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Abstract

The main focus of this thesis is on the construction of efficient solvers for two types of
problems that fit into the class of PDE-constraint optimization:

e Distributed optimal control problems with a tracking-type cost functional and linear
state equations

e Mixed methods for elliptic boundary value problems

A solution of an optimization problem can be computed via the first-order optimality
conditions, also called the optimality system. For the type of problems considered here
the optimality system is linear and has saddle point form. After discretization we end up
with a large scale linear system (again in saddle point form) for which an efficient solver
is required.

For the construction of an efficient solver we follow an approach which is called operator
preconditioning. There efficient preconditioners are constructed based on the fact that the
involved operator equation is well-posed in a (nonstandard) Sobolev space X.

We present two techniques for finding this space X for a problem in saddle point form:

e Interpolation technique

e Lagrangian multiplier technique

This techniques are demonstrated for four model problems:

1. For the first biharmonic boundary value problem a well-posed continuous mixed vari-
ational formulation is derived, which is equivalent to a standard primal variational
formulation on arbitrary polygonal domains. Based on a Helmholtz-like decompo-
sition for an involved nonstandard Sobolev space it is shown that the biharmonic
problem is equivalent to three second-order elliptic problems, which are to be solved
consecutively. Two of them are Poisson problems, the remaining one is a planar
linear elasticity problem with Poisson ratio 0. The Hellan-Herrmann-Johnson mixed
method and a modified version are discussed within this framework. The unique
feature of the proposed solution algorithm for the Hellan-Herrmann-Johnson method
is that it is solely based on standard Lagrangian finite element spaces and standard
multigrid methods for second-order elliptic problems. Therefore, it is of optimal
complexity.
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2. For the distributed optimal control problem with time-periodic Stokes equations a
well-posed continuous mixed formulation of the corresponding optimality system
is derived. Based on the involved parameter-dependent norms of the continuous
problem, a practically efficient block-diagonal preconditioner is constructed, which
is robust with respect to all model and mesh parameters. The theoretical results
are illustrated by numerical experiments with the preconditioned minimal residual
(PMINRES) method.

3. & 4. In addition we demonstrate the interpolation technique and Lagrangian multiplier
technique for two further problems:

— the Ciarlet-Raviart mixed method for the first biharmonic boundary problem

— the distributed optimal control problem with time-periodic parabolic equations



Zusammenfassung

Der Schwerpunkt dieser Arbeit liegt auf der Konstruktion von effizienten Losern fiir zwei
Problemtypen aus der Klasse der Optimierungsprobleme mit Nebenbedingung in Form von
partiellen Differentialgleichungen:

e Optimale Steuerungsprobleme mit einem quadratischen Kostenfunktional und unbe-
schrankter Kontrolle

e Gemischte Methoden fiir elliptische Randwertprobleme

Eine Losung des Optimierungsproblems kann iiber die Optimalitdtsbedingungen erster
Ordnung, auch als Optimalitatssystem bezeichnet, berechnet werden. Fiir die hier unter-
suchten Problemtypen ist das Optimalitdtssystem linear und besitzt eine Sattelpunktsform.
Nach der Diskretisierung erhalten wir ein grofses lineares Gleichungssystem (wieder in Sat-
telpunktform), fiir welches ein effizienter Loser erforderlich ist.

Fiir die Konstruktion eines effizienten Losers folgen wir einer Herangehensweise die als
Operator-Priakonditionierung bezeichnet wird. Dabei werden effiziente Priakonditionierer
basierend auf der Tatsache konstruiert, dass die involvierte Operatorgleichung in einem
(Nicht-Standard) Sobolevraum X gut gestellt ist.

Wir stellen zwei Techniken zur Bestimmung des Raumes X fiir Probleme in Sattel-
punktform vor:

e Interpolations-Technik
e Lagrange-Multiplikator-Technik
Diese Techniken werden anhand von vier Modellproblemen demonstriert:

1. Fiir das erste biharmonische Randwertproblem wird eine gut gestellte kontinuierliche
gemischte variationelle Formulierung hergeleitet. Diese Formulierung besitzt weiters
die Eigenschaft, dass sie auf polygonalen Bereichen dquivalent zu einer primalen stan-
dardméfigen variationellen Formulierung ist. Basierend auf einer Helmholtz-artigen
Zerlegung fiir den involvierten Sobolevraum X lésst sich zeigen, dass das biharmoni-
sche Problem &quivalent zu drei (hintereinander zu lésenden) elliptischen Gleichun-
gen zweiter Ordnung ist. Zwei dieser Probleme sind Poisson Probleme, das dritte
Problem ist ein planares Elastizitdtsproblem mit Poissonzahl 0. In Rahmen dessen
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diskutieren wir die Hellan-Herrmann-Johnson gemischte Methode und eine modifi-
zierte Version davon. Die einzigartige Eigenschaft der vorgestellten Losungsmethode
fiir die Hellan-Herrmann-Johnson Methode ist, dass sie ausschlieflich auf herkomm-
liche Lagrange-Finite-Element-Rdumen und standardmafigen Multigrid Methoden
beruht. Infolgedessen besitzt die Losungsmethode optimale Komplexitét.

2. Fiir das optimale Kontrollproblem fiir die Stokes Gleichungen mit unbeschrénkter
Kontrolle im zeitperiodischen Fall wird eine gut gestellte kontinuierliche gemischte
variationelle Formulierung des entsprechenden Optimalitdtssystems hergeleitet. Ba-
sierend auf den involvierten parameterabhidngigen Normen des kontinuierlichen Pro-
blems konstruieren wir einen praktisch effizienten Block-Diagonal-Prikonditionierer,
welcher robust beziiglich aller Modell- und Gitterparameter ist. Die theoretischen Re-
sultate werden anhand von numerischen Experimenten mit dem prékonditionierten
MINRES-Verfahren illustriert.

3. & 4. Abschliefiend demonstrieren wir die Interpolations-Technik und die Lagrange--
Multiplikator-Technik anhand von zwei weiteren Problemen:

— die Ciarlet-Raviart gemischte Methode fiir das erste biharmonische Randwert-
problem

— das Optimale Kontrollproblem fiir die parabolischen Gleichungen mit unbe-
schrankter Kontrolle im zeitperiodischen Fall



Acknowledgments

First of all, I want to express my thanks to Prof. W. Zulehner for supervising my thesis
and supporting me throughout the last years. I am extremely grateful for all the inspiring
discussions with him. At the same time I would like to thank Prof. Volker Schulz for
co-refereeing this thesis.

I especially thank my colleagues and my friends for various discussions and the staff of
the Doctoral Program Computational Mathematics for the nice working climate.

I also want to express my thanks to Prof. P. Paule as speaker of the Doctoral Program
Computational Mathematics and Prof. U. Langer as head of the Institute of Computational
Mathematics for the great scientific environment.

Sincere thanks go to Laura Gstéttenmayr for her love, her understanding, her motiva-
tion and her faith in me.

This research has been supported by the financial support by the Austrian Science Fund
(FWF) under the grant W1214-N15, project DK12.

Wolfgang Krendl
Linz, May 2015



Contents

1 Introduction 1

2 Operator preconditioning 7

3 Biharmonic model problems 12

3.1 Interpolation technique . . . . . . . .. . . ... . oo 13

3.1.1 A first variational formulation . . . . . . .. ... .. ... 13

3.1.2 A second variational formulation . . .. .. ... ... ... ... . 15

3.1.3 A new variational formulation by interpolation . . . . . . . . .. .. 18

3.2 Lagrangian multiplier technique . . . . . . . . ... ... .00 27

3.3 The Ciarlet-Raviart method for biharmonic problems . . . . . . . ... .. 31

3.3.1 Interpolation technique . . . . . . . .. ... ... L. 32

3.3.2 Lagrangian multiplier technique. . . . . . . . .. ... ... ... 37

4 Distributed optimal control problems with time-periodic state equations 40

4.1 Distributed optimal control with the time-periodic Stokes equations . . . . 40

4.1.1 Transformation to a system with real operators . . . .. ... ... 43

4.1.2 The space for the primal variable . . . . . . ... ... ... .... 44

4.1.3 The space for the dual variable . . . . ... ... ... ....... 55

4.2 Distributed optimal control with the time-periodic parabolic equations . . 60

4.2.1 Transformation to a system with real operators . . . . . ... ... 62

5 Properties of H'(divdiv, Q)sym 64

5.1 A Helmholtz-like decomposition . . . . . . . .. ... ... ... ... ... 64

5.2 A trace operator . . . . . ... 68

6 Discretization 69
6.1 A mixed finite element method for the first biharmonic boundary value

problem . . . ... 69

6.1.1 The Hellan-Herrmann-Johnson (HHJ) method . . . . . . . ... .. 69

6.1.2 A conforming variant of the HHJ methdod . . . . . . . .. ... .. 75

6.1.3 Computational aspects . . . . . . . . ... 000 75

vi



CONTENTS vii

6.2 A finite element method for the distributed optimal control problem with

the time-periodic Stoke equations . . . . . . . . ... .. ... ... .. 76

6.2.1 The norm for the primal variable . . . . . . ... ... ... .... 78

6.2.2 The space for the dual variable . . . . .. ... ... ... ..... 79

6.2.3 The theoretical preconditioner P . . . . . . . . ... ... ... .. 80

6.2.4 Computational aspects . . . . . . . .. T 84

6.2.4.1 The practical preconditioner P . . . . . . . ... ... .. 84

6.2.4.2  Alternative stopping criteria . . . . . . . . .. .. ... .. 87

7 Numerical results 89
7.1 The first biharmonic boundary value problem . . . . .. ... .. ... .. 89
7.2 Distributed optimal control problem with the time-periodic Stoke equations 91

8 Conclusions 94
9 Appendix 95
Bibliography 107

Curriculum Vitae 109



Chapter 1

Introduction

Various complex processes and systems in natural sciences, engineering and in many other
areas can be described mathematically by partial differential equations (PDEs) or systems
of PDEs. Often the focus is on the optimization or on the control of the underlying process.
In this case the models lead to PDE-constrained optimization problems. In general, PDE-
constrained optimization problems are characterised by an objective functional, that has to
be minimized, and a constraint given by a PDE (or a system of PDEs), see, e.g., [18, 50, 89].

In this thesis we focus on two types of problems, which fit into the class of PDE-
constrained optimization:

e Distributed optimal control problems with a quadratic cost functional, see, e.g., [58,
89]. The goal is to steer the state variable to some given desired state and control
this by some cost term, i.e., a term that measures the costs of a control variable. The
PDE-constraint (in general called the state equation), which models the underlying
process to be controlled, couples the state and the control variable. In this thesis,
we focus on optimal control problems with linear state equations. Some examples
of optimal control problems are the optimal control of heating processes, fluid flows
and deformation of media. For a wide range of applications we refer to [43, 89].

e Mixed methods: These problems fit also into the concept of PDE-constrained op-
timization: First the standard primal variational formulation is reformulated as an
unconstrained optimization problem. In a second step one introduces an auxiliary
variable, which leads to a constraint in form of a PDE and transforms the uncon-
strained optimization problem to a PDE-constrained optimization problem. Methods
of this type are applied, for example, in linear elasticity [31] and in fluid mechanics

38, 90].

A solution of the optimization problem can be computed via the first order optimality
conditions, also called the optimality system or Karush-Kuhn-Tucker (KKT) system. The
optimality system for the considered type of problems is linear and in saddle point form.
In order to handle the optimality system numerically there are two approaches available:
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the optimize-then-discretize approach and the discretize-then-optimize approach. In the
optimize-then-discretize approach, one first derives the optimality system on the continuous
level and then discretize this system. For the discretize-then-optimize approach it is the
other way round. In [33] it was shown that the first approach is strongly consistent,
i.e., the discretized system is also satisfied if the discretized variables are replaced by
the corresponding continuous ones. On the contrary to the first approach, in the second
approach the linear system is not strongly consistent in general. In this thesis we use
the optimize-then-discretize approach. As a result of the discretization process we obtain
a large scale linear system in saddle point form. Subsequently efficient solvers for linear
saddle point problems are required.

Many books and articles deal with efficient solvers for saddle point problems. Their
efficient solution is a major challenge, because of their indefiniteness and poor spectral
properties. For a detailed discussion of solution methods for saddle point problems we
refer to [12].

Iterative methods, which have been specially constructed for saddle point problems are
the Uzawa method and its variants, see, e.g., [3, 12]. In recent years multigrid techniques,
which are well developed for elliptic problems, see, e.g., [19, 44], have been developed for
saddle point problems as so-called all-at-once techniques, see, e.g., [15, 16, 17, 80, 84, 86, 87|,
whereby the most challenging part is the construction of appropriate smoothers.

Another class of methods are the Krylov subspace methods, see, e.g., [78]. Probably the
most well-known and best understood Krylov subspace method is the conjugate gradient
(CG) method, see, e.g., [49], developed for symmetric and positive definite problems. In
[21] and [81] techniques for the reformulation of a saddle point system as a self-adjoint and
positive definite problem were presented, for which CG can be applied, see also [76] for
generalisations. Other well known Krylov subspace methods are the generalized minimal
residual method (GMRES), see [79], designed for general nonsingular problems and the
minimal residual method (MINRES), designed for symmetric and nonsingular problems,
see |72].

For an efficient solution of the discrete saddle point systems with Krylov subspace
methods, these methods are usually equipped with a preconditioning strategy that im-
proves the spectral properties. One approach is to distribute the arising difficulties between
the Krylov subspace method and the preconditioner, i.e., certain difficulties are handled
by the (modified) Krylov subspace method and the remaining difficulties are handled by
the preconditioner, see, e.g., [71]. We are considering Krylov subspace methods without
any modification. Therefore, all difficulties should be treated by the construction of the
preconditioner.

There are several construction techniques available for efficient preconditioners for sad-
dle point problems, see, e.g., [12].

A very common preconditioning strategy is the Schur complement preconditioning,
which can be applied on the algebraic level under certain requirements. Exact Schur
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complement preconditioners have very good spectral properties, see, e.g., [57, 66|, but in
general their practical usage is not recommended, because of the high computational costs
for the application of their inverse. To circumvent this problem one replaces the exact
Schur complement by an approximation, which keeps the nice spectral properties and
whose inverse can be applied efficiently. Such approximations are used as building blocks
for block-diagonal preconditioners, see, e.g., [77, 82|, block-triangular preconditioners, see,
e.g., [22, 35, 75] and symmetric indefinite preconditioners, see, e.g., |9, 34].

In this thesis we consider a very popular preconditioner construction technique, the so-
called operator preconditioning, discussed in [51, 63| and used, e.g., in [51, 8, 48, 68|. There,
symmetric and positive definite block-diagonal preconditioners are constructed based on
the fact that the involved operator equation is well-posed in a Sobolev space X. Usually
the construction of a proper Sobolev space X is a big challenge.

The focus of this thesis is on construction techniques for a proper Sobolev space X
for saddle point problems. In particular we present two different techniques, the so-called
interpolation technique and the Lagrangian multiplier technique.

The interpolation technique is based on two different continuous mixed variational for-
mulations for the same system of PDEs: For the first formulation one assumes no smooth-
ness for the primal variable and for the second formulation one assumes no smoothness
for the dual variable. Then interpolation theory allows the computation of a new mixed
formulation, for which the smoothness is evenly distributed for the primal variable and
the dual variable. The new formulation is again well-posed. An analog technique on the
algebraic level for the construction of preconditioners was used in [64, 92].

The Lagrangian multiplier technique can only be applied to mixed methods. Starting
point is the above described reformulation of the corresponding primal variational formu-
lation as a constrained optimization problem. The aim is now to find a proper Sobolev
space for the Lagrangian multiplier such that the optimality system is well-posed.

We demonstrate the both techniques on four model problems:

1. For the first biharmonic boundary value problem a new well-posed continuous mixed
variational formulation is derived on arbitrary polygonal domains. An additional
feature of the mixed variational formulation is the equivalence to a standard pri-
mal variational formulation without any further assumptions on the domain, like
convexity.

A new Helmholtz-like decomposition for the involved nonstandard Sobolev space
allows the new decomposition of the continuous problem in three second order elliptic
problems, which are to be solved consecutively. The first and the last problem are
Poisson problems with Dirichlet conditions and the second problem is a pure traction
problem in planar linear elasticity with Poisson ratio 0.

As discretization method we study the Hellan-Herrmann-Johnson (HHJ) finite el-
ement method (in this case a non-conforming method) see [46, 47, 53], which is
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strongly related to the non-conforming Morley finite element, see [65, 2]. Moreover,
a new conforming modification of the HHJ method is presented.

Similar to the continuous problem, a new Helmholtz decomposition for the approxi-
mation space of the primal variable will be shown. This allows, as in the continuous
case, to solve the system consecutively, by solving the discretized versions of the sec-
ond order elliptic problems mentioned above. Therefore, the implementation requires
only manipulations with standard conforming Lagrangian finite elements for second-
order problems. The proposed preconditioners are standard multigrid preconditioners
for second-order problems, which lead to mesh-independent convergence rates.

There are many alternative approaches for biharmonic problems discussed in lit-
erature. Finite element discretizations range from conforming and classical non-
conforming finite element methods for fourth-order problems, discontinuous Galerkin
methods for fourth-order problems to various mixed methods, see, e.g., [31, 36, 24, 10],
and the references cited there. Solution techniques proposed for the linear systems,
which show mesh-independent or nearly mesh-independent convergence rates are typ-
ically based on two-level or multilevel additive or multiplicative Schwarz methods
(including multigrid methods), see, e.g., [74, 23, 91, 45|, and the references cited
there.

We are not aware of any other approach, which is based solely on standard compo-
nents for second-order elliptic problems and for which optimal convergence behavior
could be shown.

2. For the distributed optimal control problem with time-periodic Stokes equations a
new continuous well-posed mixed variational formulation for the corresponding op-
timality system is derived. Based on the new parameter dependent norms for the
continuous problem, a new practical efficient block-diagonal preconditioner is con-
structed. The preconditioner is robustness with respect to all model and mesh pa-
rameters. The theoretical results are illustrated by numerical experiments with the
preconditioned minimal residual (PMINRES) method.

3. A well-posed continuous mixed variational formulation of the Ciarlet-Raviart mixed
method for the first biharmonic boundary value problem was already presented in
[92]. Here we give a new derivation of the occurring spaces, using the interpolation
and Lagrangian multiplier technique.

4. For the distributed optimal control problem with time-periodic parabolic equations
a new well-posed continuous variational formulation is derived.
Organization of the thesis

In Chapter 2 we introduce abstract problems in saddle point form, including stability
theory, and give a brief introduction to operator preconditioning.
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Chapter 3 is the center part of this thesis. Here we give a detailed illustration of the
interpolation technique and the Lagrangian multiplier technique for a mixed method for
the first biharmonic boundary value problem. As a result of both techniques, we obtain
the same well-posed mixed variational formulation. We close Chapter 3 with a further
application of both techniques applied to the Ciarlet-Raviart mixed method for the first
biharmonic boundary value problem.

In Chapter 4 we derive a well-posed continuous variational formulation for the cor-
responding optimality system for two model problems from optimal control, distributed
time-periodic Stokes control and distributed time-periodic parabolic control.

In Chapter 5 a Helmholtz-like decomposition and a trace operator for the involved
nonstandard Sobolev space H ~*(div div, Q) are derived.

At the beginning of Chapter 6 we discuss the HHJ mixed finite element method. Further
a discrete version of the Helmholtz-like decomposition derived in Chapter 5, and a modified
version of the HHJ method are presented. In the second part of this chapter we discuss
the discretization of the distributed optimal control problem with the time-periodic Stoke

equations, quite in the spirit of the corresponding continuous problems as presented in
Chapter 4.

In the first part of Chapter 7 we illustrate the theoretical results for the HHJ discretiza-
tion method and its conforming modified version. In the second part of this chapter we
illustrate the theoretical results for the finite element method for the distributed optimal
control problem with the time-periodic Stoke equations by some numerical examples with
the preconditioned minimal residual method.

Publications of the author

Parts of this work have been published:

1.
W. Krendl, V. Simoncini, and W. Zulehner. Stability estimates and structural

spectral properties of saddle point problems, Numerische Mathematik, 124(1),
pp. 183-213, 2013, see [54].

This article contain parts of the theoretical results on the optimal control problems.

2.
W. Krendl, V. Simoncini, and W. Zulehner. Efficient preconditioning for an optimal
control problem with the time-periodic Stokes equations, Numerical Mathematics and
Advanced Applications, 2014, (to appear), see [55].

The focus of this article is on the computational aspects of the proposed preconditioner for
the distributed optimal control problem with time-periodic Stokes equations.
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W. Krendl, and W. Zulehner. The Hellan-Herrmann-Johnson method for
Biharmonic problems: Mapping properties and preconditioning,
2014, (submitted), see [56].

This article contains the results on the mixed method for the first biharmonic boundary value

problem.



Chapter 2

Operator preconditioning

Here we follow essentially the ideas of [51] and [64].
In this thesis we consider problems of saddle point form: Find v € V and p € ) such
that
a(u,v) +b(v,p) = (f,v) foralveV,
b(u, q) —c(p,q) = (g.q) forallqeQ,
with Hilbert spaces V and @, f € V* and g € Q*, and bounded bilinear forms a : V xV —
R, b:Vx@Q —R, and c: Q x Q — R. Here H* denotes the dual of a Hilbert space H
and (-, ) g«xpg (in short (-,-)) denotes the duality product. If H = R", we use (-, -) for the
Euclidean inner product.
Moreover, we assume that the bilinear forms a and ¢ are symmetric, i.e.

(2.1)

a(u,v) =a(v,u) forallu,v €V and ¢(p,q) =c(q,p) forall p,q € Q. (2.2)

Let X =V x @, equipped with the standard product norm

1/2
1w, @)llx = ([olli + llall3)

for (v,q) € X, where ||v||y and ||g|l¢g denote the norms in V' and @, respectively. If the
linear operator A: X — X* is introduced by

<A [“] : H > = a(u,v) + b(v, p) + b(u, q) — c(p, q), (2.3)

D q

the mixed variational problem (2.1) can be rewritten as a linear operator equation

Bl

Here and in the rest of this thesis, (v, ¢) and [Z} denote the same element of V' x (). From

(2.2) it follows immediately that the operator A is symmetric, i.e. (Aw,z) = (Az, w) for
all w, z € X.
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Problem (2.4) is called well-posed iff A is an isomorphism, i.e., if there are constants ¢
and C' such that

_ 1
Milzeexy <€ and - A7 oo x) < =
Here L(Y,Z) denotes the space of all linear and continuous operators M from Hilbert
spaces Y to Z and || - ||z(v,z) (in short || - ||) denotes the operator norm, which is defined by
[Mw|z

M|l zv,z) = sup :
0£wWEY [w|ly

In particular, for A € £(X, X*), we obtain the representation

Aw, z
HAHL(X,X*) = sSup —< ) :
ozwex,0zzex ||wllxl2]x

For the special case ¢ = 0 the following theorem provides conditions on the bilinear forms
a and b, which guarantee that A is an isomorphism (Babuska-Brezzi theory, see [6], [7],
[26]).

Theorem 2.1 (Brezzi’s Theorem). The following three statements are equivalent:
1. A introduced by (2.83) is an isomorphism from X to X*.

2. There exist positive constants ¢ and C such that:

cllzllx < ||Az||x- < Cllz||x  for all z € X. (2.5)

3. The bilinear forms a and b satisfy the following conditions:

(a) a is bounded: There is a constant ||al| > 0 such that
ja(w, 0)| < ol Jullv Nl for all u,v € V.
(b) b is bounded: There is a constant ||b|| > 0 such that
[b(v, p)l < [lbll lvllviiplle  for allv eV, peQ.

(¢) a satisfies an inf-sup condition: There is a constant o > 0 such that

. a(u,v)
inf sup ————— > q,
0#ucker B 0#£vEker B HUHV HUHV

with ker B={v € V:b(v,q) =0 forall g € Q}.



CHAPTER 2. OPERATOR PRECONDITIONING 9
(d) b satisfies an inf-sup condition: There is a constant 5 > 0 such that

. b(v, q)
inf sup ——— > 4.
029cQ 00V |[V]lv llgll@

We will refer to these conditions as Brezzi’s conditions with constants ||al|, ||b||, ., and
B. (We tacitly assume that ||a|| and ||b|| are the smallest constants for estimating the
bilinear forms a and b. Then ||a|| and ||b]| match the standard notation for the norms of
the bilinear forms a and b.)

The following theorem (see |54, Theorem 1]) provides sharp estimates for the constants
c and C in (2.5) in terms of the Brezzi constants.

Theorem 2.2. Let all assumptions of Brezzi’s Theorem 2.1 be satisfied. Then the operator
A from X to X* satisfies

clellx <l Az|x- < Cllzllx  forallz € X
with
¢ = o0, B, lal)) and C = (lall + /TalP + 4T0F). (2.6
Here cop(a, ||al|, B) is the smallest positive root of the cubic equation
n° = (al® + 8%)n +ap* = 0. (2.7)

Moreover, we have

(0%

ol all 8) =

with k = ||al|/5.

For the general case we have the following abstract result for general Hilbert spaces V'
and @, c.f. [92, Theorem 2.6].

Theorem 2.3. Let additionally a and ¢ be non-negative, i.e.
a(v,v) >0 forallveV and c(p,p) >0 forallpe Q.

The following statements are equivalent:

1. There exist positive constants ¢ and C' such that

clzllx < ||Az||x« < Cllz|lx for all x € X. (2.8)

2. The bilinear forms a, b and c satisfy the following conditions:
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(a) There are positive constants c; and Cy such that
crllv)|? < a(v,v) + ||b(v, )HZ)* < Crllv||Z for allv e V. (2.9)
(b) There are positive constants c;p and Cyy such that
cullpllgy < e(p.p) + 16C,p) [+ < Cullpllgy  for all p € Q. (2.10)

Moreover, the constants ¢ and C' depend only on the constants ¢y, Cr, crr, and Cyr, and vice
versa.

From the proof of Theorem 2.3, we have the following explicit representation for the
constants ¢ and C' in (2.8):

. _3- V5 min ((min(cy, 1/2)er)?, (min(er, 1/2)err)?)

4 ax <\/max(1, Cr)Cy, \/max(l, C’H)CH> 21D)
and
C =v2max <\/max(1, Cr)Cr, \/max(l7 C'H)C’H> ) (2.12)
For the further considerations we introduce in a next step the operator Z.
Definition 2.4. Let 7T : X — X* be given by
(Zz,w) = (z,w)x forall z,w € X. (2.13)
Observe that Z is an isomorphism from X to X* and
| Zx||x+ = ||z]|x forall z € X. (2.14)
The operator R = Z~ ! is called the Riesz isomorphism. We have
IRfllx = || fllx- forall fe X (2.15)

From Brezzi’s Theorem 2.1 and (2.14) we immediately obtain the following result for the
composition of the Riesz isomorphism and A:

Lemma 2.5. Let A be an isomorphism from X to X* with
cllzllx < || Az||x- < Cllz||x  forallz € X (2.16)
for positive constants ¢ and C. Then Z-'A is an isomorphism from X to X and

cllzllx < ||I_1.A{E||X < COlz|lx foralze X.
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Definition 2.6. Let Y and Z be Hilbert spaces and M be an isomorphism from'Y to Z.
The condition number k(M) is given by

k(M) = (| MM
A simple consequence of Lemma 2.5 is:

Corollary 2.7. Let A be an isomorphism from X to X* with (2.16) for positive constants
c and C'. Then

| A <t and A <C

and, therefore,

C
K(ITTA) < —.
c
Sometimes the considered problem involves model and mesh parameters. If we have a
space X such that the operator A is an isomorphism from X to X* with bounds that are

independent of the involved model and mesh parameters, i.e.
clz||lx < || Az||x- < Cl|z]|x for all x € X

for positive constants ¢ and C' independent of the involved model and mesh parameters,
then for the condition number we have the bound x(Z~*A) < C'/c, which is also indepen-
dent of the involved model and mesh parameters.

In the discrete case this would provide an estimate x(Z, 'A;) < C/c, where here the
subscript h denotes the matrix representation of the corresponding operators. This means
that Z;, would be suitable for preconditioning of iterative methods, provided the application
of I, !is efficient. In practise Z,, is typically replaced by an easy-to-invert matrix Z,, which
is spectrally equivalent to Zy, i.e.

Ipz, z) < (Thz,z) < C(Tya,z) for all z € R™,

with positive constants ¢ and C' that are also independent of the involved model and mesh
parameters. Then, for the condition number of Z=! A}, we obtain

¢
C

Q>| Q>

/{(i-h_lAh) <

In order to construct a preconditioner for the discrete case, our goal is to find in a first
step the space X for the continuous problem, such that A is an isomorphism from X to
X*. Then in a second step we try to carry over the results to the discrete case.

In the next chapter we present two techniques for finding X and its norm.



Chapter 3

Biharmonic model problems

In this chapter we present two techniques for finding the space X: the interpolation tech-
nique and the Lagrangian multiplier technique. Both techniques will be illustrated for a
mixed method for the first biharmonic boundary value problem. Further applications will
follow in the next chapter.

We consider the first biharmonic boundary value problem: For given f find w such that

A*w=f inQ, w=0w=0 onl, (3.1)

where  is an open and bounded set in R? with a polygonal Lipschitz boundary I', A and
0, denote the Laplace operator and the derivative in the direction normal to the boundary,
respectively. Problems of this type occur, e.g., in linear elasticity, where w is the deflection
of a clamped Kirchhoff plate under a vertical load with density f, see, e.g., [31], and in
fluid mechanics, where w is the stream function of a two-dimensional Stokes flow, see, e.g.,
[38].

A standard (primal) variational formulation of (3.1) reads as follows: For given f €
H7YQ), find w € H2(Q) such that

/ V2w : Vv do = (f,v) for all v € HF(Q), (3.2)
Q

where V? denotes the Hessian and A : B = Zij:l A;; B;; for A, B € R**?. Here and
throughout this thesis we use L*(Q), H™(Q2), and HJ*(Q2) with its dual space H () to
denote the standard Lebesgue and Sobolev spaces with corresponding norms ||.|lo, ||-||m,
|.|m, and ||.|| -, for positive integers m, see, e.g., [1]. Existence and uniqueness of a solution
to (3.2) is guaranteed even for more general right hand sides f € H%(Q) by the Lax-
Milgram Theorem, see, e.g., [67, 59].

For the mixed method we introduce the auxiliary variable

o = Vi,

whose elements are related to the bending moments in the context of linear elasticity. This
allows to rewrite the biharmonic problem (3.1) as a boundary value problem of a system

12
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of two second-order equations
Viw=ec, divdive=f inQ, w=d,w=0 onT, (3.3)

with the following notations for a matrix-valued function 7 and a vector-valued function
¢ in R%.

87‘11 87’1d_
oxq T 0xgq ” 96
. . v = 2Pt Y9
divrt = : and div¢ = A +- T (3.4)
8Td1 aTdd
| Oy ot Oxy |

3.1 Interpolation technique

For deriving variational formulations of (3.3) we start in the usual way. We multiply the
first and the second equation in (3.3) by arbitrary test functions 7 and v, respectively, and
integrate over €

/QO’ZTd:L‘—/QVQQUZTd:E: 0, /Q(divdiva)v dx = (f,v). (3.5)

In the following two subsections we consider (3.5), where we reduce the smoothness as-
sumptions either for o or for w by integration by parts.

3.1.1 A first variational formulation

To keep the smoothness assumptions for o as low as possible, we apply integration by
parts twice to the left-hand side of the second equation in (3.5):

/(divdiv o)vdr = /(diva ‘n)v ds — / on- Vv ds + / o : Vv dr. (3.6)
Q r r Q

Assuming v = d,v = 0 on T for the test functions v the boundary integrals in (3.6) vanish.
Together with the unchanged first equation from (3.5) we obtain a first mixed variational
problem: For given f € H~%(Q), find o € V and w € Q such that

/O':Td:c —/Vzwzrd:c:() forall T € V,
Q Q

—/J:V%dx = —(f,vy forallve@,
Q
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with the natural choices Q = HZ(Q2) and V = L?*(Q)sym, where
L (Q)gym = {7: 70 = 7; € L*(Q), i, = 1,2},

equipped with the standard L:norm |7y for matrix-valued functions 7.
In the next theorem we show that, for this choice for V and (), Brezzi’s conditions are
satisfied for (3.7).

Theorem 3.1. The bilinear forms
alo,T) = / o:7dr and b(T,v)=— / TV dx (3.8)
Q Q

satisfy Brezzi’s conditions on V.= L*(Q)gm and Q = HZ(Q), equipped with the norms
| Tllo and |v|a, respectively, with the constants

lall = o] = v = 5 = 1.
Proof. 1. Let 0,7 € L*(Q)sym- Then

la(e, T)[ < [lellofl7[lo-

2. Let 7 € L*(Q)sym and v € HZ(Q). Then

|b(T,v)| = ‘/ T : Vv do
0

< lI7llo [V*0lo = lI7lo [v]2-

3. We have
a(r,T) = H’T”(Q) for all T € LQ(Q)Sym.

4. Let v € H()). Then

b T : Vv do
sup (Ta U) — sup fQ _
ozrev || Tllo 0£T€L2(Q)sym 7o

From Brezzi’s Theorem 2.1 and Theorem 2.2 we obtain:

Corollary 3.2. The operator Ay given by

<.Ao [a’] : [T] > =a(o, )+ b(T,w) + b(o,v)

wl|’|v
with bilinear forms a and b defined in (3.8) is an isomorphism from X, to X for Xo =
L*(Q)sym x HZ(Y), whose natural norm is given by

1/2
1, 0)llxo = (17112 + [0]2) Y
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for (1,v) € Xy. Moreover, we have

cllzflx, < [l Aoz]

x: < C|lzlx, forallz € Xy (3.9)

with

S

~ 1.6180.

CcC =

—1 1
\/32 ~ 0.61803 and C = +2

Proof. Ay is an isomorphism from X, to X since all conditions of Brezzi’s Theorem 2.1
are satisfied with [[a| = ||b|| =a = =1.
Further we obtain from Theorem 2.2:

cllz]x, < [[ Aozl

x; < Cllz|x, forall z € X,

with

++/5 V5 -1
2

1 1
€ =5 (llall + VIalP +4]6J7) = and ¢ =2,
2 2

where c is the smallest positive root n for the cubic equation

7 —2n+1=0.

3.1.2 A second variational formulation

To keep the smoothness assumptions for w as low as possible, we apply integration by
parts to the second term to the left-hand side of the first equation in (3.5):

/VQw:de—/Vw-Tnds—/w(diVT-n) d8+/wdivdiv7'dac.
Q r r Q

Observe that the integrals over the boundary I' vanish, since w = d,w = 0 on I'. With the
unchanged second equation from (3.5) this leads to a second mixed variational problem:
For given f € L*(), find o € V and w € @ such that

/O':Tda: —/(divdiVT)wdazzo forall 7 € V,

@ @ (3.10)

—/(divdiva)v dx = —(f,v)ydr forallveqQ.
Q

Natural choices for the Hilbert spaces are Q = L*(Q) and V = H (div div, Q)sym, where

H(divdiv, Q)ym = {7 € L*(Q)gym: divdivT € L*(Q)},
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equipped with the norm
. . 1/2
17 lawvaiv = (712 + || divdivr|2)"?.

Here divdiv 7 denotes the application of the divdiv operator to 7 in the distributional
sense, i.e., for 7 € L*(Q)gym we have

(divdivT,v) = / T :V?udr forall v e C(Q),
Q

where C§°(2) denotes the space of all indefinitely differentiable functions with compact
support in Q. It is easy to see that H (div div, )sm is a Hilbert space.

The next lemma gives several representations of divdiv under additional smoothness
assumptions.

Lemma 3.3 (Green’s formulas). We have:

e For all T € L*(Q)gym and v € HF(Q):

(divdivT,v) = / T : V0 da.
Q

e Forall ™€ HY(Q)gym and v € H{(Q):

(divdivT,v) = — / div T - Vo dz.
Q

e For all T € H(divdiv, Q) and v € L*(Q):

(divdiv T,v) = /(div divT)v dx.
0

Proof. Let v € CZ(Q2) and 7 € C®(Q)gym, where C> (Q)sym denotes the space of functions
in L*(Q)sym which are infinitely differentiable on 2. Using integration by parts twice we
obtain

(divdiv T,v) = /

T:Vivdr = —/ divt - Voudr = /(divdiVT)de. (3.11)
Q Q Q

The claim follows from the continuity of the second, third and fourth term in (3.11), and

the density of C®(£2)sym and C§°(€2) in the corresponding spaces (see appendix, Theorem
9.3). 0

In the following theorem we show that Brezzi’s conditions are satisfied for (3.10) for
our choice for V and Q).
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Theorem 3.4. The bilinear forms
alo,T) = / o:7dr and b(T,v)= —/(div divT)v dx (3.12)
Q Q

satisfy Brezzi’s conditions on V. = H(divdiv,Q)g, and Q = L*(), equipped with the
norms || T||aivaiv and ||v]o, respectively, with the constants

1
V1+CE

where Cr denotes the constant in Friedrichs’ inequality: ||v]lo < Cr |v|; for allv € H ().

Proof. 1. Let o, 7 € H(divdiv, Q)sm,. Then

lall = bl = =1 and § =

la(e, 7) < llollolTllo < llollaiv aiv |7 llaiv aiv-

2. Let 7 € H(divdiv, Q)sym and v € L*(Q). Then

|b(T,v)| = /(divdiVT)v dz| < ||divdiv 7||o ||v]lo < ||7||aivdiv |2]]o-
Q

3. Observe that ker B = {7 € L*(Q)sym : divdiv T = 0}. Therefore,

a(t,7) =||7|I3 = [|I7||3 qw for all T € ker B.
4. For v € L*(Q), let p € HZ(2) be the solution of the biharmonic problem
/ V?p: Viqdr = / vgdr for all ¢ € H3(Q),
Q Q

then, for 7 = V2p, we have divdiv+ = v and

vqdx vqgdx
H7A-H0 = ‘p’Q = sup fﬂ—q < sup fQ—q

= < Cillvllo
0£q€HZ () g2 0#£q€L2() C'FQHQHO "

which implies

170 < CEllvllo and |7 laivaiv < /1 + Chllvlo-

Therefore
b divdiv 7)o dx
sup —(T’U) = sup fQ( )
0#TEV ||T||divdiv 0#TEV ||T||divdiv
. 3 A 2
. fQ(dIVAdIV’T)U dx _ A||v||0 (3.13)
||T||divdiv ||T||divdiv
1
> ——vfo-

T V14 CF
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From Brezzi’s Theorem 2.1 and Theorem 2.2 we obtain:

Corollary 3.5. The operator A; given by

<A1 ["] , H > = a(o,7) + b(T,w) + b(e, v)

w (%

with bilinear forms a and b defined in (3.12) is an isomorphism from X; to X} for X; =
H(divdiv, Q)s,, x L*(Q), whose natural norm is given by

1/2
I 0)llx = (I71&w aw + [[0113)

for (T,v) € X;. Moreover, we have

cllefx, < [l Az]

x: < Czl|x, forallz e Xy (3.14)

with

S

1
and C = +

> ~ 1.6180.
‘=a21ch 2

Proof. A; is an isomorphism from X; to X7 since all conditions of Brezzi’s Theorem 2.1
are satisfied with ||la| = [|b]| = a = 1 and f = —=

V1+CL

Further we obtain from Theorem 2.2:
clzllx, <[ Awzx]xr < Cllzlx, forall z e X,

with

a 1

c> =
1+ |a]?/B* 24+ Ck

and

C:

1++/5
(lall + VTl +4[5]7) = —5>.

N —

3.1.3 A new variational formulation by interpolation

To summarize, we have two spaces X = Xy and X = X; for which the mixed variational
problem (3.3) is well-posed. For the space X the original unknown w requires second-order
smoothness and the auxiliary variable o requires no smoothness. In the space X; we have
the reverse situation, the original unknown w requires no smoothness and the auxiliary
variable o requires second-order smoothness.
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The idea is now to distribute the smoothness evenly for the original unknown and the
auxiliary variable, by the use of interpolation theory.

We shortly recall here the definition and basic properties of interpolation spaces. For
the following results and an introduction to interpolation, we refer to [88], [13] and [59].

Let X, Xy and X; be Hilbert spaces, where X, and X; are subspaces of X. Then
XoN X, and

Xo+Xi={x=21+z2 : ¢ € X, 71 € X1} (3.15)

are Hilbert spaces with respect to the norms

1/2
lzllxonx, = (llx, + l2ll%,) ",
: 1/2
felvgrrs = _inf(lloll%, + o)
In the following we call two norms || - ||y and || - ||y on a Hilbert spaces X equivalent, if
clzllw < Jlz|lvy < Cllz||lw forallz € X (3.16)

for some positive constants ¢ and C'.

Definition 3.6. The K-functional K : Rt x (Xo+ X1) — R is given by

. 1/2
K(t, 2, X, X1) = inf  (aol%, + 2llz1)1%,)"

T=x0+2x1

Definition 3.7. For 6 € (0,1) we define the interpolation norm

9 1/2
lzllo = |2 |lix0,x1]6 = (/ t_2eK(t,w7Xo7X1)2dt/t)
0

and the interpolation space [Xo, X1lg is given by
(X0, Xilo ={z € Xo+ X1 : |[[z|lp < o0}
Example 3.8. Let Q C R? be a Lipschitz domain. Then
L2(9), By s = HYQ) and (LX), Q)2 = H(S)

with equivalent norms, see, e.g., [1] and [20, Theorem 2.1/, respectively.

We have the following properties for the interpolation spaces:
Lemma 3.9. Let 0 € (0,1). Then

1. [Xo, Xilo = [X1, Xo)1—9 with equal norms,

2. XoN X, C [Xo, X1]o € Xo + X1,
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3. XoN X is dense in [Xo, X1]s.
Lemma 3.10. We have
[Xo, Xo N X1]p = Xo N [Xo, Xi]s-
for all 6 € (0,1), with equivalent norms.

For a proof see, e.g., [87, Lemma 6.1].
In a next step we collect the most important properties of the interpolation spaces,
which we need for the further discussion, see, e.g., [88], [13], [59] and [25].

Theorem 3.11 (Duality Theorem). Let Xo N X3 be dense in Xy and Xy. Then
X5+ X7 = (Xon X))~

Moreover, we have
[Xo, X1]§ = [XT, X{li-0

for all 6 € (0,1), with equivalent norms.

Example 3.12. Let Q C RY be a Lipschitz domain. Then

H2Q), LAz = (HAQ), LAQ)]1j2)” = HAQ)" = H(Q)
with equivalent norms.

Theorem 3.13 (Interpolation Theorem). Let X;,Y;, j = 0,1, be Hilbert spaces and T a
linear operator from Xo+ Xy to Yy + Y1 with

x|y, < Collzllx, for allz € Xy and ||Tz|y, < Ci||z|x, for all x € Xy,

and 0 < 0 < 1. Then, for Xy = [Xo, X1]g and Yy = [Yo, Y1]s,
1Tz|ly, < Co~°CY |l x,-

Theorem 3.14. Let X;,Y;, Z;, j = 0,1, be Hilbert spaces such that Xo N X, is dense in

Xo and X1, and Zy N Zy 1is dense in Zy and Z,. Suppose that Y; is dense in Z;, j = 0,1
and there exists a linear operator D such that D : X; — Z; is bounded for j = 0,1. Let
X,;(D) be given by

X,D)={reX,: DreY;}, j=01, (3.17)
1/2
equipped with the graph norm, i.e. ||z|x,p) = (HxH,sz + HDQ:H%]) ,j=0,1. Forf e
(0,1), let Xo(D) be given by

XQ(D) = {l’ € [XQ,Xl]g : Dz € [Yb,}/l]g}
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1/2
equipped with the norm ||| x,p) = (H:CH[QXmXI]Q + HD:EH[QYO’YI]Q) . Moreover, let K : Z; —
X; and R : Z; — Y; be continuous linear operators with the property D o K = I + R on
the spaces Z; for j =0,1. Then

[Xo(D), X1(D)]lo = Xo(D)
for all 6 € (0,1) with equivalent norms.

Here the operator I (or I, if Z is clear from the context) denotes the identity map for
a Hilbert space Z.

Note, that the operators Ay : Xog — X} and A; : X; — X} introduced in Corollaries
3.2 and 3.5, respectively, are different. However, we have:

Lemma 3.15.
Aor = Az for all z € XgN X, (3.18)
and
Al f =AY forall f € XENXT. (3.19)

Proof. Let z = (o, w) € XoN Xy, with Xo = L*(Q)sym X H3 (), X1 = H(divdiv, Q)sm X
L*(Q) and Xo N X, = H(divdiv, Q)sm x H3(Q). We have HZ(Q) is dense in L*(),
and further we obtain from the density of C®(Q)qym in L*(Q)ym and in H(divdiv, Q)sym
(see appendix, Theorem 9.3) the density of H (divdiv, Q)sym in L*(Q)gm- So Xo N X,
is dense in Xy and X; and therefore, we obtain from the Duality Theorem 3.11 that
XE; + X{ = (XO N Xl)*. Hence .A[)ZL' - ./411' S (XO N Xl)* and

<A0m,m>:/Qa:de—[lT:Vdex—[la:VQde

= / o:1dr— /(divdiv T)w dx — /(div divo)v dx (3.20)
Q 0 Q

“ L ED

for all (7,v) € Xo N X;, where we obtain the second equality from Lemma 3.3. This
completes the proof of (3.18).

Let f € X N X7 and let 29 = (00, wo) € Xo, 1 = (01, w1) € X; such that g = A;' f
and z; = A7 f. We have Agzg — A;2; = 0 and hence

(Aowo,y) = (Aiz1,y) for all y € XoN X,

or equivalently

/0'0:Tdx—/T:V2w0da7—/a'0:V2vdx:
@ @ @ (3.21)

/0'1 s T dr — /(divdiVT) wy dx — /(divdival)v dx
Q Q Q
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for all (7,v) € XoN X;. Using Lemma 3.3 for the second term on the left-hand side and
the third term on the right-hand side in (3.21), we obtain

/UO:TdIE—/(diniVT)wo d:L‘—/O’OZVZ’U dx =
Q Q Q

(3.22)
/0'1 s dr — /(divdiv7)w1 dx — / o, : Vi dx
Q Q Q
for all (7,v) € XoN X;. From (3.22) it follows for v = 0,
/(0'0 —0y): T dr — /(div div 1) (wg — wy) dz =0 (3.23)
Q Q
for all 7 € H(divdiv, Q)sm and, for 7 =0,
/(a’o —01): Vi1 dz =0 (3.24)
Q

for all v € HZ(Q2). (3.24) implies
divdiv(eg —o1) =0

and thus oy — oy € H(divdiv, Q)sm. For the choice 7 = oy — o in (3.23), we obtain

/Q(O'O —0'1) : (0’0 —0'1) dr — /leleV(O'o —0'1> (UJO —wl) dx (325)
= lloo—oullg =0

and hence oy = o1 € H(divdiv, Q). Therefore, (3.23) reduces to
/(div div 7) (wy — wy) dx =0 (3.26)
Q

for all 7 € H(divdiv, Q)sym. From (3.26) and (3.13) we obtain:
Jo(divdiv ) (wy — wy) dx - 1

0= sup > ||wo — wi]|o-
0£r€H (div div,Q)sym |7 || div div.,0 A/ 1+ C}
Therefore wy = wy € HZ(), which completes the proof of (3.19). O

Because of property (3.18) the linear operator A : X, + X; — X + X7 given by
Al’ = Aol’o + .All'l (327)

for all x = xg+x, with zg € Xy and 2, € X is well-defined and A is an extension of Ay and
Aj;. From property (3.19) it follows that A is bijective, where A™! : X3 + X} — Xy + X
is given by

AT = A o+ AT
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for all f = fo+ f1 with fy € X% and f; € X7.

We have already shown that A : X; — X/ is an isomorphism for ¢ = 1,2. Therefore
the first part of the following theorem follows immediately from the Interpolation Theorem
3.13 applied to A and A~!, and the Duality Theorem 3.11.

Theorem 3.16. The operator A is an isomorphism from [Xo, Xi]1/2 to [Xo, Xi]} 5. Fur-
thermore, we have

[(Xo, Xi]1p =X
with equivalent norms, where
X = H ' (divdiv, Q) ym x Hy(Q),

with
H'(divdiv, Q) gm = {7 € L*(Q)gym: divdivr € H1(Q)},
equipped with the norm

1/2

Il -vaivaiv = (I715 + I div div 7|%,) (3.28)
Proof. We have

[Xo, X1J1j2 = [L*(Q)sym, H (div div, Q)sym]1/2 x [L*(Q), Hy (Q)]1/2.
For the representation of [L?(Q)sym, H (div div, Q)sym]1/2, we apply Theorem 3.14: We have

L*(Q)gym = {T € L*(Q)gym: divdivT € H*(Q)}
={reXy: DT €Yy}

and

H(divdiv, Q)gym = {1 € L*(Q)gym : divdivr € L*(Q)}
={r € X,: DT eV},

with D = divdiv, Xo = L*(Qgm, Yo = H2(Q), X; = L3(Q)gm and Vi = L2(Q). In
addition, we set Zy = Z; = H%(Q). X,,Y;,Z; for j = 0,1 are Hilbert spaces, Y; is dense
in Zj, XonXi=Xo=Xjand D: Xg=X; = L2(Q)sym — Ly= 41 = H72(Q) is bounded,
since

[(DT,v)| = [{divdiv T,v)| = ‘/ TV dz| < ITllollv]l2
Q

for all 7 € L*(Q)sym, v € H3(Q). Then we follow the idea of the proof of Theorem 7.2, in
[59]: We introduce the dual operator D* : H3(2) = [L*(Q)sym]* = L*(2)sym by

(D*v,T) = (DT,0)
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for all v € HZ(Q), 7 € L*(Q)sym, and consider further the operator DD* + I : H3(Q)) —
H~2(Q). Since

((DD*+I)v,q>:/VQU:Vquer/qux for all v,q € H{ (%),
Q Q

it follows immediately from the Lax-Milgram Theorem that DD* 4 I is an isomorphism
from HZ(Q2) to H2(Q). For the particular choice

K=D*(DD*+1)"" and R=—(DD*+1I)""

it is easy to see that D o K = I + R. To apply Theorem 3.14, it remains to prove the
boundedness of K and R:
For all f € H2(Q2) we have:

1K fllo = 1V%0llo = [vlo < [ (DD* + 1) | ga-2(0y), s3I Il -2

with v = (DD* 4+ 1) f € HZ(Q). Therefore K : Zy = Z; = H2(Q) — X; = X, =
L*(Q)sym is bounded.
Further for all f € H2(Q) we have
IRfllo < CRIRFlo < [ (DD* + 1) | car-2(cy),ma 11| -2-

Therefore R : Z; = H2(Q) — Y; = L*(Q) is bounded, which immediately implies that
R:Zy= H2(Q) — Yy = H2(Q) is bounded.
So all assumptions of Theorem 3.14 are satisfied and we obtain

[L2(Q)aym, H(div div, Q)gm]1/
— {1 € L*(Q)gm: divdivT € [H2(Q), [2(Q)])2}

with equivalent norms. Further we obtain from Example 3.12,

{1 € L*(Q)sym: divdivT € [H*(Q), L*(Q)]1/2}
= {1 € L*(V)gym: divdivr € H'(Q)}
= H '(divdiv, Q)gm,

with equivalent norms, and hence
[L*()sym, H (divdiv, Q)sym]1/2 = H ' (div div, Q)sym, (3.29)
with equivalent norms. Finally, from (3.29) and Example 3.8, we obtain

[X(), X1]1/2 = [LQ(Q)Sym, H(le diV, Q)sym]1/2 X [LQ(Q)7 Hg(Q)]l/Q

3.30
= H (divdiv, Q)gm x Hy(Q), (3:30)

with equivalent norms. This completes the proof of the second statement. O



CHAPTER 3. BIHARMONIC MODEL PROBLEMS 25

Remark 3.17. The space H'(divdiv, Q)sm was already introduced in [85, 73] in the
context of linear elasticity problems.

In the next theorem we show that A has a representation of the form (2.3) on X.

Theorem 3.18. The operator A from X to X* is given by

<A ["] , H > = a(o,T) + b(r,w) + b(o, v)

w (%

with bilinear forms
alo,T) = / o:7dr and b(T,v)=—(divdivT,v). (3.31)
Q

Proof. From the density of C®(Q)sym in H~(divdiv, Q)sm (see appendix, Theorem 9.3)
and the density of C§°(Q2) in Hj(Q2) we obtain the density of C®(Q)gym x C§°(Q) in X.
Let

x:[wl € X and z:{v
o T

= (af])+ (A1)

:/Ude:L‘—/O'ZVQ’UdJZ—/diniVde[E (3.32)
Q Q Q

| € c* @ x Cr(@)

We have

= / o : 71 dr — (divdivo,v) — (divdiv T, w),
Q

where we used Lemma 3.3 for the last equality. Since all expressions in (3.32) are continuous
for o and 7 in H!(divdiv, Q)sym and for w and v in H}(Q), (3.32) is still satisfied for

the closure of C®()sym x C*°(£2) in X. This completes the proof. O

So the new mixed variational formulation reads as follows: For given f € H~ (), find
o €V and w € () such that

/O':TdiL’ — (divdivT,w) =0 for all T € V,
0 (3.33)

— (divdiv o, v) = —(f,v) de forallveQ,
with
V = H '(divdiv,Q)ym and Q = Hy(9Q).

Since A is an isomorphism, we already know the existence of Brezzi’s constants. Their
concrete form is given by the following theorem. For the proof as well as for later use, we
first introduce the following simple but useful notation for a function v € H}():

m(v) = v L. (3.34)

Here I, denotes the identity matrix in R*.
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Theorem 3.19. The bilinear forms a and b, defined in (3.31), satisfy Brezzi’s conditions
on H=Y(divdiv, Q) and Hy(Q), equipped with the norms ||T||-1divaiv and |v]1, respec-
tively, with the constants

la = bl = =1 and B =(1+2C)""2
Proof. 1. Let o, 7 € H '(divdiv, Q)sm. Then

la(o, )| < lloflol[llo < [lo]|-1.aiv aiv ]| 7] -1.aiv giv-

2. Let 7 € H'(divdiv, Q)sym and v € Hg(2). Then
|b(7,v)| = [{divdivr,v)| < |[divdiv 7] _1 [v]i < ||7]|-1.divdiv |V]1-

3. Observe that ker B = {7 € L*(Q)sym : divdiv 7 = 0}. Therefore,

a(t,T) = HT||§ = ||7'||2717divdiv for all 7 € ker B.
4. Here we follow the proofs in |28, 14]. For v € H}(Q) it is easy to see that

b(m(v),v) = vfi and [[w()|2} gvaie = 2[0ll0 + i < (1+2CF) 0]}

Therefore

dro) bl ol
sup = T IE 2\1/2
otrev | Tl-raivaiv — 17(0)|-ravai — (2[vll§ + |v[7)
1
> .
= (1+20%)1/2|U|1

Now from Theorem 2.2 it follows

cllz)x < || Az|

x+ <C|z|]|x forall z € X,

with
a 1

c> =
~ 1+ lal?/5? 2+2C%

and

= L (ol + VIaPAIPR) = 2 ~ 1180

We have the following correspondence between the solutions of the mixed variational
problem (3.33) and the primal variational formulation (3.2).
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Corollary 3.20. For f € H™'(Q) the problems (5.2) and (3.33) are equivalent, i.e., if
w € HE(Q) solves (3.2), then o = V2w € H Y (divdiv,Q)s,, and (o,w) solves (3.33).
And, vice versa, if (o,w) € H ' (divdiv, Q)sm x H(Q) solves (3.33), then w € H3(Q)
and w solves (3.2).

Proof. Both problems are uniquely solvable. Therefore, it suffices to show that (w, o) with
o = V2w solves (3.33), if w solves (3.2). So, assume that w € HZ() is a solution of (3.2).
Then, obviously, o € L*(Q)sym and

/0' : V2 dr = (f,v) forall v € H3 (D),
Q

which implies that divdive = f € H1(Q). Therefore, o € H'(divdiv, Q)sm and the
second row in (3.33) immediately follows.
By the definition of divdiv 7 in the distributional sense we have

(divdivT,v) = / 7:V?udzr forallve C(Q).
Q

Since C§°() is dense in HZ(S?), it follows for v = w that

(divdiv T, w) = /

‘TZVQ”Lde:/TZO'd$,
Q Q

which shows the first row in (3.33). O

To summarize, in order to determine the space X = V x @ such that A is an iso-
morphism from X to X* | we shifted the smoothness between the spaces V' and @) and
interpolated the resulting spaces. Note, this technique can be applied to any operator A
which represents a saddle point problem.

For the special case that A corresponds to a mixed variational formulation of an elliptic
problem, as it is the case for the considered biharmonic problem, we are able to determine
the space X in a more direct way without interpolation. This technique is called Lagrangian
multiplier technique and will be presented in the following section.

3.2 Lagrangian multiplier technique

The starting point is the formulation of the primal variational problem (3.2) as an uncon-
strained optimization problem: Find w € HZ(€2) that minimizes the objective functional

J(w) = %/QVQw V2w dx — (f,w). (3.35)

It is well-known that this minimization problem is equivalent to (3.2). Actually, (3.2) can
be seen as the optimality system characterizing the solution of (3.35). By introducing the
auxiliary variable

o = V*w € L*(Q)gym, (3.36)
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the objective functional becomes a functional depending on the original and the auxiliary
variable:

1
J(w,a):i/a:adx—(f,w>. (3.37)
Q
The weak formulation of (3.36) leads to the constraint

c((w,o),;u) =0 forall pe M, (3.38)

where
c((v,T),u):—/T:udx—/Vv-divu dx,
Q Q

and M is a (not yet specified) space of sufficiently smooth matrix-valued test functions.
By this the unconstrained optimization problem from above is transformed to the following
constrained optimization problem: Find (w,o) € Hj(Q) X L*(Q)sym that minimizes the
objective functional (3.37) subject to the constraint (3.38). The Lagrangian functional
associated with this constrained optimization problem is given by

ZL((v, 1), 1) = J(v,7) +c((v,7), ).

The first-order necessary optimality conditions, which are also sufficient for the problem
considered here, are V.Z(w, o, X) = 0, and read in detail

/ﬂa 1 dr+c((v,7),A) = (f,v) forall (v,7) € Hy(Q) X L*(Q)sym, (3.39)

c(w,o),p) =0 for all p € M.

Here A € M denotes the Lagrangian multiplier associated with the constraint (3.38). The
optimality system is a saddle point problem on the space X = H}(£2) x L*(£)sym, equipped
with the standard norm

(v, T)llx = (Jolf + [I115)

for the primal variable (v, 7) and the (not yet specified) Hilbert space M, equipped with
a norm ||p|/ar for the dual variable . An essential condition for the analysis of (3.39) is
the inf-sup condition for the bilinear form ¢, which reads: There is a constant S > 0 such
that

1/2

U, T),
sup AOTVB) 5 g,
0#(v,7)eX ||( )”
We have
wp A7) )
0£wmex |l(v,T)|lx
2 2\ 1/2
Vou-div u dx T 1 dx
oy UeVvedived) o UpTikdr)
0£veHL(Q) |vli 0£ATEL2(Q)sym [l
= (|l + || div div pf|?,)"? (3.40)



CHAPTER 3. BIHARMONIC MODEL PROBLEMS 29

for sufficiently smooth functions w, where, for the first equality, we use the following lemma,
see [92, Lemma 2.1],

Lemma 3.21. Let X; and Xy be Hilbert spaces and f1 € X7 and fy € X3. Then

1A% = Il + (12l
for f e X* with X = X x Xy, given by f(x1,22) = fi(x1) + fo(xe).
If the norm in M is chosen according to (3.40), i.e.

. . 1/2
lellae = ([lpel2 + || div div p)|2,)"?,

then the inf-sup condition is trivially satisfied with constant § = 1. This motivates to set
M = H'(divdiv, Q)sym. In order to have a well-defined bilinear form ¢ on X x M, the
original definition has to be replaced by

c((v,7), 1) = —/QT cp dx + (divdiv p, v),

which coincides with the original definition, if p is sufficiently smooth, see Lemma 3.3.

In the next theorem we show that the remaining conditions of Brezzi’s Theorem 2.1 are
satisfied for (3.39) with M = H~!(divdiv, Q)sym.

Theorem 3.22. The bilinear forms

ol(w.0). (0= [ @i de and Wer)p) =clor)m) (G4
Q
satisfy Brezzi’s conditions on Hy () x L*(Q)gym and H ' (divdiv, Q)s,m, equipped with
the standard product norm in H}(Q) x L*(Q)sym and || - ||-1.aivdiv, respectively, with the
constants 1

la]| =|Ib]=8=1 and a=-—

Proof. 1. Let (w,o), (v,7) € H3(Q) X L*()sym- Then

a((w, ), (v, 7)) < lolollTllo < (lollf + [wD) 275+ [vf) 2. (3.42)

2. Let (v,7) € H} () x L*(Q)sym and pp € H!(divdiv, Q)sym. Then

b((v,7), ) = — / T p dr + (divdiv p, v)
0

7ol ello + || div div g 1]v]s

<
< (7l + )2l - aiv v
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3. Let (w,o) € ker B = {(v,7) € Hy(Q) X L*(Q)gym : ¢((v,7),p) = 0 for all p €
H'(divdiv,Q)sym}. Then for the particular choice g = mw(w) we have

cl(w. o)) = - |

a:w(w)dx—/Vw-dea::O.
Q Q

So

< V2|wlollollo < Crv2lwhilielo,

wlf =

JREL L

which implies |w|; < Crv/2|a||o, and hence
wli + loll; < 2CF + Dol = (2CE + Da((w, o), (w, o).
[

Let us consider the operator A : X — X* with X = H () x L*(Q)sym x H 1 (div div, Q)gym
given by

<fl ol|l,|T >:a((w,a),(v,‘l‘))—i—b((v,‘r),)\)—i—b((w,a),p,)
Al (M

with bilinear forms a and b defined in (3.41), then the mixed variational problem (3.39)
can be rewritten as the linear operator equation

| f
Ala| =0]. (3.43)
A 0

From the Theorem 3.22, Brezzi’s Theorem 2.1 and Theorem 2.2, it follows immediately
that A is an isomorphism and further

clzlls < | AZ|| 5. < C|E|x forall z € X (3.44)
with
> a ! (3.45)
C = .
1+ laf?/8* 2(1+2C%)
and

S

1 1+
_ ' 2 2) — , .
C=3 (HCLH + V/lal[* + 4o ) 5 (3.46)

For v = 0, we obtain from the first row of (3.39),

/O':Tdav—/)\:wa:O for all 7 € L*(Q)gym
Q Q
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and thus o = A. Therefore, the Lagrangian multiplier A can be eliminated in (3.43). The
operator equation (3.43) is equivalent to

-0

A, 7) = A(v,7,7) forallv € H}(Q), T € H (divdiv, Q)sym,

with

and we obtain from (3.44),
clelx < cll(v, 7, 7)llx < Mzlx < Cll(v, 7, 7)lx < V20| llx (3.48)

for all z = (v, 7) in X = H}(Q) x H(div div, Q)gym with ¢ and C from (3.45) and (3.46),
respectively. Therefore A : X — X* is an isomorphism. Finally we rewrite (3.47) in
variational form: For f € H~Y(Q), find o € H ' (divdiv, Q)sym and w € H}(Q) such that

/ o:1dx — (divdivT,w) =0 for all 7 € H'(divdiv, Q)sym,
Q (3.49)

— (divdiv o, v) = —(f,v) forall v e H(Q).

Note, that the variational formulations (3.49) and (3.33) coincide.

In the previous two subsections we presented two different techniques for a biharmonic
model problem for the construction of the space X, such that the operator A : X — X*,
representing the mixed variational problem is an isomorphism. Moreover, we have shown
that the solution of the primal variational problem (3.2) coincides with the solution of the
mixed variational problem (3.49).

In the next section we apply the presented interpolation technique and Lagrangian
multiplier technique to another mixed method for biharmonic problems.

3.3 The Ciarlet-Raviart method for biharmonic prob-
lems

As in the previous two sections we discuss the first biharmonic problem introduced in (3.1).

As an alternative to (3.2) we consider the following standard primal variational formu-
lation of (3.1): Find w € HZ(2) such that

/ Aw Av dz = (f,v) for all v € HJ(S). (3.50)
Q

We focus here on the well-known mixed method by Ciarlet and Raviart, see [32], for which
an auxiliary variable

oc=—-Aw
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is introduced. With this auxiliary variable the biharmonic problem (3.1) can be rewritten
as a boundary value problem of a system of two second-order equations

—Aw=0, —Ac=f inQ, w=0d,w=0 onl. (3.51)

A choice for the Hilbert spaces which leads to a well-posed variational formulation for
(3.51) was already given in [93]. We show here that theses spaces can be derived from each
of the two techniques presented in the previous chapter.

3.3.1 Interpolation technique

Analogous to Section 3.1 we derive two variational formulations for (3.51), where we reduce
the smoothness either for o or for w by the use of integration by parts.

A first variational formulation. For given f € H %(), find 0 € V and w € Q such
that

/ade +/Awrdm=0 for all 7 € V = L*(Q),

2 ° (3.52)
/UAU dx = —(f,v) foralve@=H;Q),
Q

with V' = L*(Q) and Q = HZ(Q).
A second variational formulation. For given f € L*(2), find 0 € V and w € Q
such that

/aTd:E —i—/wATd:B:O forall 7 € V. =H(A,Q),

“ @ (3.53)
Acv dx = —(f,v) forallve@=L*N)

Q

with V' = H(A,Q) and Q = L*(Q), where
H(A, Q) ={r € L*(Q): AT € L*(Q)},

equipped with the norm

1/2
I7loa = (71 + [ AT]2) 2.

Here A denotes the Laplace operator in the distributional sense, i.e. for 7 € L?(Q2) we have
(AT,v) = / T Avdx for all v € C§°(9).
Q

The next lemma gives several representations of A under additional smoothness assump-
tions.

Lemma 3.23 (Green’s formulas). We have:
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e ForallT € L*(Q) and v € HZ(Q):
(AT, v) :/TAvdx.
Q
e ForallT € HY(Q) and v € H}(Q):
(AT, v) = —/QVT -Vudz.
e ForallT € H(A,Q) and v € L*(Q):
(AT, v) = / AT .
Q
Proof. Let 7 € C®(Q), v € C°(£2). Using integration by parts twice we obtain

(AT,U):/TAvd:c:—/VT~Vvdx:/ATvdx. (3.54)
Q Q Q

The formulas follow from the continuity of the second, third, and fourth term in (3.54),

and the density of C*(£2) and C§°(€2) in the corresponding spaces (see appendix, Theorem
9.4).

[
For both variational problems, (3.52) and (3.53), we have the well-posedness:
Theorem 3.24. The bilinear forms
a(o,7) = / otT dr and b(T,v) = / T Av dx (3.55)
Q Q

satisfy Brezzi’s conditions on V. = L*(Q) and Q = HZ(QY), equipped with the norms ||7]o
and |v|e, respectively, with the constants

lall = []bl = a =5 =1.

Theorem 3.25. The bilinear forms

a(J,T):/JT dr and b(T,v):/ATv dx (3.56)
Q Q

satisfy Brezzi’s conditions on V. = HZ(Q) and Q = L*(Q), equipped with the norms |7,
and ||vl|o, respectively, with the constants

1

V1+CE

lall = bl = =1 and p =
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The proofs of Theorem 3.24 and Theorem 3.25 are completely analogous to the proofs
of Theorem 3.1 and Theorem 3.4, respectively, and are, therefore, omitted.
So the operator Ag : Xo — X3 with Xy = L*(Q) x HZ(2) given by

<A0 H , H> = a(o,7)+b(r,w) +b(0,v)

w (%

with bilinear forms a and b defined in (3.55), is an isomorphism. And, the operator
A Xy — X7 with X; = H(A,Q) x L*(Q) given by

<A1 m , H> = a(o,7)+b(r,w) + b (0, v)

w (%

with bilinear forms a and b defined in (3.56), is an isomorphism.
A new variational formulation by interpolation. Note, that the operators Ay
and A; are different. However, we have:

Lemma 3.26.
Aor = Az forall v € XoN X, (3.57)
and
Al f =AY forall f € XENXT. (3.58)
Proof. Let x = (o,w) € Xy N Xy, with Xy = L*(Q) x HZ(Q), X; = H(Q) x L*(Q) and
XoN X, = H(A,Q) x Hi(Q). We have Hg () is dense in L*(2), and further we obtain
from the density of C*°(Q) in L*(Q) and H(A, ) (see appendix, Theorem 9.4) the density

of H(A,Q) in L?(2). So XoN X is dense in X, and X; and therefore, we obtain from the
Duality Theorem 3.11 that X + X7 = (X, N X;)*. Hence Agz — Az € (Xo N X;)*and

<AO m,[ZD:/QMCZ;E—/QTAMM—/QUAMJ;
~ [orar— [ Arwin— [ Acvas
-l ED

for all (r,v) € Xy N X; where we obtain the second equality, from Lemma 3.23. This
completes the proof of (3.57).

Let f € X¢ N X7 and let 29 = (00, wg) € Xo, 71 = (01, w;1) € X, such that v = Ay f
and z; = A;'f. We have

(Aowo,y) = (Aiz1,y) for all y € XoN X,
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/agTd:E—/TAwg d:p—/aoAv dx
Q Q Q
:/017d$—/A7"LU1 dx—/Aalvd:U
Q Q Q

for all (1,v) € XoN X;. Using Lemma 3.23 for the second term on the left-hand side and
for the third term on the right-hand side in (3.59), we obtain

/agde—/ATwo dw—/aoAv dx
Q Q Q

or equivalently

(3.59)

(3.60)
:/017 dm—/ATwl dm—/alAv dzx
Q Q Q
for all (1,v) € Xo N X;. For the choice T = 0 it follows from (3.60)
/(O‘O —o1)Avdr =0 (3.61)
0

for all v € HZ(2), i.e. A(og— 01) = 0 and thus og — 0y € H(A,Q). Further we obtain
from (3.60) for the choice 7 =0

/Q(Jo —oy) T dx — /QAT (wp —wy) de =0 (3.62)
for all 7 € H(A,Q). In particular for the choice 7 = 0y — 07 in (3.62) we obtain
/Q(O’O—Ul) (09— o01) dz =0
and hence og = 01 € H(A, Q). Therefore, (3.62) reduces to
/QAT (wo — wi) da = 0 (3.63)

for all 7 € H(A, ). Further from Theorem 3.25 we have

Atv d
sup fﬂ TV dr

1
> [v]lo
ozren(a)  N7llao V1+Cr

for all v € L?(2). Now from (3.63) and (3.64) we obtain

(3.64)

Jo AT (wo — wy) da 1
0= sup >
0£TEH(AQ) 7] a0 V1+Ch

and thus wy = w; € HZ(Q), which completes the proof of (3.58). O

[|wo — wilo
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Because of Lemma 3.26 there is a linear and bijective operator A : Xo+X; — X§+ X7,
given by (3.27), such that A is an extension of 4 and A;.

We have already shown that A : X; — X is an isomorphism for ¢ = 1,2. Therefore
the first part of the following theorem follows immediately from the Interpolation Theorem
3.13 applied to A and A~! and the Duality Theorem 3.11.

Theorem 3.27. The operator A is an isomorphism from [Xo, Xi]1/2 to [Xo, X7 5. More-
over, we have

[Xo, Xi]1p = X
with equivalent norms, where
X = H7Y(A,9) x H(9),

with
H A Q) ={rel*(Q): At HYQ)},
equipped with the norm

1/2
718 = (I7ll5 + [AT]2,)

The proof of the second part is completely analogous to the proof of Theorem 3.16 and
is, therefore, omitted.
For the operator A we have the following representation on X.

Theorem 3.28. The operator A : X — X* is given by

<A H , H> —a(o,7) +b(r,w) +b(0,0)

w (%

with bilinear forms
a(o,7) = / ot dr and b(r,v) = (AT,0). (3.65)
0

The proof is completely analogous to the proof of Theorem 3.18, and is, therefore,
omitted.

The new mixed variational formulation reads as follows: For f € H~(Q), find o €
H'(A,Q) and w € H}(Q) such that

/O’T dr + (AT,w) =0 for all 7 € H (A, Q),
o (3.66)

(Ao, v) = —(f,v) forallve Hy(f).

In the following theorem we give estimates for Brezzi’s constants for (3.66).
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Theorem 3.29. The bilinear forms defined in (3.65) satisfy Brezzi’s conditions on H (A, Q)
and H}(Q), equipped with the norms ||T||_1.a and |v|1, respectively, with the constants

lall = Il =a =1 and = (1+2C2)72

The proof is completely analogous to the proof of Theorem 3.19, and is, therefore,
omitted.
From Theorem 2.2 it follows

cllz)lx <[ Azl|x- < Cflz|x forall z € X,
with
S a 1
C =
14 lal?/8? 2+ 2CF
and

e
B

1
¢ =5 (llall+ v/TalP +4]0[?) = ~ 16180,

The space H (A, Q) coincides with the space used in [93].

3.3.2 Lagrangian multiplier technique.

Starting point is the reformulation of the primal variational formulation (3.50) as uncon-
strained optimization problem: Find w € HZ(f2) that minimizes the objective functional

1
J(w) = —/ |Aw|? do — (f,w).
2 Jo
By introducing the auxiliary variable
o=—Aw € L*(Q) (3.67)

the objective functional becomes a functional depending on the original and the auxiliary
variable:

1
Tw,0) = 5 / o2 dz — (fw). (3.68)
0
The weak formulation of (3.67) leads to the constraint
c((w,o),u) =0 forall pe M, (3.69)

where

c((v,T),,u):/T,u da:—/Vv-Vp dz,
Q Q
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and M is a (not yet specified) space of sufficiently smooth scalar-valued test functions.
By this the unconstrained optimization problem from above is transformed to the follow-
ing constrained optimization problem: Find (w,c) € H}(Q) x L*(Q) that minimizes the
objective functional (3.68) subject to the constraint (3.69). The Lagrangian functional
associated with this constrained optimization problem is given by

g((vaT%ﬂ) = J('UvT) + C(('U,T),p,),

where 1 € M denotes the Lagrangian multiplier associated with the constraint (3.69). The
first-order optimality conditions, which are also sufficient for the problem considered here,
are V.Z(w,o,\) = 0, and read in detail

/Qo—r dr +c((v,7),A) = = (f,v) forall (v,7) € Hy(Q) x L*(Q), (3.70)

c((w, o), p) =0 for all € M.

The optimality system is a saddle point problem on the space X = H} () x L*(Q2), equipped
with the standard norm

Iw,0)llx = (lof; + II713) ™
for the primal variable (v, 7) and the (not yet specified) Hilbert space M, equipped with a
norm ||u|[5s for the dual variable p.

Motivated by

sup  A©27) 1)
0#£(v,T)EX ||(U77_)||X

2 2\ 1/2

Vv -Vu dx T dx 3.71

_ sup (Jo ' p dz) 4+ sup (Jo7r . ) (3.71)
0£vEHL(Q) [v[i 0A£TEL2(R) [kl

1/2
= ([lullg + [1AulZ,) "

where for the first equality, we use Lemma 3.21, we set M = H~'(A, Q). In order to have
a well-defined bilinear form ¢, the original definition has to be replaced by

(v 7o) = [ 7 do -+ (Do)
Q
which coincides with the original definition, if p is sufficiently smooth. For our choice of
M all Brezzi’s conditions for (3.70), are satisfied.
Theorem 3.30. The bilinear forms
ol(w,0),(0,1) = [0 ds and b(w,7)os) = el(0,7)o1),

Q

satisfy Brezzi’s conditions on H}(2) x L*(Q2) and H*(A,Q) equipped with the standard
product norm in H}(Q) x L*(Q) and || - ||_1.a, respectively, with the constants

lall =[pll =B =1 and a=(1+CE)"
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The proof is completely analogous to the proof of Theorem 3.22, and is, therefore,
omitted.

For v = 0, it follows from the first row in (3.70) that A = o. So the Lagrangian
multiplier A can be eliminated. Finally we obtain after reordering the reduced optimality
system:

/O’T dr + (AT,w) =0 for all 7 € H (A, Q),
Q (3.72)
(Ao, v) = —(f,v) forallve Hy(f).

By an analogous discussion as we had in the end of Section 3.2, we obtain that Brezzi’s
conditions are still satisfied for the reduced optimality system (3.72). Note, that the
variational formulations (3.66) and (3.72) coincide.

In the next chapter we apply the presented interpolation technique and Lagrangian
multiplier technique to two model problems from optimal control.



Chapter 4

Distributed optimal control problems
with time-periodic state equations

In this chapter we apply the presented interpolation technique to two model problems from
optimal control, distributed time-periodic Stokes control and distributed time-periodic
parabolic control.

4.1 Distributed optimal control with the time-periodic
Stokes equations

Let © be an open and bounded domain in R? for d € {2,3} with a polygonal /polyhedral
Lipschitz-continuous boundary I'. For T" > 0, we introduce the space-time cylinder Qr =
Q2 x (0,T) and its lateral surface ¥ =T x (0, 7).

We consider the following model problem: Find the velocity u(z, t), the pressure p(z,t),
and the force f(z,t) that minimize the cost functional

1 T T
st =5 [ [ e — w0 dear+ § [ el

subject to the time-periodic Stokes problem

%u(m,t} — Au(z,t) + Vp(z,t) = f(z,t) in Qrp,
divu(z,t) = 0 in Qr,

u(z,t) = 0 on X,

u(z,0) = u(z,T) on Q,

p(z,0) = p(x,T) on Q,

f(z,0) = f(z,7) on .

Here A denotes the vector Laplacian, uy(z,t) is a given target velocity, v > 0 is a cost
or regularization parameter, and || - || denotes the Euclidean norm in R?. We assume that

40
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uy(z,t) is time-harmonic, i.e.:

2k

Wt with w = i for some k € Z.

uy(z,t) =uy(x)e

Then there is a time-periodic solution to the original control problem of the form
u(z,t) = u(z) e, p(x,t) =plx)e, f(x,t)="f(z)e™",

where u(z), p(z), and f(x) solve the following time-independent optimal control problem:

Minimize )
v
=5 [ @) - @R de+ % [ @R d
2 Ja 2 Ja

subject to
iwu(x) — Au(x) + Vp(z) = f(x) in Q,
divu(z) = 0 in €, (4.1)
u(z) = 0 on I
To obtain the uniqueness for p, we assume that p has zero average, i.e.

/Qp(:v) dzxr = 0.

The Lagrangian functional associated with this constrained optimization problem is
given by

ZL(u,p,f,w,r)=J(u,f)+ /W (iwu(z) — Au(z) + Vp(z) — f(x)) dzx
+ / r(z)*divu(z) dz,
Q
where w and r denote the Lagrangian multipliers associated with the constraints. Here the

symbol * denotes the conjugate transpose of a vector. The first-order necessary optimality
conditions, which are also sufficient for the problem considered here, are VL(u, p, f, w,r) =
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0, and read in detail

—iww(r) — Aw(z) + Vr(x)
w(

[ rt@)

vi(z) — w(x)

8

8

T

iwu(r) — Au(x) + Vp(x)

divu(z)

u(z) =

/Qp(x) dx

= uy(z) —u(x)

divw(z) =

) =

42

in €,
in €,

on I

in €, (4.2)
in €2,
in €,

on I,

From the fifth equation it follows that f = v~ 'w. So the control f can be eliminated, and

one obtains the reduced optimality system

—iww(x) — Aw(z) + Vr(z) =

divw(x)

w(zr) =

/Qr(x) dx

iwu(x) — Au(x) + Vp(z) =

divu(zx)

8

u(

/Q p(z) da

which reads in operator notation

I 0 —A—idwl
0 0 —div
~A+iwl V v
—div 0 0

) =

uy(z) —u(zx)

0,

v lw

0

0

0

\Y% u

o (p]| _
0] |wl|
0 T

coof

in €2,
in €,

on I

4.3
in €, (43)

in €,

on I

with w(z) = u(z) = 0 on I" and zero average for p and r. Here the operator I is given
by (Iv); = Iv; for i =1,.,d. A first essential observation is that, by swapping the second
and the third rows and columns, we obtain a system in saddle point form with a vanishing
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2-by-2 block in the right lower part:

I —A—iqwl 0 V
~A+iwl —v'I V 0 B
0 —div 0 o|*70 (4:4)
—div 0 0 O
with
u Uqg
v= |V and b= 0 ,
P 0
r 0

where w(z) = u(z) = 0 on I' and zero average for p and 7.

4.1.1 Transformation to a system with real operators

Elementary calculations show that:

I ~A—iwl 0 V
~A+iwl —v'I V 0
0 —div. 0 0
—div 0 0 O
(1 +vw?)V21 —A 0V
- ~A v (1 +vo?)Y2I V0
=T 0 —div 0o of T
—div 0 0 0
where
I —iwI 0 0
s |0 (L v®)2I 0 0
_ 2\—1/4
T={1+w)" 0 I —iwl
0 0 0 (1+wvw?)2I

So, the original system (4.4) is equivalent to the system

~I —A 0 V Yuy
-A —v T V 0 —iwy luy
0 —div 0 o]Y" 0 ’ (45)
—div 0 0 O 0

with y = Tx. Here and in the following we use

v = (14 vw?)V4,
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So, instead of w and v, we consider in the following a problem depending on the parameters
~v and v.

In order to solve Problem (4.5) we have to solve for the real and the imaginary parts
of y two real problems:

vI -A 0 V]| [u g
-A v YT V 0] |w h
0 —div 0 o |p| " lo|’ (4.6)
—div 0 0 0 r 0

where u(z) = w(z) = 0 on I' and p and r have zero average, for
g =7Re(uy), h=wy 'Im(uy) and g=7Im(ug), h=—wy™" Re(uy),

where Re(v) and Im(v) denote the real and imaginary part for a function v, respectively.
Here we use with a slight abuse of notation the same variables for the new unknown as for
the original unknown x.

So instead of solving a complex system, we have to solve a real system for two different
right-hand sides.

We proceed now as follows:

In a first step, we consider the operator given by the left upper 2-by-2 block in (4.6),
i.e., we consider for general right hand-sides g and h the operator equation

N @)

with u(x) = w(z) = 0 on I'. We derive a variational formulation for (4.7), which will be
well-posed with bounds independent of v and . The corresponding Hilbert space for the
primal variable (u, w) will be denoted by V.

In a second step we derive the variational formulation for the entire problem (4.6), for
which we choose the space @) for the dual variable (p, ) in such a way that the variational
problem is well posed with bounds independent of v and ~.

4.1.2 The space for the primal variable

For deriving the variational formulation for (4.7) we start in the usual way. We multiply
the first and second equation in (4.7) by arbitrary test functions v and z, respectively, and
integrate over (2

?[uvis - [Awevds =)
Q0 Q

—/Au-zdw—u‘lf/w-zdm:(h,z).
Q Q

In a next step we derive two different variational formulations by reducing the smoothness
assumptions either for u or for w by integration by parts.

(4.8)
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A first variational formulation. To reduce the smoothness assumptions for u as
much as possible, we apply integration by parts twice to the first term of the left-hand side
of the second equation in (4.8):

/Au-zdx:/(Vu~n) -zds—/u- (Vz-n)ds+/u-Azdx. (4.9)
Q r r Q

Assuming z = 0 on I for the test functions v the first boundary integral in (4.9) vanishes.
Further the second boundary integral in (4.9) vanishes since u = 0 on I'. Together with
the first unchanged equation from (4.8) we obtain a first mixed variational formulation:
Find u € L?(2)? and w € H2(Q)¢ such that

72/ u-vdr — / Aw - vdx = (g,v) forall ve L*Q)%
> @ (4.10)

— / u-Azdr — y172/w -z dr = (h,z) forall z€ H3(Q),
Q Q

where
Hp(Q) = H*(Q) N Hy ()

equipped with | -|o. We have that ||- |2 is equivalent to ||, on H%(Q) and that the identity
lv]a = ||Av||p holds for all v € H%(RQ), see, e.g., [40, Theorem 2.2.3].
Problem (4.10) has saddle point structure (2.1) with

a(u,v) = ’yz/ u-vdr, b(v,z)=-— / v-Azdx (4.11)
Q Q
and
c(w,z) = v 142 / w -z dx. (4.12)
Q

Recall, necessary and sufficient assumptions on the bilinear forms a, b and ¢ for the well-
posed of (4.10) are given by Theorem 2.3. To obtain well-posedness for (4.10) with bounds
independent of v and v, we equip in the following the spaces L*(Q)? and H% ()% in (4.10)
with parameter dependent norms such that all assumptions of Theorem 2.3 are satisfied
independently of v and . Thereby we use the symbols N and + for the intersection and
the sum of Hilbert spaces, introduced in (3.15), and the following notation:

Notation. Let n be a positive number and H be a Hilbert space. Then nH denotes the
Hilbert space of all functions from H equipped with the norm

[ellnm = nllzlla

forallx € H.
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Motivated by the equality
a(v,v) = VIV[E = VI L2y

we equip the space L*(Q)? in (4.10) with the norm || - H?YLQ(Q)(,Z, i.e. we replace the space
L3(2) in (4.10) by yL*(%).
Motivated by the condition (2.10) we equip the space H?% (€)% with the norm

1/2
(ctw, w) -+ 11bC, W) 2oy )

Then obviously (2.10) is satisfied with ¢;; = C;y = 1. We have
2
-Awd
o)+ D)o = clwow) + [ sup  J2Y AW
veyrz@t VIVl

-~ 2

= c(w,w) + (v |Aw]|o)
=c(w,w) + 7 ?|w|3

= v P wllG 7w

. 2

- ||W||V71/27L2(Q)dm,yfl(H2(Q)QH6(Q))(1’

i.e. we replace the space H2(Q)? in (4.10) by v=V/2yL*(Q)4 Ny~ HZ ()%
In the following theorem we show that for

w,veVL2(Q)? and w,z € v VAN L2(Q) Ny HE(Q)
the variational formulation (4.10) is well-posed with bounds independent of v and v.

Theorem 4.1. The linear operator Aq introduced by

<A0 m , m > — a(u,v) + b(v,w) + b(u, z) — ¢(w, z)

w

with bilinear forms a, b, and ¢ defined in (4.11) and (4.12) is an isomorphism from Vj to
Vg for

Vo =y L ()" x (v 2L () Ny HB(Q)7)
whose natural norm is given by

Iv.2)llve = (P + 272 al} + 57 21af3)
for (v,z) € V. Furthermore, we have

cvive < [[Aovllvy < Cllvllvy  for all v €V,
with

3-5
c= 32\/_ ~0.0239 and C =2v2~ 2.8284. (4.13)
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Proof. We apply Theorem 2.3 for V. = vL?(Q)¢ and Q = v~'/2yL*(Q)¢ Ny 1HZ(Q)4.
Obviously condition (2.10) is satisfied with ¢;; = Cp; = 1.
It remains to check the condition (2.9): Let u € V. We have:

[ulli: = 7*[ull = a(u,u) < a(u,w) + [|b(u, -)[%-,
ie. ¢; =1 and

00 0 = 0] 0 ey

-Azd

z€y~1HZ (Q)d 771|Z‘2
< a(u,u) +7*|v[[3
= 2|ully,

i.e. C7 = 2. Therefore, all assumptions of Theorem 2.3 are satisfied.
Finally we obtain the values for the constants ¢ and C in (4.13) from (2.11) and (2.12).
[

A second variational formulation. Now we reduce the smoothness assumptions for
w as much as possible. Therefore we apply integration by parts twice to the second term
of the left-hand side of the first equation in (4.8):

/Aw-vdx:/(Vw-n)-vds—/w-(Vv-n)ds—i—/W-Avdx (4.14)
Q r r Q

Assuming v = 0 on I" for the test functions v the first boundary integral in (4.14) vanishes.
Further the second boundary integral in (4.14) vanishes since w = 0 on I'. Together
with the unchanged second equation from (4.8) this leads to a second mixed variational
formulation: Find u € H3(Q)? and w € L?(2)¢ such that

72/u~vd:v —/W~Avd:17 = (g,v) forallve Hp(Q)Y,
« @ (4.15)
—/Au-zdm—l/_172/w-zdx: (h,z) forall z € L*(Q)%.
Q Q
Problem (4.15) has saddle point structure (2.1) with
a(u,v) = 72/ u-vdr, b(v,z)=-— / Av - zdx (4.16)
Q Q

and

o(w,z) =v'y /w z dz. (4.17)
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As for the first variational formulation, we equip in the following the spaces (H2(€2) N HE(Q))"
and L*(Q)? in (4.15) with parameter dependent norms such that all assumptions of Theo-
rem 2.2 are satisfied independently of v and ~.

Motivated by the equality

c(w,w) = ’YQV_lH"VHg = ”WH12/—1/27L2(Q)d7
we equip the space L*(Q)? with the norm || - ||,-1/2,12(q)¢, i-e. we replace the space L*(€2)
in (4.15) by v=12yL2(Q)%.
Motivated by the condition (2.9) we equip the space H%(2)? with the norm
(alv,v) + [1b(v, )15

Then obviously (2.9) is satisfied with ¢; = C; = 1. We have

1/2

a<V7V>+I|b<v,-)||é*=a<v,v>+( sup fgz-Avdx>

zevl/2yL2(Q)d v1/29]|zlo
= a(v,v) + (W27 Av])?
= a(v,v) + vy ?|v]3
= Y|Ivl§ + vy ?Ivi3
= |’VH%LQ(Q)dﬂul/?y*lH%(Q)d7

i.e. we replace the space H%(Q)? in (4.15) by vL2(Q)4 Nv'/2y~ HZ (Q)4.
In the following theorem we show that for

w,v e LA Q)N 2y HZ ()Y and  w,z € vy L2(Q)¢
the variational formulation (4.15) is well-posed with bounds independent of v and v.

Theorem 4.2. The linear operator Ay introduced by

<A1 [“] , m > = a(u,v) + b(v,w) + b(u, z) — c(w, z),

w

with bilinear forms a, b and ¢ defined in (4.16) and (4.17) is an isomorphism from V; to
Vi for

Vi = (LAHQ) N (Q)) x v B1AQ)1,
whose natural norm is given by
_ _ 1/2
v, 2)llve = (PlIvIle + vy vl + vy llz5)
for (v,z) € Vi. Furthermore, we have

cllvllv, < ||A1V||V1* < C||vlly, for allv eV, (4.18)

with the same positive constants ¢ and C' as in (4.13).
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Proof. We apply Theorem 2.3 for V = yL2(Q)? Nv'/2y HZ/(Q)? and Q = v~ /2yL2(Q)<.
Obviously condition (2.9) is satisfied with ¢; = C7 = 1.
It remains to check the condition (2.10): Let w € Q). We have:

Iwlg, = v [[wl§ = c(w,w) < e(w, w) + [|b(-, W)[[3,
i.e. Crr = 1 and

C(W7W) + ||b(7W)||%/* = C(W, W) + Hb('7W)|’?,YLQ(Q)dmylﬂw—lH%(Q)d)*

2
< c(u,u) + ( sup w>
verl/2y=1g2 (@)d VI V]2
< c(w,w) + 7wl
=2|wlg,
i.e. Cj; = 2. Therefore all assumptions of Theorem 2.3 are satisfied.

Finally we obtain the same values as in (4.13) for the constants ¢ and C' in (4.18) from
(2.11) and (2.12). O

A new variational formulation by interpolation. Note, that the operators Ay :
Vo = Vi and A; : V3 — Vi" introduced in Theorems 4.1 and 4.2 are different. However, we
have:

Lemma 4.3. We have:
0 1 fO? a (u, W) S LO Dl. ( . 9)

Proof. Let (u,w) € Vo NV with V4 and V; given in Theorem 4.1 and Theorem 4.2 and

Vonv = (27L2(Q)d N yl/Q’y_lH]%(Q)d)
X (21/*1/27L2(Q)d N Vl/Q’y*lH%)(Q)d) .

It is easy to see that VN Vi is dense in Vy and V;. Therefore, we obtain from the Duality
Theorem 3.11 that Vi + Vi* = (Vo N V;)*. Hence

u
w

g coumnr
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<A0 {u],[V]>:72/u-vdx+/u~Azdx+/v-AWdx
Wl 1z Q Q Q
—’721/_1/W-Zdl’
Q
:72/u-vda:+/Au-zd3:~l—/Av-wdx
Q Q Q
—’)/QI/l/W‘de
Q
u| |v
-l B

for all (v, z) € VyNV;, where we obtain the second equality by applying integration by parts
twice to the terms on the left-hand side involving the A operator. This proves (4.19). O

and

Because of Lemma 4.3 there is a linear operator A : Vj + Vi — V" + V| given by
AV = A()VO + A1V1,
for all v = vy + vy with vg € Vj and vy € V7, such that A is an extension of Ay and A;.

Remark 4.4. Contrary to the corresponding operators of the previous discussed problems,
we were not able here to prove

Ay [ﬁ} = 47! [ﬁ} for all (g,h) € Vi N V7,

without additional assumptions on the domain Q. This means we do not even know if A~!

from Vi + V" to Vo + Vi exists. Anyway, as we will see in the following, we have that A is
an isomorphism from [Vo, Vili/2 to [Vo, Vil} 5.

We have already shown that A : V; — V.* is an isomorphism for ¢ = 1, 2. Therefore the
following theorem follows immediately from the Interpolation Theorem 3.13 applied to A
and the Duality Theorem 3.11.

Theorem 4.5. There exists a positive constant C' independent of v and v such that:

[

Next we give a representation result for [Vp, V1]1/2, where the following two results are
essential:
For the interpolation of parameter dependent Hilbert spaces we have the following

property.

S C”(V’Z)“[Voyvlh/z fOT all (sz) € [%a ‘/1]1/2-
Vo Vi3
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Lemma 4.6. Let Xy, X1 and X be Hilbert Spaces, with Xy and Xi;. Then it holds for all
positive real numbers o and :

[ Xo, BX1]p = o' 7 B°[ X0, Xi]p.
for all 6 € (0,1), with equal norms.
Proof. Let x € [aXy, X1]g. We have:

00 1/2
ety = ([ T2 Kz 0Xo, 53011
0
00 1/2
— a(/ tzeK(t,x,Xo,ﬁ/an)zdt/t)
0

00 1/2
— a(/ tzeK(ﬁt/a,w,Xo,Xg)Zdt/t)

0

00 1/2
_ a( / <at/ﬁ>-20>f<<t,x,xo,x2>2czt/t)

" 00 1/2
— aa/B) ( JA dt/t)

0

= O‘I_QBQH'TH[X(),Xl]e'

O

Further we have the following interpolation result. For a proof see Theorem 9.1 in the
appendix.

Theorem 4.7.
[L(Q), Hp(Q)]1/2 = Hy(Q)
with equivalent norms.

Now we show a representation result for [Vg, V1] /2.

Theorem 4.8.
Vo, Vilip =V (4.20)
with equivalent norms independent of v and v, where
V= (’yLz(Q)d N V1/4H3(Q)d) x p~ /2 (”yLQ(Q)d N V1/4H§(Q)d)
whose natural norm is given by
I, D)l = (PIVIE + v 2Ivl + 7l + v 2laf?)

for (v,z) e V.
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Proof. From Lemma 4.6 we obtain the identity

Vo, Vilije = [YLA(Q)Y, (WLA(Q)? N2y HE (Q)%)]

1/2

_ _ (4.21)
x v 1?2 [7L2(Q>da (7L2(Q)d n V1/2’Y 1H%<Q)d)}1/2
with equal norms. Next we obtain from Lemma 3.10
[7L2(Q)d7 (7L2(Q)d N V1/2771H123(Q)d)] 1/2 (4.22)

=LY Q)N YL, v 2y T Q)]

with equivalent norms independent of v and v, and from Lemma 4.6 and Theorem 4.7
VL2 v Py HE Q) = v L)Y, H (92)7]

=N Q) (4.23)

1/2 1/2

with equivalent norms independent of v and v.
Now, from (4.21), (4.22) and (4.23) we obtain

Vo Vltj = (@) N HYQ)) x 72 (L2 Aot ()7
with equivalent norms independent of v and v, which completes the proof. ]
Moreover, we have the following representation for A on V.

Theorem 4.9. The operator AV — V* is given

<A N , N > — a(u, w) + b(v,w) + b(u, z) — ¢(w, z),

\\% VA

with bilinear forms

and

Proof. 1t is easy to see that for all ¥ > 0 and w > 0 there is a positive constant C' such
that ||v]jy < C|v]l; for all v € C(2)? x C5°(2)4. Now from the density of C5°(Q)¢ in
H(Q)4 it follows that C5°(Q)? x C5°(Q)? is dense in V.
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Let (u,w) € V and (v,z) € C(Q) x C°(Q). We have:
Lo B = BB ) B
:72/Qu-vdx—/Qu-Azd:B—/QAv-Wda:

+v oyt | wezdr (4.24)
0

:72/u-vd:L'—I—/Vu-Vzdx—i—/Vv-dex
Q Q Q
+v Ty w -z dx,
Q

where we use integration by parts for the last equality. Since all expressions in (4.24) are
continuous for (u,w) in V, (4.24) is still satisfied for the closure of C§°(£2) x C§°(2) in
V-norm. This completes the proof. O

So the new variational formulation reads as follows: Find u € V and w € () such that

vz/u-vdm/VW-Vvdx = (g,v) forallvelV,
@ @ (4.25)

/Vu~Vzdx—u172/W-z de = (h,z) forall z€ @
Q Q
with
V= (vL*()" N 1/1/4H(}(Q)d) and Q=12 (vL*(2)" N 1/1/4H§(Q)d) .

In the next theorem we give an estimate for the upper bound of A and further we show
that A satisfies an inf-sup condition for each H-invariant subspace V' C V| where the linear
operator H : V — V is given by

1/2

H _V] _ {V b Z] . (4.26)

Il.

2. For each subspace V C V with H(V) C V we have

AGRLED

(v,2)eV ||(V7Z)||V

Theorem 4.10. 1. For all (v,z) €V :

<

< [I(v;2)[lv.

‘A

N

1
> EH(IL w)llv (4.27)

for all (u,w) e V.
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Proof. Let (u,w), (v,z) € V. We have:
B -
w|’|z
+V_1’72/W-Zd$
Q

< Yllallollvllo + [uli]z]i + [wli|v]i + vl wllollzlo

72/u-vdx—|—/Vu-Vzdx—l—/Vw-Vvdx
0 Q

Q

= llullollvllo + v ufw ™zl + v wl i vl + v w2

1/2
< (P[ul2 + v2[uf? + v 2wl + v 2w 2) Y

2
(PIVIZ + 12V + v 22+ v |z)2) Y
=l (w, W)l ]| (v, 2)][v-

This proves the first part.
Further, we have:

‘<A {V} ,H[V}>‘ :72/v-vd:c+721/_1/2/v-zd:p
Z Z o q
+V1/2/VV-Vvdx—/VV-Vzdx
Q Q
+/VV~Vzd:c+V1/2/VZ~Vde
Q Q
+72/v-zdx—y_1/272/z~zdm
Q Q
:WQ/V-le’—Fl/lﬂ/VV'VVd.CE
Q Q

+V1/2/Vv'Vzdx+72/v~zda:
Q Q

= |(v.2)|[v
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and
2
1 (]| =t ol 2 —
U2y g2
=V |IvI5 + 272 (v, 2)0 + v 2[5
2|2 4 2(v, 21 + 2
FA2IVIE = 222 (v, 7)o + v
22 = 2(v, )1 + v a2
=2 (PIvI§+ v l2lf + v 2 v+ v 2))D)
=2 (PIIVIE + VI + vt (Pllzllg + v 2l))
=2|[(v,2)[ly-
Therefore,
CRLED BB
e S [C2P) PR WL vl
Wiy
which completes the proof of the second part. ]

Now from Theorem 4.10 it follows immediately:

Corollary 4.11. The operator A is an isomorphism from V to V* with bounds independent
of v and v.

This completes the consideration of the left upper 2-by-2 block of the operator in (4.5).
In the next subsection we consider the entire operator in (4.5).

4.1.3 The space for the dual variable

For deriving the variational formulation for the entire problem (4.6) we start in the usual
way: We multiply the four equations by arbitrary test functions v, z, ¢ and s, and integrate
over 2. For the 2-by-2 upper left block in (4.6) we use the variational formulation derived
in (4.25). Finally we apply integration by parts to both terms of the 2-by-2 upper right
block, where the appearing boundary integrals vanish under the assumption that v=2z =0
on I'. This leads to the following mixed variational formulation of (4.6): Find (u,w) € V
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and (p,z) € @Q such that
WQ/U'VdZC +/VW~Vvdm —i—/(divv)rd:c:(g,v),
0 0 0
/Vu-Vz dx —V_172/W-zdx+/(divz)p dx = (h,z),
Q Q Q
— /(divw)q dx =0,
Q
- /(divu)s dx =0,
Q
for all (v,z) € V and (¢,s) € Q = L(Q)?, where
12(9) = {q € 12(Q) : / o(x) dz — 0} |
Q

Problem (4.28) is in saddle point form (2.1), with bilinear forms

a((u,w),(v,z)) =y /u vdx—i—/Vw Vv dx

/Vu Vz dr — vy /W zdx

b((v,z),(q,8)) =— /Q(divz) q dx — /(divv) s dx (4.30)

Q

(4.29)

and

and ¢ =0 for all (u,w),(v,z) € V and (p,7),(q,s) € Q.
For the next theorem the following result is essential, see, e.g., [38].

Theorem 4.12. There exists a positive constant cp such that

(divv) qdz
up Al VIEE
0£veHL () Vi1

for all g € L3(2).
Now we can show the following result for (4.28).

Theorem 4.13. Let Q = L%(Q)? be equipped with the norm

l@9)lo= sup b“&’”’;ﬁ’s” (431)
0#(v,z)eV V,Z)||v
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for all (q,s) € Q. Then the operator A introduced by

(4

with bilinear forms a and b, given in (4.29) and (4.30), respectively, is an isomorphism
from X to X*, for

> = a((u,w), (v,2)) +b((v,2), (p,7)) +b((a, W), (p, 7)) (4.32)

=3 8 2
nw < N <

X=VxQ.
Moreover, we have
cllzllx < [|Az|x- < Cllzlx  for allx € X,

with
1

=3 (—1 + ﬁ) ~0.366 and C = % (1 + VS) ~ 1.618. (4.33)

Proof. In a first step we check that (4.31) defines a norm on Q. It is easy to see that
la(p,m)llq = lelll(p, 7)llq and [|(p,7) + (4, 8)ll@ < [[(p,7)llq + [l(g; 8)[le for all @ € R and
(p,7),(g,s) € Q. It remains to show that for (p,r) € Q: If ||(p,7)||¢ = 0 then p = r = 0.
Let (p,r) € Q with ||(p,7)|/o = 0, then it follows from Lemma 3.21 and Theorem 4.12:

0= l(p.7)ll3
2
Jo(divz)p dz + [,(divv)r dz
= su
o£va)ey (12[[V[2 + v 2[v]E + vt (92|23 + v1/2(2)?))

v

2
Jo(divz)p dz+ [,(divv)r de
sup
0vaei @ (Y202 + v1/2)|V]3 + v=1(y2C% + v1/2)[2[2)"/?

Jo(divz)p dx >2+ ( Jo(divv)r dx >2
LA

= sup
O£vEHL (Q) (V2CE 4+ v12) v

> ep(V?Ck + )72 (IIplls + 22117 5)

su
O;éveHIg(Q)d v1(y2CE + v1/?)

for a constant ¢ > 0, and thus p =r = 0.
Now we apply Brezzi’s Theorem 2.1:
As consequence of the identity

a((u,w), (v,z)) = <A N , m> for all (u,w), (v,z) €V,

w

with operator A given in Theorem 4.9, and Theorem 4.10 it follows immediately

al(u, w), (v,2)) < [lallll(w, W)l lI(v,2)[ly  for all (w,w), (v,2) € V
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with |la|| = 1.
Further we have

b
(2. 0.1)
0#(v,z)eV H(V7 Z)HV

=6 C (g, 7)) v+ = [l(g,7)llq for all (¢,r) € Q.

Thus the inf-sup condition is trivially satisfied with constant g = 1 and b is bounded with
[ = 1.

To apply Brezzi’s Theorem, it remains to check the inf-sup condition for the bilinear
forms a:

It is easy to see that ker B C V and ker B is an H-invariant subspace of V i.e.
H (ker B) C ker B with the operator H introduced in (4.26). Thus we obtain from Theorem

4.10:
u u
A H
| o ey o L)
inf sup > inf 5 >«
0#(u,w)€ker B 0#Veker B H (11, W) HV H (V7 Z) HV 0#veker B H (Ll, W) HV
with a = 1/2.
So all conditions of Brezzi’s Theorem are satisfied with ||a|| = ||| = 8 =1 and o = 1/2

and thus we have: A is an isomorphism from X to X*.
Finally we obtain from Theorem 2.2:

cleflx < Az|x < Cllzflx  forall z € X,

with

C—%@ﬂ+¢%ﬁ¢ﬂﬂ%—%@+¢@ and ¢ —

where c is the smallest positive root n for the cubic equation

(—1+\/§),

1
2

31
3
—Zp+==0.

For the next result the following theorem is essential, see, e.g. [60].

Theorem 4.14. There exist positive constants ¢ and C such that

. (divv) gdx
cllgllmr @) yerz@) < sup Jo
0£veHE ()4 HVHLQ(Q)de—lH(}(Q)d

< Cllg|lar@)+er2();

holds for all e > 0 and q € L3().
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Lemma 4.15. Let

1/2
H(q? S)HQ = <Hq”31/2(7—1H1(Q)+u*1/4L2(Q)d) + HS‘|?7—1H1(Q)+V—1/4L2(Q)d)7>
for all (q,s) € Q. Then

el(a,9)llg < Il s)lle < Clla.s)llg  for all (q,5) € Q

with constants ¢ and C from Theorem 4.14.

Proof. From Lemma 3.21 and the Duality Theorem 3.11 we obtain

(g )l = l1b(, (g, 5)) [y

(b2 <q,5>>>2

0#(v,z)eV H (V> Z) HV

2
/(div~)5d:c /(div~)qu
i Q 1,1/2('yLQ(Q)dﬂyl/4Hé(Q)d)*

/Q(div~)sdx /Q(div.)qu i

for all (¢, s) € Q. The rest follows from Theorem 4.14. O

2

i

*

(VL2(Q)dnw /A HE (2)4)
2

‘

y=1L2(Q)d4p—1/AH-1(Q)d y1/2 (771L2(Q)d+y—1/4H71(Q)d)

Now from the previous lemma and Theorem 4.13 it follows:

Corollary 4.16. Let

1/2
I v 20,9 =(Iv. 2 + 1@ 9)13)
for all (v,z,q,s) € X. Then we have

cllellx < [l Azl g < Cllzllg  for all z € X,

where
Ax,w
PEp——
0£weX ||w||X
and
o 1 . AN\ 2 . 1 2
c=3 <_1—|—\/§> min(1,¢)* and C = 5 <1+\/3> max(1,C)

with constants ¢ and C from Theorem 4.14.



CHAPTER 4. OPTIMAL CONTROL PROBLEMS 60

Proof. From the previous lemma it follows that
min(1,¢)|z] ¢ < |zllx < max(1,C)|z| ¢ for all z € X.

This implies together with Theorem 4.13:

1 gy Mew o M) <5 (14 VB) el

max(1,C) ozwex [lwllx o;éwex lwllx

< 5 (14 V) max(1,€) el ¢

and

1 Az, w Az, w 1
———— sup Az, w) sup < > —( 1+\/_> ||| x
min(L, ¢) ozwex Wiz~ ozwex fwlx 2

1
= (=1 +v3) min(1, &) ollx

for all z € X, which completes the proof.
O

4.2 Distributed optimal control with the time-periodic
parabolic equations

We consider the following model problem: Find the state y(x,t) and the control u(x,t)
that minimizes the cost functional

1 (T T
J(y,u) = 5/ /Q|y(x,t) —ya(z, V)| do dt + g/ /Qu(m,t)2 dx dt
0 0

subject to the time-periodic parabolic problem

e (x,t) — Ay(z,t) = u(x,t) in Qr,
y(z,t) =0 on X,
y(x,0) = y(z,T) onf
u(z,0) = u(z,T) on Q.

Here yq(x,t) is a given target (or desired) state and v > 0 is a cost or regularization
parameter. We assume that yg(x,t) is time-harmonic, i.e.:

27k

Wt with w = 7 for some k € Z.

ya(z,t) = ya(x)e
Then there is a time-periodic solution to the original control problem of the form

y(z,t) = y(x) e, u(x,t) = u(x)e™,
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where y(z) and u(z) solve the following time-independent optimal control problem: Mini-
mize

1 v
5 [ o) =@ do 5 [ Ju()P do
Q Q
subject to
iwy(r) — Ay(z) = u(z) inQ,
y(x) = 0 on T
The Lagrangian functional for this constrained optimization problem is given by

Ly, u,p) =T (y,u) + / (@) (iwy(e) — Ay(z) — u(z)) de,

where p denotes the Lagrangian multiplier associated with the constraint. The first-order
necessary optimality conditions, which are also sufficient for the problem considered here,
are V.Z(y,u,p) = 0, and read in detail:

—iwp(r) — Ap(z) = ya(z) —y(z) nQ,

plx) =0 on I,

vu—p = 0 in €,

iwy(r) — Ay(x) = u(x) in Q,
y(x) =0 on I

From the third equation it follows that © = v~'p. So the control « can be eliminated,
and one obtains the reduced optimality system

—iwp(z) — Ap(z) = ya(z) —y(z) nQ,

p(z) = 0 on I,
wy(r) = Ay(z) = v~ 'p(z) in Q,
y(x) = 0 on I,

which reads in operator notation

1 —A —iwl
{—A tiwl = ] v="b (4.34)

T = [y] and b= [yd] ,
D 0
where y(z) = p(z) =0 on I

A choice for the Hilbert spaces which leads to a well-posed variational formulation for
(3.51) was already given in [54]. We show here that theses spaces can be derived with the
interpolation technique presented in the previous chapter.

with
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4.2.1 Transformation to a system with real operators

Observe that the structures of (4.34) and the 2-by-2 block of (4.4) are similar. As a
consequence we obtain analogously

I —A —iwl| T (1+vw?)21 —-A T
—A+iwl  —v | —A —v Y1+ w2

with

N1/27
T — (1 + yw2)—1/4 |:(1 + V(SJ ) I I’l[:| '

So the original system (4.34) is equivalent to the system

2
I -A I 7
[—A —V_1’72]:| T [—iwy‘lyd] (4.35)
with z = Tx. Here and in the following we use
v = (14 vw?)V4,

So, instead of w and v, we consider in the following a problem depending on the parameters
~v and v.

We have the same situation as in the Stokes case: In order to solve Problem (4.35) two
real problems for the real and the imaginary parts of z must be solved:

71l

where y(z) = p(z) =0 on I', for

g=7Re(ys), h=wy 'Im(ys) and g¢=~yIm(ys), h = —wy " Re(ya).

Here we use with a slight abuse of notation the same variables for the new unknown as for
the original unknown x.

So instead of solving a complex system, we have to solve a real system for two different
right-hand sides.

Similar to Subsection 4.1.2 (cf., (4.25)), we can derive the following variational formu-
lation for (4.36): Find y € V and p € @ such that

'y?/yv dx —I—/Vp-VU dxr = (g,v),
@ @ (4.37)

/Vy-Vq dx — VW/pqu = (h,q),
Q Q
for all v € V and q € @, with
V= (yL*(Q) N 1/1/4Hé((2)) and Q=12 (vL* () N 1/1/4H01(Q)) .

Similar as for the variational problem (4.25) we can prove for (4.37) the following result:
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Theorem 4.17. The operator A introduced by

<A [y] | M > — a(y, v) + b(v, p) + b(y, 4) — c(p, ),

p

with bilinear forms

a(y,v) = VQ/yv dr, b(v,q) = / Vv -Vq dz
Q Q
and

c(p,q) = —v29? / pqdz,
Q

s an isomorphism from X to X*, for

X=VxQ=(LXQ)nv"*H)(Q) x v /2 (yL*(Q) N v Hi(Q))

equipped with the standard product norm, i.e.
(v )llx = (Pllolls + w20l + v~ 92 alls + v~ llllF

for all (v,q) € X. Moreover, we have

< | Az||x+ < ||lz||x forallz € X.

Ll
— ||
V2

63

The proof is analogous to the proofs of Theorem 4.5, Theorem 4.9 and Theorem 4.10,

and is therefore, omitted.



Chapter 5

Properties of H~!(divdiv, ())sym

According to [93]| an essential tool for the further analysis of the Ciarlet-Raviart method
is the following Helmholtz-like decomposition of H (A, Q),

H YA, Q) = Hy(Q) @ #(Q)

with
H(Q) = {r € L*(Q): At =0},

where @ denotes the direct sum of Hilbert spaces.
This is also the case for the variational problem (3.33) and therefore we derive in the
following a Helmholtz-like decomposition for the space H ~*(div div, Q)sym.

5.1 A Helmbholtz-like decomposition

Recall, for the mixed method (3.3) for the biharmonic problem, we end up with the fol-
lowing mixed variational formulation, see (3.33): For f € H~'(Q2), find w € H}(Q) and
o € H !(divdiv, Q)sm such that

/ o1 dr — (divdivT,w) =0 for all 7 € H'(divdiv, Q)sym, (5.1)
Q .
— (divdiv o, v) = —(f,v) forallve H}(Q)

with
H'(divdiv, Q)gym = {T € L*(Q)gym: divdivr € H1(Q)},

equipped with the norm
. . 1/2
7l avaiw = (17113 + || divdivr|2,)"2.

We have the following first decomposition result for H ! (div div, Q)sym.

64
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Theorem 5.1. For each 7 € H*(divdiv, Q)g,m, there is a unique decomposition
T =170+ T, (52)
where Ty = w(p) with w(p) = pls, cf. (5.34), for some p € HJ () and 11 € L*(Q) sy with

divdiv m = 0. Moreover,
¢ (Il + 1715) < 17112 Laivar < € (|70l + [I7[5)

for all 7 € H~Y(divdiv, Q)ym, with positive constants ¢ and C' which depend only on the
constant Cr of Friedrichs’ inequality.

Proof. For 7 € H™*(divdiv, Q)sym, let p € H} () be the unique solution to the variational
problem

/ Vp-Vou dr = —(divdivr,v) for all v € H}(Q) (5.3)
Q
and set 79 = 7(p). Since
—(divdiv 1o, v) = / Vp - Vo dzx,
Q

it follows that divdiv 7y = divdiv 7, and, therefore, divdivm = 0 for 7 = 7 — 79 in the
distributional sense. On the other hand, if 7 = 19 + 7 with 79 = 7(p) and divdivr = 0,
then — divdiv my = —divdiv 7+divdiv 7, = —divdiv 7, which implies (5.3). This shows
the uniqueness.

Furthermore, (5.3) implies |7| = 2 |p|? = 2| divdiv 7||*,. Hence

o qs 1
I s avaiw = 716 + [ divdivr|2, = 7o + 7§+ 5 |molt

1 1
<2lml} + 2l + nlt < (5 +263) Ik + 213

and

[7ol3 + 71l = [moli + 17 = 7ol < |7oly + 2171l + 2 I 7oll5
< 2|75 + (1 +20%) |moli = 2|75 + 2(1 + 2CF) || div div |2,

Then the estimates immediately follow with the constants 1/c¢ = 2(1 + 2C%) and C =
max(2,1/2 + 2C%). O

In short, we have algebraically as well as topologically
H(divdiv, Q)gym = 7(Hy(Q)) @ 2 (divdiv, ) (5.4)

with
H(divdiv, Q) = {7 € L*(Q)gym: divdivT = 0}.
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Remark 5.2. The Helmholtz decomposition of L*(Q)sym in [52], based on previous results
in [11], has the same second component. The first component in [11, 52] is different and
requires the solution of a biharmonic problem in contrast to Theorem 5.1, where the first
component requires to solve only a Poisson problem.

Next we give an explicit characterization of 7 (div div, ).

Theorem 5.3. Let Q be additionally simply-connected. For each T € 7 (divdiv,Q), there
is a function ¢ € (HY(Q))? such that

r— H'e()H with H — {(1) _01} and e(¢)ij:%<aj¢i+ai¢j). (5.5)

And vice versa, each function of the form T = HTe(¢)H with ¢ € (HY(Q)) lies in
¢ (div div, ).
The function ¢ is unique up to an element from

RM:{T(x):al ]er:aeR, beR?},

Ty
)
and there is a constant cx such that
2
cx ¢l < lIrllo = lle(@)llo < llolly  for all ¢ € (H'(Q))" /RM. (5.6)

Proof. In [52] it was shown that 7 € 7 (div div, ) can be written in the following way:

o —p . 1 _ | =01 Oy
T = [p 0 ] + Curly with p= §dlvw, Curly = [—asz ale (5.7)

for some ¢ € HY(Q)?. Setting ¢ = (—1b9, ;)T yields the representation in (5.5).
Let 7 =0 and ¢ € H'(Q2)? such that (5.7) holds. Then it is easy to see that ¢ has the
following representation:

wl = —b.TQ “+ ay and 2/12 = bJIl -+ as, (58)
with ay,as,b € R. On the other hand for p € H'(Q)? with representation (5.8) we have

0 —%divw

%divw 0 + Curly = 0.

Therefore the function ¢ = (—, 1) is unique up to an element from RM.
Finally the estimates in (5.6) follow from Korn’s inequality. O

Therefore, we have the following representation of the solution o to (5.1):

o = n(p) + H'e(d)H.
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The analogous representation for the test functions 7 = w(q) + H ngw)H leads to the
following equivalent formulation of (5.1). Find p € H}(Q), ¢ € (H'(Q))" /RM, w € Hj(Q)
such that

/Q7r(p) c7(q) d:zc—}—/ﬂﬂ'(q) e(9) dx—l—/QVw Vg dr =0,
/Qﬂ'(p) ce(y) dr + / e(o) : e(v) dx =0, (5.9)

Q

/va-w dz — (f0),

for all ¢ € HJ(Q), v € (H*
Observe that w(p) : 7 (
parts of (5.9).
In summary, the biharmonic problem is equivalent to three (consecutively to solve)
elliptic second-order problems. The first problem is a Poisson problem with Dirichlet
boundary conditions for p, which reads in strong form

()" /RM, v € H}(Q).
q) = 2pq and w(q) : €(¢vv) = q dive, which allows to simplify

Ap=f inQ, p=0 onl.

The second problem is a pure traction problem in linear elasticity with Poisson ratio 0 for
¢, which reads in strong form

—dive(¢)=Vp inQ, ¢n=e(@p)n=0 onl.

And, finally, the third problem is a Poisson problem with Dirichlet boundary conditions
for the original variable w, which reads in strong form

Aw=2p+diveg inQ, w=0 onl.
Remark 5.4. In the case 2 C R® we have for

H '(divdiv, Q) = {7 € L(Q)¥3 . divdivr € H '(Q)},

sym

the following similar decomposition result
H(divdiv, Q)ym = 7(Hy(Q)) @ (divdiv, )

with
A (divdiv, Q) = {7 € L(Q)**?: divdivT = 0}.

sym *
Here we use w(v) = vl3 for v € Hi(Q) and
L<Q)3X3 = {T: Tji = Tij € L2(9)7 1,] = 17273}7

sym

equipped with the standard L*-norm ||T||o for matriz-valued functions 7.
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5.2 A trace operator

There is a natural trace operator associated with H ! (div div, Q)sm, which was discussed
in [85, 73]. We shortly summarize here the basic properties.
Let the boundary I' of the polygonal domain €2 be written in the form

K
r={JTw (5.10)

k=1
where 'y, k = 1,2,..., K, are the edges of I, considered as open line segments. I', denotes

the corresponding closed line segment. For 7 € H~!(divdiv, Q)sm which is additionally
twice continuously differentiable and v € H*(Q) N H}(2) we obtain the following identity
by integration by parts.

/(div divT)v do = / TV dr — /Tm O, ds (5.11)
Q Q r

with
Ton = nlTn.

Following standard procedures this identity allows to extend the trace 7, to all functions
T € H '(divdiv, Q)sm as an element of the dual of the image of the Neumann traces of
functions from H?(Q2) N H}(Q), i.e.

Tan € Hy*(D) = G2 HTV2 (D),

where H=Y/2(T';) is the dual of H'/2(T'},), see [41] for details. Another widely used notation
for HY2(Ty,) is HY* (D), see [59).

From (5.11) we obtain the corresponding Green’s formula for 7 € H ! (divdiv, Q)sym
and v € H*(Q) N H}(Q):

(divdiv T,v) = / 7 : V0 dr — {(Ton, Onv)p - (5.12)
Q

Here (-, )1 denotes the duality product in a Hilbert space of functions on T.



Chapter 6

Discretization

In this chapter we discuss the discretization of the mixed method of the first biharmonic
boundary value problem (3.33) and the distributed optimal control problem with the time-
periodic Stokes equations, quite in the spirit of the corresponding continuous problems in
Chapter 3 and Section 4.1, respectively.

6.1 A mixed finite element method for the first bihar-
monic boundary value problem

In the following two subsections we study the well known Hellan-Herrmann-Johnson (HHJ)
method and a modified conforming variant, for the mixed variational formulation derived
in Chapter 3, see (3.33):

For f € HY(Q), find o € V and w € Q such that

/J:de — (divdivT,w) =0 forall 7 €V,
Q

— (divdiv o, v) =—(f,v) forallveqQ,
where

V = H '(divdiv, Q) and Q = HY(Q).
Y- 0

6.1.1 The Hellan-Herrmann-Johnson (HHJ) method

Let 7, be an admissible triangulation of the polygonal domain 2. For k € N the standard
finite element spaces S, and S, are given by

Sh = {U S C(ﬁ) U|T € Pk forall T € 77L} and Sh,O = Sh N H&(Q),

where P, denotes the set of bivariate polynomials of total degree less than or equal to k.

69
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The Hellan-Herrmann-Johnson method uses for the approximation of the auxiliary
variable o and the original variable w in (6.1), the finite element spaces

Vi = {7 € L*(Q)m: 7lr € Piy for all T € Ty, and

Ton 18 continuous across inter-element boundaries},

and the standard finite element space

Qn = Sho,

respectively.
For later use we show the following dimension result of Vj,.

Lemma 6.1. We have

Proof. Let N,, N., and N; denote the number of vertices, the number of edges, and the
number of triangles of the mesh 7}, respectively. Then it is well-known that

N,=N;+Ny,, N.=3N;+2N,—3, N;=2N;+ N, —2, (6.2)

where N; and N, denote the number of interior vertices and the number of boundary
vertices, respectively.

The degrees of freedom (dofs) of the standard finite element space S;(§2) consist of one
dof at each vertex, k — 1 dofs on each edge, and additional (k — 2)(k — 1)/2 dofs for each
triangle of the triangulation 7, hence

mm&gn:Nfuk—nNﬁfk_%f_lhw
and

For the Hellan-Herrmann-Johnson method the dofs of the auxiliary variable 7 consist of
k dofs for 1, on each edge, and, for each of the three independent entries of 7, (k — 1)k/
dofs for each triangle. Therefore,

k—1)k
dimvh:kNe+3-%Nt

=3 dimSy(Q) — 3N, — (2k — 3) N, + 3(k — 1) N,.
From (6.3) we obtain
dim V, = 2 dim S,(Q) + dim S, 0(Q) + k Ny — 3 N, — (2k — 3) N, + 3(k — 1) NV,.
Finally it follows from (6.2):
kN, — 3N, — (2k —3)N, +3(k — 1) N, = —3,

which completes the proof.
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The HHJ method reads as follows: Find o), € V), and w, € @} such that

/ o, T dx — (divdiv, T,wp) =0 for all 7 € V,
Q (6.4)

— (divdivy op, v) = —(f,v) forallve Qy,

with

(divdivy, T,v) = Z {/ TV dr — / Ton OnU ds} form € Vi, ve Q. (6.5)
T T

T

It was shown is |73, Theorem 3.36|, that V), ¢ V and thus the HHJ method is a non-
conforming method for (3.33).

Comparing (6.5) with (5.12), the definition of (divdiv, 7,v) for 7 € Vj, and v € Qp,
in the HHJ method is just an element-wise assembled version of corresponding expression
on the continuous level, a standard technique in non-conforming methods.

Remark 6.2. Using integration by parts we obtain

(divdivy, T,v) = — Z {/ div T - Vo d:c—/
T

Ths O ds}

Ter, T

with the vector s = (—ng,nq)?, which is tangent to ', the tangential derivative dsv, and
Tos = SLTN.

The HHJ method is often formulated with this representation, which allows an extension
for all functions 7 from the (mesh-dependent) infinite dimensional function space

V = {7 € L*(Wgym: 7|7 € H'(T)gym for all T € T;,, and
Tan 18 continuous across inter-element boundaries}.
This space was used for the analysis of the method in [28, 5, 37|, and others. Existence
and uniqueness of a solution for the corresponding variational problem on the continuous

level could be shown under additional smoothness assumptions. For the approach taken in
this thesis, this is not required.

Similar to the continuous case, the well-posedness of the discrete problem can be shown.
For the proof of the discrete inf-sup condition the discrete analogue to 7 (v), see (3.34), is
needed. For v, € S, we define

Wh(Uh) = Hhﬂ'(vh)

with the linear operator I, introduced in 28] by the conditions

/((Th)nn —Twn)qds =0, forall g€ P,_q, for all edges e of T, T € Ty,

e
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and
/(Th—‘r)(] dr =0, forallqge Py, T €T,
T

for 7, = II,7 € V}, and T € 7 (Q)). Observe that IT, was originally introduced in [28] as
a linear operator on the infinite dimensional space V from above.

From the corresponding properties of IT, in [28|, Lemma 4, the next result directly
follows.

Lemma 6.3. Assume that Ty, is a reqular family of triangulation. Then there exists a
constant cg > 0 which is independent of h such that

|7n(v)]lo < cp|v|i  for allv € Spyp.
Moreover, we need the following simple identity.

Lemma 6.4. For all p,v € S, we have

—(divdivy, 7, (p),v) = / Vp - Voudz.
Q

Now the well-posedness of the discrete problem can be shown.

Theorem 6.5. The bilinear forms
a(o,T) = / o:7dr, by(r,v)=—(divdiv,T,v)
Q

satisfy Brezzi’s conditions on Vy, and Qy, equipped with the norms ||7|| -1 divaiv.n and |v]1,
respectively, where

. . 1/2
17l -vaivaivn = (1713 + || divdiv, 7|2, )" (6.6)

and

{.v
Jlloin = sup Lot
VhE€Sh,0 ’Uhll

for £ € (Sho)™,

with the constants
lal = bl =a=1 and B=(1+cp) ",

where cg denotes the constant in Lemma 6.85.

Proof. 1. Let o, 7 € Vj,. Then
la(o, T)| < lollolITllo < [|o]|-1,divdiv.h || Tl -1.div div,a-
2. Let 7 € Vi, and v € Q. Then

b(7,v)| = [{(divdivy, 7,v) < | divdiv, T||_1nlv]i < [|7]|=1.aivdivel[v])1
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3. Observe that ker By, = {17 € V}, : divdiv 7, = 0}. Therefore,
a(t,7) = ||7I[§ = HTHgl,divdiv,h for T € ker By,

4. From Lemma 6.3 and Lemma 6.4 we obtain for v € @,

by (1,(v),v) = |7

and
1700 (V)12 1 aiv aiv.e = TR @)]IG + [0]] < (14 k) [v]i-
Therefore,
sup bn(T,) [bn(n(v), v)| ElR
ozrevy, 1Tl —taivaivn — 70 (0)|—raivaive  ([7n(0)[I§ + |v[7)Y/2

1

> .
SRR

]

Observe that the norms introduced for the space V.= H ! (div div, Q)sm in (3.28) and
its discrete counterpart Vy, in (6.6) are similar but different. For the discrete problem the
norm is mesh-dependent.

A discrete Helmholtz decomposition

We have the following discrete version of Theorem 5.1.

Theorem 6.6. For each T € Vy,, there is a unique decomposition
T =T+ T1,
where Ty = mx(p) for some p € Qp, and 71 € Vy, with divdivy, 7 = 0. Moreover,
¢ (I7oli + 17115) < 17121 aw arvn < C (1707 + 171115)

for all T € Vy,, with positive constants ¢ and C, which depend only on the constant cg of
the inequality in Lemma 6.5.

The proof is completely analogous to the proof for the continuous case and is, there-
fore, omitted. The only difference is the use of the estimate from Lemma 6.3 instead of
Friedrichs’ inequality.

So, in short,

Vh = 7Th(8h,0> D %L(dlv dth7 Q)
with
G, (divdivy, Q) = {7, € V},: (divdivy, 1,,v,) = 0 for all v, € Qp}.
For describing the space 4, (div divy, £2) more explicitly, we consider the subspace of all

functions in 7 (div div, Q) which can be represented by a finite element function ¢ € (Sj)?,
for which we show the following result.
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Theorem 6.7. J%,(divdiv,, Q) = {1 = H e(¢)H: ¢ € (S))*}.

Proof. Let ¢ € (Sp)*. Then 7 = H e(¢)H € Py_, for all triangles T € T;,. Furthermore,
let e be an edge of a triangle 7" with outer unit normal vector n = (ny,ns)? and unit
tangent vector s = (—ns,n1)7. By elementary computations we obtain

0o
_ . TggT o
Ton =1 H e(¢p)Hn = s s

So, T,, depends only on values of ¢ on the edge e, which immediately implies that 7, is
continuous on inter-element boundaries. This shows that 7 lies in V,, and, therefore, the
inclusion {7 = HTe(¢)H : ¢ € (Sy)°} C 44,(divdivy, Q) follows.

The equality follows by comparing the dimensions. We have

dim{T = H e(¢)H : ¢ € (53)°} = 2dim S), — dimRM = 2dim S, — 3.
On the other hand, by Theorem 6.6 and Lemma 6.1, it follows that

dim 4%, (div div,, Q) =dim V,, — dim S, o,

Therefore, 4, (divdiv,, Q) = {7 = H e(¢)H : ¢ € (S))*}, which completes the proof.
[

Remark 6.8. A consequence of the last theorem is the important inclusion
G, (divdivy, Q) C A (divdiv, ),
which resembles the corresponding result of Lemma 5 in [28].

Therefore, we have the following representation of the approximate solution o, € V,,
of (6.4):
o, =mu(pn) + H e(¢p)H.

The analogous representation for the test functions 7 = m,(q) + H e(y))H leads to the
following equivalent formulation of (6.4). Find py, € Sp, ¢n € (Sh)2 J/RM, wy, € S such
that

/foh(}?h) 7 (qn)de + /Qﬁ'h(%) ce(on) dr + /vah -Vaqp, dv =0,

/ dnlpn) : €(n) da + / e(6n) : e(un) da o, (6.7)
Q 0

/QVph-Vvh dx = —(f,vn),

for all qn € Sh,(), ¢h € (Sh)2 /R,M, Vp, € Sh,07 and with
7n(q) = Hmy(q)H' .
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6.1.2 A conforming variant of the HHJ methdod

Comparing (6.7) with the continuous problem (5.9) it is natural to replace the operator
7, in (6.7) by the operator 7v. This leads to the problem: Find py, € Sh0, ¢1 € (Sh)2 /RM,
wy, € Spyo such that

/ 7 (pp) : n)dx +/7T e(on) dx—l—/th Vq, dx =0,
0 Q

/Q’TI'( ) dz + /Qe ) dx =0, (6.8)
/QVph-V'Uh dx = —(f,vn),

for all g, € Shyo, ¥n € (Sh)2 J/RM, v), € Spo. Here, contrary to the HHJ method the space
for the approximate solution

on=7(py) + H e(on)H
is given by
Vi, =7 (Sho) ® H ¢ ((S))* /JRM) H

From (5.4) we have V), ¢ H™!(divdiv, Q)sym, e.g. (6.8) is a confirming method for (6.1).

Observe that the only difference between the conforming variant (6.8) and the HHJ
method (6.7) is that the operator IT, does not occur in (6.8). As a consequence the
conforming variant is slightly less costly than the HHJ method.

6.1.3 Computational aspects

The obvious procedure for solving (6.7) consists of three consecutive steps.

step 1. For given f € H1(Q), solve

/ Vpy - Vo, dx = —<f>Uh>
0

by the preconditioned conjugate gradient (PCG) method with a standard multigrid
preconditioner for a Poisson problem.

step 2. For pj, computed in step 1, solve

/ e(én) - e(n) dz = — / den(pn) - €(wn) da (6.9)
Q Q

by the PCG method with a standard multigrid preconditioner for a pure traction
problem.
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step 3. For p;, and ¢, computed in step 1 and 2, respectively, solve

/Qth -Vaqp dr = —/erh(ph) 7o (qn) dx + / 7 (qn) : €(on) dx (6.10)

Q

by the PCG method with a standard multigrid preconditioner for a Poisson problem.

In particular, we choose for each of the three multigrid preconditioners, one V-cycle of
a geometric multigrid with one forward and one backward Gauss-Seidel sweep for pre-
and post-smoothing, respectively. This leads in each step to a condition number for the
preconditioned system that is independent of the mesh paramter h, see, e.g., [44].

For the conforming variant (6.8), the right-hand sides in (6.9) and (6.10) have to re-
placed by the simpler expressions

- [ o) etw) do == [ pdive do

and

_Aﬂm%ﬂWM+Lﬂ®£w0m:_?/

Prq d:v—l—/q div ¢y, dx,
Q Q

respectively.

6.2 A finite element method for the distributed opti-
mal control problem with the time-periodic Stoke
equations

Recall, the solution of the distributed optimal control problem with the time-periodic
equations, introduced at the beginning of Section 4.1, requires to solve for

g =17Re(uy), h=wy 'Im(uy) and g=vIm(uy), h = —wy™" Re(uy),

the mixed variational problem: Find (u,w) € V and (p,r) € @ such that

ul [v
<A ‘; , Z > =(g,v)+ (h,z) forall (v,z) eV, (¢,s) € Q, (6.11)
r S

with spaces V' and @), introduced in Theorem 4.8 and Theorem 4.13, respectively, and the
operator A : X — X* for X =V x @ introduced in (4.32).

An approximate solution of the mixed problem (6.11) is obtained by chosen appropriate
finite-dimensional subspaces

Vi, CV and @) C Q.
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Let T, be an admissible triangulation of the polygonal /polyhedral domain 2. We choose:
Vi = VTQH and Qp = Q?FHa
with

Vin = {v € Co(Q)?: v|r € P, for all T € Ty,}
and
Qru={qcCOQNL*Q)g: qlr € P, for all T € Ty,}.

The pair of finite element spaces (Vry, Qrn) is well-known as the Taylor-Hood element.
By Galerkin’s principle the approximate solutions are given by the discrete variational
problem: Find (uy, wy) € V}, and (pp, 1) € Qp, such that

uy vV
W Zp

<A ol > = (g, vn) + (h,z,) for all (vy,2z1) € Vi, (qn, sn) € Qn. (6.12)
Th Sh

Our goal is to find a norm for X}, such that:

Axh Wp,
lealln, < sup AT oy
0FwpeX), ||wh||Xh

for all x;, € X}, is satisfied for positive constants ¢ and C' that are independent of v, v and
h.
Now, for the construction of this norm, we proceed similar as in the continuous case:
In a first step, we consider for general right hand-sides g and h the variational problem

<A {“h] , {th = (g, vp) + (h,zy) for all (vy,z;) € Vi, (6.13)

Wh Zp

with operator A : V — V* introduced in Theorem 4.9. Recall, we have

up Vh
uy v, - Wh Zp
<A |:Wh:| , [ZJ> = <A ol 1o > for all (vy,zp) € Vj.
0 0
We will show that (6.13) is well posed with bounds independent of 7, v and h, for the
choice [| - [lv;, = | - [lv-
In a second step we choose the norm || - ||g, in such a way that the entire variational

problem (6.12) is well posed with bounds independent of «, v and h.
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6.2.1 The norm for the primal variable

We consider for general right hand-sides g and h the variational problem

<A {“h] , {th = (g, vp) + (h,zy) for all (vy,z3) € Vi,

Wh Zp

with operator A : V' — V* introduced in Theorem 4.9.

Our goal is to find || - ||y, such that:
on-[a])
ell(un, willy, < sup i <

ottvnanevn (Vi Zn)llv,

uh,wh)||vh (614)

for all (uy, wy) € Vj, is satisfied for positive constants ¢ and C' that are independent of ~,
v and h. Recall, we have that A is an isomorphism from V' to V* satisfying

<ARyDD§MmMM (615)

1
—= [, w)lly < sup
\/§ 0#4(v,z)eV H (V7 Z)HV
for all (u,w) € V, see Theorems 4.9 and 4.10. Therefore, a natural choice for the norm
in Vi is || - ||y, = || - |[v- For this choice, the upper estimate in (6.14) follows immediately
from (6.15),
Gl ) CLLED
wi |’ |z wy| |z
sup < sup < [[(un, wa)llv
otvhznevn (Vi za)llv otvarey  l(v.z)llv
for all (uh, Wh) S Vh.
Next, we show that also the lower bound in (6.14) holds for || - ||v, = | - ||v:
Theorem 6.9.
) [a])
B [
sup > —=||(an, Wp)|lv
0#£(Vh,2R)EVR H(Vh7 Zh)HV \/§

for all (uy, wy) € V.
Proof. We apply Theorem 4.10 for V = V,. We have V C V and further it is easy to see

that H(V) C V. Thus,
< { h} ’{ h]> 1
Wil %)/

Sup > —=|[(an, wa)llv
0 (vy,z1)EV H(Vh7 Zh)HV \/§

for all (us, wy) € V, which completes the proof. O
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6.2.2 The space for the dual variable

Now we consider the entire variational problem (6.12). Recall, the operator A : X — X*
for X =V x @ is of the form (2.3), with bilinear forms

a((u,w),(v,z)) =y /u de—i-/Vw Vv dx

/Vu Vz dr — vy /W z dx

b((v,2),(q,5)) = — /Q(divz) g dz — /(divv) s dz

Q

and

and ¢ =0, for all (u,w), (v,z) € V and (p,7),(q,s) € Q.
For the further consideration the following assumption on 7}, is essential:

Assumption 1. Let each element T' € 7,(Q2) has at least two internal edges (in the case
d = 2) or at least three internal faces (in the case d = 3).

Under Assumption 1 one can proof for the Taylor Hood element the following discrete
analogue of Theorem 4.12, see, e.g., 27|, which is essential for the proof of the next theorem.

Theorem 6.10. Let Assumption 1 be satisfied. Then there exists a positive constant c
independent of h such that

di d
sup fQ( ivvy) qndx

> cllgnllo
0#vVLEVTH |Vvh|1

for all qn € Qry.
We have the following mapping properties for the operator A.
Theorem 6.11. Let Assumption 1 be satisfied. Let @}, be equipped with the norm

b((Vi,Zn), (qn; S1))
1(gn, sn)llg, =  sup
" 0#(Vh,2n)EVR H(th Zh)HV

(6.16)

for all (qn, sn) € Qn. Then the operator A is an isomorphism from X, to X}, for
Xpn="Vin X Qn

equipped with the norm

1/2
1(Vhs 205 ans si)llx = (1(vas 2a) 15 + [1(gs 30)113,)

for all (v, zn, qn, sn) € Xpn. Moreover, we have

cllenllx, <[ Azpllxy < COllwnllx, for all z, € Xy, (6.17)

with constants ¢ and C' of Theorem 4.13.

The proof is completely analogous to the proof of Theorem 4.13 and is, therefore,
omitted.

To summarize, we have shown that the discrete mixed variational problem (6.12) is well
posed in X, equipped with the norm || - || x, with bounds independent of v, v and h.
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6.2.3 The theoretical preconditioner P

Let {¢;}i=1...n, be abasis for Vg and {4 }r—1.._m, be a basis for Qrg. Then each function
vy, € Vg and ¢, € Qry can be uniquely represented in the following form:

vi(r) = Zvi(ﬁi(ﬂﬁ) and qp(z) = Z%‘%(f)

and is therefore uniquely determined by the coefficient vector v = (v;) € R™ and ¢ =
(¢;) € R™» | respectively. -

For the discrete variational problem (6.12) a linear system of equations is obtained:
Find u,w € R"" and p,r € R™ such that:

u g
w( |h
A, p =10 (6.18)
r 0
with
v*M K 0 D7
— K _V_172M -D* 0 2(np+mp) x2(np+mp)
A=y -D o o |€F ’
-D 0 0 0
where
M = (/ qb,--cbjdx) e R K = (/ V¢1~V¢jda:> € R xmh,
Q Q
D= (/ (div ¢;) Wy dm) € R™Mrxmh
Q
M, = (/ Yy - Yy dx) e Rmwxme K, = (/ V. - Vi d:c) € RMrXmh
Q Q
and
g=((g ¢;)) €eR™, h=((h,g¢;))ecR™.
Lemma 6.12. We have:
lznllx, = (Pg,z)lﬂ for all z;, € X, (6.19)

with

- [g g} (6.20)
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where

o P O . 2 1/2
P{O lel with P =~"M+v/°K

and

. VS 0 . . 1T
R—[O S} with S =DP 'D".

Proof. Let x, = (Vi, Zn, qn, Sn) € Xp. We have:

lnl%, = Iva 205+ (g, su)lg,

= VIValls + v 2 vali + v znlf + v lzlfg

4 ( sup b ((an, wn), (qn, 5h))>
07£(

up,wp)EV), H(uha Wh)”V

=2 (Mv, v) + v"/3(Kv,v) + v 3(Kz,2) + v '1*(Kz, 2)
2
1 sup b ((Uh, Wh), (C]h, Sh))
0(

uh,wh)EVh ”(uh’wh)HV

= (Pv,v) + v (Pz,z)

—(Dw, g) — (Du, s) i
+ sup = 7 |
0£(unwa)evi ((Pu, u) + v~ (Pw, w))

Using Lemma 3.21, we obtain further:

( —(Dw, ¢) — (Du, s) )2
sup )1/2

0£(up,wp)ev, ((Pu,u) + v~ (Pw, w)

—(Du,s) \” N —(Dw,q) \’
= sup ———— su
O#UhEVh <Puﬂ E) 1/2 07£WhI€)Vh 1/1/2 <Pﬂ7 ﬂ>1/2
= y(DPleTg, q) + (DP'D”s, s)

and thus

zn]%, = (Pv,v) + v (Pz,z) + v(DP'D"q,q) + (DP~'D"s, s)
= (Pz,x),

which completes the proof.

Using the identity

(Axp, wy) = (Apz,w) for all zp, wy, € X,
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and the representation (6.19) the estimates in (6.17) of Theorem 6.11 reads as:

dlallp < sup S o for all g € R (6.21)
0£weR2("ntmp) Jwll»
with
-1 1 5
c= \/_2 and C = +2\/— (6.22)

Here the following notation is used:

Notation. For a positive definite matriz M € R"™" the associated inner product is given
by (z,y)p = (Mz,y). Both the vector norm and the matriz norm associated with the inner
product (-, -y are denoted by || - || -

Moreover, we have the following representation:

(Anz, w) (P2 Az, w)
sup —_— = sup —i/
0£weR2(mptmp) HMHP 0£weR2(mp+mp) ”P wHP
P12 Az, 6.23
— ap nL, W) (6.23)
0£weR2(mhtmp) ||w||

= [IP72A = P~ Aullp

for all z € R2(™»+mn) where for a symmetric and positive matrix M € R M2 ¢ R™*™
denotes the unique symmetric and positive matrix, satisfying M = MY2M1/2,
Now from(6.21) and (6.23) we obtain

cllzllp < P ' Anzllp < Cllz|lp for all z € RHratmn) (6.24)
with constants ¢ and C from (6.22). In a next step, we consider the condition number
K(P7LAL) = [P Anllp [ (P AR) .

Lemma 6.13. Let M € R™" be symmetric and non-singular, and let P € R™ "™ be
symmetric and positive definite. Then

1

P 'M|p = Apax (P™'M d [(PT'M) Yp= v
1P~ Mlle = A P7M) - and J(P7M)7 e = 3—pms,

where for N € R™" Apin(N) and Aax(N) denote the eigenvalues of N with minimal and
mazximal modulus.

Proof. First, we have:

||P_1M||p: sup
ozzckr  ||z|lp

(6.25)

(z,z)p

Hp—lMl”P _ ((PlMLPlMg>p)l/2
0#z€R™
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and
P 1Mt
H(p—1M>—1HP: sup I( )"z p
O#zeR™ [EA[p2
P~IM -1
:< g 12 Mzl i“”) (6.26)
0#zeR"  |lzlp

" ofzeRr (z,2)p

. <<P1M@, PlM@p)‘W
= 1 .

Now let us consider the matrix (P~*M )2. It is easy to see, that if A is an eigenvalue of
(P~'M )2 with corresponding eigenvector € R”, then A is an eigenvalue of the symmetric
and positive definite matrix P2 (P~1M)* P~Y/2 = (P~Y2M P~'/2)? with corresponding
eigenvector P2z, i.e., the have the same positive eigenvalues. Further, we have that
(P_IM)2 is self adjoint w.r.t. to (-,-)p and thus we obtain by Raleigh’s quotient the
following representation of Anin ((P~'M)?) and Apax ((P7'M)?):
—13 )2
A (P120)7) = g M) 2]
0F£zeR™ (x,z)p

(P~'Mz, P~ 'Mz),

0£zER™ (z,2)p

(6.27)

and

N (P1MY2) = sup (M2

0£z€R™ (z,2)p
P~ Mz, P~'M
= sup < £ @P.
0#z€R™ <£7 £>P
Finally, we obtain from (6.25), (6.26), (6.27) and (6.28):

||P_1MHP = \/)‘max ((PilM)2) = Amax(P_lM)

(6.28)

and
1 -1 _ 1 = !
(P M) |p = \/)\min((p—lM)2) B Amin<P_1M).

]

Now, Lemma 6.13 and (6.24) imply the following estimate for the condition number of
P_l.AhZ
Theorem 6.14. We have:

1
and  Amax(P71AR) < %

Amin P_IA S
(P < <=

and moreover,
)\max(PilAh) < I+ \/5
1

K(P*lAh) = /\min<73_ -Ah) < \/3_1

~ 4.4205. (6.29)
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6.2.4 Computational aspects

For solving the linear system in (6.18) we use the preconditioned MINRES (minimal resid-
ual) method. For the preconditioned MINRES method with preconditioner P we have the
following estimate

P _1.Ah> —1

£ (
-1 ith = 6.30
2 HTOHP W q K (P_I.Ah) +1’ ( )

for the residual ry of the k-th iterate, see, e.g., [39].

For the choice P = P, it follows from (6.29) and (6.30) that the number of iterations,
which is needed to decrease the relative error of the k-th residual measured in the || - || p-1-
norm by a factor € > 0, is independent of v, v and h.

6.2.4.1 The practical preconditioner P

The usage of P as preconditioner for A requires the evaluation of P~'g and S~'e for
some given vectors g and e in every step of the MINRES method. These, especially the
evaluation of S~'e, are nontrivial tasks, due to the potentially high number of involved
unknowns. To decrease the computational costs we want to replace P and S by efficient
approximations P and S, respectively.

This leads to a preconditioner of the form:

- P 0 , ~ vIP 0 - [vS 0
77—[0 R] with P—{ 0 f’} and R—{O S} (6.31)

Notation. For symmetric and positive definite matrices M, N € R™" we write M ~ N,
if there exists positive constants ¢ and C independent of v,v and h, such that c(Mzx, z) <
(Nz,z) < C{Mzx,z) for all x € R™.

Obviously we have that x (P~ 1A) < C for a positive constant C independent of v, v
and h, if P ~ P and S ~ S. We will now present a possible choice for P and S Wlth
P ~ P and S ~ S, which guarantee P ~ P, and further an efficient evaluation of P~'z
for a vector z:

Choice for P: Due to the analysis in [70] we replace the application of the inverse of
the matrix P, which corresponds to the discretization of the second order operator

V2T — UV2A,

by one V-cycle of a geometric multigrid method with one forward and with one backward
Gauss-Seidel sweep for pre- and post-smoothing, shortly denoted by P In [70] it was
shown that P ~ P.

Choice for S:

We have the following discrete analogue of Theorem 4.14 is essential, see, e.g., [30], [61],
[62] and [69].
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Theorem 6.15. Let Assumption 1 be satisfied. Then there exist positive constants ¢ and
C such that

(div vy,) gn dx
cllanllQru 2 +emi@) < sup fﬂ
0#vreVry thHLQ(Q)dﬂa—lHé(Q)d

< CthHQTH,LQ(Q)-l-EHl(Q)
holds for all ¢ > 0 and q, € Qry.
Here the following notation is used:

Definition 6.16. Let X and Y be Hilbert spaces containing Q ry. We define:

= inf 2 4 ||ra2)
Ipllorpocey = it (gl + llrally)

for all py, € Qry.

Now, as a consequence of Theorem 6.15 we obtain the following result:
Theorem 6.17. Let Assumption 1 be satisfied. We have S ~ Scy with
Sep = (\/;Mp_l ij2Kp—1>—1 '
Proof. We proceed in three steps:

e Firstly, it follows immediately from Theorem 6.15 that there exist positive constants
c and C' independent of v, v and h such that

Jo(divvy) gy dx
CHQh||VTH;y—lHl(Q)+V71/4L2(Q) S sup Q
0#vy€VTH HVh||’yL2(Q)d+y1/4H1(Q)d

< Cllgnll Qe -1 1 () 401741202

for all g, € Qrn.

e Secondly, we show:

(divvy,) gn dx
sup fQ — <Sq7g>1/2
0#vp€VTH th”'yLQ(Q)'i+V1/4H1(Q)d
for all ¢, € Qrx.
Let g, € QTu. We have:
Jo(divvy) gn da (Dv, g) (v, P712D7g)
sup = Ssup -———— = Ssup =

otvieVen IVallyz@yaiam@a  ozvermn (PY,V)V2 givepmn (v, v)1/2
= (DP'D"q,q)'/? = (Sq,q)'*.
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e Finally, we show that:

58/l @ty 112 (4017412202 = (Scms, 8)'/* (6.32)

for all s, € Qry, with

-1

Son = (Vv M, +7°K,")
Let s, € Qru. We have:

: —2 2 —1/2 2
HShHQTH”Y_IHl(Q)JFIFIMLQ(Q)GZ - thhEQTg?fsh:%-&-rh (7 ||Qh”1 +v / ”ThHO)

= if (7Kg0 v (M)

q,r€ER™MA : s=q+1
B qell{glh Jo(@),

with

Jo(q) =72 (Kyq, @) + v (My(s — ). (s — q)).-

The functional J; is convex on R™* and thus the solution ¢ of infegms J; (¢) is given
by the solution of the linear equation V.J,(¢) = 0, which can be easily solved. We
have g = v=Y2(y 2K, + v~"/2M,)~* M, and hence

(@) = (M 2K s s),
which, shows the representation (6.32).

]

Therefore, we replace in a first step of approximation S by Scp.

In a second step of approximation we replace the evaluation of M le by one step of
a symmetric Gauk-Seidel iteration applied to M,q = e and the evaluation of K le by
one V-cycle of a geometric multigrid method with one forward and with one backward

Gauss-Seidel sweep for pre- and post-smoothing to K,q = ¢, shortly denoted by Mp_lg

and I%pflg, respectively. Again from [70] we have M, ~ Mp and K, ~ I%p . As result of
this replacements we replace S by

Son = (VvM; ! + 72K, 1)~

We have Scy ~ S and the inverse of Scy can be applied efficiently.

In addition we consider also the multiple application of Scp:

We replace the evaluation S~'e by applying r-steps (typically » = 1,2, 3) of the pre-
conditioned Richardson method to the equation Sq = e, with scaling parameters 7; > 0,
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the preconditioner Sy and the initial vector q,=0. The corresponding preconditioner is
given by

, -1
o = <f2m ~J]em - 50,55)2) , (6.33)
i=1
In order to guarantee that S is positive definite, it is easy to see that the condition

1-J[a=mA)" >0 vAe(01].

i=1

suffices. In particular if we choose 77 > 0 ﬁxed and 7; = 1 for ¢+ > 2, then it follows that
S(C }I is symmetric, positive definite, and SCH ~S.
In summary we obtain:

Theorem 6.18. P defined in (6.31) with the previous presented P and S = gg}{ from
(6.33), is symmetric, positive definite and

/1(75_1.Ah) < C

for a constant C' independent of v, v and h.

6.2.4.2 Alternative stopping criteria

Based on the convergence result (6.30) an intuitive choice for the stopping criterion of the
preconditioned MINRES method is

I7kllp-1 < € llrollp-i- (6.34)

Another natural measure for the error is ||z —z|| 5. This quantity is not directly computable
but can be estimated by using the relation:

cllz = apllp < llrellp- < Cllz — 2l (6.35)

with ¢ = )\min(ﬁ_lAh) and C = )\max(ﬁ_lAh). Approximations ¢ and C for ¢ and C,
respectively, can be computed by using the so-called harmonic Ritz values, see [83]. There-
fore, the stopping criterion

|2 — xllp < eflz — xollp (6.36)

is asymptotically satisfied, if we prescribe (6.34) with ¢ replaced by e, = ¢/C e.
Standard norm for stopping criterion: Finally we present an analytic convergence
result, for the standard norm

1w, 2w, )3 = Nulln ey + 1Pl @) + Wil @) + 1711220
For v < 1, it is easy to see that:

lz = @illn/ llz = zollar < 2 (max(2, w)/v)* [lo — zillp/llz — wollp.
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This allows to use this standard norm for the stopping criterion in an efficient manner via
(6.36). Using this estimate in combination with (6.35) and (6.30), we obtain:

2C (max(2,w)/v)*  2¢*
1+ q2k

k(P tA,) —1

R (P14 11 (6.37)

|[7ol|ar with ¢ =

172k la <

for the residual r; of the k-th iterate.

From (6.37) we obtain that the number of iterations £* which is needed to decrease the
initial error by a factor ¢ > 0, depends only mildly on the parameters w and v, namely,
logarithmically on (max(2,w)/v)”.



Chapter 7

Numerical results

In this chapter we perform some numerical experiments for the mized method of the first
biharmonic boundary value problem (3.3) and the distributed optimal control problem with
the time-periodic Stokes equations, see Section 4.1.

All computations are carried out on a OPENSuse Linux machine with Intel(R) Xeon(R)
CPU W3680 @ 3.33GHz.

7.1 The first biharmonic boundary value problem

For illustrating the theoretical results for the Hellan-Herrmann-Johnson finite element
method (6.7) and its conforming variant (6.8) we consider the following simple biharmonic
test problem:

0

A?w=f inQ, w=22-0 onl

on
on two domains, the square = Qg = (—1,1)? and the L-shaped domain = Q;, depicted
in figures 7.1 and 7.2, where also the initial mesh (level ¢ = 0) is shown. The right-hand
side

f(z) = 167" [cos(27m;1) [25 cos(dmxy) — 1] — 16 cos(47rx2)]

is chosen such that
w(z) = [1 - COS(27T$1)} [1 — COS(47T:U2)]

is the exact solution to the problem. The initial meshes are uniformly refined until the final
level £ = L. In all experiments the polynomial degree k as introduced in the beginning of
Subsection 6.1.1 is chosen equal to 1, which represents the lowest order HHJ method.

In each step of the solution procedure as described in Subsection 6.1.3 a reduction of
the Euclidean norm of the initial residual by a factor of 1078 was used as stopping criterion
for the PCG methods with initial guess equal to 0.

89
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Figure 7.1: Q = Figure 7.2: Q =
Qg. Qr.

Table 7.1 shows the observed number of iterations for the solution procedure for {2 = Q).
The first column contains the size h = 27¢. The next three pairs of columns show the total
number N; of degrees of freedom and the number of iterations iter; of the PCG method
for the linear system in step ¢ = 1,2, 3.

Table 7.1: Number of iterations, 2 = g (square).

h N1 iter1 N2 iter2 N3 iter3
7 64 001 10 132 098 14 64 001 10
-8 261 221 10 526 338 15 261 221 10

9

1 046 530 11 2 101 250 15 1 046 530 11
—1014 190 210 11 8 396 802 15 4 190 210 11

Table 7.2 shows the corresponding results for the L-shaped domain €2 = ), representing
a NoN-convex case.

Table 7.2: Number of iterations, = 0, (L-shaped domain).
N1 iter1 NQ iterg N3 iter3
T 43 665 11 99 330 16 48 665 11
-8 195 585 11 395266 16 195 585 11

9

784 385 11 1 576 962 16 784 385 11
—10°1°3 141 630 12 6 299 650 17 | 3 141 630 12

>

In accordance with well-established convergence results for multigrid methods, see, e.g.,
[44], the number of iterations is bounded uniformly with respect to the mesh size.

Finally, in Table 7.3 the discretization error of the non-conforming method (6.7) and
its conforming variant (6.8) for Q = Q, are compared. For both methods the H!'-error of
the original variable w has almost same size and decreases with the order A. This is for
the original HHJ method in accordance with known estimates, see |5, 37].
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Table 7.3: Discretization error |w — wp||;.
h (6.7) (6.8)

6| 1.2710 1.2612
T 0.6322 0.6310

8

9

0.3157 0.3156
0.1578 0.1578
—10 0.0789 0.0789

7.2 Distributed optimal control problem with the time-
periodic Stoke equations

In this section we illustrate the theoretical results for the discretization method presented
in Section 6.2 by some numerical examples on the unit square domain Q = (0, 1) x (0, 1).
Following Example 1 in [42] we choose the target velocity

lld(l‘, y) = [(U(:Ev y)’ V(ZE, y)]T )

given by
Uz,y) = 10p(x)¢'(y) and V(x,y) = —10¢'(2)p(y)
with

¢(z) = [1 — cos(0.872)] (1 — 2)*.

This target velocity ug(z,y) is divergence free.

The initial mesh contains four triangles obtained by connecting the two diagonals. The
final mesh was constructed by applying ¢ uniform refinement steps to the initial mesh,
leading to a mesh size h = 27, see figure 7.3. Obviously, each triangle of the mesh has at
least two internal edges and therefore, Assumption 1 is satisfied.

All presented numerical experiments refer to the first of the two systems from (4.6).
The results for the second system are completely identical. Therefore, they are omitted.
For each system, the total number of unknowns on the finest level £ = 7 is 1 184 780.

Figure 7.3: T,(Q) with h =27* for £ = 0,1, 2.
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Table 7.4: w = 10*

v
h 1078 1074 1 10* 108
21 44 46 46 46 46
27° 48 20 50 20 48
276 20 52 52 52 52
277 54 56 56 56 56

Table 7.5: v =104

w
h 1078 1074 1 10* 108
24 87 87 87 46 38
27° 99 99 99 92 34
276 101 101 101 o1 30
277 105 105 105 26 34

Tables 7.4 and 7.5 contain the numerical results produced by the preconditioned MIN-
RES method with the preconditioner P as described in (6.31), where we choose 7 = 1
with 7 =1 (i.e. S = S'CH) The considered values for the frequency w, the regularization
parameter v, and the mesh size h, are specified in the table captions, the first rows and
first columns. The other entries of the tables contain the numbers of MINRES iterations
that are required for reducing the initial error of the residual in the P~!-norm by a factor
of ¢ = 1078 with initial vector zy = 0, respectively.

As expected from the results of Theorem 6.18, the condition numbers are bounded
away from oo independently of h, v and w , leading to a uniform bound for the number of
iterations.

Next, we compare the performance of the practical preconditioner P with the original
(typically better but impractical) preconditioner P from (6.20) for the particular parameter
choice w = 1, v = 1 and h = 277. In this case the number of iterations for P is 118,
which is roughly four times higher than the expected number of iterations for P, see
Table 1 in [54]. Since the difference is relatively high, it is worthwhile to consider other
options for the inner iteration in order to reduce this gap. Table 7.6 shows the numbers
of iterations k& and the computational costs, measured in the CPU-time, for S = ggl){
with r € {1,2,3}, for different values of 77 € {1,4} and 7; = 1 for i@ > 2. These and
similar further numerical experiments show that a significant improvement of the numbers
of iterations can be achieved by a proper choice for 71 and not so much by a higher number
r of inner iterations. It turned out that 71 = 4 is a very good choice, for all cases considered.
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Table 7.6: w=1,v=1,h=27"

r scaling parameters k CPU-time
[sec]

1 n=1 (ie. S=Scq) 118 577.65

1 n=4 (ie. S=4Scy) 69 341.69

2 =4 =1 46 333.7

3 =4 nn=13=1 41 402.73

Alternative stopping criteria

Finally we test the use of the stopping criterion in (6.36) with a numerical example. For
the parameter choice w = 1, = 1 and h = 277, we computed the numbers of iterations k
produced by the preconditioned MINRES method, for the two different stopping criteria
(6.34) and (6.36). Thereby we choose S = Scu. As result we obtain k = 118 and k = 130,
using (6.34) and (6.36), respectively. The computed approximations for the constants c
and C'in (6.35) are & = 0.152077 and C = 1.60562.



Chapter 8

Conclusions

In this thesis we demonstrated the power of the Lagrange multiplier technique as well as
the interpolation technique, since we were able to construct an appropriate Sobolev space
X for all considered problems.

In every studied case we were able to carry over the results from the continuous level
to the discrete level, using the discrete analogue of the continuous norms. This emphasises
the importance of understanding the continuous problem.

Nevertheless, as we have seen, handling the obtained (nonstandard) Sobolev spaces can
be a major challenge.
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Appendix

Interpolation between H?%(Q) and L*(1)
In the following theorem we give a representation result for the interpolation space [H3 (), L*(2)]1 /o.
Theorem 9.1. We have:
[HB (), L* ()12 = Hy ()
with equivalent norms.

Proof. We proceed in three steps:

e Firstly, we show:
Hy(9) C [Hp (), L2 ()12 € HY(Q). (9-1)

From HZ(Q) C H3H(Q) C L*(Q) it follows immediately by the definition of the
interpolation norm and Example 3.8:

Hy(Q) = [L*(Q), Hy (D)2 € [L*(Q), HH (D)1
C [LX(Q), H*(Q)]j2 = H'(Q)

and thus (9.1) is satisfied.
e Secondly, we show that there exists a positive constant C' such that
1Dl 22 @ m@ivor;,, < Cllollizaw),mz @), (9.2)

for all v € [L*(Q), H3()]1/2, where the operator D : L*(Q) — [H(div, Q)]* is given
by

(Dv, ¢) = —/v div ¢ dx
)
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for all v € L*(Q), ¢ € H(div,Q) and
H(div,Q) = {¢ € L*(Q)*: dive € L*(Q)}
equipped with

18llarw = (1112 + || div g[|2) "

for all ¢ € H(div, Q).
We have:

— Let v € L*(Q2). Then:

|(Dv, ¢)| = ‘—/v div ¢ dx
Q

< [lvllolllaiv

for all ¢ € H(div,Q), i.e., | Dv|| g(aiv,0p < [|v]lo-
— Let v € H*(2) N Hy(2). Using the Green formula we obtain

:’—/QVv'qﬁda:

for all ¢ € L*(Q)?. Further we have the estimate

|(Dv, ¢)| = ‘—/v div ¢ dz
0

< |v1][9llo

]vﬁ = / Vv -Vuvdr = —/UAU dx < ||v||o||Av|lo < Cr|v]1]|Av||o
Q Q

for all v € H%(Q).
From (9.3) and (9.4) we obtain

[(Dv, ¢)| < CrllAvllol[éllo = Crlvf2ll¢llo;
for all ¢ € L*()4, i.e., || Dol r2q)e < Crlv]a.

Now we obtain from the Interpolation Theorem 3.13

1 Dvlliz2 @) B (div.2)4], s < Cllvllize).m2 @,

96

(9.3)

(9.5)

for all v € [L*(Q2), H}(2)]1/2. Further, it follows from the Duality Theorem 3.11

[LQ(Q)d7 H(diV> Q)*]l/Q = [Lg(Q)d’ H(diV, Q)H/?

with equivalent norms. This together with (9.5) implies the estimate (9.2).
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e Thirdly, we show that there exists a positive constant C' such that
||DU||(H1/2(Q)d)* < CHUH[LQ(Q),H%(Q)]I/Q (9.6)

for all v € [L*(Q), H3(Q)]1/2-

From H'(Q)? C H(div,Q) C L*(Q)? and the definition of the interpolation norm we
obtain

(L2, H ()12 € [LX(Q), H(div, Q)]
Since HY/2(Q)? = [L*(Q)4, H ()41 /2, see, e.g., [1], we have
H'Y2(Q)7 € [LX(Q), H(div, Q)12
which together with (9.2) implies (9.6).
e Finally, we show:
[HB(Q), L*(Q)]172 € Hp(Q).

Let v € [L*(Q), H}(Q)]1/2. Using the the Green formula we have:

/QVv-gbdx—/Qv(divgb)dx
:‘<Dv,¢>—/VU-¢dx

< (Dol (gr120pay 19l r1720pa + ([0l 0llo)
= C||¢||H1/2(Q)d

for all ¢ € C=(Q)? with C' = ||DU||(H1/2 o + ||v]]1-

(¢ n,0)r| =

(9.7)

Let ¢ € C(Q)?. Since C°(2)? is dense in H'/2(Q)?, see, e.g., [41, Theorem 1.4.2.4],
there exists a sequence (¢, )men Which converges to ¢ in H'/?(Q)?. Now from (9.7)

it follows:
(v,¢-n)r = hm( , Om - )1
nlbl—{noo /VU Om dr — /v div ¢y, dx
- Jim 0=0
ie.,

(v,¢-n)r =0 for all p € C=(Q)<. (9.8)
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We have v € H'(Q). Therefore, v € H'/2(T'), see, e.g., [41, Theorem 1.4.2.4], and
thus v € L*(T"). Further we have C§°(T) is dense in L?(T'y) for k = 1,..., K, and
thus TIX_ C5°(Ty) is dense in L*(T') = I, L?(Ty).

Next we show that for each p € X C3°(Ty) there exists a ¢ € C*°(Q)? such that

,,,,,

that n; # 0 on T'y. It is easy to see, that there exists ¢y, = (¢ )j=1..a € C=(Q)¢ such

that ¢, =0 on I'/T'k, ¢ j = px/n; for j =i and ¢y ; = 0 for j # 4. For ¢ = ch{:l O
we have ¢ € C®(Q)? and ¢ -n=pon .

Finally it follows from the density of IIX_,C°(T;) in L*(T') and (9.8), that v = 0 on
[, ie., v € H}(Q). This completes the proof.

O

Some density results

Here we show density results for the spaces H (divdiv, Q)sym, H *(divdiv, Q)sym and
H(A,Q). The proofs are based upon the following density criterion for Hilbert spaces, see,
e.g., [4, Theorem 1]:

Lemma 9.2. Let X and Y be Hilbert spaces with X C'Y. Then X is dense in'Y iff every
element of Y* that vanishes on X also vanishes on Y .

Theorem 9.3. We have:

1. C®(Q)sym is dense in H(divdiv, Q) gm.
2. C®(Q) gym is dense in H=1(div div, Q) gym.

Proof. We follow the idea of the proof of Theorem 2.4 in [38].
Let g € H(divdiv, Q)% . By the Riesz representation Theorem there exists a unique

sym"*

o € H(divdiv, Q)sym such that:
(9, 7) = / o:1dr+ / w (divdivT)dz for all 7 € H(divdiv, Q)sym, (9.9)
Q Q

where

w=divdiveo in (2.

Now assume that g vanishes on C*({2)sym, and let & and @ denote the extensions of o
and w by zero outside of €2, respectively. Then it follows from (9.9) that

/ &:(bdx—i-/ W (divdive)dez =0 for all ¢ € C™ (R?)_ .
R2 R2 sym
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This equality implies that in sense of distributions on R?
o =—V.

Thus all second derivatives of w exist in L? (R?).

From [29, Lemma 6], we obtain @ € H?(R?), and further we obtain from [38, Theorem
1.2] that w € HZ(€2). Then from (9.9) it follows immediately that o = —V?w. Therefore,
we have the following representation for g:

(9, 7)) =— / Viw : Tdr + / w (divdivT)dz for all 7 € H(divdiv, Q)sym.
Q Q

Now let 7 € H(divdiv, Q)gm. Since C5°(R2) is dense in HZ(L2), there exists a sequence
(Wn)nen In C§(Q) that tends to w in HZ(Q). From Green’s identity we obtain

—/Van:‘rdﬂ:+/wn(divdiv7')d$:0
Q Q

for all n € N, and, subsequently, for the limit
(g,7) = lim (—/ V2w, : Tdr + / wy, (divdiv T) da:) = 0.

Therefore, g also vanishes on H (div div, ©)sym, which proves the first statement.

From Lemma 3.9 we have that L?*(Q)symNH (div div, Q)sym = H (div div, Q) is dense
in [L*(Q)sym, H (div div, Q)sym]1/2 = H(divdiv, Q)sym. So we have H (div div, Q) is
dense in H~(divdiv, Q)sym and C*®(Q)gm is dense in H (divdiv, Q)sm and therefore,
C>°(Q)gym is dense in H~!(divdiv, Q)eym. O

We have the following density result for the space H(A, Q).

Theorem 9.4. The space C*(2) is dense in H(A,S).
Proof. We have C*(Q) is dense in H?(£2). Moreover, we have H2(Q) is dense in H(A, (),

see, e.g., [40], and thus the density of C*°(€2) in H(A, Q). O
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