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Abstract

This work is focused on the study of the Kirchhoff-Love model for thin, transversally
loaded plates with corner singularities on the boundary. The former consists in
finding a function u : @ — R, where the bounded set  C R? represents the shape
of the plate and wu(z) its vertical deflection at the point x € Q. This makes sense
since we are in the framework of linear elasticity, that is, the model assumes that
no horizontal deformation takes place. The function u is found as the minimizer of
the Kirchhoff energy functional in different subsets of the Sobolev space W?22(),
incorporating the boundary conditions. One can distinguish the following cases:
(i) clamped: w = |Vu| = 0 on 09, (ii) hinged: v = 0 on 0 and (%ii) supported:
u > 0 on 0. A hinged plate will additionally satisfy a set of natural boundary
conditions, whereas a solution in the supported case will exist only if we assume that
the load f pushes the plate down effectively; in that case a set of natural boundary
conditions will be again fulfilled. It is however common within the mathematical and
engineering literature to confuse the hinged and supported plates. This originates
from the expectation that when pressed down, a supported plate, like a supported
beam, will have a zero deflection on the boundary. Here we prove the contrary: If
the domain has a corner, then a hinged plate cannot be in general a minimizer of the
energy functional if we allow variations with positive boundary values. Moreover, we
illustrate that a hinged plate with C?! boundary satisfies a comparison principle: If
f > 0then u > 0 in . In the last chapter we consider the problem of decoupling
a clamped plate into a system of second order equations. This approach is very
important for numerical procedures, since one can then use standard piecewise linear
elements. We show that such a decomposition yields the correct solutions only if the
domain has convex corners; when a concave corner is present then the system has
no solution.



Zusammenfassung

Die vorliegende Arbeit beschéftigt sich mit der Untersuchung des Kirchhoff-Love-
Modells fiir diinne, tranversal beladene Platten mit Eck-Singularititen auf dem
Rand. Es besteht darin, eine Funktion v : @ — R zu finden, so dass die beschrinkte
Menge 2 C R? die Form einer Platte und u(x) deren vertikale Auslenkung in einem
Punkt x € € représentiert. Dies ist sinnvoll, da sich das Modell im Rahmen linearer
Elastizitdt befindet, das heifst es wird angenommen, dass keine horizontale Defor-
mation stattfindet. Die Funktion u findet sich als Minimierer des Kirchhoff-Energie-
Funktionals in verschiedenen Teilmengen des Sobolev-Raumes W22(Q) wieder, die
die Randbedingungen erfiillen. Man kann die folgenden Félle unterscheiden: (i) eine
eingespannte Platte: w=|Vu| =0 auf 09, (ii) eine gelenkig gelagerte Platte: u=0
auf 0 und (%ii) eine lose aufliegende Platte: w>0 auf 0. Eine gelenkig gelagerte
Platte wird zusétzlich eine Menge natiirlicher Randbedingungen erfiillen, wihrend
eine Losung im Fall einer lose aufliegenden Platte nur unter der Annahme existiert,
dass die Belastung f die Platte tatsdchlich herunterdriickt. Allerdings ist es in der
mathematischen und Ingenieur-Literatur weit verbreitet, die Begriffe der gelenkig
gelagerten und der lose aufliegenden Platte zu verwechseln. Dies kommt von der Er-
wartung, dass sich eine lose aufliegende Platte beim Herunterdriicken wie ein lose
aufliegender Balken verhélt, ndmlich ohne positive Auslenkung auf dem Rand. Hier
beweisen wir das Gegenteil: Hat das Gebiet eine Ecke, kann eine gelenkig gelagerte
Platte im Allgemeinen kein Minimierer des Energie-Funktionals sein, wenn wir Va-
riationen mit positiven Randwerten zulassen. Dariiber hinaus zeigen wir, dass eine
gelenkig gelagerte Platte mit C*!'-Rand das folgende Vergleichsprinzip erfiillt: Falls
f >0, dann ist w > 0 in €. Im letzten Kapitel betrachten wir das Problem der
Entkopplung einer eingespannten Platte in ein System von Differentialgleichungen
zweiter Ordnung. Dieser Ansatz ist fiir numerische Abléufe sehr bedeutend, da dann
stiickweise lineare Elemente verwendet werden konnen. Wir zeigen, dass eine solche
Zerlegung nur dann die richtige Losung liefert, wenn das Gebiet konvexe Ecken hat;
existiert eine konkave Ecke, so hat das System keine Losung.
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Chapter 1

Introduction

The theory of second order elliptic boundary value problems has been significantly
well developed over the past years. Many powerful tools have been constructed and
used in order to prove qualitative and quantitative properties of solutions to such
problems. The maximum principle (i.e. the assertion that a solution of an elliptic
equation in a bounded domain will attain its maximum value on the boundary)
is maybe one of the most basic tools. It can be used to obtain estimates, prove
symmetry of solutions and even define certain types of them (the use of viscosity
solutions for example is based on the presence of a comparison principle).

On the other hand, when one considers higher order elliptic equations, such basic
tools do not exist, even for simple cases. A model operator in this case is the bilaplace
operator. It arises naturally in the theory of plate bending and Stokes flow. It thus
becomes reasonable to seek specific configurations where such maximum principle-
type results hold true.

The main goal of this work is to address issues of sign-preserving and regularity
properties of boundary value problems involving the bilaplace operator, arising from
linear elasticity, in planar domains with corners. In the rest of this introduction we
are going to describe the various models under consideration and the corresponding
problems to be addressed.

Notational conventions. Points in R" will be denoted by x = (1, .., z,) whereas
in the planar case we also write (z,y) € R?. Moreover, ds will generally denote the
(n — 1)-dimensional boundary Lebesgue measure. Differentiation will be denoted
with subscripts (e.g. ug, Uy, Upy, Uz, a,) OF using the standard multi-index notation:
for a = (a1, ..., an) € N” with |a] = a1 + ... + a,, we define

lal
Oa : 9

N R T
Ox{" - Oxp™
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To avoid confusion, directional derivatives will be denoted exlusively by 0, where  is
the corresponding direction. Moreover, n and 7 will denote the exterior unit normal
and tangent vector (counter-clockwise oriented in the planar case) respectively and
the LP and W™ norms will be written [|-||,, and [-[|,, , whenever there is no confusion
on the domain of integration.

1.1 The mathematical setting

The Kirchhoff-Love model for thin elastic plates can be considered as the Euler-
Lagrange equation that arises in the following minimization problem:

Find ug : Q — R in an appropriate family of functions V, with

Jo (up) = min J, (u) ,

uey

where

Jo(u) == /Q (2(Au)® + (1 - U)(uiy — UgglUyy) — fu) dzdy.

Here 2 C R? represents the shape of the plate and ug(z) the vertical deflection at
x €  under the load density f(z). Note that we assume that the plate exhibits no
horizontal deformation and has zero thickness. The parameter o denotes the Poisson

ratio, which is defined by o := m The constants A and p are named after G.

Lamé and depend on the material. Usually A > 0 and g > 0 and hence 0 < 0 < %
The minimal value of the functional corresponds to the elastic energy of the deformed
plate. Introducing the boundary conditions through an appropriate set of functions
V, one models the different cases. For references concerning the above discussion
and the derivation of the model see the book [I7] or the survey [55].

The Poisson ratio gives a measure of the tendency of materials to expand or contract
in the other directions when they are forced to expand or contract in one direction
respectively. Most materials tend to expand when forcefully contracted in one direc-
tion and thus possess a positive Poisson ratio; cork has almost zero and metals are
close to 0.3, whereas for some exotic foam polymers o < 0, i.e. they can contract
in all directions when they are forced to do so only in one (see [55] and references
therein).

Assume that f € L?(€2), the minimizer is smooth enough, and that the set V is open.
Then one can integrate by parts the weak Euler-Lagrange equation J. (u;¢) = 0,
that is

/Q (AuAgo + (1 = 0) (2uayPry — UsePyy — UyyPaz) — f(p) drdy =0
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for all ¢ € V, to obtain, for a sufficiently smooth domain, the differential equa-
tion and the corresponding natural boundary conditions. After the aforementioned
integration by parts, the equation J/ (u; ) = 0 becomes

0 = / (JAu +(1-o0) 8,mu) On ds — / ((1 = 0) Orrpu + OnAu) ¢ ds
oN o0

+ /(Azu—f)godx for all p € V (1.1)
Q

and one can distinguish the following cases:

e The clamped plate problem, the pure Dirichlet case, with V = VVO2 2(9) is as
follows:

{ Ay =f in Q,

u=0,u=0 on 0N. (1.2)

e For the hinged plate we have V = W22(Q2) N Wol’2(Q) and the boundary value
problem becomes:
Ay = f in Q,
u=20 on 012, (1.3)
oAu+ (1 —0)Oppu=0 on 0NQ.

e For the supported plate we have V = {u € W22(Q); min(u,0) € W012(Q)} In
this case we are minimizing in a closed subset of W22(2) and the solution will
satisfy a variational inequality. Applying local arguments (for more details see
Chapter 2, Example one sees that a (smooth enough) solution u should

satisfy:
Ay =f in ,
u >0 on 0f),
oAu+ (1 —0)Oppu=0 on 09, (1.4)

u(z) =0 or

O (Au(z)) + (1 — 0) (Oprru) () =0 for = € 02

e If a smooth connected subset I' C 02 is such that no physical constraints
are imposed on the plate (i.e. one has a “free edge”), the natural boundary
conditions that appear are

ocAu+ (1 —0)0ppu = 0Au+ (1 —0)Oprru=0 onT. (1.5)
The last boundary condition in ([1.3)) and (1.4 can be rewritten as
oAu+ (1 —0)Oppu = Au— (1 —0)0rru — (1 — 0)kOpu on 0N

and O-rulgg = 0, when ulgpg = 0. The function k is the signed curvature of the
boundary (positive on strictly convex boundary parts).
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1.2 Supported versus hinged boundary conditions

In the mathematical and engineering literature the (simply) supported and hinged
boundary conditions are often confused. Let us differentiate once more between these
two conditions:

e hinged: the deflection of the plate is zero on the boundary;

e supported: the deflection of the plate cannot become negative on the boundary.

The reason for the above confusion lies mostly in the fact that in the case of the
bending of a slender beam the two conditions above are trivially identical. It is
however natural that in the case of a plate one should seek an answer to the following
question:

Does a plate which is supported at its boundary by walls of constant height
and is pushed downwards, touch its supporting structure everywhere?

It is widely accepted in the engineering literature that a rectangular supported plate
will lift at the corners when pushed downwards. A rule of thumb is described by Fig-
ure One approximates a thin plate by a configuration of 9 rigid tiles, elastically
connected to each other, and supposes that the force is distributed over 12 points at
the boundary. Pushed downwards by a uniformly distributed weight of size 1, the
forces working on these 12 points act as depicted in Figure That is, upward
forces appear at the corners which, if the roof is not fixed to its supporting walls,
will tend to move the plate upwards. See also [8, pp. 178-182].

In Chapter |3| we will show that a similar result comes out from the continuous
formulation. Within the framework of the Kirchhoff-Love model, a negatively loaded,
simply supported plate will exhibit bending moments, concentrated at the corners,
which will force the plate to lift there.

1.3 A preferred strategy for finite element approxima-
tions

A common numerical practice to approximate solutions for higher order boundary
value problems is to rewrite these equations as systems of at most second order
equations (see for example [4]). The reason for this is that the weak formulation of
second order equations allows the solution to be approximated by piecewise affine
functions. Hence, one is able to approximate the solution by taking a sufficiently
fine mesh with corresponding piecewise affine finite elements in C%!'. Proceeding
directly with the fourth order problem would need finite elements in C1'. Although
the theory is well known for higher order finite elements, there are several reasons
why piecewise affine elements are preferred. To name two: (i) generating appropriate
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1
6

Figure 1.1: A discretized square roof with homogeneous weight distribution lifts at
the corners.

higher order finite elements is much more elaborate and is not well represented in
the available numerical packages; (7i) for elements in C''! one needs more elements
and also there is much larger overlap in the supports. This leads to bigger and less
sparse matrices.

The aim of this work is to compare such solutions coming from decoupling a fourth
order equation from linear elasticity, in planar domains with corner type singularities.
As a model problem we will consider the biharmonic (or plate) equation

A*u=fin Q (1.6)
with two different types of boundary conditions:
e Navier boundary conditions:
u = Au =0 on Jf. (1.7)

On straight boundary parts and away from corners these also represent the
boundary conditions satisfied by a hinged plate.

e Dirichlet boundary conditions:
u = Opu =0 on 0N. (1.8)

These occur when the plate is clamped at the boundary.



1.3. A PREFERRED STRATEGY FOR FINITE ELEMENT APPROXIMATIONS 8

Such so called “mixed formulations” have been extensively studied from the numerical
point of view and error estimates have been proven when the solution of the boundary
value problem is smooth enough. A starting point in the case of bilaplace problems
was the work by Ciarlet and Raviart in [I2]. Many works have since followed; see
[19, 44] [45] [52]. C. Davini in [I6] uses a dual mesh to produce an unconstrained
method out of a mixed one, whereas in [I5] a way to treat distributions over mesh-
sides using only piecewise affine elements was introduced.

The analysis of the fourth order system usually starts with proving existence in
W22 (Q) and continues by using regularity results to find that the solution is smoother.
For a corresponding second order system one proves the existence of a pair (u,w) €
Wh2(Q) x W2 (Q). In case of smooth domains one may use those regularity esti-
mates to show that both solutions are more regular and hence coincide. In domains
with corners however the different settings might each have a unique solution, but
generically these solutions are different. Polygonal domains €2 are natural for the
plate equation. Precisely for those domains the decomposition of a fourth order
equation to a second order system, namely —Au = w and —Aw = f, changes the
natural mathematical setting since standard regularity results for smooth domains
do not usually hold in the presence of corners.

Concerning the Navier case, which is sometimes also referred to as hinged boundary
conditions, we may refer to results of Nazarov et al. in [48] or to [57]. The Dirichlet
problem has the additional difficulty, that, due to the boundary conditions, the
resulting system of second order equations cannot be solved directly: One obtains
boundary conditions only for u and none for v. This difficulty is overcome in [45]
where the author studies a different kind of decomposition. However, one notices
that the Shapiro-Lopatinksii complementary condition is satisfied for the system
and thus, one expects that the problem is well defined.

We will assume f € L? (Q) with Q C R” a bounded domain but would like to empha-
size that even for f € C§° (€2) the same phenomenon can be observed. Indeed, the
regularity problems do not come from the non-smoothness of f but are consequences
of the nonsmooth boundary.



Chapter 2

Tools

In this chapter we are going to develop some of the theory that we are going to use
later. Some tools are standard and thus briefly stated. Proofs are given when the
results are less known or new.

2.1 Elliptic boundary value problems in domains with
corner singularities

We will start first with a definition concerning the smoothness of the boundary of
domains in R”. We will consider domains which have a smooth boundary with
the exception of a finite number of conical points (or corners in the case of planar
domains).

Definition 2.1.1 We say that an open, connected and bounded domain 2 C R"™
is piecewise smooth (or C*) with conical boundary singularities (or corners in the
planar case) if the following hold:

(i) There ezists a set S C O of finite cardinality, such that OQ\ S is smooth (or
ck).

(ii) If xg € S, we assume that there exists € > 0, depending on xq, such that
Bg(xo) N = Bg(l’o) N ,C;,;O.

Here K4, is the following cone

Kz =92 €R" 0 < |z —z0| and LT ey , (2.1)
|z — o

where Q' C S"71 (the (n — 1)-dimensional sphere) is open, with 9 € C°.
The point xg is called a conical point (or corner in the planar case) of ON.
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We generally consider problems of the type

Lu=f inQ,
{ Bu=0 on 01, (2.2)

where L is a differential operator of order 2 and B = {By, ..., B;} a vector of boundary
differential operators, each of order m; < 2l:

Lu = Z ao () Oqu and (2.3)
<21
Bju = Z bja(x) Oqu for j =1,...,m, (2.4)
|al<m;
olal
where o = (s, ..., ) € N" and 0, = —5—————. For the coefficients we assume

Oz{* - - dxp
that aq(z),bjq(z) € C°(Q) for all i = 1,..., N and j = 1,...,I. Moreover, for every
€ € R" and o € N" we define £ := £ --- 9. Important properties of the above
operators are described through the following definitions.

Definition 2.1.2 £ is said to be properly elliptic at x € Q if for all £ € R™\ {0}
holds that

op(§) = > aa(2)E" = D aa(@)Et -5 #£0.

|a|=2m |a|=2m

The form o, (&) is called the (principal) symbol of L.

Definition 2.1.3 A system B = (Bi,..,B;) of boundary differential operators is
called normal at x € O if one has for the orders m; of the operators B; that

0<m <mo < - <mp_1 <my <2l

and for all j = 1,....1 that

Z bjal(x)n(x)* #0,

lo|=m;

where n(x) denotes the exterior normal vector at the point x € 0S2.

The complementary condition. It is also known as the Shapiro - Lopatinskit
condition and was established independently by Ya. B. Shapiro and Z. Ya. Lopatin-
skil in 1953 (see [36, Note 4.5.1]). It concerns the transformation of problem
into a system of integral equations on 92 and the normal solvability of the original
boundary value problem. In order to state the condition in its algebraic form we
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need to make a preliminary discussion: Let &, n € R™\ {0}, linearly independent,
and z € Q. If (2.2) is elliptic, we can factorize the following polynomial for z € R

Z aa(2)(§ +2n)" = a;§7n(z)a;£7n(z)7
|a|=2m

such that the zeros {z; }l_; of oz;£ , and the zeros {z;° H_, of o, ¢, satisfy Re zm >0

and Re z; < 0 respectively. If 7(z) and n(z) denote a tangent and the normal vector
at x € 0f2, we define the polynomials

pi(z) = pj (z,7(@),n(@)) = Y bjal2) (r(2) + 2n(x))”
lal=m;
Now we can state the condition.

Definition 2.1.4 Problem (2.2)) is said to satisfy the complementary condition at
x € 09, if for each tangent direction T(x) and the exterior normal vector n(x), the
polynomials pj(z) are linearly independent modulo a;T(x) n(z)(z).

Concerning the different forms of the complementary condition, one can see [306,
Definition 2.2.2, p. 40| for the case that € is a half-space, or [31] Definition 20.1.1,
p. 233] for the case Q being smooth.

The following definitions summarize the essential properties of problem (2.2). Let S
denote the set of conical points of 0f2.

Definition 2.1.5 The boundary value problem (2.2)) is called regular at Q\ S if the
following conditions hold:

(i) L is properly elliptic for all z € Q\ S,
(ii) B is a normal system of boundary operators for all x € OQ\ S and

(iii) problem (2.2)) satisfies the complementary condition for all z € OQ\ S.
The next definition is in line with the assumptions considered in [35].

Definition 2.1.6 The boundary value problem (2.2)) is called admissible if it is reg-
ular at Q\'S and for all zg € S, the problem

Z aq(x0) Oqu :f in Ky,
|a|=21
Z bja(z0) Ouu =0 on 0Ky, forj=1,..m,
|lal=m;

where

oy fle) in QN Ky,
f(:”)"{ 0 in Ky \Q

satisfies the complementary condition for all x € 0Kz, \ {0}, where Ky, is as in

).
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Next we are going to define weighted Sobolev spaces in which problems of the type
(2.2) are to be solved. First we need the following: Let S be again the set of all
conical points of €2 and define

CP(Q\S) = {u € C(Q); Ive C®R"): VUjg = w and suppu CQ\S}.

Definition 2.1.7 (Weighted Sobolev spaces on cones) Let (r,0) be a spheri-
cal coordinate system centered at xg € R™, m € N" and Ky, as in . Then
define
3
lullwegen, = [ /’C P20l g 12 gy (25)
[m|<k ™70

and the following weighted space on Ky, :

WE(Kay) = Cg (Ko \ ) A0, (2.6)

Definition 2.1.8 (Weighted Sobolev spaces on domains) Let S denote the set
of conical points of 0. For every x € S we let e, > 0 be as in (ii) of Definition

and ( € C®(Q) a cut-off function with

¢, = 1 inﬁﬂBEz/z(m),
* 0 inQ\ B, ().

Moreover, set ( =1 -3 .gC and
C/\U ] Gu in QN Ky,
A=UT0 imnKe\ (QNKy).
Then we define

WEQ) = Cr@\ ) e, (2.7)
where -
lullwe o) = ICullyre(q) + ZS [1Coul Iy, - (2.8)
TE

Definition 2.1.9 We define W§—1/2 (09) to be the space of traces on IS of functions
in WF(Q) with the norm

Jully vy =, jnf {Ilollwq; von =u}.

The latter are Banach spaces with the endowed norms. Following [23| [35] one has
the following embedding properties:

Proposition 2.1.10 The following hold true:
(i) If o — oaq < 2(k — k1) <0, then WE(Q) — Wk (Q) compactly.
(i5) WE(Q) — Wk2(Q) if and only if a < 0.

(i) Wk2(Q) — WE(Q) if and only if a > 2k.
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2.1.1 Solvability in an infinite cone

We will sketch the argumentation in [35] in order to find a solution to the following
problem

Lu = f in Ko,

{ Bu=0 on 0Ky, (2.9)

where Ky is an infinite cone with its vertex at the origin (see (2.1))). We assume
that is admissible in K. Let (7,6) be a system of spherical coordinates in R™.
Applying a change of variables with  — (r,0) and r = e in , we arrive at the
equivalent problem

{ Liu=f1 in D, (2.10)

Biu=0 on dD,
where D is an infinite cylinder, that is, we have pushed the singularity at the origin
towards 4+o00. Note that since (2.9)) admissible, that is elliptic away from the vertex
of the cone, and the transformation is a diffeomorphism, problem (2.10)) is elliptic in
D. Now, one applies the following partial Fourier transform

u(0) = Fy (u(t,0)) := /+OO e~y (t, ) dt

—00
to arrive at the problem

{ Lyi=fi inD, (2.11)

Byxi=0 on 0D,
where D’ is the profile of the cylinder D. Note that 9D’ € C* and then for each
A € C problem (2.11)) is regular in D’.

Definition 2.1.11 An eigenvalue of (2.11)) is a complex number X\, such that the
problem

E)\ﬂ =0 DI,

Byxi=0 on oD’
has a nonzero solution uy. The dimension of the space of these nonzero solutions is

called the (algebraic) multiplicity of the eigenvalue X. The nonzero, linearly indepen-
dent solutions uy s for s = 1,2, ..., are called the eigenfunctions of (2.11)).

Now one can prove the following (see [35, Theorem 1.1])

Theorem 2.1.12 Let k > 0, a € R and f € WE(K). Then, if there are no
eigenvalues of (2.11)) lying on the line

_2k+4l—a—n

= 5 ,

Im A\

problem (2.9)) has a unique solution u € Wﬁ*zl(lco) and there exists a positive con-
stant C, such that

el se210s) < € 1 sy -
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If extra regularity is present one can state the following

Theorem 2.1.13 Let k1 > k, a,oq € R and f € W (Kg). Moreover, define the
numbers

2k +4l —a—n 2k1 +4l — a1 —n
= 5 and hy := 5 .

If h < hy, if there exist no eigenvalues of (2.11) on the line Im A\ = hy and if the
unique solution u of ([2.9) satisfies u € WET2(Ky), then

h:

My
U= Z Z exst M Inr)suy o+ w,

h<Im A<hy s=0

where
el 2y < € (1t gy + Il

and w satisfies

Lw=f in Ky,
Bw =0 onJdKy.

The numbers My are the multiplicities of the eigenvalues A and for the eigenfunctions
one obtains that uy s € C*(D’).

2.1.2 Solvability in bounded domains.

Now we turn to the case when € is such as in Definition 2. 1.1 Here we cannot
prove existence of solutions in a direct way, but we can guarantee that if a solution
exists and posseses some extra smoothness, then it has a certain expansion near a
corner. This can, however, be useful in proving nonsmoothness of solutions as we
will illustrate in an example. In the following theorem we set

(rxoaemo) = <‘.Tf - x(]‘ ) x_xo‘> )

|z — xo
a spherical coordinate system centered at xg € S.

Theorem 2.1.14 Let h, hy,k, k1, a, a1 as in Theorem and assume that k <
ki, h < hy and f € Wfll(Q) Moreover, assume that there are no eigenvalues of
lying on the line Im X\ = hy and that there exists a function u € WF2(Q)
which solves . Then, for every xg € S there exist £,C,C" >0, cxs €R, q € Z,
functions of the form Py 4(t) = Z?;alm)‘ai(exo)ti, where a; are smooth functions
of Oy, and w € ngll“l((l), such that for all x € B.(xo) N Q the expansion

My

u(z) = Z ZC)\,ST;OM(ID T20)° Prs,g (oo (In720)7) + w(2)

h<ImA<hi s=0
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and the following estimates hold true:
HwHW;“%""QZ(Q) S C (Hfuw(’;%(g) + Hu‘|W£+21(Q)> )
12w = sy < € (IF sy )+ Illoaey) and

(12 020) = £ {15207 P (1 1072,)1) } ) € WA,
where M)y is the multiplicity of the eigenvalue ).
Proof. See [35, Theorem 3.3]. [

Example 2.1.15 Let Q be an open bounded subset of R? such that (0,0) € 92 and
0Q is smooth (locally the graph of a C*° function) except at (0,0). For w € (0,27)
define

K :={(z,y) € R (2,y) = (rcosh,rsinf),r > 0,0 € (0,w)}.

Concerning the form of 02 at the origin, we assume that there exists € > 0 such that
QN B. = KN B., where B := {(x,y) € R%; /22 +y? < e}. Consider the Poisson

problem for the Laplace operator:

—Au=f in{,
{ u=0 on 0. (2.12)

Let f € L?(Q). We claim that if there exists a unique solution u € W2(Q2) of
then it has the following expansion inside B, o M €2

u(r,0) = Z erj?ﬂ sin %9 +w(r,0), j€Z\ {0}
0<im<1

in polar coordinates (r,0), where w € W2’2(BE/2ﬂQ) and C; are some real constants.

To prove the claim, consider the problem

—Au=0 ink,
{ u=0 ondK. (2.13)
» L . ‘ 1
Writing the Laplacian in polar coordinates (r,0) and setting T = In— and v =
r

e"u(r,0), we obtain

10 ([ Ou(r0) 1 0%u(r,0)
Au(r,0) = a( or >+r2802

(P o
N 002 0712
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and becomes equivalent to

v 0%
— +-—==0 f) e Rx (0
862 + 87—2 fOT‘ (7—7 ) E X ( 7CL)), (214)
v(1,0) =v(r,w) =0 forTeR.
Next we apply the partial Fourier transform
(N, 0) = Fr[u(r,0)] == / e Ao(T,0) dr
to obtain the following boundary value problem
V") = N2V(0) =0 for 0 € (0,w), (2.15)
V(0) =V(w) =0, '

where V(0) = V\(0) := 9(A,0). Problem has nonzero eigenvalues only when
Re(N\) = 0. In this case they are given by

Jyp i%” jez\ {0} (2.16)
with corresponding eigenfunctions
®; =sin(—i\;0), j € Z )\ {0}. (2.17)
Now let x € C°(Q) be a cut-off function, such that

_J 1, when (x,y) € B, N,
X(@y) = { 0, when (z,y) € Q\ B:

and calculate

—A(xu) = —ulAx—xAu—2Vu-Vy
—ulAx + xf —2Vu-Vy
= fi.

Moreover, using the elementary inequality (a + b+ c)? < 4(a® + b? + c) and the fact
that

1
< o
‘8mX| > Cg‘m‘

(see [30, p. 25]), we obtain
[ nPasdy < af juaxpdedya [ P dedy
B:NQ B:NQ BN

+16/ |V - Vy|? dedy
BN
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= 4/ luAx|* dedy + 4/ Ixf|? dzdy
(BEOQ)\B6/2 BEQQ

+16/ |Vu - Vx|? dedy
(B-N)\B. 2

IN

4 sup |Ax|2/ lul? dzdy
xe(Bst)\Be/z (BEQQ)\BS/Q

+4 / |f|? dzdy
B:-NQ

+16 sup ]VX\2/ |Vu|* dedy
2€(B:NQ)\B. /5 (BeNSO\Bc /2

IN

C1 2 2
574 ||u||L2((BE|"]Q)\B€/2) +4 Hf“LQ(BgﬂQ)

C2 2
+? HVUHLQ((BEI’]Q)\BE/Q) . (218)

Since

HXUHW22(Q) = HXung(mBE) <c3 ||U||W§(QmBE) J
that is, the second order derivatives of uy := xu are well defined in a weak sense over
OB. N Q, we can extend the function uy to a function Uy € W2(K) in the following
way:

~ | wi(z,y), when (z,y) € B-NQ,

un(,y) = { 0, when (x,y) € K\ B-.

Then, Uy satisfies

—Aal = ﬁ in K
’ 2.1
{ ur =0 on ok, (2.19)

where (5.9) 5.9)

-~ | filz,y), when (x,y) € B: N,

H(z,y) = { 0, when (z,y) € K\ Be.
Using estimate , one sees that fy € WI(K) = L*(K). Now apply [35, Theorem
1.2] to problem witha =2, a1 =0,k =k=0,1l=1 and n = 2 to obtain
that there exist nonzero constants C;, such that

o in . mW ,
up = Z Cjr'e sin Uﬁ +w, jeZ\{0}, (2.20)
0<2T<1

where w € WE(K), when w # jr. Moreover, one has that Wg(ICﬂBE/Q) c W22(Kn
B.)2) and since ﬁllBE/,ﬁ,C = u, the proof is complete.
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Remark 2.1.16 (An example of nonsmoothness) Let w > 7. Then one term
appears in the asymptotic sum, that is the term

x~ , T
Ui := rw sin —0.
w

We calculate

e/2 e/2
/ (1”3_2)27“ dr = / 3 dr
0 0

- (e
w 0
= oo ] e

since m — w < 0. That means that the second order derivatives of Uy blow up in
L*(QN B.j3) and thus Uy does not belong in W*2(Q N B, ).

Remark 2.1.17 Assuming more reqularity for f, one can obtain more than one
eigenfunctions in the asymptotic sum. That is, if f € Wo'fll(Q), then the sum ranges
over all eigenvalues \; of , such that

2k1—0&1+2

0< Im()\]) < 5

Note, however, that the reqularity of the solution depends strongly on the existence
of the eigenfunctions in the asymptotic sum. If at least one (that is Uy ) is present,
then the regularity is governed by the regularity of Uy. If one does not wish to have
any eigenfunctions in the sum, then restrictions appear due to [36, Theorem 6.6.1].
Hence, the opening angle w will always yield the mazimum possible reqularity of the
solution.
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2.2 A Sobolev approximation theorem

In this section we are going to deal with the question of approximating a Sobolev
function with zero boundary traces with a sequence of smoother ones, sharing the
same trace. This is not clear by standard theorems (see for example [I, Theorem
3.22]), since the construction of the approximating sequence there does not preserve
the boundary behaviour of the approximated function. To be more precise, the
sequence {uy }nen of restrictions of functions in C°°(R™), which is constructed as in
[T, Theorem 3.22] to approximate a function u € W22(Q) N Wol’Q(Q), does not have
Zero traces.

In the case of planar domains with corner boundary singularities, one can consider
the approach of [28, Section 1.6.2]: There exists a complete characterization of traces
of Sobolev functions in terms of compatibility conditions at corners. Thus, one is
able to prove the density of the corresponding trace spaces and one arrives to the
following

Theorem 2.2.1 Let k > 3 and Q C R? be bounded and C* diffeomorphic to a
polygon. Then

lI-ll2,2

WE2(Q) N W, *(Q) = W22(Q) N W2 (Q).

Proof. It is a direct consequence of |28, Theorem 1.6.2]. [

Here we give an alternative approach: we use an extension operator in order to prove
that smooth up to the boundary functions with zero boundary traces are dense in
the space W22(Q) N W&’Q(Q). The extension operator to be used is a rather simple
one: the reflection. Its properties, however, make it suitable for constructing an
extension of a function u € W22(Q) N W&’Q(Q) in a bigger set ' D Q, such that its
mollification will yield the desired approximation sequence.

This method has its advantages and drawbacks. It can be used when Q C R” is C*
diffeomorphic to a convex polytope, but it is inapplicable when a concave boundary
singularity is present.

Define the following hyperoctant-type sets for j =0, ...,n by
S=Sy:={zx=(x1,...,2) € R"; 21, ..., > 0}

(the positive cone in R™) and

S; = (Sj_l U { (X1, ey Tjm1, =T, Tjg1, oo, Tn) € R™; (21, .., 20) € Sj-l})o

that is, S; is the set that consists of S;_; and its reflection over the hyperplane {z; =
0}. Note that S,, = R™. Moreover, define the corresponding reflection operators

(Eju)(x) = { u(@), for z € Sj1,

2.21
—u(a:l, ey Tj—1y =Ty Tty ooey l‘n), for x € Sj \ ijl ( )



2.2. A SOBOLEV APPROXIMATION THEOREM 20

for any function u: Sj_1 — R. A straightforward calculation yields that
Ej: C1(Sj-1) N Co(Sj-1) — C(S;) N Co(S))
is continuous and, moreover, one has the following
Lemma 2.2.2 The operators
Ej : W(8;-1) N Wy *(Sj-1) — W(S;) N Wy (S;)
are bounded and linear.

Proof. Without loss of generality we will prove the claim for the operator

o u(x), when z € S,
(Eru)(z) = { —u(—x1,%2,....,T5), when x € S\ S. (2.22)

The proof for the rest of the Ej}’s is done similarly. It suffices to show that if v €
W22(8)N W&’Z(S), then all weak derivatives of Eyu up to order 2 belong in L?(S1),
which will be straightforward after integration by parts and use of the boundary
behaviour of the functions in the domain. Continuity is then straightforward. Define
uy = Fhu and

Oy u(x), when z € §,
vi(x) = J
J Oz; (—u(—21,22,..., 7)), whenx € S\ S

for j =1,...,n, to obtain that v; € L?(Q). Let j # 1, ¢ € C§°(S1) and calculate

0 0o
/u13xj90d:13:/ {/ </ —u(—xl,xg,...,$n)8xj¢dg;j> dm}dw
S1 (R+)n—2 oo 0
+/ {/ (/ uc“)xjgodmj> da:l}dg;
(R+)n—2 0 0
0
:/( oy </ [_U(—l’l,l'g,...,xn)gp];jzo d1'1> dz
RH)n—2 \J oo
0
_/( +yn—1 </ 8373’ (_u(_xhx?a -'-7xn))80d$1> dxo...dx,,
R+)n-1 \J oo
Jr/(1R+) fl[uw];jﬂ dr1dz
_/( ) 1</ 8m]-ug0d$1>d:r2...dxn
R+)n— 0
0
= /(R+) = (/ (u(_w17$27 7$n)80)‘x]:0 d$1> d.f

_/(R+) l(ugo)|mj:0dm1dx—/s vjpdz, (2.23)
n- 1
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where dZ := dxs...dvj_1dxjiq...dx,. One has that
u(xla sy Lj—1, Oaxj—i-lv 7xn) =0

for all j =1,..,n almost everywhere and thus

0
/(R+)n1(u (p)|xj:0 dr1dT _/(R+)"2 (/_ (u(—m1, 22, ""$")90)|x]-:0 dm) dz

=0

for all 7 = 2,..,n. On the other hand, when j = 1 the calculation is similar, that is

0
/ ulﬁxltpdx:/ (/ —u(—x1, T2, ...,wn)amlcpdaq) dxs...dxy,
n (R«F)nfl —0

+/ </ uarlcpdxl) dxs...dx,
R+)n=1 \JoO

:/ [_U/(_xlax27 ,xn)gﬁ]g ——00 dl'Qd.fUn
() :

1
0
—/ </ Ouy (—u(—z1, 22, ...,xn))cpdwl) dzs...dz,
(RF)"=1\J —o0

—i—/ [wly —o daa...dwy,
(R+)n—1

—/ </ &Ulucpda:l) dxsy...dxy,
(RT)"=1 \JO

:/(\R-’—) . ( - U(_l'l,l'?, 7$n)¢)|x1:0 d$2dwn

—/ (ug0)|x1:0dx2...dxn—/ vipdr. (2.24)
(R+)n—1 Sl

Since u|,,—g = 0 almost everywhere, we have v;(z) = 0 ;u1(x) in the sense of
distributions, that is 0,,u € L?(S;) for all j = 1,...,n. In the same spirit, let

1,7 =1,...,n and define

vis() = Oz, u(), when z € S,
RN Oz, ( — u(—x1, z2, ,xn)) ,  when z € 51\ S.

We claim that &Bixjul = v;;. To that end we consider the following cases:

(1)i+# j and j # 1 : Similarly to |D we obtain
0
/&;iul 8xj<pdx:/ (/ (8331' (— u(—x1, 9, ,a;n)) ‘p)|a:-:0 da:l) dzx
S ®+)n=2\J o0 j

_/(R+) 1(amiu@)|xj_0d$1dx—[S' vijgodx. (2.26)
" 1

(2.25)
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Since u(z1,...,2j-1,0,2j41,...,£p) = 0 almost everywhere,
Op, (21, e, j—1,0, 241, ..., xy) =0 forall i=1,...,n (2.27)
almost everywhere and the claim follows.

(2) i = j # 1 : Here the integration by parts yields

0
/ O u1 Ox].gpda::/ </ ((8mju)(—x1,x2,...,:En)@)‘x'_o d:z:1> dz
S1 (R+)n—2 — o =

_ /(R+)"1 (8xju ‘p)\szo dx1dz — /Sl v dx (2.28)
and the claim follows since ¢ € C§°(S1) imlies that ¢),,—o = 0.

(8) i =j =1: The calculation goes similar to (2.24), that is
/ Oy, u1 Oy, dx :/ <8w1 ( — u(—x1, T2, ...,xn)) cp) dxsy...dxy,
51 (Rt+)n—1 |z1=0

(R+)n—1 s
:_/ VL1 42, (2.29)
S1

since the boundary terms cancel each other.

(4)i# j and j =1 : As in the previous case

/ Op,u1 Op,pdx = / (—(Bxiu)(—xl,xg,...,acn)go)lwlzodacg...dxn
Sl (R+)n—1

_/ - (amiu¢)|x10d$2...dmn—/ Uz‘jQOdJ}

(R+)n 1 s,

- _/ V1L 62, (2.30)
S1

since u(0, zg, ..., zy) = 0 almost everywhere implies that
(0z,u)(0,z2,...,x5) =0 forall i =2,...,n.

Thus the claim is proved for all cases. [

Corollary 2.2.3 For j =0,..,n — 1, the operator
Ej =F,o0..0 EjJrl : W2’2(Sj) N W01’2(Sj) — W2’2(Rn) N WOLQ(Rn)

18 continuous.
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Next we move on to construct the approximation sequence. Define

Co(Q) := {u e C(Q) with upy =0}.

Theorem 2.2.4 Let Q C R™ be bounded and open such that for every x € OS2 there
exist a j € {0,....,n — 1}, € > 0 and a C* diffeomorphism ® : R" — R™ with k > 2,
such that the following hold:

(1) ®(x) =0,
(i1) ® (B:(x)NQ) CSj and
(iii) ® (Bs(x) N oY) C 0S;,

where the sets S; were defined in the begining of this subsection. Then

CE@) N Co@) 2 = w22(Q) n W2 (Q).

Remark 2.2.5 The assumptions imposed on Q imply that 9Q € C* with the excep-
tion of a finite number of points where it is C* diffeomorphic to one of the S;’s.
Indeed, since 0S) is compact, one needs only a finite number of diffeomorphisms to
draw the boundary. Moreover, OS2 is Lipschitz and this allows us, using Stein’s exten-
sion Theorem (see [1]), to identify a function u € C*(Q) with its smooth extension
m R"™, i.e.

CH(Q) = {u € C(Q); Jv € C*R™), such that u = v@} :

Remark 2.2.6 In case of planar domains, the prerequisites of the previous Theorem
imply that the only singularities that can occur on 9€) are convex corners.

Proof of Theorem Let u € W22(Q) N Wol’Q(Q) and fix x € 00 and its
corresponding ®, S; and € > 0 according to the assumptions of the Theorem. Since
® is a diffeomorphism, there exists ¢’ > 0, such that @~ (B./(0) N S;) C B.(z) N Q.
For p > 0 we define the standard mollifier in R™, that is n,(x) = p~"n(z/p), where

1
T z2
n(z) =14 © ,  when |z| <1,
0, when |z| > 1.

Define the coordinate transformation operator
®: W (o' (B~(0)NS;)) — W>? (B(0)N S;)

with ®u = (®u) (y) = u (@' (y)). Following [I, Theorem 3.41|, one has that ® is
well defined and bounded with a bounded inverse ®tu = (& 'u) (z) = u (®(x)).
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Now apply the E; extension operator defined in Corollary to obtain a function
E; ®u € W22 (ng (0)), symmetric with respect to the hyperplanes

{a: eR™ z,_; = O} for i=0,..,n—j.
This implies that for p small enough

N * (Ej ®u) 5, (0)n0s, =0, (2.31)
since 1), is radially symmetric. Now we define
Uy = & (np « (B <I>u)> (2.32)
and claim that there exists ¢ > 0, such that:
() up € CH (B @ N G),
(i1) Uo| By ()00 = 0 and

(iii) ||lu, — UHW?’Q(BE//(z)mQ) — 0 for p — 0.

Assuming that the claim holds and since 952 is compact, one obtains for i = 1,.., N,
x; € 09 and the corresponding ¢/ > 0, that 92 C Ufil B_y(z;) and that there exists

Y ccC Q such that Q C Q'U (Uf\il By (xz)> Now let {¢;}; be a smooth partition

N N
and define v, = 3 ;" Gup,i,

i=1

of unity subordinate to the covering { o, {BE;/ (xl)}

where B
up; =B (np * (B @iu))

and ®;, E; are the coordinate transformation and extension operators corresponding
to ;. Then, by standard argumentation, (i) and (4ii) yield that v, € C*(Q) and

v, — uHWm(Q) — 0 as p — 0, whereas (%) implies that v, € Co(€2) which yields the
result.

Proof of the claim: (i) Since E; ®u € W22 (B./(0)), we obtain that 7, * (E; ®u) €
C*(B.(0)). Moreover, ® is a C* diffeomorphism which implies that there exists ¢ >
0 with e” < ¢/, such that ® (B.»(x)) C B.(0) and more specifically ® (B.»(z) N ) C
B.(0) N S;. Thus the function u, : Bor(z) NQ — R is well defined and the C*
continuity follows immediately since it is a composition of C* functions.

(ii) It follows from (2.31) and the fact that ® (Bev(x) N 0Q) C Bws(0) N 3S;.

(17i) We have that

n * (Ej ®u) — E; ®u strongly in W22 <¢> (Ber(z) N Q)) .
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Since both ®, @1 are linear and bounded, they are continuous which implies that
! (np * (E; ®u)) — ! (Ej <I>u)

strongly in W22 (Bgn(a:) N Q) However, one has that E; ®up_,)ne = Py B, ()
and the claim follows. ]
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2.3 Norm Inequalities

Since weak solutions for fourth order equations lie in W22, one has a number of
different norms to work with. The equivalence of these is generally depending on the
smoothness of the boundary. In this section we prove some of these equivalences.

2.3.1 A higher order Poincaré type inequality

It is well known that for a bounded domain € it holds that [|u[[ ,2(q) < ca [[[Vull[2(q
for u € WlQ(Q), but it is less known that ||[Vul||;2q) < co H‘V U‘HLQ for u 6
W22(Q) N WOI’Q(Q). We will, thus, include a proof. Con51der x = (:Bl,..., xn) € Q

and write dr and ds for the n-D Lebesgue and (n — 1)-D surface measure.

Define the following semi-norm

|U|2,2 = H|V2

where V2u denotes the Hessian matrix of w.

Lemma 2.3.1 Let Q C R"™ be a simply connected, open and bounded domain. Then
there exists a constant ¢ > 0, such that

/ V(@) dz < e [ul2, for all ue W2(Q) A C2(Q) N Co(D).
Q b

Proof. First we consider the 1D case and assume that u € W22(0,1) N C%(0,1) N
Co[0,1]. Since u(0) = u(l) = 0, the mean value Theorem shows that there exists
zo € (0,1), such that u'(xg) = 0. Using twice Holder’s inequality, one has that

/\u (2)[? do /m: /:u"(t)dt v < / </ ”(#) |dt> de
[ACL wora) ([ a)] e
l

IN
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o
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=
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l ) l

Since / {u'(az)ﬁdw = / ‘u’(:c)‘de +/ {u’(az)fdx, one obtains the desired
0 0 T

result. ’

In the n—dimensional case we will proceed using Fubini’s Theorem and the above
result for one variable at a time, that is

/|Vu\2 de = /// |Vu(x1,:u2,...,:Un)|2dxn...dx2d$1
Q 1 Jx2 Tn
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= / / / (Jtzy |* + a2+ oo + g, |?) dzp...dzodzy
x1 J o Tn

< c/ / / (|u961:,31|2 4+ .+ |uwnxn|2) dxy,...dredx
x1 J T2 Tn
2
< clulyy-
Thus the assertion is proved. ]

Remark 2.3.2 A related result will hold for functions with nonzero boundary condi-
tions. Let Q) be a simply connected, bounded domain of R™. Then there exists ¢; > 0,

such that
/ \Vul*de < ¢ <|u|§2 +/ |Vu2ds>
Q ’ o0

for all uw € W22(Q) N C%(Q) N CL(Q).

Based on a remark on a theorem of Meyers and Serrin (see [1, Theorem 3.17]), stated
in [25], one can prove the following

Proposition 2.3.3 Let 2 C R" be bounded, with Lipschitz boundary and define
C’é‘“(ﬁ) as the space of k-differentiable functions whose derivatives up to order k are
zero on 0S). Then, for m > k + 1 it holds that

WP Q) N C(@Q) N ChE) 1 = e () n Wi (Q),

Proof. For consistency reasons we will first outline the proof given by Meyers and
Serrin. Let £ € N and define

1
Q= {x € |z < k and d(z,00Q) > k}’

Q_l = QO = @

Setting Uy := Qi1 N (Qk_l)c one sees that {U},cy is an open covering of €2, so
there exists a partition of unity ¥ subordinate to {Uy},cy. Moreover, let ¢ be the
sum of the finitely many functions ¢y € ¥ with support in Uy and 7. the standard

mollifier. Fixing
1

k+1)(k+2)

one can see that 7. * (¢¥u) has support in Vi := Q0 N (Q_2)° CC Q. Choose ¢
small enough, such that

O<e<

€
172 * (hru) — wku”wmm(g) = [|7e,, * (Yru) — @/’k“HWm,p(Vk) < ok (2.33)
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and set

Pe = Z?kk wku

Then ¢. € C°°(2) and, since ¢ is independent of V;, one obtains that ||¢e — ull,, , o <
E.

Following |25l Remark 1.18, p. 16| we consider § > 0, p > 0, xg € 9Q and ko =

F-‘ — 2. Then one has that
P

o0

05(@) (@) = Y (5, * (Vu(@)u(@) = vu(0)u(@))

k=ko

for all x € B,(x0) N . Now, estimate (2.33) yields

||'LL - ¢5HWm,p(Bp(x0)mQ) g Z ||J5k T;Z)ku d}k‘uHWm,P(Bp(g;O)ﬂQ)

k=ko
1
< 5> o
k=ko
< 2786

Assuming that the norm on the left is not identically zero, there exist constants
¢(0), p(0) > 0, such that for all positive p < p(d) one has

_1
¢(8)p* < llu = Gsllyrmn(5,(moyn) < 86277,

which cannot be true. Thus for p small enough

1w = @sllywms (B, (@o)n0) = 0

which together with Lebesgue’s differentation Theorem implies that the traces of the
m — 1 order derivatives of the approximating sequence s agree in an LP-sense with
the ones of u (which are well defined since 0f2 is Lipschitz) and the claim is proved. m

Combining Lemma and Proposition [2.3.3] we obtain the desired result.

Corollary 2.3.4 Let 2 C R" be bounded with a Lipschitz boundary. Then ||, 5 and
[l5.0 are equivalent norms on W22(Q)N Wol’z(Q),
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2.3.2 The “second fundamental inequality”

We would like to consider the cases when the Laplacian of a function is a norm. The
matter is not simple and is tightly related to uniqueness and regularity of solutions for
Poisson’s equation. The “smooth” version of the result needs no convexity assumption
on the domain, no matter what the dimension is. For simplicity, we give here only
the planar case:

Lemma 2.3.5 Let Q C R? be bounded and piecewise smooth with the exception of a
finite number of corners. Then there exists a positive constant C' such that

lullyy < CllAully for allu e WH2(Q) N Wy2(Q). (2.34)

Proof. First assume that u € W2(2) and integrate by parts
/ Ugpllyy dxdy = / (Upzplyno — UgyUyny )ds + / uiy dxdy
Q o0 Q

= / (Uzpyyny —umumyng)ds—i—/ uiy dxdy.
a0 0

Since u = 0 on 01, one obtains that ug|pn = n10,u and uylspn = n2dyu and we
calculate

/Q (Au)*dedy = /Q (uZy + 2uagtiyy +ul,) dady
= /8 (T Uy, = iyt = Uyt ds
{119
— /a Ot (3 + gy = 2umina) ds + ||Vl
= /a . O (Au — ugend — uyyni — 2ugynins) ds
+[lIv2ul;

_ / A(s) (Bu)? ds + [||Vul2,
o2

where we have taken into consideration the fact that u,,, = n%uzx+n%uyy+2n1 N2Usz y
and Au = Oppu + Orru + K(s)0u (see [54]), that is we have obtained

/ (A dady = / (s) (Bun)? ds + ||| 92l (2.35)
Q [2)9]

Define k := essinf o k(s). Note that because of the assumption on the smoothness
of the domain k£ > —oo. If the latter is convex, that is k > 0, then one obtains
immediately that
2 2,112
1Aulz > [[[Vull]; -
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Assume now that £ < 0. We claim that for all ¢ > 0 and u € W32(Q)N Wol’z(Q) the
following inequality holds

4 2 1 2
[k s < (Il + 5 Ivul)
o0 €
for a positive constant C' independent of u. Then (2.35)) will yield
2 4 2 1 9
| (@) dady > (1= e ) [Vl = Clel 1Vl
or written otherwise
4 2 2 1 2
(1=cele 92l < [ (Aw?dedy+ Clsl S IIVull. (230
However, one can integrate by parts and use Poincaré’s inequality to obtain

/ \Vu|? dedy = /Vu-Vu dxdy = —/ ulAu dxdy
Q Q Q

[l [[Aully < ca[[[Vullly [|Aul,

IN

for a positive constant cq, that is
[Vullly < callAull, . (2.37)

Thus, for €5 < ﬁ, use (2.36]) and (2.37) to obtain the desired result.

Proof of the claim. Since u € W32(2) one has that |[Vu| € W12(Q) and applying
[T Theorem 5.10] to |[Vu| with k =m =1, ¢ = 4 (and thus p = ) yields that there
exists a positive constant C', such that

[1Vullz2@0) < CHIVElll Loy 11Vl g g -

Now apply [1, Theorem 5.8] with p =2, m = 1 and ¢ = 4 to obtain
1 1
19l < O IVl 19l
and thus, using Corollary and the embedding WH2(Q2) — Wlé(ﬂ) we get
3 1
1Vul 32 0y < Co |92l 22 0y N1Vl -
The claim is finally proven by application of the elementary inequality

PgP b
YL (2.38)
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where a,b,e are any positive numbers and + > T % =1, with p = 3 and qg=4. To
prove ([2.38)), one writes x = pln(ae), y = ¢In g t=2 L and computes
PaP e
ab = (ag)(be™ 1) = @tV < 4o L (1 —p)e¥ = = 4 —
(a2) (b ) <ter (- = T84

To complete the picture, we need a density argument. This is not straightforward.
In the case of planar domains, there exists a complete characterization of traces of
functions in W?22(Q) N I/VO1 2(Q), found in the proof of Theorem @ For higher
dimensions one can use the results of section specifically Theorem [2.2.4]

Corollary 2.3.6 Let Q € R? be C® diffeomorphic to a polygon. Then there exists a
positive constant C = C(Q2), such that

[ullgs < CQ) | Aully for all we W2(Q) N W2 (). (2.39)
Proof. It is a direct consequence of ([2.34)) and Theorem [

Remark 2.3.7 When Q has only convex corners, one arrives to the same result
by using reqularity properties of solutions for the Dirichlet Laplace problem. The
presence, however, of a concave corner may yield some confusion. In that case, one
can construct a polygonal domain Qo and a function fo € L?(Qq), such that there
exists a unique ug € W&’Q(QO) which satisfies

*AUO = f[), m Q[)
ug = 0, on 08,

in a weak sense and we have that ug & W2(Qq). Thus, ug does not satisfy (2.39) -
However, estimate (2.39) holds for any function u € W22(Q) N W12(Q) on any
polygon €2, no matter if it is concave or convex. We will return to this matter in

section [{.3.3.
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2.4 Variational inequalities

Here we summarize the basic definitions and results concerning variational inequal-
ities (see [34]). For the following, unless otherwise stated, X denotes a reflexive
Banach space, X* its dual and (-, -) the corresponding duality brackets. Moreover,
K will be a closed and convex subset of X.

Definition 2.4.1 A mapping A : K — X* is called monotone, whenever
(Au — Av,u—v) >0 for all u,v € K.

Furthermore, a monotone mapping s called strictly monotone, when
(Au — Av,u —v) =0 implies u=wv.

Definition 2.4.2 A mapping A : K — X* is called continuous on finite dimensional
subspaces, when for any finite dimensional subspace M C X the mapping A : K N
M — X* is weakly continuous.

Definition 2.4.3 A mapping A : K — X* is called coercive, if there exists v € K
such that for any sequence {uy}neny C K with lim |uy||y = oo one has that
n—oo

. {Au, — Av,uy, —v)
lim
n—oo lup — vl x

= +00.

Next we state two important results. See [34, Chapter III].

Lemma 2.4.4 (G. J. Minty) Let A : K — X* be monotone and continuous on
finite dimensional subspaces. Then an element u € K satisfies

(Au,v —u) >0 forallve K
if and only if it satisfies
(Av,v —u) >0 for allv € K.

Theorem 2.4.5 Let K be a nonempty closed and convex subset of X and let A :
K — X* be monotone, coercive and continuous on finite dimensional subspaces.
Then there exists u € K, such that

(Au,v —u) >0 for allv € K.
If moreover A is strictly monotone, then u is also unique.

The next lemma illustrates the connection between variational inequalities and min-
imization problems.
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Lemma 2.4.6 Let X be a Banach space, F € C'(X;R) a convex functional, i.e.
Futt(w—u)) <F(u+t(F()—F ) foruveX andtel0,1],

and let K C X be closed and convex. For u € K the following statements are
equivalent.

(i) F(u) = min F(v),

veK

(i1) F'(u;v—u) >0 forallv e K,
where F'(u;h) denotes the Gateauz derivative of F at u in the direction of h.

Proof. (i) = (éi). Assume that v minimizes F' in K and let v € K. Since K is
convex it holds that u + t(v — u) € K for all t € [0,1]. This implies that the C*
function

g(t) == F (u+t(v—u)) with t € [0,1]

attains its minimum at ¢ = 0, i.e. ¢’(0) > 0 or
F'(u;v —u) > 0.

(73) = (4). Since F' is convex, one has that

F t(v — - F
F’(u;v—u):ltilrél (440 tu)) O < F(v) = F(u) forall veK,

ie. F(u) < F(v) forallv e K. [

Example 2.4.7 Maybe the most classical example of a variational inequality is the
so called obstacle problem. Let Q0 be a smooth bounded domain in R?, h € C%*(Q)
with hjgq < 0 and define

K:={ve Wol’z(Q); v > h almost everywhere in §}.

Then one has that K is a closed and convex subset of W(}’z(Q), The function h is
called the obstacle. For f € L*(R), the problem consists of minimizing the functional

Z(u) = /Q (3 Vul® — fu) dzdy (2.40)

among all functions u € K. Applying the previous argumentation to the operator
T': K — W~12(Q), one obtains that there exists a unique u € K, such that T'(u; v —
u) >0 for allve K or

/Vu-V(u—v) da:dyg/f(u—v) dxdy for allv € K.
Q Q
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If f € L=(2) and hjgpo < 0, we can apply [34, Theorem 3.6/ to obtain that u €
W2P(Q) for all 1 < p < oo and then, since the function uw — h is continuous, the set

1= {(z,y) € Y u(z,y) = h(z,y)}
1$ closed, as its relative complement
O\ = {(z,y) € U u(z,y) > h(z,y)}

is open. The set I is called the coincidence set of the solution u and its boundary
0I is called the free boundary of the problem. Let v e C3°(Q2\ I). Then there exists
C > 0 such that for t € R with [t| < C the function w := u + tv belongs in K. Since
T'(uyw —u) > 0, we obtain

t/ (Vu - Vv — fv)dzdy > 0.
Q

But then, since t € [-C,C], it follows that
—Au = f almost everywhere in \ I.

On the other hand, if t > 0, then for v € C§°(2), the function w := u + tv belongs
wm K. Thus, integrating by parts as before, yields that

—Au > [ almost everywhere in €.
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Chapter 3

Comparing hinged and supported
Kirchhoff plates

We will start this chapter with two results concerning the existence and uniqueness
of solutions to the problems under consideration.

3.1 Existence Results

Let Q be a planar and bounded Lipschitz domain and f € L?(2). We seek minimizers
of the functional

Jo(u) = /Q (L(Aw? + (1= 0) (2, — tnsityy) — fu) dady (3.1)

in V C W22%(Q) for the following cases:
e hinged: V = Hp(Q) := W22(Q) N W, *(),
e supported: V = H,(Q) := {u € W22(Q); min(u,0) € W012(Q)}

Here 0 € (—1,1) is the Poisson ratio as described in the introduction. We will also
use the following semi-norm

|U’2,2 = HWQUH|2’

introduced in Chapter [2 Note that as shown in Corollary |52 1s @ norm in
Ho(£2) which is equivalent to [[-[|5 5.

Remark 3.1.1 One should notice that Hy(Q) is closed in W22(2). Indeed, let
{untnen C Hy(Q) with u, — u € W*2(Q) in the W22 norm topology. Then,
wy, — u in WH2(Q) which implies that Wol’Q(Q) >u, — u~. Since Wol’z(Q) is closed
in WH2(Q), it follows that u~ € Wol’z(Q).
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3.1.1 The hinged case

When the plate is hinged, existence is a straightforward and standard result, but we
include it here for the sake of completeness (see the classical work of Friedrichs [21]
for the case o = 0).

Theorem 3.1.2 Let Q C R™ be open and bounded with Lipschitz boundary. Let J, be
as in with —1 < o < 1 and f € L?(Q). Then J, possesses a unique minimizer
m H[)(Q)

Proof. Defining the bilinear form
ax(u,v) == /Q (AuAv + (1 — 0)(2upyVay — UzaVyy — uyyvm)) dxdy, (3.2)
we can write
Jo(u) = %ag(u,u) — /qu dedy and J.(u;v) = ag(u,v) — /Q fv dxdy.
One has the following estimate
ay(u,u) = /Q ((Au)2 +2(1— U)(uiy — Ugallyy)) dzdy
= 2/Q (Ru2, + %ugy +(1— a)uiy + 0 Ugglyy) dzdy

> 2(1— ]a|)/Q (3 (u2, + “Zy) + uiy) dxdy
= (1—lo|)|ul3, (3.3)

and coercivity is implied by Corollary 2.3:4 Thus, J, is convex, continuous and
coercive in Hy(€2) and the proof follows from the direct method of calculus of varia-
tions. ]

3.1.2 The supported case and the variational inequality

Proving the existence of minimizers in H, (2) is not so straightforward. Two prob-
lems appear that make it more appropriate to consider an alternative approach: the
nature of the boundary conditions and the fact that the corresponding bilinear form is
not obviously coercive. Thus, we will prove existence by studying the corresponding
variational inequality and its regularization.

The connection between variational inequalities and minimization problems is well
known (see [34]) and illustrated by Lemma from the previous section.
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Theorem 3.1.3 (Existence for the supported case) Let Q C R? with a Lip-
schitz boundary and —1 < o < 1. Moreover, assume that 0 # f € L?*(), such
that

/ fCdxdy <0 for all 0#£¢ € Hi(Q) with ax(¢,() = 0. (3.4)
Q

Then there exists a minimizer uy, € Hy () of Jo.

Remark 3.1.4 (i) The functions ¢ which satisfy are nothing more than the
affine functions with nonnegative boundary values. They represent the rigid motions
of an unloaded plate. Translating assumption above, we demand that the force
density is such that among all rigid motions u = 0 is minimal in J,. For the condition
to be satisfied, it is not necessary that f is nonpositive everywhere.

(i) The condition also implies that there exists xog € OS2 such that uy(xg) = 0:
Assume that the plate does not touch 082 and thus

h = min u,(z) > 0.
€002
Then uy —h € Hy(2) and

Jo(ug — h) = Jy(us) + / fhdzdy < Js(uy),
Q

which is a contradiction, since u, is supposed to be a minimizer. In fact, the same
argument shows that h = 0 is the only affine function such that u, —h € H(Q).

(iii) A failure to fulfill will result in the existence of multiple minimizers or
even the nonexistence of such. To see this, assume that uy, is a minimizer and that
Co is a nontrivial affine function in Hy (Q) for which [, fCo dzdy > 0. Then

T (it + Co) = Jo () / FCo dedy < Jo(uy).

Hence ug, if it exists, is not unique. If fQ flo dxdy > 0, then no minimizer exists,
since uy + 1ty € Hy(Q) for allt >0 and

lim J,(us + t¢p) = —o0.
t—o00

Proof of Theorem [3.1.3 Following Lemma a minimizer is a function
uy € Hi () such that

J (ug;v —uy) > 0 for all v € Hy (Q).

Since the functional J, is not coercive on W22(Q) or H, (2) we are going to consider
an elliptic regularization of ay-.

Define the inner product ((-,-)) on W22(Q) by

/ uv+Vu Vo + Vu - Vi )da:dy
Q
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and consider for € > 0:
Qg (1, 0) := ay(u,v) + € (u, v)) for u,v € WH(Q). (3.5)
Let J, . be the corresponding regularized functional, i.e.

1

Joe (u) := §ag,5(u,u) — /Q fu dxdy

and let Jy . : Hy(Q) — (WQQ(Q))* denote the Gateaux derivative of J, . given by
Jclr,s (’LL; U) = aa,a(ua U) - / fv dzdy.
Q

Since u — /0 (u,u) is a norm on W22(Q), the mapping u — J} _(u;-) is contin-
uous and strictly monotone, that is

Ty (wsu—v) = J]

o€

(v;u—v) =age(u—v,u—v)>0 for u,ve H (Q)

with a strict inequality for u # v, and coercive, i.e.

J_(uu
lim 70’5( ’ ):+oo
weH(2)  [lully,
\u\2’2—>oo

(take ¢ = 0 in Definition [2.4.3). We also have that H(f) is closed (see Remark
and convex in W22(Q2). Then Theorem implies the existence of u. €
H,(Q) satisfying

Ty e (ug;v —ug) >0 forall ve Hi(Q). (3.6)

By the strict monotonicity u. is unique. Rephrased (3.6 means that
Qg e(Ue, U — V) < / f(ue —v) dedy for all v e H{(Q) (3.7)
Q

or, using Minty’s Lemma (see [2.4.4)),

040,5(7}7 Ue — U) = ao,s(usa Ue — 'U) - aa,s(us — UV, Us — 'U)

< / f(ue —v) dedy for all v € H, (). (3.8)
Q

So we have a unique minimizer u. of J, (u) + 3¢ (u, u)) in Hy(9).

What happens if we let £ | 07 If HuEHQ’2 is uniformly bounded, then, since bounded
sets in W?22(Q2) are weakly precompact, there exists a weakly convergent subsequence
Ug, — U, and the weak lower semicontinuity of J, (u) implies
Jo (ug) < liminfJ, (ue,) = liminf (Joe, (ue,) — 3en (te,, ue, )
n—oo n—oo

= liminf J, ., (us,) < liminf J, . (v) = J, (v)

n—
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for any v € Hy(2). So, J, has a minimizer u,. See also [34, Theorem 2.1, p. 88].

Now suppose that |uc|/55 is not uniformly bounded, that is, there exists a sub-
sequence {ue, },cy With en — 0 and [te, |l — oo for n — oco. Setting w, =
[ue, o, 5ue, € Hy(Q), there exists a subsequence, again denoted by wy,, that weakly
converges in W22(Q), say w, — w. Since H, (1) is closed and convex it is also
weakly closed by Mazur’s Lemma (see [40, Theorem 6, p. 103|). Hence w € H; ().
Now, use and estimate with v =0, € = &, and divide by ||u., ||§2 to get

Qo e (u€n7u€n) —&n Huan ”%,2
2

0< (1 —|o])[wal3y < aolwn,wy)=

e, 2,2
1
S / fwn d.ﬁUdyfé\n S Hf||2 ||w€n||2 —&n
||Usn||2,2 Q ||Usn||2,2
fllo l|w
o Wlaleedlay il 39)
||u5nH2,2 HUEnHZ,2

Thus, it follows that |wy,ly, — 0 for n — oo. Moreover, the functional ||y, :
W22(Q) — R is weakly lower semicontinuous. Indeed

/ | O |* dady —/ |Bqw|?* dady
Q Q
= /Q (Oqwy, — Oqw) (Oqwy, + Oqw) dxdy
= /Q (Oawy, — Oqw) (Oqwy, — Oqw + 20,w) dzdy
= /Q (Oqwy, — [“)aw)2 dxdy + 2/Q (Oqwpn, — Oqw) Dpw dxdy
> Q/Q (Oqwy, — Oqw) Oqw dxdy
for any multi-index o = (a1, ag) with || = 2. Since
/Q (Oqwpn, — Oqw) Opw dxdy — 0
as n — 00, we obtain the claim and thus |w|, 5 = 0. Hence w is affine.

Dividing (3.8) by [|ue, [/, We find

e (vr00 = e, I530) < [ £ (o = e, I530) dody (320
Q
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for all v € H(Q). Since w, — w in W2 (Q) and [wnllyo =1, we get that
g, (V,w) = ag (v,w) for n — oo.

Moreover, as ”uEnH;% — 0 and [, fw, dedy — [, fw dzdy for n — oo, one finds

from (3.10]) that
(v, w) < / fwdxdy for all ve Hi (). (3.11)
Q
We have that w is affine and thus

0=a,(v,w) < / f wdxdy <0 for all v € H{(Q)
Q

with a strict inequality and hence a contradiction unless w = 0. So w = 0.

By we have |wp|y 5 — 0 for n — co. The compact embedding of W22(Q) into
W12(Q) implies that w, — w strongly in W12(Q) and it follows that [Jwy|/,, — 0
for n — oo. Since ||-||; 5 + |-|o5 and |||, are equivalent norms, one finds that
|[wnllge — 0 for n — oo which contradicts H’wan’Q =1. [

Next we show the uniqueness of the minimizer.

Proposition 3.1.5 Having the same assumptions as in Theorem the mini-
mizer uy of Jo is unique in Hy(Q).

Proof. Let u,v € H{ (). Then one has that
Ty(wiu=v) = Jywu=v)= [ (w0l + 2000~ o)l — )y
)
+ (u — U)Zy +2(1—o0)(u— u)iy) dxdy

(1- |ay>/9((u—v>iz +(u—v),

v

+2(u — U)iy) dxdy
= (I—lo)lu—-vl22=0

with equality if and only if v — v is affine. Now let v, € H; () with v, # u,, such
that
J (Vo0 —vy) >0 forall ve Hy(Q). (3.12)

Assume that u, — v, is not affine. Then, using (3.12)) we obtain

JL (Vo3 Uy — Vo) < JL(Ug; Uy — Vo) = —J) (U3 Ve — Ug) <0
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which is contradicting (3.12)) since J. (ug; v —uy) > 0 for all v € Hy(£2). This means
that w := u, — v, is affine and one has

JJ(UU) = Ja(va + w) = JO’(UO') - /g;fw dxdy > Ja(uo)

if and only if w#0. ]
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3.2 The sign preserving property of smooth hinged plates

In this section we are going to show a comparison type result for a hinged plate in
the case (2 is convex with a sufficiently smooth boundary.

3.2.1 Preliminaries

The following lemma is analogous to Theorems [2.2.1| and [2.2.4] Since we assume
some more smoothness on 02, one can deploy a simpler argument using elliptic
regularity to get the desired result.

Lemma 3.2.1 Let Q C R" be bounded with 9 € C*'. Then the space W32(Q) N
Wol’z(Q) is densely embedded in Hy(S).

Proof. Let u € Ho(R2). Then f := —Au € L*(Q) and u is the unique weak solution
of the equation

—Au=f in{,
=0 on JN.

Let {fx}ren be a sequence in C$°(€2) such that fy — f in L?*(Q) as k — +oo. In
particular, one has fi € W12(Q). Consider now the solutions uj, to the family of
problems

—Aup = fr  in Q,
u=20 on 0f).

From [24, Theorem 9.19] one has that u, € W32(Q) N Wol’z(Q) and applying [24]
Lemma 9.17] to the function uy —u, one obtains that uy — w in Hy, which completes
the proof. ]

Using the above lemma we can derive the boundary conditions for the hinged plate
in the case that Q has a C*! smooth boundary.

Lemma 3.2.2 Set

K(u) := /Qdet(VQu) dzdy, forue W>%(Q).

Then, for Q C R? bounded with 02 € C*1, the following hold:
(i) For all u € Ho() and p € W32(Q):

K (u; ) = /89 (K(s) Onp Opu + Orrp Opu) ds.

(i) For all uw € Hy(Q):
K(u) = ;/m (5 (On)? ds.
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Proof. Let n;,7;, ¢ = 1,2, denote the ith coordinate of the normal and tangent
vector, respectively.

(i) First we suppose u € Hy(f2) and ¢ € C*(Q). Integrating by parts, one obtains

/ Prylzy drdy
0

/ (gowyuzng — goxyyunl) ds + / Prayyl drdy
o0 Q

= / (pryuynl - szxyunQ) ds +/ Prayyl dl‘dy
0N Q

and

/ Pz Uyy dfdy = / (‘P:L‘a:uynQ - prxyun2> ds +/ PrryyU dxdy,
Q o0 Q

/ PyylUze dxdy = / ((pyyu:cnl - Soxyyunl) ds +/ Paayyt drdy.
Q o0 Q

Since u € Ho(Q2), we get that ug|ao = n10,u and uy|aq = n2d,u. Hence
K'(u; ) = /Q(%:a:uyy + Pyylas — 20zylzy) dzdy
= /89 (Pratiyng + Oyylianl — PayligNy — Ogyuyny) ds
= - /m (Payuan2 + Gaytyn1 + Qyyuyne + Pugtizn) ds

+ A Onpu ds
oN

= / Ay Opu ds — / Onn@ Onu ds
o9 o9

= / (k(8) Onp Onu + Orrp Opu) ds,
o2

where we have taken into consideration the fact that O,,p = n%@a)a} + n%goyy +
2n1M2¢0y and Ay = Oppp + Orr¢ + KO (see, for example, [54]).

We now consider the case u € W22(Q) and ¢ € W32(Q). To that end, take a
sequence {¢y }ren in C*(Q) converging to ¢ in W32(Q) (such a sequence exists when
the domain is smooth enough and satisfies, for example, a segment condition; see [24]
section 7.6] and references therein). Then, since Oprpr — Onr and Orrpr — Orr
in L2(09), passing to the limit in the above relation as k — +oo completes the proof.

(ii) The claim follows from Lemma by taking u € Hy(Q2), a sequence {¢g }ren
in W32(Q)N WOLQ(Q) which approximates u (so that 9-u = 0 and 9+ = 0 on 9Q)
and observing that

K(u) = %K’(u; u) for all v € Hy(Q).
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Remark 3.2.3 In this case the functional J, has the boundary form

) = [ (a0 = fu) dady - U5 [ wo)@up

and a hinged plate will satisfy the boundary value problem

A2y =f in Q,

{ u=Au—(1—0)kdpu=0 on ON. (3.13)

Proposition 3.2.4 For every u € Hy(2) one has that
/(Au)2 dxdy > 2/ r(s)(Opu)? ds.
Q o0
Proof. From Lemma and (3.3) we get that
/(Au)2 dxdy — (1 — a)/ k(8)(Onpu)? ds > (1 — |o])|ul3 4 > 0.
Q 9] ’

Setting ¢ = —1 one obtains the claim. ]

3.2.2 Positivity preserving property
In view of Proposition [3.2.4] the following can be proved for the hinged plate problem.

Theorem 3.2.5 Assume that Q C R? is bounded and convex with Q € C*'. Let
~1 <o < 1and f € L3(). Then the minimizer u, of Jy is the unique weak
solution in Ho(Q2) of (3.13). If, moreover, f > 0 and f # 0, then there exists a
positive constant cy such that

uq(x) > cpd(x,092),
where d(-,00) is the distance to the boundary.

Proof. From the assumptions on the domain one obtains that 0 < k € C%(9Q)
with x £ 0. We define

/(Au)2 dxdy
01,5 := inf £

UEHO(Q)/ r(5)(Onu)? ds
o0

with the convention that
/(Au)2 dxdy
Q
/ 1(5)(Opu)? ds
o0

= +o0o whenever / k(5)(Opu)? ds = 0.
o0
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Then, in view of [22) Theorem 4.1], it suffices to prove that
(1—-0)k <01 xx and (1 — o)k # 01 kK-

Indeed, from Proposition one has that 1, > 2, and since k > 0 and x # 0 the
assertion is proved. ]

Remark 3.2.6 The difficulties that arise from the absence of a general mazimum
principle for fourth order problems can, in some special cases, be directly overcome:
If o = 1 and the domain is smooth enough, then one decouples the problem into the
following elliptic system

{—Au:v in €, and {—Av:f mn €,

u=0 on 9N v=0 on N (3.14)

A recursive application of the classical mazximum principle for second order elliptic
operators yields the claim. However, the presence of boundary singularities can make
things complicated. An example where the system solution on a domain with a con-
cave corner does not coincide with the one of the fourth order problem will be given
in Chapter [}

Remark 3.2.7 As a consequence of the results in [51l] and [20], it is possible to
show a lower bound for 81, similar to the one stated in Proposition [3.2.4 In fact,
Fichera’s principle of duality (see [20]) states that
/(Au)2 dxdy / u ds
inf JQ - inf 092

ue Ho()\Wg* () / (Opu)® ds SO / w dody
o0 Q

where Q is a domain with C? boundary and H is defined as the closure of the set
{u € C*(Q); Au = 0 in Q} with respect to the norm Il 200 From [51] we have

that
/ u ds
inf 292 >2.mink
uer\o} [y, dxdy of
Q
and hence )
mingg K
S1p>2- e
maxggo K

The result of Proposition and equivalently the bound 61, > 2 is optimal: One
can show that if 0 is a disc, then 01, =2 (see [7]).
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3.3 Comparison of hinged and supported plates

Next we turn our attention to the problem of a simply supported plate. In this section
we are going to prove that the latter does not in general satisfy a sign preserving
property, that is, we give an answer to the question from the introduction:

A plate which is supported at its boundary by walls of constant height
and zero thickness and s pushed downwards will in general not touch its
supporting structure everywhere.

We focus our attention to plates with corners and show the result in this case.

3.3.1 A rectangular plate

We first consider the case of angles of 90 degrees. This is a special case but it cannot
be included in the more general argumentation of the following subsections and has
to be considered separately. It is also the most common shape one could imagine for
a plate.

The regularity of hinged rectangular plates.

It is essential to note that the nonsmoothness of the boundary affects negatively the
regularity of the solution to any elliptic problem. In our case and as it will be shown
in a later section, the presence of angles has generically the following effect: The
smaller (measured from the inside) the angle the smoother the solution. The case
of special corners, however, exists: For f € L? and an opening angle w > 5, the
solution of the hinged plate problem is W*? with s < 3 and for 7 <w < 5 one gets

s

smoothness of order 3 < s < 4 (see [26]). We will, however, prove that for w = §
the solution lies in W42

An extension and a density lemma. When one considers functions on €2 that
are 0 on 9€), corners in the boundary 92 may imply loss of regularity or demand extra
conditions for the behaviour of the function near such corners. Usually regularity
near the boundary is obtained by defining an extension operator on functions on
Q to those that live on a neighbourhood of 2. For domains with corners, such
an extension operator was constructed in Theorem [2.2.4] The straight angles of a
rectangle, however, allow the following straightforward extension:

Lemma 3.3.1 Set
R =(0,a) x (0,b) (3.15)
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with a,b > 0. For u:R — R let us define

u(xz,y)  for (z,y) €R
—u (—.’E,y) fOT’ (_:I:ay) GR’
EU(QE,y) = —U(l', _y) fOT (I’, _y) ER
u(—x,—y) for (—x,—y) €R,
0 elsewhere.
Hence Eu defines a function from [—a,a] x [=b,0] to R. Set Ry = (—a,a) x (=b,b).
Then the following hold:

(i) Let~ € [0,1]. Then the operator E : C17 (ﬁ) NCoy (ﬁ) — O (ﬁo) NCoy (ﬁo)

18 continuous.
(ii) The operator E : W%? (R) N VVOL2 (R) — W22 (Ro)N VVOI’2 (Ro) is continuous.
(iii) Let Gr, denote the solution operator for the Dirichlet Laplace problem. Then
EGg = Gr,E. (3.16)

Figure 3.1: The construction of this extension can be viewed as unfolding a bulging
doubly folded piece of paper.

Proof. We will prove that the range of E is well defined and contained in the
appropriate spaces. The continuity is then immediate. Let us consider

u(z,y) for (z,y) € R,
Elu (-fU,y) = —u (_$7y) for (_$7y) € Rv
0 elsewhere,

which defines a first antisymmetric reflection to [—a,a] x [0,b]. With a similarly
defined E5 in the y-direction, one finds £ = Fs o Ey. It is thus enough to give the
proof for Ejy.

For the first item it is sufficient to notice that due to w (0,y) = 0 the function Fju
and its first derivatives are continuous over {0} x [0, b].

A short proof of the second and third item uses elliptic regularity. Set

- (AU) (.I', y) for ($, y) € R7
f (:U?y) = (AU) (_$7y) for (—Z,y) € Ra
0 elsewhere.
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Then f € L? (). Let Ry = (—a,a) x (0,b) and consider the following
(3.17)

Problem lb has a unique weak solution u € VVO1 2 (R1) and since R4 is convex,
one even finds @ € W22 (R1) (see [33]). Now define

u(z,y) = —u(—z,y).

Then 4 € W22 (Ry) and satisfies (3.17). Since strong solutions of (3.17) are unique
(see [24]), we find @ = @ and thus

w(0,y) = 4(0,y) = —u(0,y), i.e. u(0,y) =0.

Thus @ — u € W22 (R) and since —A (i —u) = 0 in R and @ = u = 0 on IR, we
find by uniqueness that @ = v in R, that is @ = Fyu € W22 (Ry). (]

We recall the following definitions:

CHMR) = {ue C*¥R); dau bounded, uniformly continuous in R
for all & € N x N with |a gk},
C*[R) = [C"®),
k=0
Co(R) = {ueC(R); u=00ndR}.

Since R is bounded and has a Lipschitz boundary, there exists a total extension

operator for R (see [I, Theorem 5.24, p. 154]) and thus C°°(R) coincides with the
space of functions in C*° (]R2) restricted to R.

Corollary 3.3.2 C%(R) N Co(R)** = Hy(R).

Proof. Since C*°(R)NCy(R) C Hyp(R) and Hy(R) is closed it is immediate that

C=@R) N Co®) 2 ¢ Hy(R).

Let us write Rgg := (—2a, 2a) x (—2b, 2b). For the other inclusion we may use Lemma
twice to define an extension operator

E :RR — RRo, (3.18)

that is, from functions on R to functions on Rgyg. First we extend a function defined
in R in an odd way, as for E, from [0,a] x [0,b] to [0,2a] x [0,2b] and next again
in an odd way, which could also be called a periodic extension, from [0, 2a] x [0, 20]
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Figure 3.2: E extends a function on R to a function on Rgo by “unfolding” respectively
to east, north, west and south.

to [—2a,2a] x [—2b,2b] (see Figure . By Lemma E is continuous as an
operator from W22 (R) N VVOI’2 (R) to W22 (Roo) N Wy (Roo)-
Next we define a function xy € C*° (Rgo) with 0 < x < 1 which satisfies
Uin (—dad0) x (<35.20).
X =
0 in Rgo \ (—%a, ga) X (—%b,

wlot

D).

If u € Ho(R), then Fu € Hy(Rgo) and xEu € WOQ’Q(ROO). Using the standard
mollifier with z = (z,y) € R?, that is

o
ce -7 for |z| <1,
p1(2) =
0 for |z| > 1

_ 1
with ¢=! = / e =I5 dxdy and ¢.(z) = e 2p1(z/¢), we find for the convolution
R2

~ ~ b
e * XEu € C§° (Roo) for e < dist (supp xEu, 67?,00) = min (g, 3>

H(% xBu)

and

Eu ~ Bul 0 for 0.
e * XEu U W22(Ro0) — 0 for €]

It follows that

— 0 for €| 0.
W22(R)

By the symmetry of E and e, and the fact that y = 1 near IR, it follows that
= € Cy (ﬁ) for those

small ¢. -

¢e * YEu = 0 on OR for ¢ small enough. Hence (gpe * XEU)

Regularity of hinged plates. The argument is proven indirectly, by showing that
a hinged rectangular plate solves the Navier bilaplace problem. To that end we take
the following steps.
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Dirichlet Laplace. In the proof of Lemma we have used properties of the
solution of the Dirichlet-Laplace problem. Indeed, if f € L?(R), then the solution
u of

(3.19)

—Au=f inR,
u=0 ondR

satisfies u € W22 (R)NW,y* (R). If f € C7 (R) withy € (0,1), then Ef € L> (Roo)
and in general Ef ¢ C7 (Roo). Thus we may conclude using interior regularity on
Roo that u € W2P (R) for any p € (1,00) and through a Sobolev embedding that
uwe CcHY (ﬁ) for any 6 € (0,1). This is the optimal regularity if we refrain from
putting additional restrictions on the function f.

Iterated Dirichlet Laplace and Navier bilaplace. Concerning the Navier bound-
ary conditions for the bilaplace operator, i.e. the problem

{ A2y =f inR, (3.20)

u=Au=0 onJdR,

an iterated use of the regularity for (3.19) yields a function w € W?22(R) with
Au € W22(R) satisfying

{—Au:w in R, and {—Aw:f in R,

u=0 ondR w=0 ondR. (3.21)

But this does not give a priori the optimal result: For any bounded domain 2 and
f € L%*() one obtains a unique weak solution @& € Hy (£2) of (3.20) by minimizing
the functional

Ji (u) == /Q (% (Au)? — fu) dxdy.

On smooth boundary parts one finds that this solution u satisfies At = 0. However,
this function is not necessarily the same as the system solution: Au € W22 (Q) does
not in general imply u € W42 (Q) (see [48]).

On the other hand, if f = 0 on OR and f € C7(R), then Ef € C7 (Rgy). This
implies that when we consider (3.20)) as an iterated Dirichlet Laplacian, a better
regularity result is available for the second step.

Lemma 3.3.3 If f € L2 (R), then the weak solution (u,w) € Wy (R) x Wy (R)
of satisfies u € W42 (R) and thus w = —Au.

Proof. Assuming that E and Rgo are as in 1' we have that Ef € L? (Roo)-
Solving

2~_ d .
{ Aug_Ef in Roo, (3.22)

A = 0 on 8R00,
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one finds for the weak solution, by standard regularity theory (see [2]), that @ €
W52 (Q) for any domain € with € C Rgo. This 1mphes that iz € W42 (R). Since

loc
Ef is antisymmetric and the weak solution of is unique, applying an argument
similar to that in the proof of Lemma [3.3.1)(2 ) one ﬁnds that @ satisfies

u(z,y) = —u(-=zy) = -z, —y) =u(-=z, —y)
for x € Ro = (0,2a) x (0,2b). Thus
At (LL‘, y) = —-Au (_:E?y) = —Au (1?, _y) = A (_337 _y) 3

which implies that & = Aw = 0 on OR. Thus we have found that (&m, —Aﬁm) is a
solution to (3.20) and we may conclude that u = @ € W*?(R). [

A hinged rectangular plate. Let us use the following notation:
K(u) = / det(V?u) dxdy, for u € W**(R),
R
where V?u is the Hessian matrix of u and det(V?u) = ugqty, — u%y. Defining

J1(u) ::/ (%(Au)2 — fu) dzdy,
R
we obtain the following decomposition of the energy functional:
Jo(u) = Ji(u) — (1 — 0)K(u). (3.23)

As we have seen for the case of smooth domains (see Lemma [3.2.2), K(u) turns out
to be a boundary term and its behaviour is going to yield the corresponding natural
boundary conditions for a Kirchhoff plate. Here we use a more straightforward
integration by parts and Corollary [3.3.2]

Lemma 3.3.4 Let u € C*(R) N Cy(R). Then for all v € C*(R)
K' (ujv) = — Orpu 07v ds = 2 [ugyv] gg)ﬁzgg Z) / Orrpu v ds,
OR

where [W](§0) ¢ () = W(a, 0) + ¥(0,b) — ¥(0,0) — ¥(a,b).

Proof. Standard use of Fubini and integrating by parts gives

/R Uayvny dady = / ey (2,900 (2, )1 g

/ / Uzyy (T, y) vz (2, y) dy dx

— /0 [y (2, y)vy (2, y)]5_o dy

b ra
_/0 /0 umy(xjy)vy(x,y)dxdy.
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Since R has boundary parts parallel to the axes,

u(z,0) = u(z,b) = u(0,y) = u(a,y) =0

implies that
Uz (T,0) = Uz (2, 0) = uyy(0,y) = uyy(a,y) =0.

Thus one obtains

/Rumvyy dxdy = / [Uga (2, y)vy (2, y)]y od$

b
/ Uy (T, Y)vy (2, y) dy dx
0

b
/ ”

0

b

/Ruyyvxx drdy = /O [uyy(l‘,y)vm(l\y)ﬁ:o dy

b ra

—/0 /0 Ugyy (2, Y)ve (2, y) do dy
b ra

- /0 /0 Uy (2, )0 (,y) da dy.

Hence, a direct calculation yields that

c\o\

TTY ZL' y Uy iy y) dydm

and similarly

K'(u;v) = / (UzaVyy + UyyVgz — 2UgyVsy) dxdy

= /0 uwyxvaxy)]y o dx

b
/ U:L‘y T,y) vy Z y)]z ()dy

0
/ Ornu 070 ds.
Moreover, by
/ Ugy (T, 0)vz(2,b)dr = [uxyv]gg Z; —i—/ Ugay (2, b)v(2, b)dx,
0

/ Ugy (2, 0)vg(z,0)dz = [uxyv]gg’gi —/ Uy (2, b)v(2, b)d,

0 ’ 0

b B (a.b) b
; uwy a,y) Uy a,y)dy = - [ufvyv](ayo) + ; nyy(%y)v(aay)dya

b b
[ a0 0ty = Tunlgl) = [ 00000,
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we find that

a,0) & (0,b
K'(u;v) =2 [uﬂ?yv]go,og&ga,bg + - Orrnu v ds

and the Lemma is proved. [

Corollary 3.3.5 It holds that K(u) = 0 for all w € Ho(R).

Proof. Let u € Ho(R). Using Corollary [3.3.2| we can find a sequence {uy}ren C

C*®(R)NCh(R), such that uy — w in Ho(R) for k — oo. For uy € C*°(R) N Cy(R)
one finds that

1
’C(Uk) = 5](:/ (uk,uk)
and by Lemma

K (ug;ug) = —/ Ornty, Oruy, ds = 0.
OR
Since (u,v) — K'(u;v) is continuous on Ho(R) x Hp(R), one has that

1 1
K(u) = 5K (usu) = 5 lim K (ug; up) = 0.

Remark 3.3.6 Thus, in the case of a rectangular plate with fized boundary, the total
energy functional becomes

Jo(u) = Ji(u) = / (%(Au)2 — fu) dzdy.

R

Corollary 3.3.7 If @ is a minimizer of J, in Ho(R) with f € L*(R), then u €
WA2(R).

Proof. It is a direct result of Remark 3.3.6] and Lemma [3.3.3 [

The comparison argument.

Finally we can state the main result of this section. The right angles of our rectangle
will allow us to deploy an argument based on Serrin’s corner point Lemma ([53]).

Theorem 3.3.8 Let f € L?(R) with 0% f < 0. Then, the minimizer @ of Jy in
Hy(R) cannot be a minimizer of J, in Hy(R).
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Proof. We proceed by contradiction and assume that @ € Hy(R) minimizes J, also
in H{(R). By Corollary we find that @ € W42 (R). Consequently, Sobolev’s
embedding Theorem implies that @ € C??(R) for 0 < # < 1 and that the traces of
3rd order derivatives of i are well defined in L?(OR).

Letting v € C°°(R) and integrating by parts the corresponding variational inequality,
we find that

Jo(av—a) = J(a;v) — J,(a;a)

= Jo (i)
= Ji(@0) — (1 - o)k (@)
= /R (AAv — fv)dxdy — (1 — o)K'(;v). (3.24)

Moreover, since @ also minimizes J, in Hy(R), Remark yields that Aw =0 on
OR. Hence we have

a b
/ AuAvdrdy = / (At vy — Aty U]Zz(] dx + / [Al vy — Aty v]5_ody
R 0 0
—i—/ A?4 v dady
R
a b
= / A?4 v dady —/ (A, v]b:(] dx —/ Aty v]5_,dy
R 0 Y 0
= / A% v dedy — On (Au) v ds.
R

OR

Using Lemma Corollary and the density of smooth functions into L?(OR)
we find

J (v —1a) = / (A%0 — f)vdedy — On (At + (1 —0) 0rr0) vds
R OR
- a,0) & (0,b
—-2(1-o0) [uwv]go,og&éa,b; .

We have assumed that @ is a minimizer in Hy (R) and, thus, one has J/ (a;v—1a) > 0
for all v > 0 on OR. Hence A% = f and

- ~ ~ a,0) & (0,b
[ n (Al + (1= 0) 0rr) vds +2 (1 — o) [ay0](50) ¢ (o) < 0. (3.25)
Since & = 0 on OR and f < 0 is nontrivial, then ., will have a sign at these corners.

We claim that fi,(0,0) < 0. As @ € W*2 (R), the function @ solves

—At=w in R,
©=0 onJdR,
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where w solves

—Aw=f inR,
w=0 ondR.

By the maximum principle it follows for f < 0 and nontrivial, that w < 0 in R. An
application of the maximum principle to 4 implies @ < 0 and by Hopf’s boundary
point Lemma even that 0,% > 0 away from corners. At corners, the fact that @ =0
on OR and the C? smoothness imply |Va| = 0. Hence we may use Serrin’s corner
point Lemma (see [53]) which implies that (0y,%) (0,0) < 0 for all directions 7,
entering R non-tangentially. Taking v = (%\/5, %ﬂ) we have

(97@)(0,0) = 5z (0,0) + iy (0,0) + 5y (0,0) = 1Ly (0, 0).
Thus we find ,,(0,0) < 0. Let € > 0 and consider the test function

Ve (1'7 y) = 6_($2+y2)/€.

One obtains

On (Au+ (1 —0)0-ru)veds =0 (g) fore | 0
OR

and
2(1 - o) [dayee) 09 Y = 0 (e* min(a’bf/s) < O(e) fore | 0.
However,
2(1 = 0) [flayve] gy = —2 (1 = 0) fiy (0,0) > 0

and we find

| on (Al + (1 = 0) 0rrt) ve ds + 2 (1 = ) [y ve] (o) o)
R
=0 () —2(1 —0) Uy (0,0) >0
for e sufficiently small, which is a contradiction to (3.25)). [

3.3.2 A plate with corners of arbitrary opening angle

Here we consider the general case where the corners of the plate have an arbitrary
opening angle w € (0, 27), measured from the inside. Note that one does not expect
that the solution will have the regularity that a rectangular plate exhibits, unless
some orthogonality conditions are fulfilled. Following the theory developed by Kon-
drat’ev and Williams [35], [56], the solutions will have an expansion near the corner
consisting of a regular part and a singular one. The coefficients of these “singular
eigenfunctions” depend on the domain and f; they are going to be zero only when
f is orthogonal to a set of “adjoint eigenfunctions”. For a full development of the
theory see [26], 28] 36, 37, [42] [43], 47].
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The boundary value problem

We start with two useful observations that are going to enable us to compare mini-
mizers and solutions for the hinged plate boundary value problem in weighted spaces.
The goal is to show that a minimizer of J, in Hy(2) is a solution to a boundary value
problem away from the cornerpoints in a weighted Sobolev space and vice versa.

Lemma 3.3.9 Let u, be a minimizer of J, in Hi (). Then
J (ugiuy) =0 and J' (ug;v) >0 for allv € H (Q). (3.26)
Proof. Since u, is a minimizer, it satisfies the variational inequality
J (ug;v —uy) > 0 for all v € Hy ().
Taking v = 2u, € H{ () and v =0 € H () completes the proof. ~ m In the next

lemma we consider for w € (0,27) the unit circular sector of radius 1:

Q= {(rcosf,rsinb) €ER*} 0<r<land0<¥6 <w}.

Lemma 3.3.10 Let 04, fori=1,...,4 a multi-index with i = |i|, denote any partial
derivative of order i. Then the bilinear forms

(i) b1(u,v) = / O2u 010 ds,
o9

(ii) ba(u,v) ::/ Ogu Ogv dxdy and
Qo

(i) bs(u,v) ::/ Oqu v dxdy
Qo

are continuous in Wi () x Ho().

Proof. (i) Since u € W{(Q,), one gets that deu € W2(Q,), that is dau €
WE/Q((‘?Q“J) C WP(09,) (see |36, Lemma 6.1.2]). On the other hand, we have that

Ho(%) € WE(Q) N W,(Q,)

see |48, Lemma 3. and thus 01v € c W2 . en, using the
L 3.4]) and thus 910 € W,/*(0Q) ¢ WP (99). Th ing th

Cauchy-Schwarz inequality, one gets

by (1, v) :/ (r}0pu) (r—30yv) ds
00

() (f )

cll0zullyzq,) Ivllwe o) -

IN
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(ii) Tt is immediate since Gau € WZ(,) C W(Q) = L3(Qy,).

(#7i) One has the following estimate

|bg(u,v)| = (T284u)(r_2v) dxdy

w

1 1
2 2
/ 4 Oqul? dxdy) (/ 4 v)? dxdy)
Q Qo

B (3.27)

S~

IA
R

Moreover, since u € Wi (), we get that

H“”%Vf(m) - Z pA=20=1mD g 0?2 dady
Im|<4
> / r4|04ul? dzdy = A? (3.28)

w

and since v € Hy(Q) C W2(%) (see [48, Lemma 3.4]) it holds that

v 3,2 > CH’U”%/VO?(QW) = Z r 2= g, 02 dady
Im|<2
=z / r~*|o|* dedy = B. (3.29)
Combining (3.27)), (3.28)) and (3.29) completes the proof. [

The above Lemma enables us to integrate by parts functions which belong to a
weighted space.

Corollary 3.3.11 Let Q C R? be bounded, piecewise smooth with corner boundary
singularities, u € W(Q) and v € Ho(2). Then the following Green’s identity holds:

/ AulAv dxdy = / A2y v dady + Au Opv ds. (3.30)
Q Q oN

Proof. Let S be the set of cornerpoints of 9Q and {uy},cy € C5°(2\ S), such
that klim llug — “HWf(Q) = 0. Then, (3.30) holds true for u = u and Lemma [3.3.10
— 00

allows us to take the limit as k — oo to complete the proof. ]

As in previous sections, we define
K(u) := / det(V?u) dady
Q

for u € W22(Q), where V2u denotes the Hessian matrix of w.
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Corollary 3.3.12 Let Q C R? be bounded and piecewise smooth with corner boun-
dary singularities and let S be the set containing the corners of 0). Then the fol-
lowing hold true:

(i) For all u € Ho() and v € W32(Q) it holds that

K'(u;v) = / (K(s) Opu Opv + Opu Orrv) ds. (3.31)
o0

(i1) For all u € Ho(S) we have

1

mezzzﬂ;ﬁ@xalﬁd& (3.32)

(iii) K'(u;v) is a continuous bilinear form in W (Q) x Ho(9).

Proof. Using the same argumentation as in the proof of Lemma [3.2.2] we directly
get that (3.31) holds. Applying Theorem we are able to pass to the limit in

(3.31)) and complete the proof of (i) and (7i).

Concerning (7ii), one gets
K'(u;v) = / (K(8) Opu Opv + Opv Orru) ds
0N

for u € C§°(2\'S) and v € Ho(Q2). The result follows then by density with the help
of Lemma [3.3.701 n

Now we are able to give the relationship between the minimization and the boundary
value problem for a hinged plate.

Corollary 3.3.13 Let f € L?(Q) and —1 <o < 1.

(i) A hinged plate, i.e. the unique minimizer of J, in Ho(Q), lies in W2(Qy) for
any open Q1 with Q1 C Q\ S, and satisfies

A’y =f a.e. in €,
u=0 on 09, (3.33)
Au—(1—-0)kOpu=0 ondQ\S,

where S is the set of corners of 0f.
(ii) If u € WE(Q) satisfies (3.33) then it is a minimizer of J, in Ho(Q).

Proof. Let € > 0 and define

B(S) := | B(x).

zeS
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Since Problem (j3.33) is regular on 02\ S and the boundary of the domain is smooth

away from the corners, one can show, using standard regularity techiniques, that the

minimizer u € Hy({2) of J, lies in W*?(Q\ B(S)). Then one has that J'(u; ) = 0

for all o € C>(Q) N Cy(Q) compactly supported with suppy C Q\ B(S) and an
integration by parts is allowed:

0 = / _ (AulAp — fo)dzdy — (1 —0)K'(u; )
ONB(S)

= /Q\(A2u_f)god$+/ 7(Au—(1—a)lﬁ;8nu>8ng0ds

B(S) OO\B(S

)
—/ (1 =0) Orrnu+ 0nAu) p ds. (3.34)
P0\B(S)

Thus, one obtains the differential equation in 2\ B(S) and the natural boundary
condition on 92\ B(S). Letting ¢ — 0 we get that

A*u=finQ and Au— (1 —0)xdpu =0 on IN\ S.

On the other hand, (3.31)) and Green’s identity (3.30)) imply that if for the solution u
to (3.33)) holds that u € W(£2), then u will satisfy the weak Euler-Lagrange equation
Jo(u;v) =0 for all v € Hyp(Q). [

Kondrat’ev’s expansion near a corner

Let w € (0,27) and define
Ko = {(rcosf,rsinf) e R* r>0and 0 <f <w}, (3.35)

an infinite circular sector of R?, centered at the origin with an opening angle w.
Consider the following problem

{ A%y =f in ICy,

u=Au=0 ondK,. (3.36)

According to [35], for solving (3.36) one needs to find the nonzero solutions for the
following two-point boundary value problem

0"(0) 4+ 2(2 — 22 4+ 22" (0) + A2(A = 2)%v(h) =0 in (0,w),
v(0) = v"(0) = 0, (3.37)
v(w) =v"(w) = 0.

We assume that €2 is smooth with the exception of N corners with interior opening
angles w; € (0,2m) for ¢ = 1,.., N. Using the results of the previous section we are
able to prove a regularity assertion for a hinged plate.
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Proposition 3.3.14 Let f € L*(Q) and assume for alli = 1,.., N that w; € (0, 27).
Then the weak solution u for , i.e. the minimizer of J, in Hy(Q2), belongs in
WiHQ).

Proof. We first show the existence of a solution for (3.33) in W}(€2), when f belongs
in a larger space than L?(Q2). Assume, for the time being, that f € WY and define
the operator

L:WHQ) — W(Q) with Lu:= A%y and
D(L) :={u € WE(Q); u=0o0n9Q, Au— (1 —0)kdu=0on 9N\ S}.

Note that functions in W(2) are C? up to the boundary, away from the corners
and thus, the operator L is well defined. Now we apply [36, Theorem 6.3.3] to find
that L is Fredholm when X # 1, where A is any eigenvalue of problem . We
can directly solve by assuming exponential type solutions, to obtain for each
J a pair of eigenvalues \j, j1; corresponding to the same type of eigenfunctions ®;:

)\j:manduj:]w—l—Zwithi)j:sin(ﬂG).
w w w

Thus, L is Fredholm when w; # 0,7, 27 and its range coincides with the set of all
functions f € W2(€) such that

/ fvdzdy =0 for all v € ker LT,
Q

where the operator Lt : W}(Q) — W(Q) is defined similarly to L for the formally
adjoint problem to (3.33): Let u,v € C§°(2\ S) (for the definition see Chapter
and calculate

/ (Agu) v dedy + / (Au — (1 — 0)kOpu) Opv ds
Q o0

= / AulAv dzdy — (1 — 0)/ KOpu Opv ds
Q o0

= / (A%0) u dady + / (Av — (1 — 0)kOnv) Opu ds.
Q o0

Thus, in view of [36, Section 6.2.3|, we obtain L = LT, that is, the problem (3.33))

is formally self-adjoint. To complete the proof of this step we need to show that

ker L = {0}. Let u € W{(€), such that

2 . .
{ A“u =0 in Q, (3.38)

u=Au—(1—0)k0pu=0 ond\S.

Since W (Q) C WE(Q) c W22(Q), Corollary [3.3.13] implies that u is the unique
minimizer of J, in Hyo(2) with f =0, that is u = 0. [
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Corollary 3.3.15 Assume that u € W{(Q) solves (3.33)) for f € Cg°(Q\S). Then,
for each corner of opening angle w; € (0,27) \ {37”}, there exists k = ky,, arbitrarily
large, such that in a neighbourhood of this corner u has the following expansion:

u= Z cjr%r sin <‘Zr€) + Z c;r%+2 sin (‘fﬁ) +w (3.39)

0< I <k+3 0<IZ+2<k+3

with w € W§+4(Q). Moreover, if w; denotes the lowest order term in the above
expansion, then for

e we (0,7): w =cyrosin (Z6),
e we (m, 37”) Duyp = —c_r?7u sin (Z9),
o wE (37”, 271') tup = 027’% sin (%”9) .

Note that in the last case the lowest order term is sign-changing.

Proof. Since f € C§° (Q\S), we have that f € W (Q) for all k € N. A solution of
the hinged plate problem satisfies u € W (2) € W§(Q) and thus one can apply [35,
Theorem 3.3] with k&1 = k = a3 = 0, and o = 6 to obtain that the solution will have
the expansion

u = Z cjr%r sin <‘Zr€> + Z c;r%‘” sin (‘ZG) +w (3.40)

0< I <k+3 0<IZ+2<k+3

whenever % # k+ 3 with w € Wé”‘l(Q). Since w # w, 27w, we can always choose k
as large as needed, such that

j= %(k +3) (3.41)

is not a positive integer: If # € Q and 2(k+3) € N, then 2(k+1+3) ¢ N. Moreover,

there will exist at least one term in the above sum when
T

k+3

Summing up, for a given opening angle w we choose k such that (3.42) holds and
(3.41)) gives that j is not a positive integer. |

w >

(3.42)

The coefficients in the expansion. Before we move on with the comparison of
the hinged and supported plate, it is important to have a certain estimate on the
coefficients of the lowest order terms in the expansion . We would wish to
have a general answer to the sign of the coefficients of the lowest order terms. This
depends highly on 2 and f and thus a general answer is not to be expected. However,
when the boundary of the domain has only convex corners, then one can give the
following estimate based on the maximum principle.
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Lemma 3.3.16 Assume that §) is a convex polygon and let f € C§° (ﬁ \ S) with
f<0and f#£0. Then c; <O0.

Proof. If all corners of the boundary are convex, one obtains that u has the expan-
sion - -
U = c17w sin (—6’) + jre? sin (—9) + higher order terms
w w

in an e-neighbourhood of a corner, where the first term is harmonic and the higher
order terms smoother than the first two. Then we have

€
/ (7672)27“ dr < oo,
0
which implies that Au € W2?2(2). Thus, a hinged plate will satisfy

(3.43)

—Au=v in ), q —Av=f in €,
u=0 onoQ v=0 on 0f2

and an iterated application of the maximum principle yields that v < 0 in 2. Now
u as a solution of the Dirichlet Laplacian with right hand side v has the expansion

U = Z cjrg sin (]770> +w
w

0<j<(k+2)%

with w € W§T2(Q) (see [36, Section 6.6.1]). Note that Wi*2(Q) € W?2,,(Q) and one
can apply |48, Lemma 6.7] with v = —k to find that there exists a positive constant
C, such that

lw| < Critk

sufficiently close to the corner. Moreover, the functions 7% sin (%9) are sign chang-

s
w

and thus ¢; < 0. [ |

ing for j > 1. Since k can be taken arbitrarily large, we get that u = 0(7‘5 sin ( 9) )

A comparison argument using Kondrat’ev’s “singular eigenfunctions”

A criterion for checking whether a hinged plate is also a solution to the supported
problem is given by the following

Lemma 3.3.17 Let f € C3°(Q\ S) and assume that the minimizer u € Ho(Q) of
Jy is also a minimizer in Hy (). Then

AU+ (1 —0)0nr7u <0 on O\ S, (3.44)

where S is the set containing the corners of 0S).
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Proof. Similarly as in the proof of Corollary [3.3.13| one can show that for f €

Cee(Q\S) € Wh2(Q) we get u € W52(Q2\ B(S)) and thus all third order derivatives
of u are continuous on the boundary. Testing the variational inequality J'(u;v) > 0
with functions v nonnegative on the boundary and supported away from the corners
proves the Lemma. [

Now we move on to compare the hinged and supported plates. For simplicity we
assume that 9€) contains only one corner at the origin, of opening angle w.

Theorem 3.3.18 Let w € (0,27) \ {3,7,2F} and f € C°(Q\ {0}). Moreover,
we make the following assumptions on the coefficients of the lowest order terms in
(13.39)) -

(i) forw e (0,m)\ {Z}, we assume c; <0 and
(ii) for w € (W,%), we assume ¢_y > 0.

Then the minimizer u € Hy(Q) of J, cannot be a minimizer in H, ().

Remark 3.3.19 Note that f should also satisfy assumption (3.4) on the existence
of a minimizer of J, in Hy(2). Otherwise the result of the Theorem is trivial: There
would exist no minimizer in H, ().

Proof of Theorem [3.3.18, We will show that the “supported” boundary condition
N(u) :=0pAu+ (1 — 0)0nr7u <0 on 002\ {0} (3.45)

cannot be satisfied sufficiently close to the origin by a hinged plate. That is, if we
assume that a minimizer of J, in Hp(2) is also a minimizer in H (), then we are
lead to a contradiction. To that end, if u; denotes the lowest order term in all cases
of Corollary we will show that N (u;) is also the leading term of N(u). Thus,
calculating N (u;), we will see that it does not satisfy the supported condition near
the origin.

A hinged plate, i.e. the minimizer of J, in Hy(€2) has the following expansion in a
neighbourhood of the origin:

u = u; + higher order terms + w,

where w € W§+4(Q) with k arbitrarily large. Thus one has for its third order
derivatives that dzw € W1 (Q) ¢ WEQ(k—l) and therefore

(@50)(r, 0)] < ¢ [[wllysgq r* (3.46)

(see 48, Lemma 6.7]). Hence, there exists a sufficiently large k such that N(u) ~
N (). For 8 = w we get 9, = 9p and 0 = O,,. Consider the following cases:
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(1) w e (0,m): We get

N (clrf sin <f0)> = (1-0) wﬁﬂ o (71'9)

O=w
1o =8) =0y
= — 0 3 rw
w
(2) w e (m,37): We calculate
N (c’_1r2—f sin <_f9)) _ _c’_17r(w — ) (U(2w —m)+7T— 6w) -
w 3

— 400,

since for o < 1 < $9=T we find that o(2w — 7) + 7 — 6w < 0.

w—Tr

(8) we (37”, 277): Similar to the previous cases we calculate for § = w that

s 4 2 (2w 1 i
¥ (e s (220))] =) 2 BN e (200

O=w w w O=w
deam? (22— 1) o
— (1 o ) (;} )7427727
w
whereas for § = 0 we have that 0,, = —Jp and thus
ﬂ 2 4eam? (1 — 25 5 276
N <CQT2w sin <W9>> =(1-o0) wr%ﬁ cos <7r>
w 0—0 w w
6=0

deom? (1 — 2—”) or
= (1) L)

x 2
=—N <czr2w sin <7T0>>
w

In this case we need no assumption on the coefficient. Since for 37” < w < 27 one
has that %ﬁ —2 < 0 and hence N(u;) — 400 as r — 0 either on the one side of the
corner (f = w) or on the other (f = 0), depending on the sign of cs. [

O=w
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Chapter 4

Decoupling fourth order equations
into second order systems

In this part we are going to illustrate how the nonsmoothness of the domain can
create problems when one tries to split a fourth order equation into a second order
system. An outline of this chapter is as follows: In the first section we recall existence
and uniqueness for the Navier and Dirichlet bilaplace problems in smooth domains,
aiming to illustrate the equivalence between the original boundary value problem
and its corresponding system splitting. In the second section we illustrate the use of
piecewise linear finite elements for approximating the system solutions in both cases.
Next we consider issues of existence of the Navier bilaplace problem and prove an
existence and nonexistence result for the Dirichlet system approach in domains with
respectively convex and concave corners. The last section is addressing issues of
convergence of the numerical scheme for the Dirichlet bilaplace system.

Here again, €2 will denote an open, bounded subset of R™ unless noted otherwise.

4.1 Recalling existence of solutions on smooth domains

In this section we explain several ways on how to obtain a solution for the fourth
order equation by going through second order systems.

4.1.1 Existence for the Navier case

With —Awu = w problem

A’u=f inQ,
{ u=Au=0 on 9 (4.1)
changes into
—Aw=f inQ, —Au=w in Q,
{ w=0 on JQ and { =0 on 09. (4.2)
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Definition 4.1.1 A function u is called a weak solution of if
(i) ue W22(Q) N W2 (Q) and
(ii) / (Aulg — fo)dz =0 for all o € W22 (Q) N Wy2 ().
Q
Remark 4.1.2 The weak Euler-Lagrange equation for the minimization problem
- { . 2,2 1,2 ~
min § Je (u) ;u € W= () N W (Q)} with
(4.3)
Je (u) := / <% (Au)? — fu) dx
Q

coincides with (ii) of the definition above.
Definition 4.1.3 The pair (u,w) is called a weak solution of if
(i) u,w € Wy* (Q),
(ii)/(Vu-Vnp—wgo)da; =0 and/(Vw‘Vz/J—fw)dw = 0 for all p,¢ €
mgfz(}’? (). ’

Remark 4.1.4 Considering successively the minimization problems
min {Jl (w);w e VVol’2 (Q)} with Ji (w) = / (% IVw|? — fw) dx
Q

and

min {JQ (u);u e W01’2 (Q)} with Jo (u) :== /Q (% |Vul? — wu) dz,

one finds the second part as the corresponding weak Euler-Lagrange equations. Al-
ternatively one may look for a stationary point of

H (u,w) := /Q (Vu-Vw — fu—3w?)de for u,we I/Vol’2 (Q) (4.4)

and will also find the equations in the definition.

The existence for (4.1)) as well as for (4.2)) follows from Riesz’ representation Theorem.
The form (-,-) defined by

() = [ Vo0 do
is an inner product on Y/VO1 2 (Q) when € is bounded. For (-,-)) defined by

(o) == /Q Ap A da (4.5)
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to be an inner product, the domain needs to satisfy some additional regularity: If
0Q € C?, then one obtains that the problem

—Au=f in{,
{ u=0 on dN (4.6)

has a unique solution u € W?22(Q) N Wol’Q(Q) for f € L*(Q) satisfying [jully, <
C||Aul|, with a positive constant C' depending only on the domain (see [18]) In
the case of less smooth domains one still obtains existence but needs more intricate
arguments. We will return to this problem in a later section.

Whenever we do have existence, then for domains which are sufficiently smooth, C*
suffices (see again [18] for second order differential operators), standard regularity
arguments apply and an integration by parts, that is

/ (Aulp — fo)dx = Au Opp ds +/ (A2u — f) @ dx,
Q Q

o0

shows that the weak solution for (4.1)) satisfies the differential equation and also the
second boundary condition Au = 0 on 0f2. Hence the solutions u of both definitions
coincide for the smooth case.

4.1.2 Existence for the Dirichlet case
Here we consider
A2u=f inQ,
uw=0,u=0 on 0f.
A standard way to obtain a solution to (4.7]) is by minimizing

J. (u) = /Q (%(AU)Q— fu) dz (4.8)

over u € VVO2 2 (). Such a minimizer exists and is unique since the functional is
coercive and strictly convex (hence weakly lower semicontinuous) over the Hilbert
space W02 2 (©). Note that, in contrary to the Navier case, proving coercivity does
not need any regularity of the boundary. The unique minimizer satisfies the weak
Euler-Lagrange equation

0=20Jc (u;p) = / (Aulyp — fo)dx for all @ e W? (). (4.9)
Q
Definition 4.1.5 The function u is called a weak solution of if
(i) ue Wi*(Q) and
(it) u satisfies [4.9).
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With —Awu = w, problem (4.7 changes into

{—Aw—f in Q, and { —Au=w in ), (4.10)

—_— on 0f) uw=0p,u=0 on 0f.

For this system there is no obvious way of solving (see [45] for another approach).
Nevertheless, there is an appropriate weak formulation. Following Remark
consider the functional

H (u,w) = /Q (Vu-Vw - fu— %wz) dzx for (u,w) € H, (4.11)

where
H = Wy? () x WH2(Q). (4.12)

A stationary point (u,w) € H is a solution to the Euler-Lagrange equation

OH (u,w;p,0) = /Q(Vu-vw—i-Vga-Vw—fgo—ww)da;

= 0 forall (p,¢)€H, (4.13)

which is equivalent to
/Q (Vw-Vo—fo)de=0 forall ¢eWy?*(Q) (4.14)
/Q (Vu-Vip —w )de =0 forall e WhH?(Q). (4.15)

Definition 4.1.6 The pair (u,w) is called a weak solution of if
(i) (u,w) € H=Wy?*(Q) x W'2(Q) and
(ii) (u,w) satisfies {4.14)-{4-15).

Let u € Wy () be a nontrivial function. Then

H (tu,tu) = / (£ 1vulP = 2 (f ut Ju?)) do { — +oo for t — 400,
Q

— —oo for t — —o0,

shows the unboundedness of H. So, generically, one expects that when a stationary
point exists, it would be a saddle point.

We will not be able to show the existence of a stationary point of directly.
Instead, we will show that in the case of convex domains, there exists a one to one
correspondence between stationary points of and solutions of . On the
other hand, the presence of concave corners will enable us to find an example where
no stationary points exist. To that end we have the following
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Proposition 4.1.7 Let 2 C R™ be open and bounded and let f € L*(9).

(i) If (u,w) € H is a stationary point of (4.11) and u € W?2(Q), then u satisfies
the weak Fuler-Lagrange equation .

(ii) Ifu e WOQ’Q(Q) satisfies and Au € WH2(Q), then (u, —Au) is a stationary
point of .

Proof. (i) Let (u,w) € H be a stationary point of (4.11)), i.e. both (4.14) and (4.15)
are satisfied. If u € W22 (Q), then for all ¢» € W12 (Q) it holds that

/(—Au—w)wd:ﬁ— ﬁnu¢d8:/(Vu-Vw—ww)dx:O,
Q i) Q

which implies —Au = w in © and J,u = 0 on 02 in a weak sense. Hence u €
WO2 2 (). Moreover, by density,

/Q(—Au —w)tpdx = 0 for all ¢ € L* ().
Taking ¢ € W02’2(Q) and using 1) = —Ayp, we find with 1) that
0 = /Q (—Au —w) (—Ap) dz = /Q (Au Ap — Vw - Vo) dx
= /Q(Au Ap — f @) dx.
(i) If holds true, u € W02’2 () and Au € WH2(Q), then
0 = /Q(AuAgo — fo)dx
= /Q(—VAu -V — fo)dx forall ¢ e WOQ’2 Q).
Since I/V02’2 () is dense in I/Vol’2 (€2), one has
0= /Q (~VAu -V — fo)dr forall ¢ € Wy*(Q)
and it follows that
OH (u, —Au;p,1p) = /Q(Vu-V¢—Vg0-VAu— f o+ Au)de
- /Q(Vu-vw—i—Au ) dx
= Ohupds =0

o0
holds for all (p, 1)) € H. [
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4.2 An approximate solution by piecewise linear finite
elements

4.2.1 Numerics for the Navier system

The procedure in this case is rather straightforward. One replaces VVO1 2 (Q) by a finite
dimensional space Vi consisting of piecewise linear functions on a triangulation of
Q. Then the corresponding finite elements will be used to find unique solutions wy
and uy of the discretized version of (7i) of Definition Refining in a umform
way the triangularization (N — 00), these functions (uy, wN) converge in WO 2(Q) x
WO1 2 () to a solution (u, w) of . In other words, these numerical approximations
converge to the weak system solution.

4.2.2 Numerics for the Dirichlet system

The finite element approximation of the setting explained in Section can be
treated similarly. Approximating the curvilinear domain from the inside with poly-
gonal domains needs only a mildly regular boundary. Different kinds of methods and
their convergence have been studied; see [19] [44] [52] for the case of smooth domains.
The authors of [16] adapted a method of Raviart and Ciarlet (see [12]) by using a
dual mesh to avoid complications.

Proposition 4.2.1 Let Q C R? be an open and bounded polygonal domain and let
Tn i bea triangulation of Q with N internal nodes und K boundary nodes. Suppose
the family {ez} K denotes the corresponding piecewise linear elementary functions
(Lipschitz on €, aﬁine in each triangle of T i and supported in the triangles adja-
cent to the i-th node). Set

(€i,ej) :/Vei Vej dr and (e;,ej) = / e; ej dx. (4.16)
Q Q

Then for a given f € L*(Q) there exists a unique solution {u;} |, {w;} 1t of

N+K N

Z (ei,ej)w; = Z(f,ej) forj=1,...,N, (4.17)
=1 i=1

N N+K

Z(ei,e])ui = Z (ei,ej)w; forj=1,...,N + K. (4.18)
=1

=1

Remark 4.2.2 Note that the system (u 1 just the discrete version of
. Indeed, letting u = ZNl u;e;, w = wzeZ and allowmg the test func-

tions ¢ = Z] Lpje; and Y = ZN+K pje;j, equatzons (u) are ]ust (”)
(-/ for given f € L*(9).
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Proof of Proposition m In order to see that - - ) has a solution,
let us start with {el} ;,—1 being a basis in the finite dimensional space that serves as
an approximation of I/VO1 2(Q). Then we add additional elements (e} NAE 1, corre-
sponding to the boundary nodes, to form a basis in the finite approximation space for
W12(Q). By a first Gram-Schmidt process we normalize these elements with respect
to the inner product (-, -). So the modified {ei}f\il is still a basis in the finite dimen-
sional space that serves as an approximation of Wol’2(Q). The set {en+1,---,eN+K}
is no longer localised near the boundary but that will not produce a problem. So we
may assume
<€i, €j> = 5@]

We apply the Gram-Schmidt process a second time but now with respect to (-,-) for
{en+1,---,enyk}. Indeed, we define the elements ey, with k =1,2,..., K by

*
EN+k = EN+k — E
i=1

(eN-‘rk’ e*N-i-i)
- ~EN+k-
(€N+k, €N+k)

Then we find

(ef,€5) =0fori,j € {N+1,...,N + K} with i # j.

Moreover, for all k=1,...,K and j =1,..., N it still holds that

k-1

(€Nths €5) = (eNth: €5) — Z
=1

(eN+ks €N i)
——(en+k,€5) = 0.
(€N+k;eN+k)< +ho€3)

After these prelimiminaries we can solve the equations. Since {ei}f\il is a basis, for
the given f € L?(€), there exists a unique set {wl}f\; 1 solving the system

N N
Z%@J Z f,ej) for j=1,...,N.
=1 =1

Let us write w = Zf\il w;e;. The solutions of 1} are precisely given by

N+K

— *
=W+ E ciej,

i=N+1

where ¢; € R, i € {N +1,...,N + k}. Thus, from (4.18) for u, that is {u;}Y ,, and
the yet unknown {cl}~Z]\£§\,}_(~_1 one finds the N + K equations

N N N+K
Z(ei,ej>ui:Z(e“ §)>wi+ Z (ef,e§*))ci forj=1,..., N+ K,

i=1 i=1 i=N+1
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where the superscripts *) are related to the N internal elements and K “boundary”
elements. Separating the first NV from the remaining K one finds

N N N+K
Z(ei,ej>ui = Z (ei,€5) wi + Z (ei,ej)cifor j=1,...,N
i=1 i=1 i=N+1
and
N N+K
Z ei, e ] w; + Z (ez,e])ciforj:N—i—l,...,N—i—K.
=1 i=N+1

Due to the orthonormality of the elements with respect to the appropriate inner
products, the ¢; in the last equations are uniquely determined and one may compute
these first and then plug them in the first set of equations in order to yield a unique
set of u;. ]
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4.3 Existence and decoupling in the presence of corners

4.3.1 The second order Dirichlet Laplace problem

Let f € L?(Q). Using Riesz’ representation Theorem or variational methods, it is
well known (see for example [24]) that the Dirichlet problem

{ —Au=f inQ,

=0 on 9N (4.19)

has a unique weak solution in WO1 2(9) for any bounded domain 2. One can even
prove (see |26 [33]) that in the case of convex domains (or of those that can be
mapped to a convex domain via a C? diffeomorphism) the solution lies in W2((2).
However, whenever one seeks less regular solutions, it is folklore that this uniqueness
is no longer true in general. Let us illustrate this with an example. For 2 = €, with

Q= {(rcos,rsinf);0 <r <1land |0 < sw}, (4.20)

an open pacman domain with an opening angle of w > m, solutions of (4.19) in
W, P(€,) with

2w
P w+T
are no longer unique. Indeed:
Lemma 4.3.1 For w > m, the function
_ —mjw o wfw) o E
Uy (T1,22) = (7 r sin ( —0 (4.21)
w

with
z1 =rcosf and xo = rsind

lies in W&’p(Qw), whenever p € (1 o ), and satisfies Au =0 in Q.

P w+T

Remark 4.3.2 Later on, we will see that the function in (4.21)) plays a special role
in the comparison of solutions to (4.1)) and (4.2).

Proof. It is immediate that u, = 0 on 99,\ {0} and Awu, = 0 in €. To see that

u,, € WP(Q,) one checks that w > 7w and p < wzﬁ imply

1

/01 (r*”/“’*l)pr dr < oo and /0 (r’r/“’*l)pr dr < oo.

Since u, € WHP(Q,) N C(Q,\ {0}) and u, = 0 on 9\ {0}, it follows that u, €
Wy (9
0" (). n
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Figure 4.1: Forw = %’/T a graph of the harmonic function u,, from that satisfies
zero Dirichlet boundary conditions in the following sense: u, € Wy'P(Qy,) for all
pe(l,3).

4.3.2 The Navier case for the biharmonic
The inner product

The question of existence of a weak solution for on nonsmooth domains is
relevant to studying the regularity of the Dirichlet problem for the Laplacian. In case
of C? smooth domains one can prove straightforwardly by a local “straightening” of
the boundary that the solution of lies in W22(Q) N T/VO1 2(2) and satisfies the
estimate |jully, < C||Aull,. When the boundary of the domain has singularities,
one can distin}guish the following cases:

e In case the boundary of the domain has corner-like singularities (for planar
domains ), one can use directly Grisvard’s density argument (see Theorem
and Corollary . When the domain Q C R™ can be mapped onto
a convex domain via a C? diffeomorphism (the corners are “convex”), one can
also apply an approximation argument: In this case the domain €2 can be
approximated from the inside by a sequence of smooth domains. Then the
solution for the problem in these domains is smooth enough and converges to
a solution of the original problem in I/VO1 2(€2) and the zero extension of the
second order derivatives converges in L?(R™). It follows that the solution to

the original problem lies in W?22(€2) (see [26, 33]).

e When the boundary of the domain has exterior cusps, one can use a transfor-
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mation argument and results by Dore and Venni on the closedness of the sum
of two closed operators to yield the result (see [27] and references therein).

e The presence of a reentrant corner yields negative results: For the domain
Q =9, and f € L?(Q,), one has that there exists a ball B centered at the
origin, such that the weak solution of (4.19) has the expansion

u = cr™¥sin (g@) + U,

where ¢ is a nonzero constant and U € W22(Q) (see |26} 35, [36], 37, 48]). When
w > m, then one obtains that the weak solution u will not in general be in
W22(€,). For such a function u, there exists a sequence {ug }ren € W22(Q,,)
such that, for & — oo, up — wu in L?(),) and Aup — Au in L?(€,) (see
[26), 28]), but [jug|ly o — co. Thus the L? norm of the Laplacian is not a norm
in W22(Q,).

A counterexample where solutions differ

In this section we recall a result from Nazarov and Sweers in [48] and tailor it for the
domain €, defined in (4.20). Let G : L2(€,) — VVO1 2(Q) be the solution operator

of (4.19), that is
/ (V(Gf)-Vo—f)de=0 forall e Wy2(Q).
Qu

Proposition 4.3.3 Let Q,, be as above with w > 7 and let f € L*(Q,,). Then the
following hold:

i) System (4.9) possesses a unique solution in W 12 Qy) x W 12 Q,), namely
0 0
(u,v) = (G (Gf),Gf).

(i) Equation possesses a unique solution in W%2(€,) N Wol’z(ﬂw), namely

/ uy, Gf dx
Qo

/ ul da
Qo

u=G (Gf) - Guuﬂ

where uy, is defined by .

Remark 4.3.4 To distinguish between the two solutions we call them respectively
Usystem 0N Ueguation- They have the following properties:



4.3. EXISTENCE AND DECOUPLING IN THE PRESENCE OF CORNERS 76

(Z) Usystem = Uequation Zf and Only Zf

/ u, Gf dx = 0.
(ii) Since uy, & Wol’Q(Qw) and Gf € Wol’Q(Qw), it follows Auequation & Wol’Q(Qw)
unless
/ uy, Gf de =0,
contrary to Ausystem = —v € WOI’Q(QW).

(i17) Since w > 7, one finds Usystem & W22(Q,,) unless

/ uy, Gf dx = 0.

(w) If f >0 and f #0 (abbr. f 2 0), then the mazimum principle implies Ugysiem >
0. For Uequation there is not such a sign preserving result (see [48]). For f 2 0
one may conclude Ugystem > Uequation-

4.3.3 The Dirichlet case for the biharmonic

Here we deal with the existence of weak solution for (4.10) in domains with corners
and see what can go wrong. We first state a useful observation.

Lemma 4.3.5 Let w € L?(S2), where Q C R? is open and bounded with 0 being
smooth with the exception of a finite number of corners. If there exists u € WOI’Q(Q)
satisfying

/ (Vu -V —wip)de =0 for all 1 € WH(Q), (4.22)
Q
then u € W*(9Q).

Proof. If such a function u exists, it coincides with the weak solution of the problem

—Au=w in Q,
u=0 on 0.

When ( is convex one finds that u € W22(€) (see [33]) and an integration by parts
implies that 0,u = 0 on 9. Thus we only need to treat the case when 0f) has a
corner of opening angle w > 7. In that case, following |36, Examples 6.6.1 and 6.6.2],
there exists a ball of radius € > 0 centered at this corner, which is denoted by B. and
constants c¢g, c1, ¢1, such that any function u € VVO1 ’2(9) satisfying the assumptions
of the Lemma will have the expansion

u=co+c1 ™% cos (30) +u, in BN,
w



4.3. EXISTENCE AND DECOUPLING IN THE PRESENCE OF CORNERS 77

as a weak solution to the Neumann problem (according to [36, Example 6.6.2]), as
well as

u = & r™/¥sin (39)—#&7« in B:NQ,
w

as a weak solution to the Dirichlet problem (according to [36, Example 6.6.1]). Here,
(r,0) is a polar coordinate system centered at the corner point and u,, @, € WZ(12).
Thus, since WZ(Q) € W22(Q) (see Proposition [2.1.10)), we get

co + 7™ (01 cos <g€) — ¢18in (59)) = U — U, € W2’2(Q)

P2 27“d7“:oo
[ ()
0

1 econ (58) ~n (20) € w200 w2

one obtains that ¢; = ¢ = 0. On the other hand, applying [48, Lemma 6.7] we get
that there exists a constant C' > 0, such that

and since

implies that

lco| = |up — @, | < Cr.

Thus ¢p = 0 and the Lemma is proved. ]

Existence under the assumption of extra regularity

We shall begin with a brief description of the geometry and the behaviour of critical
points of (4.11]). The following lemma is complementary to Proposition

Lemma 4.3.6 The functional is affine in u € VVOL2 (Q) and concave in w €
W2 (Q). Moreover, the following hold:

(i) Fizu € VVOL2 (Q). Ifu € W02’2 () and Au € WH2(Q), then the supremum of
w — H (u,w) is attained for w = —Au.

(it) Fiz w € W2 (Q). If [o(Vw-V¢—fo) =0 for all v € WH(Q), then
u— H (u,w) is constant on Wol’2 (Q).

Proof. One has for t € (0,1) that
H(tuy + (1 — t)ug,w) = tH(uy,w) + (1 — t)H (ug, w).
Since

H(u,tw; + (1 —t)we) = tH(u,wi)+ (1 —1t)H (u,ws)

—%t(l —t)/ﬂ(wl —wo)?da

< tH(u,wr) + (1 —t)H(u, ws),
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the functional w — H (u,w) is concave for every u € W01’2(Q).

(i) Moreover, whenever u € W§’2(Q) and Au € W12 (Q) holds, one finds for any
direction 0 # ¢ € WhH2(Q), that

(.~ 1) = [ (<Fu- Tt V- V= fu— (-t 1)) da

Q
= /Q(—Vu VAu— fu—13 (Au)? — %t2¢2>dx

< H (u, —Au)
with equality if and only if ¢ = 0. Thus, the supremum is attained for w = —Au.

(ii) If w € WH2(Q) and —Aw = f in the weak sense, then

1 1
H(u,w):/ (—Vu-Vw—fu—2w2>dx:—2/w2dm,
Q Q

which is independent of u. ]

Regularity in the neighbourhood of a cornerpoint

As we have seen, existence is implied when solutions have some extra regularity. We
will assume for simplicity that the boundary of the domain Q C R? has only one
corner, namely at 0, which is locally the apex of a cone. That is, in polar coordinates
(r,0), there exists € > 0, such that

QN B-(0) = {(rcosf,rsinf) e R 0 <r <eand b€ (0,w)}, (4.23)

where w € (0,27). In order to state the main regularity theorem, we need the
following eigenvalue problem:

{ A (1P (0)) =0 inRT x A,

(0) = 3%‘1) () =0 on 0A. (4.24)

What follows is a special version of Kondrat’ev’s regularity Theorem (see [35]) for
general elliptic problems, found in [26].

Theorem 4.3.7 (V. A. Kondrat’ev) Let Q C R? be a domain satisfying ,
where the opening angle of the conical point is not equal to m or 2w and let u €
WO2’2(Q) be the unique weak solution of with f € L*(Q). Let \; be the eigen-
values of and assume that Re(\;) # 2. Then, there ezists a w € W*%(Q) and
positive constants cj;, such that u has the representation

Kji—1

u=w+ x(r) Z Z e ()t uy (N, 0), (4.25)

0<Re(Aj)<2 =0
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where k;j is the algebraic multiplicity of the j-th eigenvalue. Moreover, the functions
uj; are the corresponding eigenfunctions and they are infinitely differentiable. The
function x(r) is a cutoff function equal to one near the cornerpoint and is supported
sufficiently close to it.

Remark 4.3.8 Following [20], one can show that a solution to the eigenvalue prob-
lem exists, precisely when there exists \ that solves the transcendental equation

sin(w\)? = A\ sin(w)?, (4.26)

where w € I := (0, m)U(m,27) is the opening angle of the conical point. Moreover, for
(w, Re(N)) € I x (0,2), the above equation has only simple and double roots. Double
roots with geometric multiplicity 1 occur when

wsin (w) cos (wA) = Asin(w)?, (4.27)

that is, where the strictly complex (dashed) curves join the real valued X (see Figure

[4.4). Combining (4.26) and (4.27) it follows that

Existence for domains with convex corners

As illustrated in Proposition a minimizer of (4.8) will be a stationary point
if one assumes some extra regularity. We will show that in the case of a bounded
piecewise smooth domain with finitely many convex corners this is indeed the case.

Lemma 4.3.9 Assume 0 < o < 1 and let Q C R? be a piecewise C* domain with a
finite number of corners, each of which has opening angle, measured from the inside,
less than w. Then, the minimizer u of the clamped plate functional @ satisfies
Au € WH2(Q).

Proof. Following Theorem [4.3.7) one sees that the regularity of the solution is
governed by the exponents in the asymptotic sums of the expression . We will
assume for simplicity that the domain is like and the angle of the conical point
is such that no double roots of the corresponding eigenvalue problem exist. Then, in
this case, the Laplacian of the solution will have the form

Au=Aw+ > grdT (A + 12N, 0) + Oggu;(X;,6)) (4.28)
0<Re(\j)<2

with w € W#2(Q) in the neighbourhood of the origin. From the values for A shown
in Figure (4.2)), one finds that for R > 0:

R 2
w<w:>>\>1:/ (r(’\_l)_l)rdr<oo
0



4.3. EXISTENCE AND DECOUPLING IN THE PRESENCE OF CORNERS 80

[=Y
P —

Re (Lambda)

o

200

omega (in degrees)

Figure 4.2: The relation between opening angle w and Re(X) in the singular solutions
for the clamped problem. The dashed lines correspond with (double) strictly complex
X. The figure is taken from [23)].

and thus Au € W12(Q). [

Corollary 4.3.10 Assume that the domain Q is as above. Then possesses a
critical point in H.

Proof. It is enough to apply Lemma [4.3.9| with Proposition to obtain that the
unique minimizer of (4.8]) is a critical point of (4.11]). [

Troubles with reentrant corners

We will now proceed with the comparison of the two solutions. In the case of the
existence of concave corners the system approach will, in general, not agree with the
minimization problem. For simplicity we let w € (0,27) and assume 2 = Q, to be a
pacman domain as in . Moreover, we define the subdomains (see Figure

Quii={ze® |z <1}, Quo={ze® }<|z|<?} and
Quz={re® 5 <|z[<1}.

Theorem 4.3.11 Let Q = Q, C R? be the pacman domain (&.20)) with opening
angle w > w. Then, there exists a right hand side f € L*(), such that the unique

minimizer of @ is not a stationary point of in H.
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Figure 4.3: The sliced pacman

Proof. Let x € C*[0,¢] be a function such that x = 1 in Q4 1, x#0 in 2 and

x =0 in €, 3 (see Figure . The relation between 6 and A is found in Figure
Since

/01 (r)‘ﬂfk)z rdr < oo if and only if k£ < A+ 2
and similarly if Inr is included, one finds that for k € {0,1,2,3,...}, that
¥; (r,0) == YTy (N,0) € WH2(Q) if and only if k < \; + 2.
Let 1 be the first positive singular eigenfunction. We set
ut = x¢r1.

One finds u* = 0 on 92 and J,u* = 0 on IN\ {0} and since 11 € W?2(Q) and
Y1 € W2(Q) for w > 7 (see Figure we find

ut e WP (Q)\W2(Q).

Since u* = 91 on O and v is a biharmonic function, it follows that f* := A%u; €
C>(Q2). Taking f = f* we have u* as the unique minimizer of .

Let us assume that (u*, —Au*) is a stationary point in the sense of (4.13). Then
ut e W) and Aut e WH(Q). (4.29)

Applying Theorem m one gets that the solution u* € WO1 2(Q) possesses the
asymptotic representation

u* =11 +c_9®_o + c_19_1 + c131 + corhg + higher order terms,
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where i; € W42(Q) and
Yoo, 1 € WHQ\WH?(Q) and 1,9 € W2 (Q\W*(Q).

The higher order terms lie in W?32(Q). Moreover, since the functions 1); are not
harmonic, indeed

A, = pril (()\z + 1)2 Uj ()\@, 0) + 699”]' (Al,9)> # 0,

one obtains

Atp_g, Ay & L*(Q) and Adpy, Avpy  WH(Q)

and that they do not cancel each others’ singularity near 0. Hence, if Au; € W1H2(Q),
then by the second condition in (4.29)), one is forced to set c_.o =c_1 =c1 =c3 =0
to find u; € W32(Q) N WOQ’Q(Q), a contradiction. [

In fact we can also prove the nonexistence of a critical point in this case.

Corollary 4.3.12 Let Q = Q. C R? be the pacman domain of Theorem |{.3.11]
Then for f as in Theorem|4.3.11} the functional possesses no critical point.

Proof. Applying Lemma we obtain that if there exists a critical point (u, w) €
H of |D then it must hold that u € VVO2 2(Q) But then, applying Proposition

we have that u is a minimizer of (4.8]). However, according to Theorem [4.3.11

this cannot be true. ]

Remark 4.3.13 The numerical computations to
sin(wA)? — Asin(w)? =0 for w € (0, 2],

that produce Figure [[.9 are performed with the Maple 9.5 package in the following
way: for every wy, = %ﬂ‘ + %T(TL, n = 0,...,100 we compute the entries of the set
{)\j}j.vzl. Here, N is determined by the conditions Re (An) < 3.200 and Re (An+1) >
3.200. The points (w, \) where \; transits from the complex plane to the real one, or
vice-versa, are solutions to the system P(w,\) = 0, %—I;(w,)\) =0. Forw =7 and
A € {1,2,3) one obtains the standard polynomials y?, xy?, y3, xy* and y? (3x2 — y2).

Remark 4.3.14 The asymptotic analysis of the original problem and the system
approach produces the same boundary value problems and imposes naturally the same
boundary conditions on the angular eigenfunctions. This produces exactly the same
singular eigenfunctions ;.

Remark 4.3.15 Following the argumentation of the previous theorem, one sees that
when w < T, the stationary point is indeed in W22(Q). Thus, Proposition
implies that it is unique.
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4.4 Convergence of the corresponding finite element ap-
proximation scheme

The equation with Navier boundary conditions can be decoupled with the bound-
ary conditions splitting to form an iterated Dirichlet Laplace problem which can be
treated in a standard way. Here we consider the clamped plate problem where we
have to take the more tedious approach which is described in Section Prov-
ing convergence of the numerical scheme is closely dependent on an approximation
property of the finite element spaces.

Let Q be an open and bounded polygonal domain of R%2. Let 7 be the family of
all uniform triangulations of {2, that is, each triangle involved has angles uniformly
bounded away from 0. Let T":= Ty x € 7 be a triangulation of {2 with N internal
nodes, K boundary nodes and h := h(T) the maximum of the diameters of the
triangles. Moreover, {ei}ij\; ﬁ;K will denote the basis elements corresponding to the
triangulation T Lipschitz in €2, affine in each triangle and supported in the triangles

adjacent to the ¢th node.

By refining the mesh in a uniform way (see e.g. [9]), we can construct a family
of triangulations {T, k, },-o C T with lim, .. h(TN, k,) = 0. On each of these
triangulations 7}, := T'v, k, we define the finite element spaces

V,, := span ({em}fvz’ﬁ) and V,, := span ({en,i}f\i‘fK") )
In that context one can prove the following

Lemma 4.4.1 Let Q be an open and bounded polygonal domain of R? and let T},
Vi, and Vy, be as above. Then for every v € W42(Q) ﬂWOl’Z(Q) (resp. WH2(Q)) there
exists a family {vn};2o with v, € Vy, (resp. vn, € Vi) such that [|v, — vl 4 — 0 as
n — 0.

Proof. See [5, [9]. [

Using Proposition [4.2.1] one can prove for each n € N, the existence of a unique pair
(Un, wy) € Vy, x V,,, satisfying

/ (Vuy - Vo —wpp)dz =0 forall ¢ €V, (4.30)

Q

/ (Vo -Vw, — fe)de =0 forall ¢e€ V. (4.31)
Q

The main result of this section is the following

Proposition 4.4.2 Let Q C R? be an open, bounded polygonal domain. Then if
f € L%(Q), there exists a pair (u,w) € Wol’z(ﬂ) x L2(2), such that u, — u strongly
in W01’2(Q), wy, — w weakly in L?()) as n — oo and u € W22(Q), where (up,wy,) €

Vi x Vi, solves ‘)"
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Remark 4.4.3 The above result comes somehow unexpected. Although the func-
tional possesses in general no critical points when the domain has concave
corners, the corresponding finite element analysis of its Fuler-Lagrange equations
will yield a convergent sequence of solutions.

Proof of Theorem A unique solution (uy,wy,) € Vy, X Vi, can be obtained
similarly as in the proof of Proposition To prove convergence we need some
estimates. Take ¢ = u, in (4.31) and 1) = wy, in (4.30)). Then one obtains that

/fun dx = / w? dz. (4.32)
Q Q
Now, taking ¢ = u,, in (4.30) and using (4.32)) yields
[V de = [, de < ually
Q Q

1
2 3 1
— Junly ( [ 1 dx) < lwall3 1513

Apply now Poincaré’s inequality to obtain

IVuall3 < O IVualld 1£1F = [Vuall, < GO 1£1, (4.33)
and, consequently,
lunlly < CEOIFl, - (4.34)
Moreover, from we have
3
funlls= ([ fundz) < C@P 151, (4.35)

Through (4.33), (4.34) and (4.35) we conclude that there exists (u,w) € VVO1 2(Q) x
L%*(Q) and subsequences {uy, }ken, {Wn, Jren such that u,, — u in W2(Q) and
Wy, — w in L?(Q) for k — oo. Now let ¢y € W42(Q). Using Lemma there
exists a sequence of functions ¢, € V;, for k € N, such that |¢, — Q/JHLZ — 0 as
k — oo. Taking the limit we obtain that u and w satisfy

/ (Vu - Voo —wp)de = 0 for all ¢ € WH2(Q)
Q
and by the density of W*2(Q) into W12(Q) (see [I, Theorem 3.17|) we get that
/ (Vu - Vip —wap) dz = 0 for all p € WH(Q), (4.36)
Q

Thus, from Lemma one obtains that u € W22(Q).



4.4. CONVERGENCE OF THE CORRESPONDING FINITE ELEMENT APPROXIMATION SCHEME 85

Finally we show that u,, — u strongly in VVO1 2(Q) Due to the compactness of the
embedding of WOI’Q(Q) into L?(£2) one finds that u,, — u strongly L?(f2) and taking

) = uy,, in (4.30) and ¢ = u in (4.36]) we have

/ |V, |* doe = / Up, Wy, dr — / uw dr = / |Vul|? dz as k — oo,
Q Q Q Q

that is, [|un, |, 5 — [ull; 5, Which, since W2(€) is locally convex, proves the claim
(see [10, Proposition I11.30]). [
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