negative sequences {b;}; if

(50 (£

R0 \ 52

=

P
< o0

The constant ¢ is c = M A, where M depends only on p and q.
Throughout this paper we make extensive use of the following Lemma.

Lemma 2.2. Let {r;}; and a = {a;}; be sequences such that {r;}; >0, and Y, r; =r < co. Let
us denote

Then the inequality:

B =

o
< c< laj+1 — aj|p7“j+1> (2.1)
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holds if

L
7

A sup (imf(;r;—p/)p . )

k>0 \ T
The constant ¢ is c = M A where M depends only on p.

Proof. Let us define the norm:
1
lally = (D laifri) ™.
i

1
From Holder’s inequality, it holds |a|r < ||al|,7#" and then ||a —al|, < 2||a||,. Applying this last
inequality with a replaced by a — ag, we obtain

la = all, < 2fla = aol,.

Therefore:
: p
Z ]ai — (z]pri < QPZ ]ai — G,Q’p?“i < QPZ <Z ]aj — aj_1]> i
i i i =1
And we conclude applying Lemma 2.1 with u; = v; = r;, ¢ = p and b; = |a; — a;—1]. ]

Remark 2.3. Observe that if in Lemma 2.2, {rih1<i<n is finite and r; T for any i, then

ﬁ
o
N—
kA [
N
i M -
(e}
uﬁ}_.
<.
N—
@\
IA
Q
=
VB
R
Vs
o
VN
o
1=
=
N———
=
N
ol
o
<
|
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=

3. KORN AND POINCARE INEQUALITIES FOR CHAINS OF RECTANGLES

Definition 3.1. A (finite or countable) collection of rectangles C = {R;} for which ), |R;| < oo,
is called a chain of rectangles if a) R; N R; =0 for |i — j| > 1, b) for any i, R; and R;11 are
touching, and c) there exists a constant C' such that R; > Rit1, for any i.

Remark 3.1. Given a chain of rectangles C = {R;} we have the following elementary facts

o since R; and R;11 are touching and C — comparable there exists a rectangle R; ;41 C
R;UR;,1 and a constant C depending only on C, such that

Riiv1~ (Riix1i N Ry) ~ Ry ~ (Rijiv1 N Riy1) ~ Ry
C C C C

e thanks to the previous item

|Riiv1] ~ | (Riip1 VR) [~ [Ri| ~ [ (Rii1 N Rig1) | ~ [Rig1]
C C C C

with C depending only on C.
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e using that R;, Rix1 and R;;y1 are C — comparable we get (for instance by changing
variables) that there exists a constant C, depending only on C (therefore only on C')
such that

Ci~Ciy1~ Ciia
¢ ¢

being C;i, Cit1,Ci i1 the constants in the second case of Korn’s inequality for R;, R;11
and R; ;11 respectively.

Definition 3.2. Given a chain of rectangles C, any given collection of intermediate rectangles
R; i1 enjoying properties like those mentioned in Remark 3.1 is denoted with C; = {R; 41}

Definition 3.3. Given a chain of rectangles C, we call 2 = U(Cr UC) a C — linked domain.

Remark 3.2. Observe that if Q1 C Qo and Qg \ Q1| = 0, then Ko, > Kq, and Po, > Pq,,
where Kq, and Pqo; are the constants for the second case of Korn’s inequality and of Poincaré’s
inequality on €);, respectively. Consequently, the results that we prove for C — linked domains

hold for every Q such that U(C; UC) C Q and Q2 = U(CrUC).

Theorem 3.3 (Second Case of Korn’s Inequality for Chains of Rectangles). Let C = {R;} be a
chain of rectangles, and let C; be the constants for the second case of Korn’s inequality on R;.
Then for any C — linked domain Q, and any v € WP(Q)" such that fQ D“ED“t = 0 we have

|Dullzoyeen < O+ Al g ryren

where A is defined in (2.2) with r; = |R;|, and the weight o is constant on each R; being
olg, = CP.

Proof. Let
: 1
A = / Du — Dub).
o7 Jr | )
Then:
1D gy = 31 < €SN Ao + € T VA o
I II
I leads to

I S Czczpng( HLP(R nxn — CZ ||6 Lp(Ri)"X" = C||€( )HLP (Q)nxn

For I1, apply inequality (2.1) with 7; = |R;|. Let us observe that Y |R;|A” = 0, therefore taking

sup (3 1R |) (D IR )

ji>k i<k

==

we have

IT=CY |AP|R;| < CAPY AT — AP|R; |

where C'is a constant depending on n and p. For each i, let us now introduce a rectangle R; ;41
as defined in Remark 3.1. Calling

AbiH = 71 / Du — Du!
2|}%i¢4*1| Riit1
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we get, using extensively Remark 3.1,

II < CAPZ {’Ai+1 o Ai,iJrl‘p + ‘Ai,iJrl o Ai’p}’RH—l’
< CA? Z {’Am — AV Ry 0 Ry | + [AYH = A'P|R; 0 Ri,i+1’}

= CAPZ {HAHI Al Z+1HLP(RZ+10RZ i+1) + HAZ Al HlHLP(R NR; Z“)}
< CAPZ{ A = Dl gy 100 = A 1Dt = A g}

< CAJ”ZCZPH6 W (Regy R ymxn

< CAPZ CPlle(uw) HLP(R"X"

where, in the last inequality we use that for each R;, R; N R‘ = () if |i — j| > 1. Therefore

11 S CAPH{':( )HLP(Q nxn

and the Theorem follows. O

Remark 3.4. In a recent paper, R. Durdn proves that the constant for the second case of Korn’s
mequality for any convex domain 2 can be bounded taking the quotient between the diameter of
Q and the diameter of a mazximal ball contained in Q0 (see [12, Theorem 4.2]). FEven when in
[12] that result is stated only for p = 2, the same proof works for 1 < p < oo. It is important to
notice that this implies that given a rectangle R with edges ¢;(R), eventually all different, Korn’s

constant in the second case can be taken %(gi))l. That estimate is sharp. Take, for instance,

n =2 and u(z,y) = (—ry, 5 ) defined over R = (0, Lys) x (—%2, L) we have that

+1
1Dl e LI and ()l gy T L,

and therefore
H‘DUHI[)/P(R)’”X” N <L_M)p
[E@ e © VL
Remark 3.5. Thanks to the previous Remark, in Theorem 3.3, C; can be taken as follows
Ly,
C;= L. 3.1

Theorem 3.3 can be straightforwardly extended to some weighted spaces.

Definition 3.4. Let C = {R;}, be a chain of rectangles, and Q a domain such that Q = UC.
We say that w is an admissible weight in € if for any x € R;

w(z) N WR % WRip Vi. (3.2)

being wg, appropriate constants.
aa

The following is an elementary generalization of Theorem 3.3

LObserve that aligning N identical cubes in a rectangle R we have that Remark 2.3 yields such a constant,
written there in terms of N = Ly (R)/Lm(R).
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Theorem 3.6 (Second Case of Weighted Korn’s Inequality for Chains of Rectangles). Let
C ={R;} be a chain of rectangles and Q2 a C — linked domain.
Let u € WAP(Q)", with w an admissible weight (see (3.2)), be such that

/ Du — Dut
—w=0.
Q 2

| Dull g, (ynxn < C(1+ Ay)llellp, @)nxn

If >, w(R;) =r < oo,

where o|g, can be taken as in Theorem 3.3, and

1 1
A, :=sup <Zw(Rj)> g (Zw(Rj)lfp ) P (3.3)
F>0 % 5>k <k
Proof. Let:
: 1 Du — Dut . 1 Du — Dut
A' = _— d A =
Ri| / 2 e e T R, / 2
We take:

(a) (0)

For (a) we write

[1Du — AL |l g gy < 1Dw = A% g (gyynxn + 1A = ALl 1 (gyynen

~\~

1 11

and for I, we can take the weight off the norms
"= HDU AZHLP(R nxn < wR ||Du - AZH ynxn < CWR H&( )HI[)/{"(R

< Ol

On the other hand
p

117 = AT = ALy o = (RS)

/ Du—Du s
)w(}) J (- —D“‘QD“) (e)ds|
)1 ”{(/ 2)de| +(/ Du—w)w(x)dx‘p}
=Cw(R 1 p{‘/ ) Pdﬂc —i—‘/ x)idx‘p}

Applying Hélder inequality in both terms,

= w(R;

pr
'Y

H%Cw(m)l—p{um Dl e (B 4 2 g e ()

= o+ e, } < Clle@)hs, x,

< ke
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On the other hand, for (b), let us observe that

Z w(RZ)AZJ =0

i

Consequently, Lemma 2.2 w1th a; = A" and r; = w(R;), yields
> IS g gy < O S A — AL Pa(Rig) < CAL Y A — AL, 0

=1 i=1

and that:

Now we may proceed like in Theorem 3.3, alternating Af}”l, the weighted average of (Du —
Du')/2 on an overlaping rectangle R; i1, afterwards alternating Du, and finally applying the
estimates for (a). We leave the final details to the reader. O

Observe that Theorem 3.3 is a Corollary of the previous theorem taking w = 1. However,
Theorem 3.6 does not provide information unless A, < co. A simple way to bound A, involves
a reasonable decay for w(R;).

Corollary 3.7. Under the same hypotheses of Theorem 3.6. Assume that for any k,
W(RE+1) < aw(Ry) with 0 < a < 1. (3.4)
Then for any u € Wul,’p(Q)” such that [, D“ED“tw =0, we have
[ Dull Lz (@ynxn < Clle(u)l Lz, (rynxn

. . Ly \P
where the weight o is constant on each element of C, and can be taken as o|r, = (L—Z'> .

Proof. From Remark 3.4, we know that C; < C+ M' with C; defined in Theorem 3.3. Therefore

only remains to show that >, w(R;) < oo and A < C'. These follow from the bounds w(Ry) <
" w(R;) for 0 < i < k and w(R;) < o Fw(Ry,) for i > k. Indeed
1

a = (Sut)) (St )7 < atmgb ($0r) it (300

R0\ ok =0 =0 =0

=

then

1

A, < 1 % 1/ p’,
1—a 1—ap—1

and the Corollary follows. O

Everything done so far for the second case of Korn’s inequality for chains of rectangles can
be done for Poincaré inequality following step by step the arguments given above. Since the
constant in Poincaré inequality for rectangles (and in general for convex domains) depends only
on the diameter of the rectangle, the weight involved in the inequality can be weakened as it is
stated below.

Theorem 3.8 (Poincaré inequality for Chains of Rectangles). Let 1 < p < oo and C = {R;} be
a chain of rectangles and Q a C — linked domain. Let w be an addmissible weight (see (3.2)),
such that for any k, w(Rys1) < aw(Ryg) with 0 < o < 1. Then if u € WAP(Q)", and [;,uw =0,
we have

[ullzz,@) < ClIDullrz, @)nxn,

where the weight o is constant on each R, and can be taken as o|g, = Lﬁ/[i.
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Remark 3.9. Let us mention that Theorem 3.8, as well as subsequent results involving Poincaré
inequalities, also holds for p = 1. The key point is that during the proof Lemma 2.2 is invoked
with the choice r; = w(R;) under the decay condition w(R;y1) < aw(R;). In this case it is easy
to see, by a direct proof of Lemma 2.1 for p =1 taking u; = v; = 1y, that (2.1) holds for p =1
and ¢ = %

The following version will be useful in the sequel.

Corollary 3.10. With the same hypotheses of Theorem 3.8, assume that B is a ball such that
B C Q, and BN R; # 0 only for a finite number of rectangles. Then, for every u € Wi’p(Q)",
we have:

lullz gy < C{ull oy +1Dullzg, @y }
where the weight o is constant on each R; and can be taken as o|g, = L?w,"
Proof. For the sake of clarity we write the case w = 1.
[ull Lo @yn < llu—uplle@r + upllir@r < |lu—uallr@pr + lua —uplLr@) + usllLr@) -

N~

1 11 117

Applying Theorem 3.8:
I S C“Du”Lg(Q)an
On the other hand,

roo|9 v 19 18]
I11° = = < 2Bl p— ey ‘
/Q<]€; u) |B|p(/3“) < 1By Bl /B“ ] Ize oy

For I1, applying Holder inequality:
1

| < [ < B gl < — ol — wall@ < ——rl|Dul
ug —ugl < — ug —ul < u—uglrrp < u—uql|rpqyn < U nxn
B| J |B| (B) |B|% () |B|% LP(Q)g
then )
Q)
II S CEHDUHLP(Q)gxn’
P

and the lemma follows for w = 1.
The general case follows similarly using (3.2), and taking into account that B only meets a
finite number of rectangles and then [lu|[zz ) ~ 1wl e (B)-

O

We now prove the general case of Korn’s inequality for chains of rectangles. Our proof is a
straigthforward adaptation of the classic argument given in [3]. Let us notice that we require
that Ly, < C for any . That is in order to remove the weigth ¢ from the Poincaré inequality
given above.

Theorem 3.11 (General Case of Korn’s inequality for Chains of Rectangles). Let C = {R;} be
a chain of rectangles, and ) a C — linked domain. Consider a weight w such that (3.2) holds,
and assume that w(Ry11) < aw(Ry) with 0 < a < 1 and that Ly, < C, for any i. If B is a ball
such that B C €, and B meets only a finite number of rectangles R; then for any u € Wﬁ’p(Q)",
we have

1Dul g yen < Ol oy + Iz, yen | (35)

. . Ly \P
where the weight o is constant on each element of C, and can be taken as o|r, = ( M') .

Lom,
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Proof. Again, let us focus first on the case w = 1. Consider the space
RM(Q)" = {v e WHP(Q)":  £(v) =0},
every function in RM can be written as
v(z) =a+ Mz,

where M € R™*" is skew symmetric. On the other hand, a complement of RM in WP can be
defined as follows

—~ Dw — Du'
Whr(Q)" = {w e Whr(Q)" - ][ w=0, ][ Dw— D _ 0}.
B Q 2

In fact, given u € WHP(Q)", we can take v € RM ()™

v=a+M(x—Z)

1 8ul 3Uj
a—]éu and - mi; = 5]{) <(9:Uj a (9:!3@-)

being z the center of B. Obviously w =u —v € Wl’p(Q)", and in particular

with

WhP(Q)" = RM(Q)" & WhP(Q)™.

Moreover, it is clear by definition that

[ollwir @ < Cllullwrr@n lwlwre@y < Cllullwir@ye-
If (3.5) does not hold, there is a sequence {u,} C WHP(Q)" such that
[ Dun || Lo (@ynxn =1 (3.6)
but,
Junllzoay: + leun)llzz amen < - (37)

If we write
Uy, = Uy, + Wy,

with v, € RM(Q)" and w,, € Wl’p(Q)", wy, admits both Poincaré inequality in B, and second
case of Korn inequality in €2

wnllwie@yn = llwalle@yn + [Dwnll e @)nxn < C<Hw7LHLP(B)" + [ Dwa|| Lo gO)"X">
1
< CllDwnllpr(@ynxn < Clle(wn)l g @nxny < C—

And then, w,, — 0 in WP, On the other hand, v, belongs to the finite dimensional space
RM(92)™ and is bounded on . Consequently, there is a subsequence, called again v,,, such that
v — v € RM ()" strongly in WHP(B)". As w, — 0, we have that

U, — v € RM(B)" in WhHP(Q)"
But because of (3.7), [|[v||»(y» = 0, and v is a linear function, so v = 0 on €, which contradicts
(3.6), and the result follows in the case w = 1. The general case can be treated by the same
means defining the appropriate weighted versions RM,(Q)" = {v € WoP(Q)" :  e(v) = 0},
and WAP(Q)" = {'17 e WP [piw=0, [, 2500 = O}. O

2
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4. KORN AND POINCARE INEQUALITIES FOR CHAINS OF QUASI-RECTANGLES

The job done for chains of rectangles can be easily generalized to chains of more general sets,
all we have to do is to write appropriate hypotheses.

Definition 4.1. Let W = {Q;} be a (finite or countable) collection of disjoint open sets. Assume
that there exists a chain of rectangles C = {R;} (in the sense of Definition 3.1) with R; C
Q; C CrR; for a fixed constant Cr. Finally assume that there exist fixed constants Cg,Cp
such that C, < Ck iif' and Cp, < CpLyy, being Ck, and Cp, the constants for the Korn’s
second inequality and Poincaré inequality respectively for Q;. Then W = {§;} is called a C-
chain of quasi-rectangles associated to the chain of rectangles C. The constant C is taken as
C = max{CRr,Ck,Cp}. Each Q; is called a C-quasi-rectangle associated to R;.

In order to minimize the notation we use quasi-rectangle (resp. chain of quasi-rectangles)
instead of C-quasi-rectangle (resp. C-chain of quasi-rectangles).

Definition 4.2. If each R; in Definition 4.1 is a cube Q; (instead of a general rectangle), then
Q; is called a quasi-cube associated to the cube Q;, and Ck, < C,Cp, < CLg,.

Definition 4.3. Let W be a chain of quasi-rectangles associated to the chain of rectangles C,
and let Cr be a collection of intermediate rectangles associated to C. We say that Q = U(CrUW)
is a W — linked domain.

Remark 4.1. Recalling Remark 3.2, the results that we state for W — linked domains hold for
every 0 such that U(Cr UW) C Q and Q = UW.

Definition 4.4. Let W = {Q;}, be a chain of quasi-rectangles, and Q a domain such that
Q =UW. We say that w is an admissible weight in Q) if for any x € €);

Vi. (4.1)

w(z) W, N Wy

being wq, appropriate constants.

Remark 4.2. From Definitions 4.1, 4.3 and 4.4 one readily finds that any proof given in previous
section for C — linked domains can be carried out for W — linked domains. For this reason
Theorems 4.3, 4.4, 4.5 and 4.6 are stated below without further analysis.

Theorem 4.3 (Second Case of Korn’s Inequality for Chains of Quasi-Rectangles). Let W = {Q;}
be a chain of rectangles, and let Ck, be the constants for the second case of Korn’s inequality

on Q;. Then for any W — linked domain Q, and any v € W'P(Q)" such that fQ D“%D“t =0 we
have
[ Dul| Loy < C(1+ A)lle(w)ll Lz (@ynxn

where A is defined in (2.2) with r; = ||, and the weight o is constant on each Q; being
olo, = C%i.

Theorem 4.4 (Second Case of Korn’s Inequality for Chains of Quasi-Rectangles: weighted
version). Let W = {Q;} be a chain of quasi-rectangles and Q0 a W — linked domain. Assume
that for any k, w(Rys1) < aw(Ry) with 0 < o < 1. Let u € WAP(Q), with w an admissible

weight (see (4.1)), be such that [ D“%D“tw = 0. Then

[ Dull e (@ynxn < Cllel e, ynxn

L, \P
where olq, can be taken as o|g, = .

Lom,
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Theorem 4.5 (Poincaré inequality for Chains of Rectangles). Let 1 < p < oo and W = {Q;}
be a chain of quasi rectangles and € a W — linked domain. Let u € Wul,’p(Q)", with w an
admissible weight (see (4.1)), be such that u € Wy (Q)", and Jouw = 0. Assume that for any
k, w(Ri+1) < aw(Ry) with 0 < a < 1, then we have

ullze @) < CllDull 1z, (@)nxn,
where the weight o is constant on each Q; and can be taken as o|q, = L?w,"

Theorem 4.6 (General Case of Korn’s inequality for Chains of Quasi-Rectangles). Let W =
{4} be a chain of rectangles, and @ a W —linked domain. Consider a weight w such that (4.1)
holds, and assume that w(Ry41) < aw(Ryg) with 0 < o < 1 and that Ly, < C, for any i. If B
is a ball such that B C €, and B meets only a finite number of quasi-rectangles €2; then for any
u € WP (Q)", we have

|Dull g @yen < C{llullzasye + ()l g, @ymen | (4.2)

L, >p

Tom,

where the weight o is constant on each element of C, and can be taken as o|g, = (

Remark 4.7. All these results can be proved exactly like the ones for chains of rectangles, except
for a subtle detail: we impose the decreasing measure condition (3.4) on the rectangles R; and
not on the subdomains €;, as it would be natural. This is possible because of the relationship
between the measures of Q; and R;. Indeed, since w is admissible and |R;| < || < C|R;|, we
have

w(§2;) < Cw;|Q4| < Cwi|R;| < Cw(Ry),
and

w(R;) < CwilR;| < Cw;| Q] < Cw(8Y).
And consequently:

remam (S

R0 \ 2

k

OW(Qj)l_pl> ” < Csup (iﬂ&‘)) : (Zk:W(Rj)l_p'> ﬁ-

k>0 \ % =

So, if the decreasing property (3.4) is imposed on the rectangles R; we have that A, is finite.

The reader may wonder how a quasi-rectagle could be. An easy corollary of Theorem 4.3,
useful in the next section, shows that some quasi-rectangles can be obtained from finite union
of quasi-cubes.

Corollary 4.8. Let W = {Q;}1<i<ny be a a finite chain of quasi-cubes associated to a finite
chain of cubes C = {Q;it1<i<n with their centers placed along a straight line parallel to an azis.
Assume that for 1 < i < N, U(Q;) = L. Then any W — linked domain Q is a quasi-rectangle
associated to R, being R the minimal rectangle containing the chain C.

Proof. 1t is enough to show that Korn and Poincaré constants C'x and Cp can be bounded as

Ly (R)
Cig < CLm(R) (4.3)
and
Cp < CLu(R) (4.4)

respectively. We show how to handle (4.3) since the other one follows similarly. We use Theorem
4.3 applied to chain W. Since |€2;] > |Qi| = €™, we get from (2.2) and Remark 2.3 that A < CN.
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On the other hand N = ifj ((g)), and then (4.3) follows straightforwardly, since by definition of

quasi-cube Ck (£2;) < C% =C. 0

Observe that this corollary only provides quasi-rectangles with interior rectangles having n—1
equal short edges and a long one. We limit our approach to that kind of quasi-rectangles in the
context of external cusps treated later.

Taking into account that we work with quasi-rectangles that are made of quasi-cubes we need
now to provide examples of general C'—quasi-cubes.

A non trivial quasi-cube is given, for instance, by any bounded star-shaped domain with
respect to a maximal ball B contained in a cube Q. For such a domain D, calling C a constant
for which @) C D C CpQ, it is known that second case of Korn and Poincaré inequalities hold.
For star-shaped domains, some information about the constants Dyx and Dp for Korn’s and
Poincaré inequality respectively is available in the literature (see [12], [13] [22]). However, all
we need, in order to build quasi-rectangles, is to find a chain of quasi-cubes W = {D;} for
which Ck, < C and Cp, < C¢(Q). This behavior of the constants is guaranteed in general for
John domains, thanks to the solvability of the divergence equation [11] and the validity of the
(improved) Poincaré inequality [23].

In Figure 2a we show a John domain which is a quasi-cube obtained by adding iteratively
properly scaled cubes to a central fixed cube. In Figure 2b a quasi-rectangle is given by collecting
identical quasi-cubes like the one in Figure 2a. Finally Figure 2c shows a quasi-rectangle formed
by a finite union of quasi-cubes that are not identical, but have similar aspect ratio.

Preceding remarks lead to the following example.

Example 4.1 (Locally John quasi-rectangle). Let C = {Q;}, i = 1,..., N a chain of cubes with
0(Q;) = and with centers cg, placed along a straight line. Let U = {Q;}, i=1,...,N a set of
disjoint John domains with parameters «, 8 and with centers in cg, such that Q; C Q; C C;Q;.
Then any U—linked domain () is a quasi-rectangle associated to R, being R the minimal rectangle
containing UC. This sort of quasi-rectangle is called a locally John quasi-rectangle.

4

L 4
(A) Non-trivial (B) Non-trivial (¢) Another quasi-
quasi-cube quasi-rectangle rectangle

FIGURE 2. Quasi-rectangles

5. APPLICATION TO EXTERNAL CUSPS

External cusps are easily described using a “profile” function ¢, as presented in (1.10). In
particular if p(z,) > x,, the weighted version of Korn’s inequality given in Theorem A was

presented in [15, Theorem 6.2]. A more general class of external cusps can be defined as follows:
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Definition 5.1. Let w C R™ ! a Lipschitz domain, assume that 0 € w. We say that Q is a
sectionally Lipschitz external cusp if

QNU ={(z,2,) eR" I xR: 2 € p(x,)w} (5.1)

for some neighborhood of the origin U, and with ¢ a non-dereasing C function, such that ¢ in
non-decreasing, p(0) =0 and p(t)/t — 0 (t — 07).

This definition is introduced in [24], in the context of extension of functions in Sobolev spaces.
In fact, in [24] the authors drop the requirement 0 € w that here is considered for the sake of
simplicity. In Figure 3, we show two external cusps satisfying Maz’ya and Poborchii’s definition.
In Figure 3a, w is an ellipse containing the origin , whereas in Figure 3b, w is an ellipse that
does not contain the origin.

%

(A) Cusp containing the vertical axis (B) Cusp tangential to the vertical axis

Ficure 3. Maz’ya and Poborchii’s cusps.

In this work we consider external cusps of a very general kind given by linking appropriate
chains of quasi-rectangles.

Definition 5.2 (Generalized External Cusp). Let W = {§;} be a chain of quasi-rectangles with
an associated chain of rectangles C = {R;}. Let us assume that:

—

e cach RZ is such that E(RZ) == (fz‘,fi, te ,fz‘,Li), with fz S LZ
e the rectangles R; are placed one above the other, along the x, axis in such a way that
Riy1NR;, = F}%Hl (the upper face of Rit1).
e 2, — 0, where z; is the x, coordinate of the points in the floor of R;.
o |[Riy1| < a|R;| for some a < 1.
e there exists a nondecreasing C1 function ¢ : R>g — R>q such that ¢ is nondecreasing,
©(0) = ¢'(0) = 0 and p(z) = {;.
Then, any W —linked domain €2 and, more generally, any domain Q satisfying the requirements
of Remark 4.1, is called a generalized external cusp.

It is clear that a generalized external cusp ) agrees with previous notions of external cusps.
However, ¢ does not give the precise profile of €, but only a qualitative description of its
narrowing toward the origin. On the other hand, the theory presented in the previous section
applies straightforwardly for generalized external cusps.

In Figure 4 we show examples of general external cusps. Figure 4a is just a chain of rectangles
satisfying: Ly, ~ —=L; and ¢; = z?. Figure 4b shows an external cusp with locally smooth
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boundary away from the origin. The interior chain of rectangles is like the one in 4a, but leant.
On the other hand, Figure 4c is a perturbation of 4b, formed by a chain of locally John quasi-
rectangles. Finally, observe that a domain satisfying (5.1), but taking = C R"~! a John domain
with respect to the center of a cube included in w, is a general external cusp based on John
quasi-rectangles. We provide a proof of this for a particular case later. In Figure 4d we present
an example of this situation, taking ¢(¢) = t? and w an inner cusp like Q.

l

(A) External cusp (B) A generalized external
using a chain of rect- cusp.
angles.

Suus
SSNuuun!
SRR
R RRSRTS ST
R

(¢) Generalized external cusp (D) Generalized external cusp by dilatation of a fixed
based on locally John quasi- John domain.
rectangles.

FIGURE 4. Examples of Generalized External Cusps

The unweighted results of the previous section can be immediately applied to generalized
external cusps obtaining Poincaré and Korn’s inequalities for them. Moreover, if we take a
weight w which is a nondecreasing function of x,, (or |z|), we have:

W(Ripn) < { max p}[Ria| < af min ohR| < aw(R,),
[zit1,2: [zi,2i—1]
and the decreasing property (3.4) is fulfilled. In this way we can consider some particularly
interesting weights. For example, being ¢’ non-decreasing, we can take weights of the form:
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w(z) = (go’)pﬁ with S > 0. On the other hand, we can also take weights of the form w(z) = 2
being 5 > 0. In this way, we obtain the following theorem where we denote L(a) and ¢(a) the
lengths of the edges L(R) and ¢(R), being R the rectangle at height a.

Theorem 5.1. Let Q be a Generalized External Cusp, and o(x) = (i((‘lﬂl)))ip. Then the in-
equality:
HDuHLf,(Q)"X" < C{HUHLP(B)n + Ha(U)HLg(,(Q)an}
holds for weights of the form.:
(a)
wz) =atf, 20
(b)
wx) = (¢)",  B=0
It is important to observe that, if ¢ is such that ¢(z;—1) — ¢(z;) ~ ¢(z;), then:

/. A ) — oz
ﬁ _ (P(ZZ) N 90(2'@ 1) ‘P(zz) - (P,(Zi)-
7 Zi—1 — %4 Zi—1 — %

Hence, o ~ (¢/)7P and item (b) in Theorem 5.1 is a generalization of Theorem A. In fact, as in
Theorem A, the weight on the left hand side is (¢’ )pﬁ, whereas the one on the right hand side is
(¢ )p(ﬁfl). Here, ¢ is not forced to be a power function and it does not depict the precise profile
of 2 but only provides a qualitative description of its cuspidal behavior, allowing the boundary
of ) to be very general considering that it might be based on locally John quasi-rectangles. It
is also noteworthy that the critical case of Theorem B is reached.

On the other hand, let us consider a profile cusp satisfying (5.1), but taking w a John domain
(an example can be seen in Figure 4d). Moreover, let us suppose ¢(z) = z7 for some v > 1.
We show how the rectangles can be chosen in order to prove that such a cusp is a generalized
external cusp based on locally John quasi-rectangles.

Let us take )
2 = E
The rectangle R; is placed at height z;, and the length of its edges is
1
fi = QD(ZZ) = 27,\{, and LZ = Zi—1 — % — ?
Let us consider a weight of the form:
0 \"° 1
Then
1 1 1 1 1
W(Riv1) = 20+ (v=1)p8 Ria] = 9+ (—1)pB (17 (n—1) 2iFT o(+1) (= 1D)pB+y(n—1)+1)
1

9(v=1D)pB+y(n—1)+1
Hence, the decresing property (3.4) is satisfied when

1
2(y=1)pB+y(n—1)+1

<1,

or, in other words:
(y=DpB+~(n—-1)+1>0,
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which leads us to:
B> 14+~(n—1)
(y=1)p

Notice that in this case w ~ (¢')P? and then we can express the weight in terms of /.

On the other hand observe that each R; is a locally John quasi-rectangle. Indeed, each R;
can be thought as an W;-linked domain, being W; = {Q;}1<j<n. Here N is the integer part of
j;j—; and each ; has height almost equal to ;. It can be easily seen that any €2; is a quasi-cube
given by a John domain. Indeed: first show that a cylindrical set J of the form w x (a,b) C R",
with b — a ~ diam(Q2), is a John domain with constants given by those of w. Then conclude
by observing that §2; almost agrees with a dilatation of J (actually it is possible to construct a
bi-Lipschitz mapping F' such that F(Q;) = ¢;J, see [20]).

Therefore can now state:

Theorem 5.2. Let Q be an external cusp satisfying (5.1), but taking w C R"~ a John domain,
and ¢(z) = 27, with v > 1. Then:

1Dulz0) < C{lulios) + @iz, @} }
with:

o(z) = (¢'(@) " and w(z) = (¢ (@),
1+v(n—1)

being B > — G-1p

This result is also a generalization of Theorem A. It imposes more restrictions than Theorem
5.1 on the boundary of €2, but it admits a negative range for the exponent 8. On the other hand,
the critical case 81 = B2 + 1 in Theorem B is once again reached. It is important to notice that
the counterexamples proposed in [14] for proving Theorem B, are given in terms of functions
that depend only on the last coordinate and on the profile function ¢. Consequently, they are
independent of the boundary of the cusp, and can be easily adapted for general external cusps
based on locally John quasi-rectangles.

Acknowledgment: We would like to thank the referee for several interesting and helpful
comments.
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