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Abstract

Modern manufacturing engineering is based on a “design-through-analysis” workflow. According
to this paradigm, a prototype is first designed with Computer-aided-design (CAD) software
and then finalized by simulating its physical behavior, which usually involves the simulation
of Partial Differential Equations (PDEs) on the designed product. The simulation of PDEs is
often performed via finite element discretization techniques. A severe bottleneck in the entire
process is undoubtedly the interaction between the design and analysis phases. The prototyped
geometries must undergo the time-consuming and human-involved meshing and feature removal
processes to become “analysis-suitable”. This dissertation aims to develop and study numerical
solvers for PDEs to improve the integration between numerical simulation and geometric modeling.

The thesis is made of two parts. In the first one, we focus our attention on the analysis of
isogeometric methods which are robust in geometries constructed using Boolean operations. We
consider geometries obtained via trimming (or set difference) and union of multiple overlapping
spline patches. As differential model problems, we consider both elliptic (the Poisson problem,
in particular) and saddle point problems (the Stokes problem, in particular). As it is standard,
the Nitsche method is used for the weak imposition of the essential boundary conditions and to
weakly enforce the transmission conditions at the interfaces between the patches. After proving
through well-constructed examples that the Nitsche method is not uniformly stable, we design
a minimal stabilization technique based on a stabilized computation of normal fluxes (and on
a simple modification of the pressure space in the case of the Stokes problem). The main core
of this thesis is devoted to the derivation and rigorous mathematical analysis of a stabilization
procedure to recover the well-posedness of the discretized problems independently of the geometric
configuration in which the domain has been constructed.

In the second part of the thesis, we consider a different approach. Instead of considering
the underlying spline parameterization of the geometrical object, we immerse it in a much simpler
and readily meshed domain. From the mathematical point of view, this approach is closely related
to the isogeometric discretizations in trimmed domains treated in the first part. In this case, we
consider the Raviart-Thomas finite element discretization of the Darcy flow. First, we analyze a
Nitsche and a penalty method for the weak imposition of the essential boundary conditions on
a boundary fitted mesh, a problem that was not studied before, not needed for our final goal,
but still interesting by itself. Then, we consider the case of a general domain immersed in an
underlying mesh unfitted with the boundary. We focus on the Nitsche method presented for the
boundary fitted case and study its extension to the unfitted setting. We show that the so-called
ghost penalty stabilization provides an effective solution to recover the well-posedness of the
formulation and the well-conditioning of the resulting linear system.

Keywords: numerical analysis, computer-aided-design, CAD, CAE, isogeometric analysis,
IGA, finite element, FEM, FEA, Poisson, Stokes, Darcy, unfitted, immersed, trimming, union,
coupling, Nitsche, mortar, weak imposition, boundary conditions, Raviart-Thomas, fictitious
domain, CutFEM
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Sommario

La moderna ingegneria manifatturiera si basa su un flusso di lavoro “progettazione-via-analisi”.
Secondo questo paradigma, un prototipo viene prima disegnato con un software CAD (Computer-
aided-design) e poi finalizzato simulando il suo comportamento fisico, che solitamente prevede
la risoluzione numerica di equazioni alle derivate parziali (EDP) sull’oggetto disegnato. La
simulazione delle EDP ¢ spesso ottenuta tramite tecniche di discretizzazione agli elementi finiti.
Un serio ostacolo all’intero processo sta senz’altro nell’interazione tra le fasi di progettazione e di
analisi. Prima di diventare “adatti all’analisi”, i modelli geometrici devono essere sottoposti a
costosi processi di meshing e di defeaturing, costosi in termini di tempo ed intervento umano.
Questa dissertazione mira a sviluppare e studiare solutori numerici per EDP per migliorare
I'integrazione tra la simulazione numerica e la modellazione geometrica.

La tesi ¢ composta da due parti. Nella prima, concentriamo la nostra attenzione sull’ana-
lisi di metodi isogeometrici che sono robusti in geometrie costruite con operazioni booleane.
Consideriamo geometrie ottenute tramite trimming (o differenza di insiemi) e unione di pit
patch spline sovrapposte. Come problemi differenziali modello, consideriamo sia problemi ellittici
(il problema di Poisson, in particolare) che problemi di punto sella (il problema di Stokes, in
particolare). Come consuetudine, il metodo di Nitsche & usato per 'imposizione debole delle
condizioni al bordo di tipo essenziale e per imporre debolmente le condizioni di trasmissione alle
interfacce tra le patch. Dopo aver dimostrato attraverso esempi ben congegnati che il metodo
di Nitsche non ¢ uniformemente stabile, sviluppiamo una tecnica di stabilizzazione minimale
basata su un calcolo stabilizzato dei flussi normali (e su una semplice modifica dello spazio della
pressione, nel caso del problema di Stokes). Il nucleo principale di questa tesi ¢ dedicato alla
derivazione e alla rigorosa analisi matematica di una procedura di stabilizzazione per ripristinare
la buona posizione dei problemi discretizzati indipendentemente dalla configurazione geometrica
in cui il dominio ¢ stato costruito.

Nella seconda parte della tesi, consideriamo un approccio diverso. Invece di considerare la
parametrizzazione spline sottostante all’oggetto geometrico, lo immergiamo in un dominio molto
piu semplice e facilmente meshabile. Dal punto di vista matematico, questo approccio & stretta-
mente legato alle discretizzazioni isogeometriche in domini trimmati trattati nella prima parte.
In questo caso, consideriamo la discretizzazione agli elementi finiti di Raviart-Thomas per il
flusso Darcy. In primo luogo, analizziamo un metodo Nitsche ed un metodo di penalizzazione
per 'imposizione debole delle condizioni al bordo di tipo essenziale su una mesh conforme al
bordo, un problema che non ¢ stato studiato prima, non necessario per il nostro obiettivo finale,
ma comunque interessante di per sé. Ci concentriamo sul metodo di Nitsche presentato per il
caso conforme al bordo e studiamo la sua estensione al caso non conforme. Mostriamo che la
cosiddetta stabilizzazione “ghost-penalty” fornisce una soluzione efficace per recuperare la buona
posizione della formulazione ed il buon condizionamento del sistema lineare risultante.

Parole chiave: analisi numerica, computer-aided-design, CAD, CAE, analisi isogeometrica,
IGA, elementi finiti, FEM, FEA, Poisson, Stokes, Darcy, non-conforme, immerso, trimming,
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unione, accoppiamento, Nitsche, mortar, imposizione debole, condizioni al bordo, Raviart-Thomas,
dominio fittizio, CutFEM
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Notation

In this chapter we introduce some definitions and notations which will be frequently employed in
the manuscript.

With a slight abuse of notation, we will use the same symbol |-| to denote both the d-dimensional
Lebesgue measure and the (d — 1)-dimensional Hausdorff measure. Given D C R? and ¥ a
hypersurface of R? or a subset of it, |D| and || denote the d-dimensional Lebesgue measure of
D and the (d — 1)-dimensional Hausdorff measure of X, respectively. The symbol #- denotes the
cardinality of a set. Given E C R, the notations E° and int E denote its interior.

A domain is an open, bounded, subset of R, d € {2,3}. A domain D with boundary 9D is said
to be Lipschitz if for every x € D there exists a neighborhood U of « such that U N 9D is the
graph of a Lipschitz function. In the following D denotes a Lipschitz domain with boundary 0D,
and ¥ a Lipschitz continuous surface contained in dD. The unit outer normal on 0D is denoted
by n.

We will denote as Q, 5 ; the vector space of polynomials of degree at most r in the first variable,
at most s in the second and at most ¢ in the third one (analogously for the case d = 2), P,, the
vector space of polynomials of degree at most u, and ﬁbg the vector space of polynomials of degree
exactly £. We may write Qy, instead of Q ; or Q x.x. We will often consider the restriction of a

polynomial space to a given domain D and write, for instance, Q (D) instead of Qy o

We denote by L?(D) the space of square integrable functions on the domain D, equipped with
the usual norm ||-[| ;2 p). We denote by L3(D) the subspace of L*(D) of functions with zero

average, where the average of v € L2(D) is v := |D| ™" Jpv.

For a given ¢ : D — R sufficiently regular, o a multi-index with |a] := Zle a1, and j €N, we
define D%y = % and 9J ¢ := > lal=j D¥en®, where n® := ni" ...ng?. We indicate
by H*(D), for k € N, the standard Sobolev space of functions in L?(D) whose k-th order weak
derivatives belong to L?(D), equipped with the norm ||<,0Hi1k(D) = o<k ||Da<,0Hiz(D). Sobolev
spaces of fractional order H" (D), r € R, can be defined by interpolation techniques, see [3].

The space Hj x,(D) consists of functions in H'(D) with vanishing trace on ¥. We write Hg(D)
instead of Hj 5, (D).

For vector-valued functions, we denote by L?(D) := (LQ(D))d and H*(D) := (Hk(D))d.

We define the Hilbert space H (div; D) of vector fields in L?(D) with divergence in L?(D),
endowed with the graph norm, denotes as ||| (4iy, p)- Moreover, we set Hox(div; D) := {v €
H(div; D) : v-n=0on X} and Hy(div; D) := Hy gp(div; D).

vi



Notation

Let H=(8D) be the range of the trace operator of functions in H'(D) and we define its restriction
to ¥ as Hz(X). Both H2(8D) and H2 (%) can be endowed with an intrinsic norm, see [130].

The dual space of H () is denoted by H~2(2). The duality pairing between H2 (X) and H~2 (%)
d
will be denoted with a formal integral notation. Finally, we define Hz2 (9D) := (H %(8D)) ;

H(Z) = (H%(E))d, and H-3(%) = (H*%(E))d.

flx) |f(@)]

We will often consider the infimum or the supremum of quotients of the type =—= or

] ]

where (E, ||-||) is a Hilbert space with (topological) dual E’, x € E, f € E’. In these cases, we

shall write sup @) instead of sup M and sup f(@)] instead of sup M, where K is a
e Tl ek el IR T ek N
x x

closed subspace of F.

Finally, O will denote the classical Landau symbol.
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Introduction

Part I: Stabilized isogeometric discretizations on trimmed
and union geometries

Motivation

Manufacturing engineering is based on a design-through-analysis workflow. A virtual prototype
is first designed as a geometrical model using Computer-aided-design (CAD) software. Then,
to understand and settle its properties, some physical problems need to be simulated, typically
using a Finite element analysis (FEA) software. Despite their mutual interactions in virtual
prototyping, the two fields of design and analysis grow apart as two independent communities.
On the one hand, computational design has been focusing on the modeling and visualization of
geometric objects. On the other, computational analysis has been developing models to approach
physical problems and reliable algorithms to approximate them numerically. However, most
efforts have not aimed at bridging the growing gap between these two worlds. In the usual
interplay between design and analysis, the designer produces a CAD file, which needs to be
defeatured, repaired, and meshed (requiring human intervention) to become an analysis-suitable
geometry, finally ready to be the input of a FEA code. Most of the time (about 80% [45, 78]) of
the workflow is devoted to the intermediate step of constructing the simulation-specific geometry.
It is in this context that Isogeometric analysis (IGA) comes to life, from the seminal work of
T. J. R. Hughes and collaborators in 2005 [78], with the ambition of filling the gap between
design and analysis in industrial simulation processes. The main idea of IGA is to use the same
primitives employed in CAD, typically B-splines, non-uniform rational B-splines (NURBS), or
some other extensions, as basis functions for the Galerkin discretization of the partial differential
equations (PDEs). Progress in recent years has been remarkable, so it can be said that IGA is
now a mature field of research; see the review papers [1, 19]. The mathematical study of IGA
initiated with [17] and among its major successes, let us recall the development of IGA-tailored
assembly and quadrature strategies [120], the recent progress in adaptivity [23, 29], and the
steps towards the understanding of the superior approximation properties of higher-order spline
spaces [26, 56]. However, we are still a long way from achieving the so-called isogeometric
paradigm in practice: the geometries constructed by CAD software are not ready to be used for
IGA-based-simulations. Their conversion to IGA-suitable geometric models remains an unsolved
issue, and the required analysis time is a major bottleneck in the design-through-analysis workflow.
Indeed, CAD geometries are described as collections of their boundary surfaces according to the
so-called boundary representation (B-rep) [93, 109, 128]. These surfaces, often independently
parametrized as tensor-product splines or NURBS, are joined, intersected, or trimmed. These
Boolean operations act on the original surfaces to obtain a more complex surface, but they cannot
be exactly performed, introducing gaps and overlaps. On the other hand, all developments of
IGA rely on strong requirements on the underlying geometric models and, in general, do not
support CAD geometries after Boolean operations.
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Several efforts have been undertaken in the last years to improve the usability of CAD geometries
in the solution of PDEs. From its side, the geometric modeling community provided essential
inputs to this scientific challenge [43, 60, 95, 117]. In what follows, we briefly review some of the
state-of-the-art techniques adopted by the IGA community, allowing to deal with typical CAD
geometric descriptions. One of the first attempts to overcome the tensor product structure is the
“multi-patch” representation, where the domain is represented by gluing many patches, each the
image of the d-dimensional cube [32, 44, 45]. This description is natural when the geometry is
made of different materials or when dealing with multi-physics problems. T-splines, introduced
in [124] as a generalization of B-splines allowing T-junctions, can also be used, as in [123], for
a watertight representation of the CAD geometry. Another idea is to convert the B-rep of the
CAD object into a single NURBS-compatible subdivision surface, namely, a control polygon
whose limit (in a suitable sense) is the original object itself [125]. We refer to [83, 132] for some
isogeometric methods on subdivision surfaces. These strategies fall in the class of the so-called
“global approaches” [93], where the geometric model is modified before the numerical simulation.

Another way is to follow a “local approach” [93], hence keeping the B-rep model as it is, and
instead adapt the analysis in order to deal with it. Here, we describe some of the most promising
strategies in this direction, mainly focused on geometries obtained via a trimming operation.
The finite cell method [47, 105, 114] is a fictitious domain approach [65], where the domain is
immersed into a larger domain with a simpler geometry that is readily meshed. An artificial
stiffness parameter, discontinuously varying from 1 inside the physical domain to a small value &
outside, is introduced in order to weakly penalize the contribution from the non-physical part of
the domain. The actual geometry is considered only in the integration process of the cut cells for
which suitable quadrature rules need to be developed. Extended B-splines have been introduced
in [77] in the context of a fictitious domain B-splines-based finite element method and have been
later successfully applied within the isogeometric paradigm in [92, 94]. The main idea is to cure
the instabilities deriving from the basis functions truncated by the trimming by systematically
substituting the degenerate degrees of freedom. In this case, as well, particular care should be
taken for performing integration in the cut elements. Other successful strategies in the literature
are for sure [84, 101], even though these approaches are limited to the 2D case. Let us mention
as well the Volumetric Representation (V-Rep), which in a sense is neither a global nor a local
approach. V-rep, introduced in [95] and later proposed as an alternative framework for IGA in [4],
is a new paradigm aiming to replace the B-rep in CAD software: the geometrical models are
described by their occupied volumes. However, Boolean operations (this time among trivariate
blocks) are still the fundamental ingredient to build complex domains and a source of issues for
the numerical discretization of PDEs.

Main contributions

The goal of this dissertation is to study and develop robust solvers for isogeometric discretizations
set on geometries coming from CAD software and constructed via Boolean operations (see the
discussion in the previous section). We observe that our research applies to both the B-rep and
V-rep paradigms. In particular, we restrict our focus to two kinds of constructions.

Trimmed geometries. Set difference, also known as “trimming”, acts on geometrical objects
by removing unwanted parts. Given )y a spline patch, 7.e., homeomorphic to the d-unit

cube through a spline mapping, and €,...,Qy domains of R, we let
N —
0=\ J%, (1)
i=1

and call it trimmed domain. Let us observe that while € is endowed with a Bézier mesh
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induced by its spline parametrization, €2 does not have any canonical mesh of its own. This
means that when discretizing a PDE on 2, we would have to work with the underlying
mesh of g, unfitted with the domain, hence to deal with cut Bézier elements, see Figure 1.

(a) Original domain. (b) Trimmed domain.

Figure 1 — Illustration of the trimming operation.

Union geometries. With the union, different objects are put together, giving rise to a new one.
Given Q, ..., Q% spline patches, we let

and call it union domain. We observe that we allow in (2) the patches to glue with overlaps,
hence let
N
Q=9\ |J 9  i=0,..,N,
t=it1

be the visible parts of the patches, which are trimmed domains, see Figure 2. It follows that
N

Q= U Q;. The isogeometric discretization of a PDE in  will require an ad hoc strategy
i=0
to glue the visible parts through their interfaces, and to deal with their cut meshes as well.

We recall that the following are necessary requirements for a numerical method in order to be
robust:

(i) it must rely on suitable quadrature rules in the trimmed elements;
(ii) the conditioning of the resulting linear system needs to be under control;

(iii) its discrete formulation has to be stable or well-posed. The precise definition is problem-
dependent and will be given in the corresponding chapter.

The focus of this thesis is point (iii), while (i) and (ii) are only partially addressed. For what
concerns (i), we rely on the technique developed in [4]. After identifying the cut and non-cut
Bézier elements through a “slicing” procedure, with given geometric precision, every cut element
is reparametrized as the union of high order Lagrange polynomials (of the same degree as the
B-splines employed for discretizing the unknowns) composed of tetrahedra or hexahedra. This

3
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(a) The (translated) original patches. (b) The union domain.

Figure 2 — Illustration of the union operation.

new mesh is used only to place the quadrature points: a Gauss-Legendre rule for hexahedra and
a collapsed Gauss-Legendre rule for tetrahedra. Similarly, a thorough study of the conditioning
of the final linear system is out of the scope of this work. In the numerical experiments, we will
restrict ourselves to a simple left-right Jacobi preconditioner, which turns out to be a very effective
solution in the presence of trimmed elements. However, as much as it helps to improve the
conditioning of the stiffness matrix significantly, it does not completely eliminate the dependence
of the conditioning number on the way the mesh elements are cut.

Our starting point is the isogeometric discretization of the Poisson problem in a trimmed
geometry, like (1), whose boundary does not fit with the underlying physical Bézier mesh. As
it is customary in the fictitious domain finite element method, we use Nitsche’s method, a
penalty-based formulation, to weakly impose the Dirichlet boundary conditions. We show its lack
of well-posedness through a numerical experiment where the computational domain is trimmed so
that sliver cut elements appear. It turns out that the main culprit for this loss of stability is the
lack of an inverse inequality that is robust for trimming. We propose a stabilization technique,
mainly inspired by [73], based on local modifications of the variational formulation of the discrete
problem. In particular, we replace the evaluation of the normal derivatives through the boundaries
of the badly trimmed elements with a suitable stable evaluation. In doing so, we do not add
any additional parameters. In particular, we propose two classes of stabilizations: one whereby
the stable evaluation of the fluxes is done in the parametric domain and then pushed forward
to the physical domain, and another directly in the physical domain. The stabilization in the
parametric domain is closely related to the weighted extended B-splines di [77] and suffers from
sub-optimality in the case of an isogeometric map with low inter-regularity. The stabilization
procedure in the physical domain, on the other hand, gives rise to a formulation with optimal
approximation properties.

Then, we consider the Poisson problem in a union geometry, like (2). We assume that the
patches overlay one on top of the other according to a given hierarchy. In this way, for each
internal interface between two trimmed patches, one lies on top, and another lies below. We use
the Nitsche method to enforce the transmission conditions at the internal interfaces and couple
the patches. It turns out that the evaluation of the fluxes through a given interface, required
by the transmission conditions, may involve the presence of cut elements. Similar to the case
of a single trimmed patch, this causes instabilities to the discrete formulation. To resolve them,

4
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we resort to the stabilization in the physical domain developed for the case of a single trimmed
geometry. We rigorously prove the stability of the method and derive optimal a priori error
estimates. All estimates track the dependence of the number of overlaps.

We carry on with the Stokes problem in a trimmed geometry, like (1). As in the elliptic
case, the first issue we need to face is the imposition of the essential boundary conditions on the
trimmed part of the boundary of the physical domain, which is addressed by using Nitsche’s
method. Again, evaluations of velocity fluxes along the boundaries of the trimmed elements
cause instabilities that are resolved by applying a generalization of the stabilization used for the
Poisson problem, adapted to the particular choice of the isogeometric element. This time, we
must also fully stabilize the pressure space to get rid of the degrees of freedom corresponding
to badly trimmed elements. We show that the coercivity of the bilinear form of the velocities
is recovered. However, a mathematical proof of the inf-sup stability is still missing; hence we
assume it for the subsequent analysis. We show that our method, combined with the isogeometric
Raviart-Thomas, Nédélec, and Taylor-Hood elements, is well-posed and, consequently, we derive
optimal a priori error estimates.

Outline

In Chapter 1 we introduce the fundamentals of isogeometric analysis. We give the definition of
B-splines and spline spaces in the one-dimensional case and quickly move to the tensor product
case. Then, the main assumptions on the parametrization and on the mesh used throughout the
manuscript are given.

In Chapter 2 we focus on the isogeometric discretization of the Poisson problem on trimmed
geometries. We show that the resulting discrete formulation suffers a lack of stability even when
Dirichlet boundary conditions are weakly enforced using Nitsche’s method. Then, we develop two
novel stabilization techniques based on a modification of the variational formulation, allowing us
to recover well-posedness and guaranteeing accuracy.

Chapter 3 focuses on the union operation, which involves multiple independent, trimmed spline
patches, overlaid one on top of each other. We employ Nitsche’s method to weakly couple
independent patches through the visible internal interfaces. Moreover, we propose a stabilization
method to address the instability issue that arises on the interfaces shared by arbitrary small
trimmed elements. We prove that the proposed method recovers stability and guarantees the
well-posedness of the problem as well as optimal error estimates.

In Chapter 4 the isogeometric approximation of the Stokes problem in a trimmed domain
is studied. Different isogeometric elements are taken into consideration. We employ the Nitsche
method to weakly impose the essential boundary conditions on the trimmed part of the bound-
ary. Again, we show that the formulation requires appropriate stabilization. We introduce our
stabilization procedure and partially prove (a proof of the inf-sup stability is still missing, but
numerical results look promising) that in this way, we can recover the well-posedness of the
method and, accordingly, optimal a priori error estimates.

In Chapter 5 we study the discretization of the Stokes problem in a union geometry. As
in Chapter 3, we resort to the Nitsche method to weakly enforce the transmission conditions
between the interfaces of the patches. The stabilization of Chapter 4 developed for the single
patch case is extended to this setting. By assuming that some local inf-sup conditions are satisfied
in each patch, we show that our stabilized formulation is stable and that optimal convergence
rates are retained for different choices of isogeometric elements.
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A note on the numerical implementation

The numerical experiments in Chapters 2 and 4 were designed and performed by the author of
this manuscript by using the Matlab library GeoPDEs [131]. Regarding this part, we are grateful
to Dr. Pablo Antolin for providing us with an automatic routine for performing integration in the
trimmed elements to add to our code. Numerical experiments in Chapters 3 and 5 were designed
in collaboration by the author, Dr. Pablo Antolin, and Dr. Xiaodong Wei and conducted by
Dr. Xiaodong Wei using the C++ library igatools [106].

Part I1: Weak imposition of the boundary conditions for the
Darcy flow

Motivation

Mesh generation is one of the major bottlenecks for the classical finite element method (FEM)
for the numerical solution of partial differential equations (PDEs). It is a very costly process
because it necessitates not only important computational power but also human intervention.
Mathematical problems for which mesh generation becomes a very demanding task are, in general,
problems set in complicated geometries or for which the computational domain changes during
the simulation. Typical examples arise in both computational fluid dynamics and mechanics:
time-dependent flow problems described in Lagrangian coordinates, multiphase flows where the
interfaces significantly vary, problems of fluid-structure interaction with large displacements,
fracture propagation in porous media are some examples.

In the last few decades, many efforts have been devoted to developing robust numerical methods
to tackle this issue. One of the most popular approaches is the so-called fictitious domain method
where the possibly complicated domain 2 is immersed in a much simpler geometry 7, for
which the generation of the mesh is a simple task. Its origin traces back to the pioneering
work [107], where a novel method for a fluid-structure interaction problem in heart physiology
was proposed. Since then, a zoo of variants of this method have appeared in the mathematical

and engineering literature, typically with names like “immersed methods”, “immersed boundary
methods”, “unfitted methods”, or some combinations of the previous names.

Since the boundary (or the interface) of the physical domain is not resolved by the computational
mesh, a common feature of the fictitious domain approaches is the weak imposition of the boundary
conditions (or transmission conditions at the interface) through Lagrange multipliers [8], the
penalty method [9], or Nitsche’s method [103].

We briefly review some of the most known fictitious domain methods. Among the first mathe-
matical studies, let us recall the works of J. W. Barrett and C. M. Elliott, [12, 13, 14] on unfitted
finite element methods for elliptic equations with different types of boundary conditions. In
particular, in [13] the authors study the case of Dirichlet boundary conditions weakly imposed
with the penalty method and prove optimal convergence rates in the energy norm, under extra
regularity assumptions of the analytic solution, for a suitable choice of the penalty parameter
with piecewise linear elements. Similarly, in [64] a fictitious domain finite element method based
on the weak imposition of the Dirichlet boundary conditions with Lagrange multipliers is studied.
Optimal convergence rates for piecewise linear polynomials are derived, provided that the ratio
between the boundary mesh size and the mesh size in the domain is large enough.

Another successful class of methods is the Generalized Finite Element Method (GFEM) [10, 11]
also appearing in the literature as Extended Finite Element Method (XFEM) [48, 98], addressing
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at the same time the mesh generation issue and the approximation of irregular solutions of
elliptic problems. Its main idea is the enrichment of the finite element space with non-polynomial
functions living in a neighborhood of the unfitted boundary or the interface, based on the a priori
knowledge of the behavior of the analytic solution. Integration, conditioning, and the imposition
of the essential boundary conditions remain open problems in GFEM. This class of methods has
been mainly applied to model crack propagations and, in general, for discontinuous phenomena.

In the last few years, the Cut Finite Element Method (CutFEM) [36] gained much attention and
showed its potential in different applications in science and engineering [39, 72, 97]. CwtFEM
relies on solid theoretical foundations, and its key feature is to add weakly consistent stabilization
operators [35] to the variational formulation of the discrete problem to transfer the stability and
approximation properties from the finite element scheme constructed on the background mesh to
its cut finite element counterpart.

Main contributions

In the second part of the thesis, we consider the Darcy flow as model problem, and we study
the weak imposition of the essential boundary conditions. An important difference between the
variational formulations of the Poisson and the Darcy problems is that the Dirichlet boundary
conditions that were enforced by modifying the trial space in the primal case are now natural,
i.e., they appear as an integral on the right hand side, and the Neumann boundary conditions,
that were before natural, have to be enforced as essential boundary conditions in the Darcy case.

The weak imposition of essential boundary conditions for elliptic problems is a quite well-
understood matter; let us refer, for instance, to [53, 61, 126]. On the other hand, the problem
of weakly imposing the essential boundary conditions for the Darcy problem, to the best of our
knowledge, has not been deeply explored yet, either in standard boundary-fitted methods or in
the fictitious domain setting.

Our analysis is based on the classical H (div)-conforming Raviart-Thomas mixed element defined
in simplicial and quadrilateral meshes. For the boundary-fitted case, we present two families of
methods to weakly enforce the essential boundary conditions for the Darcy equations. The first
one belongs to Nitsche-type consistent methods, and the second one is a penalty method derived
from a perturbation of the strong problem. Both classes of methods are presented in symmetric
and non-symmetric versions. The main advantage of the non-symmetric versions is to exploit the
well-known commuting diagram property satisfied by the Raviart-Thomas element. The discrete
functional setting is somehow unusual since it is based on mesh-dependent norms scaling as
H' x H, instead of the usual H(div) x L?. Moreover, we observe that a superpenalty parameter
is imposed on the flux variable along the essential part of the boundary in both formulations.
Through standard arguments for the mixed element approximation of saddle point problems, we
derive a priori error estimates for the velocity and pressure fields which are optimal for the chosen
topologies but not for the usual ones. The orthogonality along the boundary of the interpolation
operator for the velocity allows us to prove a superconvergence result enabling us to recover the
usual optimal convergence rates for the velocity in the L?-norm. What has been said above
applies to both methods. However, for the penalty method, to avoid technicalities arising from
the regularity theory of elliptic equations with essential boundary conditions, the estimates are
restricted to the case of an analytic solution for the velocity in H'. We observe that we set equal
to one the dimensionless parameter related to the enforcement of the boundary conditions, in
contrast to the Poisson problem case where these quantities have to be taken large enough. A
discussion on the conditioning of the finite element stiffness matrices is carried out. We show
through numerical experiments that the Nitsche method is preferable to the penalty method as
its effects on the condition numbers are much milder.
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In the last chapter we study the case of a fictitious domain finite element discretization of the
Darcy problem. We focus on the Nitsche method presented for the boundary fitted case and
study its extension to the unfitted setting. The discrete formulation is very ill-posed because
the geometry can cut through the mesh arbitrarily. We show that this affects the accuracy of
the approximation scheme and the conditioning of the arising linear system. Our strategy, in
line with [35, 37, 38], consists of adding to the variational formulation at the discrete level two
weakly consistent operators acting separately on the velocity and the pressure fields. Once again,
the choice of the norms for the discrete spaces gives rise to suboptimal orders of convergence
for the usual H(div) x L? topology. The orthogonality argument that allowed us to recover the
optimal L?-estimate for the velocities is no more available because of the mismatch between mesh
and boundary. On the other hand, we can prove an upper bound for the condition number of
the stabilized stiffness matrix. Our numerical studies show that our method delivers optimal
convergence rates with respect to the L?-norm for both velocity and pressure. However, our
stabilization procedure pollutes the divergence of the numerical solution for the velocity and the
numerical scheme preserves the mass only approximately.

Outline

In Chapter 6 we introduce the Darcy problem and its standard approximation with the Raviart-
Thomas element for both triangular and quadrilateral meshes.

In Chapter 7 we propose two methods, a Nitsche-type and a penalty-type, for the weak imposition
of the essential boundary conditions for the Darcy problem. We rigorously analyze their stability
and deliver a priori error estimates for both velocity and pressure, which are optimal with respect
to the chosen norms. In the case of the velocity, we also derive optimal error estimates for the
L?-norm.

The aim of Chapter 8 is to study the extension of the Nitsche formulation of the previous
chapter to the unfitted setting. We propose a fictitious domain method approach that fits the
CutFEM paradigm and uses ghost penalty operators to recover the stability and keep the linear
system’s conditioning under control.

A note on the numerical implementation

The numerical experiments in Chapter 7 were implemented in FreeFem++ [74] and in the Matlab
library GeoPDEs [131]. For the experiments in the unfitted case in Chapter 8, we tested our
method on quadrilateral meshes in GeoPDEs. We thank Dr. Pablo Antolin for providing us with
an automatic routine for performing integration in the cut elements to add to our code.
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Il Preliminaries

In this chapter, we briefly review the construction of isogeometric spline and NURBS spaces
for the discretization of PDEs. The Poisson and Stokes equations, the model problems for this
part of the manuscript, are introduced and discretized. Let us observe that there are several
comprehensive IGA-oriented introductions to splines in the literature; we refer the interested
reader, for instance, to [19, 45, 78].

1.1 Isogeometric analysis: B-splines, mesh and parametriza-
tion

1.1.1 The univariate case

Given two positive integers p and n, we say that = := {&1,...,&+p+1} IS a p-open knot vector if

glz"'zgp-i-l<£p+2§"'§§n<§n+1:"':§n+p+1-

We assume & = 0 and &,1,41 = 1. We also introduce Z := {(i,...,(ar}, the set of breakpoints,
or knots without repetitions, which forms a partition of the unit interval (0,1). Note that

E = {417"'7<17C27"'7C27"'7CAI?"'7<A/I}?
— Y—— ~—
m1 times mo times mps times

where mj; is the multiplicity of the breakpoint ¢; and Zf\il m; = n+ p+ 1. Moreover, we assume
m; < p for every internal knot, and we denote I; := ({;, (;+1) and its measure h; := (41 — (;,
i=1,...,M—1.

We denote as Eiyp : [0,1] — R the ith B-spline, 1 < i < n, obtained using the Coz-de Boor
formula

Ei,O(C) = { 1, if ¢ € [&) &it1),

0, otherwise,

Byl =g B (O + 2 By (@), 221

0 ~
with the convention that — = 0. Moreover, let SE(Z2) := span{B; , : 1 < i < n} be the vector

=

space of univariate splines of degree p. S?(E) can also be characterized as the space of piecewise

11
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polynomials of degree p with a; := p—m; continuous derivatives at the breakpoints (;,1 < j < M
(Curry-Schoenberg Theorem [91]). The number of continuous derivatives at the breakpoints is
collected in the reqularity vector o := (aj)jlvil. A knot multiplicity m; = p + 1 corresponds to
a regularity a; = —1, i.e., a discontinuity at the breakpoint (;. Since the knot vector is open,
it holds a; = ap; = —1. For the sake of simplicity of the notation we assume that the basis
functions have the same regularity at the internal knots, namely o; = o for 2 < j < M — 1. Note
that the derivatives of spines are splines too when p > 1 and a > 0 and, for =’ := {&a,....,&ntp},
the operator L : SE(Z) — SP~L(Z') is surjective., where o — 1 denotes the regularity vector
(a; — 1);\11'

Let us define univariate NURBS. Given the positive coefficients w; > 0, 1 < j < n, we define the

weight W (() := Zwiéi,p(@, and the basis functions
i=1

w; Bj ()
W)

which are called non-rational uniform B-splines (NURBS) and span the NURBS space NE(Z, W) :=
span{N; , i =1,...,n}.

J/\}jap(c) = j:]-v"‘,nv

Moreover, given an interval I; = ({j,(j+1) = (&, &i+1), we define its support extension TJ as

fj = int U{supp(ékm) : supp(ék,p) N #0,1<k<n}=(&—p,&itpt1) -

1.1.2 The multivariate case

Let d € {2,3} denote the space dimension and My, ng,pr € N, B¢ = {&01, - Etmptpeti)s
Zy={Ce1,---,Cem,} be given, for every 1 < ¢ < d. We set the degree vector p := (p1,...,pd),
the regularity vectors ay, 1 < ¢ < d, and B := =1 X --- X Z4. As in the univariate case, we
assume that the same regularity holds at the internal knots for every parametric direction, hence
we drop the bold font once for all and write ap, 1< ¢ < d. Note that the breakpoints of Z, form
a Cartesian grid in the parametric domain Qg := (0,1)¢, namely the parametric Bézier mesh

Mop ={Q5=",4 % x1Iq;, Lo, = (Cojo,Cojot1) 1 1 < o < My — 1},

where each Qj is called a parametric Bézier element, with hq, := diam (Q;). Let h := max{hq :

Q S ./\//707}1}.

Assumption 1.1.1. The family of meshes {M\O,h}h is assumed to be shape-regular, that is, the

ratio between the smallest edge of @ € My, and its diameter h¢ is uniformly bounded with
respect to @ and h.

Remark 1.1.2. Shape-regularity implies that the mesh is locally quasi-uniform, i.e., the ratio
of the sizes of two neighboring elements is uniformly bounded (see [17]). Also note that it allows
us to assign hq as the unique size of the element, without the necessity of dealing with the length
of its edges separately.

LetI:={i= (i1,...,%q) : 1 < iy < ny} beaset of multi-indices. For eachi = (41,...,%4), we define
the set of multivariate B-splines {Bip(§) = Biy p,(C1) - .- Biypy(Ca) = 1 € I}. The multivariate

spline space in ) is defined as SE E) :=span{B; p : i € I}, which can also be seen as the space

7...,()cd(

12



1.1. Isogeometric analysis: B-splines, mesh and parametrization

of piecewise multivariate polynomials of degree p and with regularity across the Bemer elements
given by the knot multiplicities. Note that S® , (E) =S8, (E1,...,Z4) ®z 1 SP(Ep).

Given a collection of positive coefficients {wj : j € I}, we set the weight W (¢) := Z wiéiﬁp(g)
iel
and the multivariate NURBS

Nip(¢) = 250 el

The multivariate NURBS space is defined as NP (E,W) = span{j\\fi,p(() tiell.

Moreover, for an arbltrary Bézier element Q; € MO n, we define its support extension QJ =

11 g - X Id ja» Where Il _jo is the univariate support extension of the univariate case defined
above

1.1.3 Parametrization and physical domain

Let p, E be a degree and a knot vector at a coarse level of discretization. We recall that
for splines h-refinement and p-refinement are obtained, respectively, via knot insertion and
degree elevation [19]. Given a spline space S, (E) = span{B;, : i € I} and control points
{c;j : j € I}, we may define the spline parametrization or isogeometric mapping

=Y aBip(C), €,

icl
such that Qo =F (ﬁo), where )¢ is the so-called physical domain. Similarly, given a NURBS

=2, W) =span ]/\}} :i €I}, we define the NURBS parametrization
QU] yenny Ocd( p P bl p

=Y aNipC), ¢

icl
We define the physical Bézier mesh as the image of the elements in ./T/l\oﬁ through F
Moy ={KCQ:K=F(Q),Qec Moy}

We denote hy := diam (K) for each K € Mg . To prevent the existence of singularities in the
parametrization, we make the following assumption.

Assumption 1.1.3. The parametrization F : Qo — Qo is bi-Lipschitz. Moreover, F 3 € C>(Q)

for every @ € ./T/l\oyh and F~! = € C*(K) for every K € Mg .

Some consequences of Assumption 1.1.3 are the following.

1. hg = hg, i.e., there exist Cy > 0,C2 > 0 such that C1hg < hg < Cohg;

2. there exists C' > 0 such that, for all Q € M\O,h such that F(Q) = K, it holds | DF|[ (o) < C
and HDF_IHLOQ(K) <G

3. there exist C; > 0,Cy > 0 such that €y < |det(DF(¢))| < C for all ¢ € Q.

13
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Moreover, note that Assumption 1.1.3 implies that if the parametric mesh is shape-regular,
then the physical mesh is shape-regular too. With an abuse of notation, we may denote
h := maxgem,, hi, even if the same symbol has been used for the maximum diameter of the
parametric mesh. We define h : Qg — (0, +00) to be the piecewise constant mesh-size function

assigning to each active element K € My ), its diameter, namely h| := hg.
K

Remark 1.1.4. Even though in this thesis we are mainly going to deal with spline spaces,
everything is easily generalizable to the case of NURBS [45].

1.2 Isogeometric discretization of the Poisson problem on
untrimmed geometries

Let I'y denote the boundary of Qg with unit outer normal ng and such that I'y = I'p UT , where
I'p and 'y are non-empty, open, and disjoint.

Assumption 1.2.1. We assume that fD, fD := F~1(I'p), is the union of full faces of the
parametric domain 2.

The Poisson problem is a second-order linear elliptic partial differential equation describing
the diffusion of a given quantity (for instance, a temperature, a mass, or an electric charge
distribution) subjected to an external force or source term and suitable boundary conditions.
Given the source term f € L2(), the Dirichlet datum gp € H?(I'p) and the Neumann datum
gn € H_%(I‘N), we look for u : Q¢ — R such that

—Au=f, in Q,

U =gp, onI'p, (1.1)
ou
= = 9N, onI'y.
on

In what follows, we will use the subscript 0 to refer to the fact that we are discretizing in the
untrimmed domain 5. We define the isogeometric approximation space in the physical domain

VO,h = {Uh oF L. vp € ‘707}1},

—

where ‘70,}1 = SP  4,(E) is the approximation space in the parametric domain, Z is the same
knot vector (or a refinement of it) used for the geometry at a coarse level of discretization with
degree p and internal regularities a;, 1 <17 < d.

We say that & € LQ(I‘D) is a discrete Dirichlet datum if there exists vy, € Vp p, such that vy, - =¢.
We define Y

Vogh = {Uh < W),h L Up = 5}
) 'p

Note that if gp is a discrete Dirichlet datum, then Vogfﬁ is readily defined. Otherwise, we assume
to have an approximation g, p of it which is a Dirichlet datum and, by abuse of notation, we set
Vosfﬁ = VO(]ZD . We can construct such an approximation with an L2-projection of gp on the dofs
associated with T'p as described in [131].

We are finally ready to discretize (1.1).

Find up € V§}) such that

a(un,vn) = F(vp), Y up € Von, (1.2)

14
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where

a(wp,vp) = Vuwy - Vg, Wh, Vh € Vo,h,
Qo

F(uvy) := fon +/ GNVh, v € Vo,n-
Qo I'n

Remark 1.2.2. The writing in (1.2) should be interpreted as a shortcut for the usual lifting of
the Dirichlet datum, see [112].

Another way to impose the Dirichlet boundary conditions, instead of manipulating the discrete
space, is to incorporate them in the variational formulation of the problem. The Nitsche method,
originally proposed in [103], and later rediscovered in [126], is a consistent penalty method that
enjoys optimal approximation properties.

Find uy, € Vo5, such that
an(un,vy) = Fp(vn), YV un € Von, (1.3)

where

8wh 8vh _
ap (W, vp) 1:/ Ywy, - Vuy, 7/ ——p */ wp——+ h~twpop, Wh, vy € Vo,
Qo I'p I'p

on on T'p
symmetry stability
vy, -1
Fyp(vp) = | fon+ gNUp — 905" + h™“gpvn, v € Vo,h,
Qo 'y I'p n I'p

consistency

B > 0 being a penalty parameter.

1.3 Isogeometric discretization of the Stokes problem on
untrimmed geometries

As in the Poisson case, we assume that the boundary of {2, I'g, has unit outer normal ng and
can be written as I'g = I'p U 'y, with I'p satisfying Assumption 1.2.1.

The Stokes equations are a linear system that can be derived as a simplification of the Navier-
Stokes equations. They describe the flow of a fluid under incompressibility and slow motion
regimes. Given the body force f € L?(€)), the mass production rate g € L%(£), the Dirichlet
datum up € Hz(I'p) and the Neumann datum uy € H~2(I'y), we look for the velocity
u: Qy — R? and pressure p : Q9 — R such that

—pAu+ Vp =1, in Qg,
divu = g, in Qg,

g 0 (1.4)
u=up, onI'p,

o(u,p)n =uy, on I'y,
where p > 0 is the wviscosity coefficient, o(u,p) := pDu — pl is the Cauchy stress tensor,
(Du)ij = ZZ;, 1,7 =1,...,d. The first equation is known as the conservation of the momentum
and is nothing else than Newton’s Second Law, relating the external forces acting on the fluid to
the rate of change of its momentum, the second one is the conservation of mass (when g = 0).
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We need to construct compatible spaces for velocity and pressure for the discretization of the
Stokes problem (see [28]). To define the isogeometric spaces in the parametric domain, we need
to resort to the following cumbersome notation. For every 1 < ¢ < d, let =y be a knot vector of
degree k and regularity vector «, with 2 = =1 x - - - X = is the knot vector used for the geometry.
We construct ég, a knot vector of degree k + 1 and regularity a + 1, from =, by adding one
repetition of the first and last knots. By increasing the multiplicity of the internal knots =0 by
one, we obtain Zy, a knot vector of degree k + 1 and regularity «.

We define the following approximation spaces in the parametric domain.

E+1k % = kktl m e
{/RT . SaJrl a(‘—‘ ‘—‘2) X Sa,a+1(_‘13‘—‘2)7 ifd= 2,
0,h * k+Lkk 5 = o Ek+1k (= & = bkt (o = = T
Sa-i—l a, a(“17“27_‘3) X Sa7a+17a(“1’u27—‘3) X Sa7a7o¢+l(“1’_‘27‘~ ), ifd = 37
k4+1,k+1 k41,k+1 e g
N SaJrl « (‘—‘17 ) X Sa ,a+1 (Hla*—*Q) lfd = 2,
0,h = k+1,k+1,k+1 E+Lk+1k+1 5 = = k4+1,k+1,k+1 = —
Sa+1 a,« (—417-—42,—43) X Sa a+tl,o (-—417—4 =3 ) X Sa a,a+1 (u1,_.2,_43)7 ifd= 3,
E4+1L,k+1 (= = k4+1,k+1 .
{TH ._ S+ +(1,:) S+ +(1~2) ifd=2
0,k - klklkl k+1,k+1,k+1 = k+1,k+1,k+1 = . N
SatzaJr + ( =1, ‘—‘2"—‘3) Songzoz+ * ( 1= 2?‘—‘3) SataJr + ( =1, ~—*27'—*3)7 ifd= 3,

Boy i | SERELE), ifd =2,
’ She(E1,E2,Bs), ifd=3.
It holds ‘A/O}f,? C ‘701?1 V , see [28]. We note that, for a = —1, VO . and V, o recover the

classical Raviart-Thomas ﬁmte element and Nédélec finite element of the second klnd respectively.
For a =0, VE)T,? represents the classical Taylor-Hood finite element space. Henceforth we assume

a > 0, otherwise ‘A/O'?’h, O € {RT,N, TH}, is a discontinuous space (of jump type) and it does not
provide a suitable discretization for the velocity solution of the Stokes problem, since it is not
H'-conforming.

The isogeometric spaces in the physical domain g read as follows
VOPth ={vp 1y (V) € 170%{,?}, Voltlh =A{vp it (vp) € 17017,1}, VOT,fI ={vp:vpoF € ‘A/OT,?
on =Qon = {an : tp(an) € Qon}, Qo ={an: quoF € Qon},

where ¢, and ¢, are, respectively, the divergence-preserving and integral-preserving transformations,
defined as

o tH(div; Q) — H(div;Qg), 1y (v) := det (DF) DF ! (vo F),
L2(Q) = L*(Q), 1p(q) := det (DF) (qo F).

We are going to refer to the pairs VOIT‘E - ORE, VOI?Ih - QON’ o VOT,? - QE{E as the isogeometric
Raviart-Thomas, Nédélec and Taylor-Hood elements, respectively. To further alleviate the notation,
we adopt the convention to omit the superscript O € {RT,N, TH} when what said does not
depend from the particular finite element choice. Let us observe that, in the physical domain,
VOF,{E - VoI?Ih, Z VOT}? :

For the Taylor-Hood element, the spaces satisfying boundary conditions I/[)T;{ P and VOThH 0 can
be constructed, in general, by using an L?-projection on the dofs associated with I'p, as explained
for the discretization of the Poisson problem. Hence, we can discretize (1.4) as follows.

Find (up,pp) € V[)T;{’uf’ X QOT,I;I such that

a(up,vy) +0(vh,pn) = F(vh), Vv, € VOT;IL{’07
b(un, qn) = G(qn), Y an € Qo
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where
a(Wp,vp) ::/ uDwy, : Dvp, W,V € VOT;?7
Qo
b(Vh, qn) == — / qn div vy, Vi € ‘/OT;?, qn € QoT,l;LLI
Qo
F(vy) = f'Vh+/ uy - Vp, Vhe‘/bThHa
o 'y ’
G(qn) == —/ 94n, qn € QoT,ﬁ
Qo
We observe that the imposition of the non-homogeneous Dirichlet boundary conditions in (1.5)

should be done with a lifting.

We recall that the Raviart-Thomas isogeometric element satisfies div VOIT‘E = g‘% [34]. This
property still holds when no-penetration boundary conditions are prescribed to the velocity fields

and, consequently, constant discrete pressures are filtered out, namely div (VOI}? N Hy(div; QO)) =

Q&E NL3(Qo). However, div (%R,;F N H&(QO)> c QOP:E N L3(Qo), meaning that the discrete inf-sup
condition is lost when the no-slip boundary conditions are strongly imposed [58].

Motivated by this observation and by the inclusion Vof{,lT C Voltrh, we follow [58, 59, 131] and
impose the tangential component of the boundary conditions in a weak sense through the Nitsche
method [63]. Let us define VOI)D”,LT e VOITI,;UD and VOP,{,;F ’O,VOI?I;LO, but this time the L?-projection
acts just on the normal component of the datum on the dofs living on the Dirichlet part of the
boundary. At this point, we consider the following Nitsche formulation.

Find (up,pp) € VOD}ZUD X Q([)j,h such that

an(p, vi) + 01(Vh,pn) = Fr(va), Vv € V(EAO’

g (1.6)
bl(uhaqh) = Gl(Qh)> v qn € QO,ha
where
an(Wr,Vvp) ::/ uDwy, : Dvy, —/ uDwyn - vy —/ uwp - Dvpn
Qo I'p I'p
symmetry
+'Y/ h_lﬂwh * Vi, Wh, Vi € ‘/E)‘?lha
T'p
stability
b1(Vh,qn) == */ qn divvy, +/ qnVh - 1, vi € Vo, an € Qg
Qo 1—‘D
Fh(Vh) ::/ f-Vh+/ uy - v
Qo I'n
_/ puap - DVhH-F'Y/ hilMuD *Vh, Vi € VODh7
FD 1_‘D 7
consistency
Gi(qn) == —/ 94n +/ gnup -1, qn € QEh,
Qo I'p

consistency
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where v > 0 is a penalty parameter and O € {RT,N}.

Alternatively, it is possible to use the Nitsche method to enforce the “whole” Dirichlet boundary
conditions (both the penetration and slip parts) in a weak sense. In this way, we get a unified
formulation for the different choices of isogeometric elements.

Find (uy,pp) € V(Eh X QO‘:]h such that

an(Wn, vi) +01(Va,pr) = Fu(vi), ¥ vi € Vi,
bl(uha qh) = Gl(qh)v v qh € QE}L?

where O € {RT,N, TH}.

18



] Stabilized isogeometric discretiza-
tion of the Poisson problem on
trimmed geometries

This chapter is devoted to the numerical analysis of the isogeometric discretization of the Poisson
problem in trimmed domains.

As we have already mentioned in the introduction, for the discretization of a PDE to be robust
to the trimming operation, the following points need to be addressed:

e quadrature rules to integrate in the trimmed elements must be available;
e the conditioning of the resulting linear system needs to be under control;

e its discrete formulation has to be stable or well-posed.

The problem of integration here goes by the wayside as we adopt the strategy proposed in [4]
where the cut elements are locally reparameterized by a piecewise polynomial approximation
with the same degree as the spline basis used for the discretization of the space.

Concerning the conditioning issue, we do not have a sound solution to the problem, but we
constructed tests to check the behavior of the condition number of the stiffness matrix. Numerical
evidence shows that a rescaling of the stiffness matrix, coupled with our stabilization, dramatically
reduces the condition number. However it does not solve the conditioning issue in all configurations
(see Section 2.4.4). A clear theoretical understanding of the issue is beyond the scope of this
work, and, in this regard, the interested reader is referred to [100] and to [50, 51].

The main contribution of this chapter is proposing a novel stabilization technique, inspired
by [73], which locally modifies the discrete formulation while keeping the discrete functional
space unaffected, in compliance with the so-called isogeometric paradigm. This stabilization is
“minimal”, in the sense that it does not introduce additional parameters, in contrast with the
CutFEM [37], and finite cell methods [47]. The main idea, inspired by [73], is to modify the
evaluation of the normal derivatives of the basis functions at the “bad” cut elements. We present
two different versions of the stabilization. The first one is based on polynomial extrapolation
in the parametric domain, which is easier to implement from the numerical point of view but
suboptimal in some cases. The second is a projection-based stabilization performed directly on
the physical domain, which allows us to recover optimal a priori error estimates.

The chapter is organized as follows. In Section 2.1 we set the notation for the isogeometric
discretization and introduce the Nitsche formulation of the Poisson problem on a trimmed domain.
After having explained in detail in Section 2.2 the causes for the lack of stability of the Nitsche
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formulation in trimmed geometries, in Section 2.3 we present our stabilization technique. Two
possible constructions of the stabilization operator are suggested and analyzed in Sections 2.3.1—
2.3.4, and error estimates are provided in Section 2.3.5. Finally, we conclude by showing
some numerical examples in Section 2.4, obtained using the MATLAB library GeoPDEs [131],
confirming the theoretical results.

C will denote generic positive constants that may change with each occurrence throughout the
chapter but are always independent of the local mesh size and the position of the trimming curve
(surface, if d = 3) unless otherwise specified.

This chapter is based on the publication [33].

2.1 Isogeometric discretization

2.1.1 Parametrization, mesh and approximation space in the trimmed
domain

For the sake of convenience, we will partially re-define some of the notations already introduced
in Chapter 1. Let E be a knot-vector at the coarsest level of discretization, p a degree-vector,
and oy, 1 < ¢ < d, regularity vectors. The induced parametric Bézier mesh in Qg = (0,1)% is
denoted by ./T/l\oﬁ and is required to satisfy Assumption 1.1.1, allowing us to assign hg as a
unique measure to each element and to use the Bramble-Hilbert type results developed in [17].
Finer meshes can be constructed by knot insertion, as explained in [19], and allow us to obtain a

sequence of nested meshes (MOJL) .
h>0

Let Q9 C R? be the untrimmed domain, homeomorphic to ﬁo = (0, l)d through the isogeometric

mapping F € (Sgl’m’ad(E))d, which is given from the CAD description of the geometry and,
to prevent singularities, is required to satisfy Assumption 1.1.3. Moreover, let Qq,...,Qx be

domains of R? and assume that |J_, ©; are to be cut away from Qq, i.e.,

N
Q=0\J . (2.1)

We call Q a trimmed domain and assume that its boundary I' is Lipschitz with outer unit normal
vector n. We observe that, after trimming, the parametrization of the original patch remains
unchanged; that is, the elements and basis functions fit the boundary of € instead of that of €,
see Figure 2.1.

For the sake of simplicity of the presentation, but without loss of generality, we assume N = 1
n (2.1). Moreover, we let I' = I'p U 'y, where I'p and I'y are non-empty, open and disjoint.
The trimming curve (respectively, trimming surface if d = 3) is I'p :=T N 98;.

We define the isogeometric space in the parametric domain, namely XA/(M =SB .0, (E), where
= is the same knot vector of the geometry or a refinement of it. Throughout the chapter we are
going to consider p=p; =--- =pg and @« = a; = - -+ = @, hence we may write p instead of p.

Remark 2.1.1. We observe that the previous construction and what follows could be done in a
more general setting by considering different but fixed degrees and regularities for each parametric
direction. In that case, all the constants appearing in the inequalities of the theoretical results
would depend on the difference between the degrees and possibly explode if this difference is not
kept bounded. Further generalizations to the anisotropic setting, either in terms of the mesh or
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2.1. Isogeometric discretization

(a) Here, (2.1) with N = 2: Q; and Q9 are the blue (b) B-splines are defined in the untrimmed domain.
domains; 2 is the red domain.

Figure 2.1 — An example of trimmed domain. Images courtesy of Dr. Pablo Antolin.

in terms of the degree, would rely on the approximation theory in anisotropic Sobolev spaces (see,
for instance, [20, 46]). These extensions are far from trivial and out of the scope of this work.

Let us recall that the physical Bézier mesh is the collection of the images of the elements in M\O,h
through F, namely My = {K : K = F(Q),Q € M\O,h}. It will be convenient to define the
active physical Bézier mesh My, := {K € Mo : KNQ # 0}, and, similarly, the active parametric
Bézier mesh M\h ={Q:Q=F1K),K € M}}. For every K € My, let hx := diam(K) and
h:= maxgem, hix. We define h : Q@ — (0, +00) to be the piecewise constant mesh-size function
assigning to the active part of each element K € My its whole diameter, namely h = hg.
The elements whose interiors are cut by the trimming curve (or surface) are denoted as Gy,
namely, G, := {K € My, : T'k # (0}, where I'c := I'r N K. Note that in the rest of the chapter
we often write I'c and it should be clear from the context to which part of the boundary we are
referring to. We are also going to denote I' := F~1 ('), I'p := F~1 (I'p), I'r := F~1 (I'7) and as
n the respective outward unit normal. By pushing forward through F the isogeometric space in
the parametric domain to the physical domain €0y and then restricting it to the active part of the
domain, we obtain the following discrete spaces, suitable for the discretization of (2.3) in £,

Vi = {Uh‘g v € Vo’h}, VO,h = {Uh :vpoF € XA/O,h}.
We introduce the following mesh-dependent scalar product in V3
(WhsvR)y = / Vuwy, - Vg +/ h™ wpop, Wh, Vp € Vi,
Q T'p

inducing the norm

2
_1
lonl s = Vonl3aqqy + |0 2en on € Vi (2:2)

L2(Tp)’

2.1.2 Variational formulation using Nitsche’s method

Our model problem is the Poisson problem already introduced in (1.1) in the context of a standard
boundary-fitted discretization in the untrimmed domain €2y. Let us restate it for the sake of
convenience. Given f € L%(2), gp € H=(I'p) and gy € H~2(T'y), we look for u : @ — R such
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that
—Au=f, in €,
U =4dgp, on FDv (23)
ou onT
— = n .
on gn, N

Our approach is closely related to the fictitious domain methods, where the active part of
the domain 2, with a possibly complicated topology, is immersed into a simpler, but unfitted,
background mesh. Similarly to fictitious domain methods, we need to be able to impose the
Dirichlet boundary conditions when the mesh is not fitted with the boundary. Following [61, 126],
we decide to employ Nitsche’s method, which reads as follows in its symmetric form.

Find uj, € V}, such that

ah(uh, 'Uh) = Fh(’()h), Y o, € Vy, (24)
where
8wh 3Uh _
an(wn,vn) 52/ Vwp, - Vuop — ——Un —/ wp—— + 6 h™ wpvp, Wh, U € Vh,
Q T'p 8774 Tp an T'p
symmetry stability
(%h 1
Fu(vn) == [ fon+ gNUR — gp—F— + B h™ gpun, vy € Vi,
Q T'n T'p on I'p

consistency
B > 0 being a penalty parameter.

Remark 2.1.2. We emphasize that, in order to simplify the presentation, in formulation (2.4)
we impose the Dirichlet boundary conditions in a weak sense on the whole I'p. In the case where
there is I' C T'p such that F~1(T") is a union of full faces of the parametric domain €2y, then one

could have strongly imposed Dirichlet’s conditions on r by appropriately modifying the discrete
velocity spaces, see Section 1.2.

Remark 2.1.3. The imposition of the Neumann boundary conditions can be done as usual even
if the mesh is not aligned with I'y. These conditions are natural for the Poisson problem, i.e.,
they can be enforced through a boundary integral as long as suitable quadrature rules in the cut
elements are available, see [4].

Motivated by the previous remark, we henceforth assume that I'y N T'r = (3, so that I'y C I'p.

Our main goal is to provide a minimal stabilization that makes formulation (2.4) uniformly stable
(or well-posed) with respect not only to the mesh-size but also the relative position of mesh and
trimming curve.

2.2 Lack of stability of Nitsche’s method

Firstly, let us clarify what we actually mean by stability or well-posedness of the discrete variational
problem (2.4).

Definition 2.2.1. We say that problem (2.4) is stable (or well-posed) if there exist § > 0 and
«a > 0 such that, for every 8 > f3, it holds that

2
o ||Uh||1,h < an(vn,vn), YV oy €V,
and for every fixed 3 > f there exists v > 0 such that

an(wn,vn) < |lwnllypllonlly .V wa,vn € Vi
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2.2. Lack of stability of Nitsche’s method

Remark 2.2.2. The main point of Definition 2.2.1 is to find 3, a, and v that do not depend on
the trimming configuration. In the following lines, we will show with a numerical example that
formulation (2.4) is not stable.

Remark 2.2.3. In Definition 2.2.1 we followed [126]. Note that the coercivity constant only
depends on 3, while the continuity constant depends on the penalty parameter 3, and in particular
it grows with 8. This dependence of the constant on § also occurs in Theorem 2.3.17 and in
Proposition 2.3.20. In practice, 3 has to be chosen large enough (i.e., larger than ), but as close
as possible to 3, to avoid that the continuity constant deteriorates.

Proposition 2.2.4. If for all K € Gy, we have T = 0, then problem (2.4) is stable.

Proof. The proof is quite standard, but we include it for the sake of completeness. Since we work
in the boundary-fitted regime, the following discrete trace inequality holds

<Cy ”vvh”L"’(K) , Yoy € Vi, (2.5)
L2(Tk)

see Theorem 4.2 of [57]. Let us start with the coercivity. For v, € V4, it holds

v _1 2
an(vn,vn) = ||V'Uh||2L2(Q) - 2/r 87:% + Hh ;”Uh‘
D

L*(T'p)

From Cauchy-Schwarz’s and Young’s inequalities together with (2.5), we have

a"Uh 1 2 2 -1 2
2/FD on = ECI IVURll72(0) +€ Hh 2%’ L2(Tp)’ =20
Hence,
> (1= 202) |vun? h o]
an(vn,vp) = oI | vhHL?(Q) +(B-¢) H Uh‘ L2(Tp)
It suffices to choose € > 0 such that C? < e < . Let wp, vy, € Vj, then
(n, ) < [Fnl o 1Vl + 3| [t
ap(wp,vp) < w v v
n(Wh, Up, hilL2 () hilL2(Q) on L2(Tp) h L2(I'p)
o 1
_|_Hh%vh Hh—iwh‘ —|—ﬁHh_%whH ‘h_%vh‘
on |12, L2(Tp) L2(Tp) L*(I'p)
o ) Hh—% ‘ Hh—% ‘ ‘h_% ‘ .
+ 1||Vvh||L () Wh LZ(FD)+5 W L2(T'p) vh L2(Tp)
Hence, it suffices to take v > max{1,2C;, 5}. =

The following numerical experience shows that there exists a trimming configuration for which
the formulation (2.4) is not stable according to Definition 2.2.1. In particular we show that for
every fixed § the continuity constant v may be arbitrarily large for a given h > 0. First, we
notice that if y3 is the continuity constant corresponding to 3, then vz > v for every 5 > 1. So,
we fix 8 = 1 and show that v; can be arbitrarily large.

Let us consider the following generalized eigenvalue problem.
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Find (un, An) € Vi, \ {0} x R such that

0 0
/ Vuy, - Vo, — / ﬂvh — / uhﬂ —|—/ hiluhvh = )\h(uh,vh)l,h, YV oy € V. (2.6)
Q T'p (9n T'p 671 T'p

As the problem is symmetric, the continuity constant v; equals the maximum eigenvalue of (2.6).

Let us consider 2y = (0,1)? and as trimmed domain = (0,1) x (0,0.757). We fix h = 275 as
mesh size and p = 3 as degree. We construct a sequence of discrete spaces (Vi ) .~ of degree
p and of class C? at the internal knots, starting from the uniform knot vectors Z,, Ey and
substituting in the latter the knot 0.75 with & = 0.757 — . Basically, the horizontal knot line
{(z,y) : y = 0.75} is replaced by {(z,y) : y = &}, which is such that the smaller £ > 0 is, the
closer to the trimming curve it becomes. In Figure 2.2(a) we plot Q = (0,1) x (0,0.757) (in red),
{(z,y) : y = &} (in solid blue), {(x,y) : y = 0.75} (in dotted gray).

In Figure 2.2(b) we can see the dependence of the spectrum of (2.6) on the magnitude of e.
In particular, the magnitude of the largest generalized eigenvalue goes to infinity as € goes to
0, implying that the discrete formulation (2.4) is not stable, as the continuity constant can be
made arbitrarily large by reducing €. Going through the proof of stability, we clearly miss a

F T T T T I
g{[ " "rTrmmmmmmmemes 106 g E
.............................. 105 % é
¢ 10'F £
Y B | |
10% ¢ E
2 [ ]
107 ¢ 0.5\
S N N W N
-t 107" 107®
g
(a) Rectangle. (b) Maximum generalized eigenvalue vs. €.

Figure 2.2 — Testing the lack of stability of formulation (2.4) with respect to trimming.
discrete trace inequality like (2.5) which is uniform with respect to any mesh-trimming curve
configuration, namely,

S CIVorl 2 ke >
L2(I'k)

where C' does not depend on the shape and diameter of K N (2.

At this point, in order to be able to deal with a stable problem, we want to find a way to improve
this discrete trace inequality, where the constant does not depend on how the trimmed boundary
intersects the mesh.

2.3 The stabilized formulation and its analysis
The goal of this section is to present a new stabilization technique for the problem (2.4). Our

construction is inspired by the work of J. Haslinger and Y. Renard in [73] and mainly follows
three steps:
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(1) distinguishing good and bad elements depending on how elements are cut;
(2) finding a good neighbor for each bad element;

(3) stabilizing the normal derivatives at the bad elements with the help of the good neighbor.

Let us start partitioning the elements of the Bézier mesh into two disjoint subfamilies.

Definition 2.3.1. Let 6 € (0, 1] be the volume-ratio threshold and Q € M\h. We say that @ is a
good element if
’ﬁ n Q’
Q|

Otherwise, @ is a bad element. Thanks to the regularity Assumption 1.1.3 on F', this classification
on the parametric elements naturally induces a classification on the physical elements. M7 stands
for the collection of the good physical Bézier elements and MY for the one of the bad physical
elements. Note that My, \ G, C M*Z and M?L C Gp. We denote the set of neighbors of K as

> 0.

N(EK) = {K' € My, : dist (K, K') < Ch}\ {K}, (2.7)

where C' does not depend on the mesh size nor on the trimming configuration.

The following assumption is not restrictive since it holds true if the mesh is sufficiently refined.

Assumption 2.3.2. We assume that for any K € M}, there exists K’ € N'(K) N Mj. From
now on we will refer to such K’ as a good neighbor of K.

In what follows, we will use Assumption 2.3.2 to construct a stable representation of the normal
flux of discrete functions. Let us assume that there exists an operator

Ry : Vi, — L*(T'p),

which approximates the normal derivative on I'p in a sense that will be specified. We propose
the following stabilized formulation of problem (2.4).

Find uj € Vj, such that
an(un,vn) = Fr(vp), YV o € Vi, (2.8)

where

Eh(wh,vh) :=/ Vwy, - Vo, — Rh(wh)vh —/ thh(Uh) + 5 hflwhvh, Wp, vy € Vi,
Q T'p Iy

D I'p

Fp(vp) 1:/ fUh+/ QNUh*/ gpRp(vn) + B h~tgpun, v € V.
Q FN FD 1—‘D

Theorem 2.3.3. Suppose Ry, satisfies the following stability property. Given 6 € (0,1], there
exists C > 0 such that, for every K € Gy,

where K' is a good neighbor if K € MY, K' = K if K € M{. Then problem (2.8) is stable in
the sense of Definition 2.2.1 (modified accordingly).

< Cl[Vunllp2ankry » V vy € Vi, (2.9)

],
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Proof. For the continuity, let wy, v, € V3, and estimate

h%Rh(wh)‘

@, 00| < 9w 2 oy [ Vonl iz + |

[p2en]
L2(T'p) L2(T'p)

| =2

% R (o) : [n | , 1P [t

L2('p L2(I'p L2(I'p) L%2(T'p)

<llwnllyp llonlly, + CIVwall Lo (g 1ol

+ B [Jwn]

L T CIVORl 20y lwnlly

i llonllyn < Cllwallyp llonlly g

where we employed thr Cauchy—Schwarz inequality, the definition of the norm (2.2) and the
stability property (2.9). Take v}, € Vj,. By using the Young inequality, with § > 0, and, again,
the stability property (2.9), we obtain

2

1 2
thh(Uh) HLZ(FD)

> (1-5) 190l + 5 6) 2o

L2(Tp)

—3[|nton|

_ 2 1
an (v, vn) 2 [|Vonllze) = 5 ‘ L2(Tp)

2 2

+ B Hhi%vh’

L2(Tp)
from which we deduce the coercivity, provided C' < § < . O

Remark 2.3.4. Let us observe once for all that the subsequent constants related to the stabi-
lization operator R, will depend on the threshold parameter 6.

In order for the solution of (2.8) to be a good approximation of u, it is clear that we will also need

u
to quantify the error between Ry, (up) and I This issue will be addressed in the next section.
n

2.3.1 Construction of the stabilization operator

The definition of the operator Ry, is not unique. As already observed, we seek a stable approxi-
mation of the normal derivative on the trimmed part of the boundary, namely, on I'i for every
K € Gy. Here, we propose two different constructions of such an operator.

o A stabilization in the parametric domain: for each K € MY we take the canonical polynomial
extension of the pull-back of the functions of Vj, from Q' := F~}(K’) to Q := F~1(K),
where K’ is a good neighbor.

o A stabilization in the physical domain: for each K € MI;L, we first L2-project the functions
restricted to the good neighbor K’ onto the polynomial space Q,(K’); then we take their
canonical polynomial extension up to K.

Definition 2.3.5 (Stabilization in the parametric domain). We define the operator Ry, : Vi, —
L?(T'p) locally as Ry (vs) = R (vp,) for all K € Gy, and vy, € Vj,, where

o if K e MJ,
51};1’
Ry (vp) := 5
o if K e MY,
B (5@,@ (ah‘ ) oF_1>
Ry (vp,) := o ,
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where £g.g : Qp(Q") = Q,(Q" U Q) is the canonical polynomial extension and K’ a good
neighbor of K.

An alternative stabilization operator can be defined by using the L?-projection in the physical
domain.

Definition 2.3.6 (Stabilization in the physical domain). We define the operator Ry, : V;, —
L?(T'p) locally as Rp,(vp) = Ry (vy) for all K € Gy, and vy, € V,:

. ifKEMZ,

o if K=F(Q) e M}, K' e N(K)N M,

0 (Exr (e (1n],)

RK (Uh) = on )

where g/ : L? (K') — Q, (K’) is the L2-orthogonal projection, Ex/  : Qu(K') —
Qp(K’ U K) is the natural polynomial extension and K’ a good neighbor of K.

Remark 2.3.7. Note that in the trivial case where there is no isogeometric map, namely F = Id,

the L?-projection IIg reduces to the identity operator, and the two stabilizations coincide.

Before analyzing the properties of the two stabilization operators, let us formalize our quasi-
interpolation technique. The target function, living in the trimmed domain 2, is extended up to
the mesh-fitted domain g, hence quasi-interpolated with standard techniques.

2.3.2 The quasi-interpolation strategy

Let us follow an interpolation procedure similar to the one of [37]. We define for m > 1,

)

where E : H™(Q2) — H™(RY) is the Sobolev-Stein extension operator, independent of m (see
Section 3.2 of [104]) and II9 is the spline quasi-interpolant onto V!, see [30, 87]. Let us prove
that II; enjoys optimal approximation properties.

b

O, : H™(Q) = Vi, v 110 <E (v)
Q

Theorem 2.3.8. There exists C > 0 such that, for every v € H™(Q) with m > 1,
[v— Hthl,h < Ch* ”UHHm(Q) )
where s := min{p, m — 1}.
Proof. First of all, we apply the trace inequality of Lemma A.1.2. Then, we proceed by employing
the standard approximation properties of II9 and the boundedness of the Sobolev-Stein extension
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operator.

2
_1
o =Tl =V (0 = ) ooy + 072 0 =) [, < |V (B() ~ 1)

+C Y [N (B@) = IRE©) || 2 1E@) = TREQ)]| 1 )
Kegy
<Ch* IIE(v)II}‘&m(QO)
+C D7 [ (B) =TREW)) | 2 IE®) = TRE®)]| 11 )
Kegy,
<Ch* ||U|@Im(9) +{[h ™ (B(v) - H?LE(U))HLQ(QO) [E() - H?IE(U)HHI(QO)

<Ch** 0]} ()

2
||L2(Qg)

2.3.3 Stabilization operator in the parametric domain

We are now up to verify if the stabilization operator in the parametric domain R}, verifies the
stability property (2.9). Its proof relies on a series of quite technical results that are reported in
the appendix.

Theorem 2.3.9. The stability property (2.9) holds for Ry, defined as in Definition 2.3.5, i.e.,
there exists C > 0 such that, for every K € Gy,

where K' € MY is a good neighbor if K € M%, K' = K if K € MJ.

< ClVonllzonrry s ¥ vn € Vi

h%Rh(Uh)HLQ(FK)

Proof. We can restrict ourselves to the case K € M’ with good neighbor K’. Let vj, € V}, and
vp, = Eqr,0(Th o )oF~1, where Q := F~(K) and Q' := F~!(K’). It is enough to prove

1
hiﬁh‘

L) < Cllvallp2nrr -

It holds that
— 2 — 2 —~ 12 1~
158 ) = / o2 = / (%02 det (DF)| | DE4|
FK F_l(FK) (2 10)
gc/ B = C ol
F1(Tx) L2(I'pNQ)

where we used F~1(T'x) = F~1(I'p) NF~1(K) = [, N Q, because F preserves boundaries (as
homeomorphisms do). Hence, we have, by the Holder inequality,

3
th||L°°(Q)'

~ = 3 ~
[0l a8 prigy < [P0 1 Q) 1Bl gy < [Fp 0

Now, we employ Lemma A.1.4 and Lemma A.1.1:

1
~ 12 E 2~ a—1
1801328y < C [P0 N QL Inlm gy < O T ol

28



2.3. The stabilized formulation and its analysis

ONQ

2N K| o ‘
—————— >0 implies —————— > (4,
K| Q']
where C depends just on F, thanks to Assumption 1.1.3. Moreover, let us push forward to the
physical domain

At this point, notice that we can use Lemma A.1.5 because

50l ) < ChF ol o @iy < CH lonll s - (211)
Gathering together (2.10) and (2.11), the proof is finished. O

In what follows, we analyze the approximation properties of the stabilization operator in the
parametric domain Rj; and provide estimates that will be used in Section 2.3.5 to deduce a
complete error estimate.

Proposition 2.3.10. There exists C > 0 such that, for every K € Gy,
e f2<m<p+ %, for every v € H™(),

h= (Rh (ITx(v)) — 8n)

e if m > max{p+ %, 2} and each internal knot line is not repeated, for every v € H™(Q), for
all e > 0,

Jné (7 o - 57 )

Here, K' is a good neighbor if K € M}, K' = K if K € M, By = F(Bg), and Bq is the
minimal bounding boz enclosing QU Q’, Q :=F 1K), Q" :=F 1(K').

<ot (|E<v>||Hm(;(,) n ||E<v>Hm<BK>) :
L2?(T'k)

< W3 (IO () + 1B ani ) -

L2(Tk)

Proof. Let K € G, and distinguish two cases: either K € M{ or K € Mb. If K € MY, we use
Corollary A.1.3, Young’s inequality, and standard approximation results:

2

2 ‘

1 ov
h (Rh (I (v)) — 8n) ‘ et
<C ||V (I} (E(v)) — E(v)) HL2(K) |V (I, (E(v)) — E(v)) HHl(K)
<Ch* || E(v)

L2(Tk)
(2.12)

2
e () »

where s := min{p,m — 1}. If K = F(Q) € M} and K’ = F(Q') € N(K) N M7 is its good
neighbor, we proceed by pulling back to the parametric domain and triangular inequality

1 81) 1 (9
h2 11 e < hz — / 11 F -0
| (Rh< 2 () 8n) |y, <€ \ . <SQ ,Q< » () o Q,> ) wn gy
2.13
1 0 1 0
<c(|nt 2 (0 (mrev], ) - 1) 8 LA )
on ’Ql L2(fDmQ) In L2(fDmQ)

where 7 := E(v) oF and ¢ € Q,(Bg) (where Bg is the minimal bounding box containing QQ U Q")
to be chosen. We observe that £gr o @‘Q = q. Hence, by Theorem 2.3.9 (in the parametric

domain), the first term of (2.13) becomes

‘ h%% (562'.,62 (Hh (v) OF’Q’) - qA>

<V @) o F - Dl gy, (214)
L2(T'pNQ)
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By the triangular inequality, the optimal approximation properties of spline quasi-interpolants [30],
and the norm equivalence between parametric and physical domain, (2.14) becomes

10 Iy
I Gl CACTE MR |
<[V (I, (v) o F — +IV(@
<Ch* || E(v)

(2.15)

U)HLQ(QQQ/) - q)”Lz(aﬁQ’)

||Hm(E/) + ”v (E}\ - (/]\)”L2(§OQ’) )

where s := min{p,m — 1}. From Corollary A.1.3, the second term of (2.13) can be bounded as:

Thus, by combining (2.13)-(2.16), we obtain

I
n

G-7) <CIV @D} INY @Dl o) - (2.16)

L2(TpNQ)

<Ch®||E ~
peirny SO B e

1 R i
+CIV @Dl INY @ D)2 g (2.17)
<O By ey + IV @ = )l 125

1 o1
+CIV (@ = VL2 5o 1NV (@ = D)1 ) -

) + ||V(6f a)||L2(§mQ/)

ot (R () - 57|

We want to apply the Deny-Lions Lemma (Theorem 3.4.1 of [112]) on Bg. By the theory of bent
Sobolev spaces (see [17]), we have E(v) € H™(Qy), but, in general, ¥ Be ¢ H™(Bg), since it is
bent by F, a spline of degree p and regularity p — 1 (under the assumption that internal knot
lines are not repeated). It holds, indeed, that if‘BQ € H"(Bg), where r := min{p + 1 — ¢, m}.

So, there exists ¢ € Q,(Bg) such that
~ =175 ~ r—2 ||
g — U”HI(BQ) <Ch HU”HT(BQ) ) 7 — U||H2(BQ) <Ch HU”HT(BQ) )

where C' depends on the shape-regularity of Bg through Theorem 3.4.1 of [112] (see Remark 2.3.11).
By pushing forward to the physical domain,

1=l sg) < OB @ ey 17— Do) < OW 2 IE@ gy (218)

where B = F(Bg). From (2.17) and (2.18), it holds
1 v
’hf <Rh (ITx () ) ‘

~on
where s := min{p,m — 1} and 7 := min{p + 1 — e, m}. We want to rewrite inequality (2.19) by
distinguishing two cases.

s ~
LQ(FK) SCh ||E('U)| H"”(K/)

+Ch! ||E(U)HH”‘(BK) ) (2.19)

. 2§m<p+%. In this case,

o m > max{p+ %,2}. Then, for any € > 0,

né (R () - 57

< O (LB () + 1Py )

L2(Tk)

ot (R (me) - )

< ChP=27¢ (IIE(U)HHM(I},) T IE@) g 5,0) ) :
L2(Tk)
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O

Remark 2.3.11. Let Ng = #{K* € M), : K* N Bg # 0} and Ng = #{Q* € M, :
Q* N Bg # 0}, given K € M), and Q = F1(K) € M,,. Note that Nx = Ngo. Nk may
vary according to the constant C' appearing in (2.7) and the space dimension d, but it is
uniformly bounded with respect to i thanks to the regularity of F and, in particular, to the
shape-regularity of M, (see Assumptions 1.1.3, 1.1.1). The shape-regularity of M, also implies
that, given K € My, #{B; : Bp NK # 0, K € My} is uniformly bounded with respect
to h. The uniform bound for Ng implies the shape-regularity of Bg. In other words, given
pB, = sup{diam(B) : B is a ball contained in By} and hp, := diam(Bg), the geometric
quantity ZBQ ~ pL is uniformly bounded with respect to Q € M n. Hence, we can seamlessly
B B
apply Theor(ém 3.4.f of [112] in the proof of Proposition 2.3.10.

Remark 2.3.12. Note that if 2 < m < p + %, the estimate is optimal. In the case m >
max{p+ 1,2} the estimate is suboptimal, instead. As already mentioned in the proof, this is due
to the fact that E(v) € H™(Bg) does not imply E(v) o F € H™(Bg): if one of the knot lines
between Q and Q' is not repeated, namely, F € CP~1(Bg), then it holds that F(v)oF € H"(Bg)
with r := min{m, p + % — ¢}. Moreover, if the parametrization is less regular than requested in
the hypotheses of Proposition 2.3.10, then the suboptimality may be even worse. More precisely,
if F € CP=% (Bg), which is the case if one of knot lines between @ and @’ is repeated k times,
then we have r := min{m,p — k + % —e}. We will see an example of this suboptimal behavior in
the worst case scenario of k = p in Section 2.4.3.

Remark 2.3.13. Any method based on polynomial extrapolation of the B-splines in the para-
metric domain may also suffer this suboptimality depending on the regularity of the isogeometric
map F because the theory of bent Sobolev spaces from [17] cannot be applied. In particular, the
method of extended B-splines, which works very well in the parametric domain [77], may suffer a
lack of accuracy in the isogeometric setting [92, 94].

2.3.4 Stabilization operator in the physical domain

Theorem 2.3.14. The stability property (2.9) holds for Ry, defined as in Definition 2.3.6, i.e.,
there exists C' > 0 such that, for every K € Gp,

where K' € M is a good neighbor if K € MY, K' = K if K € M.

h%RhamﬁL% < CIVorlleanrn s ¥ vn € Vi,

T'k)

Proof. Let us start by applying the Holder inequality and Lemma A.1.4:

0
IR0, = | e (T on] )

1| 0
<Pk ? HangK’,K (HK/(U}L

o)

)

L2(T'k)

VEk K (HK’(U’I‘K/)) HLOC(K)

Lo=(T'k)

IV < C|rgl?

VI (vh’
K

’

iy

Then, we use Lemma A.1.5, Lemma A.1.1, and the stability of the L?-orthogonal projection IIx-
(see, for instance, [24]):

1 _a 1
thh(vh)HLz(FK) <Ch %|Tx|? )

<C|VIlg (vh)HL2(Qr‘|K’) <cC ||V”h||L2(K') :

h%VHK/(vh‘
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Now, let us use the equivalence of norms between parametric and physical spaces, the Holder
inequality, Lemma A.1.5, and again the norm equivalence between parametric and physical spaces.
We have

L2(QNQ")

where ' := F~1(K’) and C depends on # through Lemma A.1.5. O

N N d ~
“ZRh(”h>HL2<FK> <CIVnll 2y < Ch2 V0] Lo ()
<C||Von| < ClIVonll L2 nkry -

Proposition 2.3.15. There exists C > 0 such that, for every K € Gy and v € H™(Q) with
m > 2,

where s := min{p,m — 1}, K’ € MY is a good neighbor if K € M}, K' = K if K € MY, and
By is the minimal bounding box enclosing K and K'.

ot (0 @) - 57 )

< Ch* (HE(U)Hm(;(’,) + ||E(U)||H”L(BK)) ’

L2(Tk)

ht — (¢ —v)

S ‘

"

Proof. Without loss of generality, we can focus on the case K € MZ with good neighbor K.
L2(T'k) .
(2.20)

(HCUATIEY ot (o) - 1) ”
9q

Let ¢ € Q,(Bk), where By is the minimal bounding box enclosing K and K’, so that Ry, (g) = I’

L2(T'k) L2(Tk)

and focus on the first term. We apply the stability property proved in Theorem 2.3.14 and, again,
the triangular inequality:

h (Ry, (1T, (v) — q))

< OV I (v) = )l 200k
L?(Tk)

<0 (19 = D lsarser + 19 0 = T @l o)
<0 (IV (@ = B g2y + IV (B@) = T (021

<Ch* (1B @) s (gy0) + 1B g 1))

with s := min{p,m — 1} and C depends on the shape-regularity of By (see Remark 2.3.16).
In (2.21), we used the Deny-Lions Lemma (Theorem 3.4.1 of [112]) on Bk and the optimal
approximation properties of spline quasi-interpolants (together with the regularity of the mapping,
i.e., Assumption 1.1.3). Let us study the convergence of the second term of (2.20). Corollary A.1.3
together with Theorem 3.4.1 of [112], entail

where s := min{p,m — 1} and C depends on the shape-regularity of Bx. Note that, as in the
proof of Proposition 2.3.10, we can choose the same ¢ in (2.21) and (2.22) . By combining the
previous passages, we readily get

ot (om0 - 52

with s := min{p, m — 1} and C depends on the shape-regularity of Bg. O

2

h%(%(q—E(v)) WV (g - E(v)|

WV (g - B(v)

L2(K) ‘

<C \
) K (2.22)

L2(Tg
S 2
SCR** || E() | gm (pye)

<Ot (IE@ i) + 1O 7))

L? (k)
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Remark 2.3.16. Let Ni = #{K* € M, : K* N Bx # 0}, given K € Mj,. Nk may vary
according to the constant C' appearing in (2.7) and the space dimension d (analogous reasoning as
in Remark 2.3.11). Still, it is uniformly bounded with respect to h thanks to the shape-regularity
of the physical mesh and, in particular, depends on F. Indeed, if we assume that for every
N € N there exist h > 0 and K € M, such that Nz > N, then this would contradict the
shape-regularity of Mj, and the existence of uniform constant C in (2.7). The shape-regularity
of My, also implies that, given K € My,, #{By : Bz NK #0, K e M} is uniformly bounded
with respect to h. Moreover, given pp, := sup{diam(B) : B is a ball contained in Bx} and
hp, = diam(Bg), then the geometric quantity “Br o = s also uniformly bounded with

PBx PBk
respect to K € My,

2.3.5 A priori error estimates

The preparatory results of Propositions 2.3.10 and 2.3.15 were needed in order to prove the
following convergence results.

Theorem 2.3.17. There exists 3 > 0 such that, for every 8 > B, if u € H™(Q) with m > 2 is
the solution to (2.3) and up € Vi, is the solution to (2.8), then

= unlly g < C (B ol gy + 27 1B @) rossy) (2.23)

where Sy is the strip of width Ch, C > 0, such that S, 2 UKeMﬁ’ By, s := min{m — 1,p}, r
and Bg are defined as

o 7 :=min{m,p+ % — ¢}, e > 0, if we choose the stabilization in the parametric domain
of Definition 2.3.5 (if m > p + %, we assume that each internal knot line is not repeated,
otherwise we shall refer to Remark 2.3.12). In this case Bx = F(Bq), Bg is the minimal
bounding box enclosing QU Q', K' = F(Q') € M{ is a good neighbor of K = F(Q);

e 17:=s5+1, if we choose the stabilization in the physical domain of Definition 2.5.6, and By
is the minimal bounding box enclosing K U K', where K’ € M, is a good neighbor of K.

Proof. From Theorems 2.3.3, 2.3.9, and 2.3.14 we know that, for both choices of stabilization,
an(-,-) is coercive w.r.t. ||~||1,h, i.e., there exists a > 0 such that, for every v;, € Vj,

sup an(vn, wp)

whEV), ||wh||1,h
wp#0

Z allonlly, -

Let vy, € V},. Using the triangular inequality and coercivity, we get
lw—unllyp, <llu—ovnlly, + llon —unlly
1 ap(vp — up,w
<llu—wplly ), + = sup M (2.24)
Q w,eVy HwhH1,h
Wh
Then, recalling that uj solves (2.8), we get

@p(vn, — up, wp) =an (v, wr) — @ (Up, wp) = @p vy, wy) — Fr(wp)

:/ Vo, - Vwy, — Rh(vh)wh — / vth(wh) + 4 h_lvhwh
Q FD FD 1—‘D

—/ fwh+/ gpRp(wr) — B h~tgpwy,.
Q I'p I'p
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Since u solves (2.3), / fwp = / Vu - Vwy —/ %wh and u‘ = gp. Hence,
Q Q T'p on T

ou
@n(vn — un, wp) :/ V(vn —u) - Vwy —/ (Bn(on) = 5 )wn
Q 'p n
I 11
+ / (u — vp)Ru(wp) + B h=Y (v, — w)wy, .
Tp D
I v

Let us now estimate the four terms separately. We will leave I1 for last since its analysis depends
on the choice of the stabilization. Clearly

I+1V < CHU_vh”l,h HwhHLh’

where C'= O(83) > 0. Note that this will not compromise the uniformity of the resulting constant,

provided that 8 is chosen as close as possible to 3 (see the discussion in Remark 2.2.3). Using
the stability property (2.9), we get

2

L2(T'p) Keon, ‘

2 2
<lu— Uh||1,h c Z ||vwh||L2(K/mQ) < Cllu—wp
Kegh

2
1P < Hh—% (u—vh)’ h%Rh(wh)’

L?(Tk)

2 2
1,h [|wn |1,h7

where K’ is a good neighbor if K € MY, K' = K if K € MJ. Let us estimate the term /1. By

definition of the norm H'”l,h’
N ou
hz <Rh(’0h) - (r)n)

Now, we choose v, = IIj,(u) and distinguish two cases.

11 < ] s .

L2(I'p)

o If we use the stabilization in the parametric domain of Definition 2.3.5, hence applying
Proposition 2.3.10, we get

>

Kegy

he (Rh (I, (w)) — ZZ)

[wnllyp
L2(Tg)

<Y ¢ (hs B g 2+ ||E<u>|HT<BK)) ol .

Kegn

with s := min{p,m — 1} and r := min{m,p + 1 — ¢}, € > 0. See the statement of the
theorem for the definition of Bg.

¢ Employing the stabilization in the physical domain of Definition 2.3.6, hence applying
Proposition 2.3.15, we obtain

2

Kegn

ot (R (1) - 52

||wh||1,h
L2(Tk)

< 3 0 (1Bl 2y + 1B )

Kegn

with s := min{p, m — 1}. See the statement of the theorem for the definition of By.
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By using, respectively, Remarks 2.3.11 and 2.3.16 (the number of elements in each bounding box
and the number of boxes containing a particular element are uniformly bounded), we have

11 C (1 [ull gy + " VB s, ) Tonly

where S}, is the strip of width Ch, C > 0, such that Sj, D UKeMZ By, s :=min{p, m — 1}, and

o r:=min{m,p+ 3 — e}, € >0, if we use the stabilization in the parametric domain, hence
apply Proposition 2.3.10;

e r:= s+ 1 if we use the one in the physical domain and use Proposition 2.3.15.

Therefore, we get

an(Ty (u) — up, wp) <C'llu =Ty ()l g, lwnll;

. o (2.25)
+C (B ullsmy + B IE@ sy ) Il -

We now combine (2.25) with (2.24), to obtain

1 ap (I (u) — up, wp)

lu—=wunllyp <llu—=Tp(wlly, +— sup
A wpeVy, HwhHLh
Wh
C C _
< (14 S = 0l + S (5 Ty + 1 B s, )
Applying Theorem 2.3.8, we conclude
lu=unllyp < € (B Nl ey + B IE@rgs,.)

where s and r have been defined above. O

Remark 2.3.18. As already observed in Remark 2.3.12, when v € H™(Q), with 2 <m < p + 1,
both stabilizations give rise to optimal a priori error estimates. When u € H™ (), with m > p+35
and m > 2, instead, stabilization in Definition 2.3.5 is suboptimal. In this case the estimate can
be modified and improved using the following result.

Lemma 2.3.19. Given € > 0, let Sy, be defined as in Theorem 2.3.17, there exists C > 0 such
that

: 1
|E@ s,y < CE% |ul Vue HEE(Q), Vo< <p+tg.

HP+%—E(Q) ’

Proof. Using the fact that » < p+ 1, we are able to recover an integer order for the Sobolev norm
and so to apply Lemma A.1.8 with s = 1 —&:

2
1_ 1
1B @15,y < 1E@ 5,y < CHEZNB@) ey g, < Ol g g -
In the last inequality, we used the boundedness of the Sobolev-Stein extension operator. O

Proposition 2.3.20. Let u € HP(Q) be the solution of (2.3) and uy € Vj, the solution of (2.8),
obtained using the stabilization in the parametric domain of Definition 2.3.5 under the hypothesis
that each internal knot line is not repeated. Then, the following error estimate holds:

lu = unlly j, < CHP' Jlul Vo<p <p-1.

HY' 3 ()

35



Chapter 2. Stabilized isogeometric discretization of the Poisson problem on
trimmed geometries

Proof. It immediately follows by combining Theorem 2.3.17 and Lemma 2.3.19. O

Remark 2.3.21. At the prize of slightly higher regularity request, the optimal convergence rate
is to be also expected for the stabilization in the parametric domain of Definition 2.3.5 (when we
assume that each internal knot line is not repeated).

2.4 Numerical examples

2.4.1 Some details about the implementation

For accurate numerical integration, we decompose the trimmed elements into smaller quadrilateral
tiles to compute the integrals. These tiles are reparametrized as Bézier surfaces of the same
degree p as the approximation space used to discretize our PDE; see [4] for a detailed explanation.
We remark that this reparametrization is also used to compute the boundary integrals.

In order to compute the stabilization terms appearing in (2.8), first of all for each bad trimmed
element K we choose K': among all the neighbors of K, we choose (the) one with the largest
relative overlap |[K' N Q| /|K’|. Then we need to locally project functions living in K’ (or in Q')
onto the space of polynomials on K’ (or ') and extend them up to I'x. For the stabilization
in the parametric domain, by taking the Bernstein polynomials as a basis on @Q’, the projection
can be computed by knot insertion, while for the stabilization in the physical domain, the
L2-projection is needed anyhow.

2.4.2 Validation of stability

Let us repeat the numerical experiment of Section 2.2 in order to validate the effectiveness
of our stabilization technique. Let us solve the generalized eigenvalue problem (2.6) with the
stabilization of Definition 2.3.5 (since F = Id, the two proposed stabilizations techniques are
equivalent) in the trimmed domain of Figure 2.2(a) for the same values of ¢ used in Section 2.2.
The result is shown in Figure 2.3(b). This time we observe that the maximum generalized

)
VY e e it
.............................. 41 |
b = = = = g—=
9 Ee 3| |
/<
21 N
1 L | | | | |
TV VR (U
3
(a) Rectangle. (b) Maximum generalized eigenvalue vs. €.

Figure 2.3 — Testing the stability of formulation (2.8) with respect to trimming.

eigenvalue remains bounded independently of ¢, confirming our method to be stable.
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2.4.3 Validation of a priori error estimates

In the following we focus on the Poisson problem (2.8) with the difference that, while we impose
Dirichlet boundary conditions weakly on the trimmed parts of the boundary, on the other parts
where the mesh is fitted with the boundary we impose them in the strong sense.

Test 1. Let Q = Qg \ Q; be defined as in Figure 2.4(a), where Qo = F((0,1)?) is a quarter of
annulus (F is a non linear mapping) constructed with biquadratic NURBS, and ; is the image
of a ball in the parametric domain through the isogeometric map, namely, Q0 = F(B(0,r)) with
r = 0.76. We consider as a manufactured solution ., (z,y) = e sin(zy). We use the stabilization
in the parametric domain of Definition 2.3.5, and the parameters § =1 and 6 = 0.1. The results
of convergence for different values of p, which are displayed Figure 2.5(a), show that we obtain
the optimal order of convergence.

n | E Q
. P

\“ I- -----
Yy L}
n L]
1 LI
L}

(a) Quarter of annulus with a hole. (b) L-shaped domain.

Figure 2.4 — Trimmed domains.

llw —unlly
T

10—1 | 2

(a) Quarter of annulus with a hole. (b) L-shaped domain.

Figure 2.5 — Convergence rates of [[u — up||; ;, for Test 1 and Test 2.

Test 2. We now consider the Poisson problem in the L-shaped domain shown in Figure 2.4(b),
given by Q = Qg \ Q1, where Qp = (—2,1) x (—1,2) and Q; = (0,1) x (—1,0). The exact solution
is chosen as the singular function that, in polar coordinates, reads as u(r, p) = 73 sin (%g@) €
H379(Q) for every 6 > 0. The function has a singularity at the re-entrant corner in the origin, and
the domain is chosen in such a way that the corner is always located in the interior of an element.
We employ the formulation (2.8) together with the stabilization operator in Definition 2.3.5,
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noting that since the parametrization is a simple scaling, the two stabilizations are equivalent.
This time we set the parameters § = 1 and, due to the presence of the singularity, 8 = (p+1) - 10.
The numerical results of Figure 2.5(b) show that the method converges with order % as expected,
and the suboptimal behavior is due to the low regularity of the reference solution. We note that
in principle our a priori estimates, see Theorem 2.3.17, does not cover this case since it requires
the solution to be at least in H%(Q).

Test 3. The goal of this test is to show that, when the regularity of the mapping F is low
between the trimmed elements and their neighbors, the stabilization in the physical domain is
more effective than the ones based on polynomial extensions in the parametric domain (as it is
the case for our stabilization in the parametric domain, but also the method proposed in [92]).
Let us consider again, as domain )y, the quarter of annulus, this time parametrized with a
different map F': starting from the standard biquadratic NURBS parametrization, we perform
knot insertion adding the knot ¢ = 0.75, with multiplicity 2, in the direction corresponding to
the angular coordinate, that corresponds to the thick black line in Figure 2.6(a). In order to
get a geometry of class C°, we set the second coordinate of one control point, highlighted in
Figure 2.6(b), equal to 0.5 in homogeneous coordinates. Note that the new parametrization is

2r— 29 >
. \ T
18| J /T
\ J S
16| 1
[} L / ~
R o
12| ! / N -
| / ~ , :
[ N
19— b N /
< N }
08 ~ N / |
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e i |
\ | |
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\ 02 ! [
| I I
. ‘ .
o oz o4 os o8 1 12 14 16 18 2 o oz o4 o5 o8 1 12 14 1s 18
(a) Trimming line in dashed red, C° knot line in thick (b) Control points.

black.

Figure 2.6 — Lower inter-regularity parametrization of the quarter of annulus.

only of class C? in correspondence of the knot line given by F({(x,y) : z € (0,1), y = 0.75}).
To ensure that this knot line is located between K and K’, we define the trimmed domain
as Q = F((0,1) x (0,0.75 + ¢)) with e = 1078. Here we set § = 1 and, because of the lower
regularity of the parametrization, 8 = (p+ 1) - 25. We know from Remarks 2.3.12 and 2.3.13 that
the convergence rate deriving from the stabilization in Definition 2.3.5 (and any stabilization based
on polynomial extensions in the parametric domain) may suffer suboptimality. In particular, from
Figure 2.7(a), we see that the error with the stabilization in the parametric domain is converging
just as he for any degree p, while in Figure 2.7(b) we observe that the desired convergence rates
are reached when using the stabilization in the physical domain.

2.4.4 Conditioning

Even if an exhaustive discussion about the conditioning of the stiffness matrix in trimmed
geometries is beyond the scope of this work (for a more detailed discussion on the topic, see,
for instance, [50, 51]), we would like to present some numerical experiments for the sake of
completeness. We focus again on the formulation (2.8) of the Poisson problem. We impose
Dirichlet boundary conditions weakly on the trimmed parts of the boundary and strongly on the
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(a) Stabilization of Definition 2.3.5. (b) Stabilization of Definition 2.3.6.

Figure 2.7 — Comparison of the two stabilizations in Test 3 when F has lower regularity.

fitted parts.

Test C1. Let us come back to the quarter of annulus with a hole, and, as above, we employ
B-splines of degree p = 3. In Figure 2.8(a) we show that our stabilization coupled with a simple
diagonal scaling, which can be interpreted as a left-right Jacobi preconditioner, can solve the
conditioning issue. In Figure 2.8(b) we compare the effectiveness of the diagonal rescaling with
and without the stabilization, and we observe that the effect of the stabilization is marginal
with respect to the one of the diagonal preconditioner. The stabilization used is the one in the
parametric domain with 5 =1 and 6§ = 0.1.

—e—stab. and Jacobi —o—stab. and Jacobi
—8—no stab. and no Jacobi no stab. and Jacobi
T T T T T T T
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E E 1023 [ |
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Figure 2.8 — Condition number study for the quarter of annulus with a hole, Test C1.

Test C2. Let us consider the same configuration as in the test of Figure 2.3(a), for which we
notice again that the two stabilizations are equivalent. Let us take B-splines of degree p = 3, as
mesh size h = 277, and set the penalization parameter 3 = 1. After a simple diagonal rescaling
as preconditioner, we compare the condition number of the stiffness matrix, as a function of
e, obtained for the nonstabilized (§ = 0) and the stabilized (§ = 1) formulations. Note that
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as the ratio in Definition 2.3.1 is the same for all cut elements, it is sufficient to consider only
these two values of #. The results in Figure 2.9(a) show the diagonal rescaling is acting as a
robust preconditioner with respect to the size of the trimming. Then, we perform uniform dyadic
refinement, and we plot the condition number as a function of the meshsize h, obtaining the
plots in Figures 2.9(b) and 2.9(c). The results suggest a better behavior of the condition number
when a stabilized formulation is employed to solve the problem.
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(c) K(A) vs. h, e =107

Figure 2.9 — Condition number study for the rectangle, Test C2.

Test C3. This test is inspired by [51]. Let us embed ©Q = (0.19,0.71) x (0.19,0.71) in the
untrimmed domain Qg = (0,1)? with an underlying mesh of size h = 273. We consider B-
splines of degree p = 2. Now, let us rotate 2 around its barycenter for different angles o (see
Figure 2.10(a)). For each a = igg5, i = 0,...,100 we face a specific trimming configuration where
there may appear B-splines whose support intersects in a “pathological way” the domain 2. Let
us denote the “smallest volume fraction” 7 := mingeg, |2 N K|. In Figure 2.10(b) we plot the
condition number of the stiffness matrix against the smallest volume fraction, in order to compare
the nonstabilized case with the stabilized (with parameter § = 0.5) and diagonally rescaled one.
Let us observe that even if the behavior of the condition number appears to be much better after
stabilization and diagonal rescaling, it is still strongly affected by the way the trimming curve
cuts the mesh. In this regard, this is a counterexample that diagonal rescaling, together with our
stabilization, is a robust preconditioner for the trimming operation.
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Figure 2.10 — Condition number study for the rotating square, Test C3.
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8] Stabilized isogeometric discretiza-
tion of the Poisson problem on
union geometries

This chapter aims to develop a numerical method based on IGA to discretize the Poisson problem
in a domain constructed via union, i.e., by combining multiple independent overlapping patches.
More precisely, given a series of spline patches, we overlay one on top of another in a certain
order, following the same manner as in the multi-mesh finite element method [79, 80]. While we
employ the Nitsche method to weakly couple these patches through the visible interfaces, the use
of the stabilization technique borrowed from Chapter 2 allows us to prove the stability of the
proposed approach in very general geometric configurations.

As in the trimmed case, the related major challenges include performing numerical integration in
the trimmed (overlapped) elements, keeping the condition number of the arising linear system
under control, and handling the stability issue caused by small trimmed elements [33, 92].

Note that while the theory is dimension-independent, the numerical experiments are performed
just in 2D geometries. Indeed, creating a suitable quadrature mesh for each interface is a
significant challenge, especially in 3D.

The chapter is organized as follows. Section 3.1 sets up the notations and necessary assumptions.
The core of the chapter, namely the theory of overlapping multipatch isogeometric analysis, is
presented in Section 3.2. In Section 3.3, we discuss how to create suitable quadrature meshes
for interfaces, as well as how to implement the stabilization method. We next show several
numerical examples in Section 3.4 to demonstrate the convergence and conditioning behavior of
the proposed method.

C will denote generic positive constants that may change with each occurrence throughout the
document but are always independent of the local mesh size and of the way the meshes are
overlapped unless otherwise specified.

The results of this chapter have been published in [5].

3.1 Parametrization, mesh and approximation space for
domains obtained via union
To facilitate the presentation of the content, we may re-introduce some of the notations already

introduced in Chapter 1. Let Qf C R% 0 <i < N (N €N), d € {2,3}, be a patch or predomain,
i.e., before the union operation that will be described later on. We assume that there exists
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i \d ~ o~
a bi-Lipschitz map F; € (55 ; (E’)) such that Qf = F;(Q), Q := (0,1)%, for given degree

Loy
vector p’, regularity indices o, ..., a%, and knot-vector at the coarsest level of discretization E'.
Hence, each 2 is homeomorphic to a square for d = 2, or a cube for d = 3, and its boundary is
naturally composed of four edges or six faces respectively. We define the physical Bézier premesh
as the image of the elements in M, (the parametric Bézier mesh naturally induced on ) through
Fi7 i.e.,

M:={KCcQ :K=F;(Q),Q € M,}.
For the sake of simplicity of the notation and the analysis, the following simplifications are made.

Assumption 3.1.1. We assume that the degree-vector is isotropic and that all predomains are
parametrized by splines of the same degree, i.e., p* = p = (p,...,p). Hence, we may write p
instead of p. Similarly for the regularity vectors, that is, « = aj =---=aj, forall 0 <7 < N.

Let IA/M be a refinement of SP(Z") and

Vi, = span{Bi p(x) := BipoF; !(x) :i e I},

.i:

where {Ei,p : 1 € I} is a basis of ‘A/;” Let © be a domain of R?, d € {2,3}, with Lipschitz boundary
I' and outer unit normal n, obtained through union operation, i.e., such that Q = Uf;oﬁz . We
define Q; as the visible part of the predomain 2}

N
Q=\ |J Q% i=0,...,N
(=i+1

It holds Qn = Q% and Q = Ui\]:O Q= UZN:O €, see Figure 3.1. Note that this choice of definition
of the §;’s follows [80] and implies a hierarchy of predomains. In particular, if ¢ > j then QF is
on top of €27, in the sense that ¥ N €27 is hidden by Ug>; (. We define

N
r=000\ |J @, i=0,...,N,
(=i+1

i.e., the interface I'; is the wisible part of the external boundary of 0} with outer unit normal n;.
Moreover, we define the local interfaces I';; as

Fij::Piﬁﬁj7 0<j<i<N,

i.e., I';; is the subset of the visible boundary of Q2 that intersects ;, see Figure 3.1(b). We
assume that each interface I';; either has non-zero (d — 1)-measure or is the empty set. We also
assume that I';; inherits the orientation of I';, hence it has outer unit normal n;, also denoted as
n when it is clear from the context to which domain is referred to. Note that I';; is not connected
in general.

Definition 3.1.2. Let 0 < j <i < N, and

5, { 1 i Ty #£0,

0 otherwise.

For each 1 < i < N, the quantity Z;;E 0;; counts the number of visible parts {}; whose

boundaries are overlapped by I'; and, for 0 < j < N — 1, Zf\;jﬂ é

i; the number of visible
parts whose boundaries overlap I';. We further define le = MaXj<i<nN Z;;B di;, the maximum
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3.1. Parametrization, mesh and approximation space for domains obtained via
union

QS E Q ~ry,

(‘a)< rl]“\lfle (translated) predomains Q7F, 0 < (b) Q= Uio Q= UiV:O o8
i< N.

Figure 3.1 — Definitions of predomains (a), visible parts of predomains, and local interfaces (I'10,
T'9o and T'91) of predomain boundaries (b).

number of visible parts whose boundaries are overlapped by any visible boundary, and NII =
maxo<j<N-1 ZfV:] 41 0ij, the maximum number of visible parts whose boundaries cover any

visible boundary. Hence, we let Np := max{N%,NII} be the mazimum number of boundary
overlaps in the current configuration.

Definition 3.1.3. We let O;; := ;N Q}, 0 < j <i < N, be the overlap between the j-th
predomain and the i-th visible part. For every 0 < j < ¢ < N, we define

{1 if O # 0,
Nij =

0 otherwise.

For each 1 <1¢ < N, the quantity Z;;}) 745 counts the number of predomains covered by the visible

part Q;. We further define Np := maxj<i<ny Z;;B 75, the maximum number of predomains
covered by any visible part.

We observe that Nr, No < N; see Figure 3.2. Moreover, in applications we expect Nr, No < N.
We refer to M; := {K e M : KNQ,; #0},i=0,...,N, as the i-th extended mesh, consisting of
all visible elements (not necessarily fully visible) of the i-th premesh M. We define h; : Q; — R
to be the piecewise constant mesh size function of M; assigning to each visible element its
whole diameter (rather than the diameter of its visible part), namely h; o = hi,k, where
n
hi = diam (K) for every K € M;, 0 < i < N. Moreover let us denote h; := maxgem; hi i
and h := maxo<;<n h;. Finally, we denote by h : @ — R™ the piecewise constant function defined
as h ;= h;.

i

Throughout the chapter, we are going to rely on the shape-regularity hypothesis on each premesh
(in the spirit of Chapter 2) and on the assumption that adjacent sub-domains are discretized with
similar mesh sizes.

Assumption 3.1.4. For every 0 <i < N, the family of meshes M; (parameterized on the mesh
size) is assumed to be shape-regular, see Assumption 1.1.1. Moreover, the meshes locally have
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Q3 Q
Q 7 Q, Q4 Q, Q3
(a) Nj: = Np = No =3, N|. = 1. (b) Nt = No =1, N} = Np = 3.
Q3
923
9]
Qo

(¢) Nt =N/ =Np =1, No =3.

Figure 3.2 — Tllustration of N, NI, Np, No.

compatible sizes in the following sense. There exist ¢, C > 0 such that for every I';; # (0, with
1<j<i<N, K; € M; such that K; ﬂFij 75 0 and Kj € Mj such that Kj ﬂl“ij 7é @, it holds

Chj‘ S hl
K,

< Chj‘ .

Finally, let us make a mild assumption on the roughness of the interfaces I';;.
Assumption 3.1.5. All the interfaces I';;, 1 < j < i < N, are Lipschitz-regular.

Remark 3.1.6. Assumption 3.1.5 combined with Lemma A.1.1 insures that there exists C' > 0

such that for every 1< j < < N and K € M it holds [Ty N K| < Chy~!|
K

Note that in what follows, we are going to refer to elements K € M;, i =0,..., N, such that
12 N K| < |K| as cut elements. Moreover, integrals and norms will be defined on sets like I';j,
I';; N K and they are meant to be on their interior in a suitable sense.

C will denote generic positive constants that may change with each occurrence throughout the
chapter but are always independent of the local mesh size, the position of the visible interfaces
with respect to the meshes, and the number of patches, unless otherwise specified.
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3.2 Isogeometric analysis on union geometries

3.2.1 Model problem and its variational formulation

Let us consider the Poisson equation as the model problem. The goal is to solve it in the union
domain Q. Given f € L%(2), gp € H2(T'p) and gy € H™2(I'y), find u : © — R such that

—Au = f, in Q,

u=gp, onI'p, (3.1)
ou I
— = on
an gnN, N

where I'p, I'y are non-empty, open, disjoint subsets of 99, I' := 9Q = T'p UT' y, and n denotes,
as usual, the unit outward normal on T.

Proceeding similarly to [18, 127], we rewrite problem (3.1) in the following multipatch form. Find
u : €2 — R such that

—Au; = f, inQ;, i=0,...,N, (3.2a)
ui—uj:(), onFij,O§j<i§N, (32]3)
Oou; Ou; .
8ni+87;:0’ only;, 0<j<i<N, (3.2¢)
u; = gp, onT'pNTy, i=0,...,N, (3.2d)
Ou; .
Y =gn, onI'yNTy, i=0,...,N, (3.2e)
371,;
where u; :=u| ,¢=0,...,N. Equations (3.2b) and (3.2¢) are commonly known as transmission

conditions at thze local interfaces.

Proposition 3.2.1. Problems (3.1) and (3.2a)—(3.2e) are equivalent.
Proof. The proof is straightforward. We refer the interested reader to Chapter 1 of [113]. O
Let us introduce, for each visible part £2;, the local isogeometric space

:ieT},

i

Vi,i = span{B; p o

and glue together the local spaces to form the union isogeometric space

N
Vh = @ Vh,i~
i=0
Elements of V}, are (N + 1)-tuples vy, = (vp,...,vn). In practice, we can treat them as scalar
functions thanks to the embedding
Vi < L*(Q), vp(x) = vi(x), xreQ;,i=0,...,N.

In order to impose Dirichlet boundary conditions in a strong sense, some assumptions are needed.

Assumption 3.2.2. 1. There exists 0 < i < N such that fi, f, = Fi_l(Fi), contains a full
face of the parametric domain €.
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2. For every 0 <i < N, fD =F~Y(Tp), fD N f, is either empty or the union of full faces of
Q.

The spaces V}/” and V¥ are readily defined as in Section 1.2. Note that in case Assumption 3.2.2
does not hold, we can combine the technique in this chapter with the one detailed in [33] and in
Chapter 2, to deal with the imposition of Dirichlet boundary conditions in a weak sense.

Let us endow V}, with the following mesh dependent norm:

N i—1
th”l h - Z ||v7)1||L2(Q ) + ZZ Hh Uh ‘ L2 ) 5 Vh S V}z; (33)
1=0 =1 5=0

where [vp] := v;

— v denotes the jump term on I';;, 7 > j. Hereafter, we also make use of

v 9 v,

Uy
on; +a=-t)3- 8m
t € {3,1}. When t = 3 the latter is a symmetric average fluz, while when ¢ = 1 we choose the
one-sided flux on the Q; side, in the spirit of [71], i.e., on the side of the domain which is “on top”
of the other. As the choice t = 1 will turn out to be the most convenient one, we may drop the
index t when it is equal to 1.

ij

0
the approximation of the normal flux through T';;, denoted as (%)t =1
n

We propose the following weak formulation for the discrete counterpart of problem (3.2a)—(3.2e),
which is obtained enforcing the transmission conditions in a weak sense using Nitsche’s method
(as initially proposed in [127]).
Find uj, € V” such that

ah(uh,wh) = Fh(’l)h), Yo, € Vf?7 (34)

where

an(wn, vp) : / Vw; - Vu; — EN:ZEE/ ( 8wh [vn] + [wh] <861;?>t>

1= Ny
N ta=on (3.5)
+BZZ/ h=! [wy] [vn],
1=1 j=0

with ¢ € {3,1}, and

N
Fy(vp) 112/ fUz'Jr/ gNVp.
i=0 /i Iy

Note that 8 > 0 is a penalty parameter related to the spline degree, and its specific choice will be
discussed in Section 3.4.

Proposition 3.2.3. The discrete variational formulation in equation (3.4) is consistent, i.e., the
solution u of the problem (3.1) satisfies problem (3.4) as well.

Proof. The proof is quite classical. See for instance [18, 71]. O
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3.2.2 Quasi-interpolation strategy

Before analyzing problem (3.4), we need some technical results. First, we generalize the inter-
polation strategy employed in [33] and in Chapter 2. Given a Sobolev function living in the
whole physical domain 2, we consider its restrictions to the predomains {2} in order to be able to
interpolate on each premesh M}, restrict them in their turn to the visible parts €2;, and finally

glue together the interpolated functions.

We construct a spline quasi-interpolant operator for each local space V, ;. Given m > 1 and
v e H™(Q), for every i € {0,..., N}, we define

)

I, « H™(Q) — Vi, v s T <v Q*)

Q;

where Hﬁl’* s H™(QF) — Viyi is a standard quasi-interpolation operator [19]. Then, we glue
together the local operators as

0, : H™(Q) = Vi, v @I, (i),

where v;(x) := v(z) for every x € Q;,i=0,...,N.

Theorem 3.2.4 (Interpolation error estimate). There exists C > 0 such that, for every v €
H™(Q) withm > 1,
v — Hthl,h < Ch? ||UHHm(Q) J

where s := min{p, m — 1}.

Proof. The proof is rather standard and we omit it. O

3.2.3 Minimal stabilization procedure

It has been shown in Chapter 2 that problem (3.4), in the case of only one cut subdomain,
may suffer from instability due to the evaluation of the normal derivatives in bad cut elements.
In the two-patch situation, such as in Figure 3.3(a), we do not have the instability issue as
soon as we are using the one-sided flux from top elements that are not cut. However, we do
have this issue in general cases with many patches; see Figure 3.3(b), where the one-sided flux
regarding the interface I';; may come from the red element, a, possibly bad, cut element. In this
regard, the stabilization technique introduced in Chapter 2 (specifically, the stabilization in the
physical domain) needs to be accommodated in the context of multipatches that overlap. For each
extended Bézier mesh M;, i =0,..., N, we partition its elements into two disjoint sub-families.

Definition 3.2.5. Fix 0 € (0, 1], the area-ratio threshold. For every K € M;, i =0,...,N, we
say that K is a good element if

Otherwise, K is a bad element.

We denote as M? and M? the collection of good and bad physical Bézier elements, respectively.
Note that all the uncut elements in M; are good elements, and all its bad elements are cut
elements. Moreover, it holds M% = My and M&, = 0.
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(a) (b)

Figure 3.3 — Two-patch and three-patch overlapping along the interface I';;.

Definition 3.2.6. Given K € M;,i=0,...,N — 1, the set of its neighbors is
N(K):={K" € My : dist (K,K"') < Ch e k=0,1,...,N}\ {K}, (3.6)

where C' > 0 does not depend on the mesh sizes.

Next, for each bad cut element K € M? 0 < i < N, we want to associate a good neighbor
K’ (a neighbor that is a good element). Note that in principle we allow K’ € M; with
1 # k, i.e., a good neighbor can belong to the mesh of another domain. For every K € Mg’,
0 <7 < N, its associated good neighbor K’ is chosen according to the procedure in Algorithm 1.

Algorithm 1: Find good neighbor
Given K € M%, 0<i < N;
for k=14,...,N do
if N(K)NM{ # 0 then
K’ < any element of N'(K) N M7;

break
end

end
return K’;

If Algorithm 1 does not produce any output, then it suffices to relax the definition of the good
neighbor by taking a larger constant C' in Definition 3.2.6. Figure 3.4 shows two choices of good
neighbor. In Figure 3.4(b) there is clearly no neighbor of K in M7, and the algorithm chooses it
in M3. Let us quantify through some suitable constants how many times any element can be
chosen as a good neighbor. Some of the estimates derived in the sequel will depend upon these
quantities.

Definition 3.2.7. Let K € My, 0 <i < N.
Cin(K) :=#{KeM,;: KeN(K)}

gives an upper bound for the number of times K can be chosen as a good neighbor from any
element of the i-th mesh. Similarly, €; ; := maxxeam, € x(K) is an upper bound for the number
of times any element of the k-th mesh can be chosen as good neighbor from any element of the
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K!

(a) K € MY and K' € MJ. (b) K € M} and K' € M.

Figure 3.4 — The good neighbor K’ located in the same domain as K (a), and in a different (top)
domain (b).

i-th mesh. Then, € := Zf:o ¢, 1 is an upper bound for the number of times any element of the
k-th mesh can be chosen as good neighbor. Finally, € := maxo<ip<n € is an upper bound for
the number of times any element can be chosen as good neighbor from any other element.

Remark 3.2.8. The constants introduced in Definition 3.2.7 depend on the constant C' appearing
in Definition 3.2.6. Moreover, the fact that all the meshes are shape-regular and have compatible
sizes, namely Assumption 3.1.4, implies that € is uniformly bounded with respect to h.

For 0 <j <i< N, (€ {i,j}, let us define R, : V}, — L*(T;;) locally. For every K € M, such
that I';; N K =7, v # 0, we distinguish two cases:

o if K € MJ, then
. Oue

R =
Z<vh> o ang

.
o if K € MZ, K' € ./\/li, 0 < ¢ <k < N its good neighbor, then

oei (e (u],.)
ot B Oonyg

Rz(’l}h)

b

~

where Ilx/ : L2(K') — Q,(K’) is the L?-orthogonal projection onto Q,(K') and Ex/  :
Qp(K') = Qp(K' U K) is the canonical polynomial extension.

Let us denote, for 0 < j <i < N such that I';; # 0 and ¢t € {%, 1},

(Rij (vn))t :=tR; (vn) + (1 —t)Rj(vp)| . (3.7)

Ty T

In what follows we prove two main results on the operators R, (using the same strategies employed
in Chapter 2).

Lemma 3.2.9 (Stability property). Given 6 € (0,1], there exists Cs > 0 such that for every
v, €V, 0<j<i< N, Ke My, Le{ij}, wehave

<Cs ||Vvk||L2(kaK') )

1
[ ey <
ij

where K' € M is a good neighbor if K € M}, K' = K if K € M{.
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Proof. Let us restrict to the case K € MZ with K’ is a good neighbor. We apply, respec-
tively, Holder inequality, Remark 3.1.6, Lemmas A.1.4, A.1.5, and the H'-stability of the
L2-projection [24].

1 10
hZR  =lh: L (H ( ))
Jné 7o) L2(0, () ‘ En, O T ) ) o e
L0
<‘FijﬂK’2 h}—EK/,K (HK/ (Uh ))
Ong K’ Loo(Ty;NK)
d—
<o) ot [ (e 0], )
K K’ L (K)
d
<crf], e (o, )]
L (K’

< ClVogllpzkr) -

L2(QNK")

Now, let us use the equivalence of norms between parametric and physical spaces, the Holder
inequality, Lemma A.1.5, and again the norm equivalence between parametric and physical spaces.
We have, for vy, := vy o Fi, and Q' := F,;l(K’),

<C|[VUk|lp2(g) < < Ch? VORI oo ()

h? Rg(vh)‘

L2 (Fij ﬂ?)

<C HV%\ICHLQ(QQQ n = <C vakHLz(Qk nK’)»

where C' depends on 6 through Lemma A.1.5. Moreover, we observe that the local quasi-uniformity,
consequence of Assumption 3.1.4 itself has been employed as well. O

Proposition 3.2.10. There exists C > 0, depending on Np and €, such that for every v, € Vj,
we have

N
<CY IVuillagq,) -

% (R (o))
523 [mrtmsen] ., <03
=1 5= 1=
Proof. Young’s inequality entails
N i—1 9 N i—1 N i—1 )
2 2R 2 2
Z ‘ 7"] Uh L2 1"., <2t Z ‘h ’Uh H 2(1’*_ 1_t ZZ h] R-] ’ 2(1’* )
=1 j=0 i) i=1 j=0 i) i=1 j=0 g
N i—1 ) 2
2 g IR,
S SIS Sl LN
i=1j=0 Fijﬁ?;é@ ’
KeM;
I
N i—1 1 2
— )2 . Ip.
2(1 —1) ZZ&J Z ‘th](vh,) LR
i=1j5=0 I‘i]ﬂ?;é@ N
KeM;
11
(3.8)

In the following lines we will use Lemma 3.2.9 and the constants introduced in Definitions 3.1.2,
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and 3.2.7. Let us focus on I, when the elements are in M?. We have

N -1 N -1
1 2
Y20 2 W R, e SR X IVulaan
i=17=0  1,,nK#0 i=17=0 1, ;nK#0
Kem{ Kem{
N -1
2
<CEY D 4y IVvillz2 (0.
i=1 j=0
i1 N
2 2
<Cs 1215?}\, 06” EHV%IILz(m)
= i—

2
ZCL%N%Z Vil 12,

i=1

For the bad elements in M?, we have

LCICN] - D SLTED SENL T

i=17j=0 Fijﬂﬁsé@ i=1j=0 Fijﬂﬁsié@
KeM; Kemb

N E i—1
SOOI AN
e i=0

N

i—1 k
2
<C% 1I<niag§vz5ij Z\|VUkHL2(Qk)Z¢i,k
SiSN

k=1 i=1

N
2
<CENEEY " [Vorlf2 () -
k=1

Let us move to I1 and consider elements in ./\/lg . It holds

N i—1 N 2 ]
IO Hh%Rj(Uh) LT <CEY > 05 >, VUil e,nm

i=1j=0 1, K£0 THT0 TNk
Kens KeMm{
N i—1
<CSZZ(51J HVUJ”LZ(Q )
=1 j=0
N N
2
<CEY > 6 1Voiliao,
i=1 j=0
<C% o 2;151] Z||VUJ||L2(Q)
=]

:CE'N; Z ||vvj||iz(§2 )

=0
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For the bad elements in ./\/lb-, it holds

N i-1
2
Z 03 Hh Rj(on ‘L2I‘ nEK) SCSZZ% Z HVU’“HLQ(QWK')
i=1j=0  p,nK£0 “ i=1j=0 T, ,nK#)
KGMb KGM;’
N &k N
2
<CEN N Gu Vel Y. 0
k=0 j=0 =741
2
<Cg O<5n<a]%( . Z dij ZHVUICHL%Qk)chk

i=j+1
2 ArT 2
<CgNr og}cagXN < ’;J ||vvk||L2(Qk)

N
2
=CENIED " (IVurlZaqy,) -
k=0

Hence, coming back to (3.8), we get

N -1 5 N
1 2
9 o[ STCHER SR Lot
=1 j=0 =0
where C' depends, in particular, on Nr and on €. O

In the sequel E : H™(2) — R m > 1, will denote the Sobolev-Stein extension operator (see
Section 3.2 in [104]).

Lemma 3.2.11 (Approximation property). There exists Cy > 0 such that for every v € H™(Q),
m>2,0<j<i<N, KeM, lecij}, it holds

o (R - 52

8ng
where K' is a good neighbor if K € M}, K' = K if K € M, Bk is the minimal bounding box
enclosing K and K’', s := min{p,m — 1}.

<l (10l ) + IE @i )
LQ(FUOK)

Proof. Again, let us restrict ourselves to the case where K € M}, with K’ its good neighbor, and
take ¢ € Q,(Bk), where Bk is the minimal bounding box enclosing K and K.

Hh% (Rg () — a”") ’

677,5

L2 (F” ﬂ?)

3 04
hf (R (Hh’U) — aw)

I 11

S ’

L0
+’hfan£(q_wz)

L2 (Fij ﬂ?) Lz(Fijﬁ?)

Let us focus on I. We note that Ry(q) = aa—q, then apply Lemma 3.2.9 and the triangular
ne

inequality:

} (Re (Mo — )|

LT S Cs |V (Wvk = ) || 20, )

<Cs (17 (Whvr = 00| gy ey 19 @ = Dl 2y )-

o4



3.2. Isogeometric analysis on union geometries

We employ the approximation properties of HZ (Theorem 2.3.8) and the standard Deny-Lions
Lemma on Bk (Theorem 3.4.1 of [112]):

1< CR* (0] 0y + 1B 51

where s := min{p, m — 1} and C depends on the shape-regularity of Bk, see Remark 3.2.12. II
can be estimated by using Corollary A.1.3 and Theorem 3.4.1 of [112] as follows:

2

10
11’ —‘h?(q—w)
£ 371@ LZ(FUO?)
. 1
<C ’ hi V(¢ — E(v)) L2(K) ‘ heVia— E(v))HHl(K)
<OhZ°| B (z4c)

with s := min{p,m — 1} and C depending on the shape-regularity of Bg. Putting everything
together, the proof is finished. O

Remark 3.2.12. Let N := #{K* € M; : K* N Bg # 0,0 <1i < N}, given K € M,. We
observe that Ng depends on C' appearing in Definition 3.2.6 and on the space dimension d.
It is uniformly bounded with respect to h thanks to Assumption 3.1.4. As in Remark 3.2.8,
we deduce that the number of times any element can be chosen as member of a minimal
bounding box is uniformly bounded with respect to h. Moreover, given pg, := sup{diam(B) :

is also

B is a ball contained in Bi} and hp, := diam(Bg), the geometric quantity “Bx
PB PB
uniformly bounded with respect to K € M. * N

Proposition 3.2.13. There exists C > 0, depending on Nr, No, and €, such that, for every
ve  H™(Q), m > 2, we have

N i—1

2.2

i=1 j=0

2
s 2
< Ch? [0 gm0
L2(T;)

where s ;= min{p,m — 1}.

Proof. The triangular and Young’s inequality entail

LA T o 2 N -1 v 2
L 2 5 7
DM RCAEES ED »o| ) CILARES 31
=1 j=0 L2(Tij) =1 j=0 L2(Ti;)
2 — 3 I, ’
+2(1 1) Z ‘ h; (Rj(Hh(v)) - %) .
i=1 j=0 J L (Fw)
(3.9)
By using Lemma 3.2.11, and recalling Definition 3.1.2,
N -1 PN N i-1 ) o\ |12
193 L CCAEES 7| I 3D ol L CUILIES 73 I
i=1 j=0 L2(Ty;) i=1 j=0 T NK#0 L2(I'i;NK)

KeM;
N i—1

<203 max 3305 Do (12O + 10l o)

i=1j=0  1,AK#0
KeM;
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where the factor 2 comes from the inequality (a + b)2 <2 (a2 + bz), a,b € R. Without loss of
generality, let us focus on elements in M?%. We have

N 1 . v 2
WIS Il I CTNEIEECY
i=1 j=0 ‘

71—

—1 j= Iy (R A0 L2(Di;NK)
Kem?
N i-1 N i-1
2
<203h* Y D 20 D NE@ s + 2050 Y% b Y ol iy
i=1j=0 1, KA i=1j=0 1, NK#0

Kemb Kemb
S2CNFCER ([0 g -
where s := min{p, m—1}. Here, C depends on d, p, No, €, F, on the constants in Assumption 3.1.4,

on the fact that the bounding boxes overlap a finite number of times (see Remark 3.2.12), and on
the boundedness of the Sobolev-Stein extension. Similarly, it holds

N i=ly PN N i1 s v\ |I2

PIP L (ijh(v)) - 8n) =336 Y | (R.j<nh<v>> - an) -

i=1 j=0 JANLATG)  i=14=0 1, K0 7/ NL2(Ty;NK)
KeM;

N i—1

<20%h? 1@%}22% Z <||E(U)H§1m(BK) + ||”H?qm(1?/)) :

iS50 e
KeM;

Again, without loss of generality, we focus on elements in /\/llj’»:

S5 5 (o2

71—

=1j=0 1, nK#0 L2(Dy;NK)
KeM}
N -1 N -1
2
<203h* ) D 20 D NE@ s + 2050 i Y 0l iy
i=1j=0 1, KA i=1j=0 7, NK#)
KeMm® KeMj
<2CCENIR o]y
where s := min{p,m — 1}, C has the same dependencies as above. We conclude by putting
everything together. O

We propose the following stabilized weak formulation.

Find uj, € V" such that
E;L(uh, Uh) = Fh(vh), Yoy € V;?. (3.10)
Here, the bilinear form is defined, for t € {1,1}, as

N i—1

(e vn) Z / Vui Vo~ 33 / Rigwn))e [on] + [wn] (Riy(0n))1)
. =t=0 (3.11)
+ﬁ22/ wh }
=1 j=0

where 8 > 0 is a penalty parameter.
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Remark 3.2.14. Note that, by the choice of the hierarchy of the predomains made in Section 3.1
and the definition of the global stabilization operator (3.7), the one-sided flux approximation is
better than the symmetric average. It allows indeed to modify the weak formulation much less
frequently.

3.2.4 Stability analysis and a priori error estimates
Our goal is to show that problem (3.10) is well-posed in the sense of the following definition.

Definition 3.2.15. Problem (3.10) is stable if, given 6 € (0,1], there exist 3 > 0 and o > 0 such
that for every g > 3, for every h > 0, it holds

allonl? e < @nlon,on), Y on € Vi,
and for every fixed 8 > f there exists v > 0 such that, for every h > 0, it holds

|@n(wn, on)l < llwallypollonllings ¥ whson € Vi

Theorem 3.2.16. Problem (3.10) is stable in the sense of Definition 3.2.15.

Proof. Let us start with continuity. For wy,, v, € V},, we have

N N i—1
_1
|ah w}“Uh z::o va’iHLz(Qi) ||V’Ui||L2(QZ) +C;; ( h2 <Rij(wh)>t‘ L2(ry;) ’h 2 [’Uh] L2(Ty))
Y II
h—3% ’ h3 Ri; ‘ Hh 3 ‘ ’h_E ’ .
+ H [wp] L2(Ty;) (Rij(vn))e L2(Dy5) +Bz;2_(:) o L2(Ty;) [on] L2(Ti5)
11T v

It is straightforward to bound I and IV. We focus on II, whereas taking care of III is analogous.
By using the Cauchy-Schwarz inequality and Proposition 3.2.10, we have

N 1—1
= ‘hl Ri; ‘ ‘h" ’
PODIY LAY I (sl C0]
=1 j=0
1 1
N i—1 ) 9 2 N i—1 2
ZZO’ TN 2;:0“h 3 vh' e (3.12)

N 2
2
<C (Z vaiHL?(Qi)> ||Uh||1,h <C ||wh||1,h thHl,h?

i=1

with C' depending on Nr and €. Hence, it holds |@y (wp, vn)| < vl||wn ||y 4 [vnll; 5, where v depends
on Nr and €, and it increases as Ny and € grow. Now, let us prove the coercivity. Given vy, € V4,
it holds

N i—1 N i—1

n(Vh, vn) ZHVUZ”H(Q) QZZ/ Rij(vn))e [vn +BZZHh " on HL2(F])

=1 j=0 i=1 j=0
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Cauchy-Schwartz’s inequality, Young’s inequality, and Proposition 3.2.10 imply

N i—1 _
1 1 2 1 2
2 R, < ‘ hi (R, ’ Hh" ‘
;]ZO/ lon)ie enl _;Z:: <5 *{Bijen))e L2(Ti5) e *lond L2(Ti5)
C N i— 2
<2 IVl T2 0D e,
€ i=1 i=1 j= L2(I'ij)
for any € > 0 and C depending on Ny and €. Thus,
o\ XN N i-1
2
@p (v, vn) > <1 - 8) Z Vil T2, + (B — E)Z [h=" [on HL2 )7
i=0 i=1 j=0

from which we deduce coercivity provided that C' < € < . Hence, the coercivity constant «
depends on Nt and €, and it decreases as Nr and € grow. O

Theorem 3.2.17 (A priori error estimate). Let w € H™(Q), m > 2, be the solution of the
continuous problem (3.1) and up € V}, the solution of (3.10). Then, there exists C' > 0, depending
on Nr and €, such that

lu = unlly < Ch* lull grm gy » (3.13)

where s := min{p,m — 1}.

Proof. Let u be the solution of the strong problem (3.1), ax(+,-) and @(+,-) be the bilinear forms
defined in (3.5) and in (3.11), respectively. The triangular inequality and the coercivity of @+, -)
entail

lu=unllyp < llw—=wnlly g+ llon = unlly

an(vn — up, wp) (3.14)

)

<llu—wnlly), +a”" sup
wp €V}, ||wh||1,h
wh;éO

where a > 0 is the coercivity constant. Recalling that u solves (3.4) and wy, solves (3.10) and
properly rearranging the terms, we have

ap(vn, — up, wr) = an(vn, wr) — p(up, wp) = ap(vp, wi) — an(u, wp)

:é/ﬂ V(v; — u;) - Vw; — ZN:E/ ( i (vn) %)t [wn] + (Rij(wn))e [va] — (%}t [u])

=1 j=0
N i—1
—i—BZZ/ h™ Jop, — ] [wp)] .
=1 j=0

(3.15)
Reminding that [u] = 0, we have

[ Bt = [ (Rswn))elon =l

ij Tij
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Hence,
N
ap (vp, — up, wp) Z/ V(v; —u;) - Vw;
i= Qi
1
N i1
ou
SX S [ (o) - G + i) lon — o]
i=1 j=0"Tij (3.16)
I & 111
N i1
1253 D TR
i=1j=0"Tj
v
First of all, we note that
L+IV < Cllop —ully, lwnlly - (3.17)
Then, in order to bound III, we use Cauchy-Schwarz inequality and Proposition 3.2.10
N -l
101 < [Exec [REROEEON|
SIPIN LA W L CETS|
=1 j=0
1 1
Nl 9 2/ N i-1 2
< ht (R, Hh" - ’ 3.18
< ;j_o\ ST Zz;) =l (3.18)

2

N
2
<C (Z ”vwiHL%Q%)) Ju— UhHLh <C HwhHLh Ju— UhHLh )
i=1

with C' depending on Nr and €. Let us choose vy, := IIu. By using Proposition 3.2.13 and
proceeding as in (3.18), we have

SChS HUHHm(Q) lwally p

1

-
|

ou

1] Hh ) %>t

o

L2(Ts;) L2(T5) (3.19)

(o]

where s := min{p,m — 1} and C depends on Nr and €. Coming back to (3.14) and using
Theorem 3.2.4, we get

lu—unlly ) < (1+a” o) n [l g 2y »
where s := min{p, m — 1} and C depends on Nr and €. O

Remark 3.2.18. We note that the constant C' appearing in (3.13) depends on Nr and €, in
particular it degenerates as these quantities grow. As already observed, we expect Nr to be
small in practice. Interested readers may further refer to [79] (the accompanying work of [80]) for
numerical results with a growing number of domains.

3.3 Implementation aspects of the union operation

Union, subtraction (i.e., trimming), and intersection are three common Boolean operations in
CAD systems. Generally speaking, subtraction and intersection can be handled in the same
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manner. Given two predomains (2f and QF) in 2D, the trimmed region Q§\Q7 is bounded by a
set of counterclockwise-oriented curves that forms a closed wire. Such curves come from 0€ and
09;. The same argument applies to the intersected region f N QF, where the difference from
subtraction lies in the involved curves as well as their orientations.

On the other hand, recall that we create union by first trimming € with €27, and then weakly
coupling the wvisible part of Qf, i.e., Qo := QF\Q, with QF through their interface. While the
integration on cut elements has been discussed in [4] (see also [86, 114, 119]), here we focus on
dealing with interfaces, which includes creating a quadrature mesh for each interface as well as
stabilizing bad cut elements that are adjacent to the union interface. In what follows, we explain
the related algorithms in 2D and will also comment on the extension to 3D.

3.3.1 Generation of the interface quadrature mesh

The key to creating an interface quadrature mesh is to find mesh intersections on the interface;
see a 2D example in Figure 3.5. Each visible interface is shared by two patches, one on the
top and the other on the bottom. Recall that we denote the interface, the top patch, and the
bottom patch as I';;, €; and Q; (¢ > j), respectively. According to our construction of unions,
I';; is always part of the boundary of €;, so its geometric mapping is the same as that of {; and
it naturally has the mesh information of €2;. Now the aim is to find out how the mesh of ;
intersects with I';;. We find these intersections primarily in the parametric domain ﬁj = F;l ()

L — -

Figure 3.5 — Mesh intersections of a top patch (blue lines) and a bottom patch (orange lines)
on their interface. The mesh intersections are marked in blue and orange dots. The parametric
domain of the interface is marked as red lines.
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following three steps. First, we obtain an approxurnate preimage of I';; with respect to Q through
the inversion algorithm (Chapter 6 of [108]), i.e., I; = F_l( ”) where the tilde indicates the
approx1mat10n nature of the inversion algorlthm Second, in Q we find the intersections of
Flj with the axis-aligned knot lines of QJ, which is easier compared to the general curve-curve
intersection; see the bottom left figure in Figure 3.5. Third, we map these intersections to the
physical domain through F;. However, the resulting points generally do not lie on I';;, again due
to the approximation of the inversion algorithm. Therefore, we further project these points onto
I';; to get the final intersections; see orange and blue dots in Figure 3.5.

With all the intersections, we are ready to create the interface quadrature mesh and compute the
interface integral. We here emphasize two aspects that can improve the computation in terms of
accuracy and efficiency. First, as the Nitsche method needs the normal information of I';;, we
compute it using {2; where the geometric information is exact. In contrast, if we compute it using
€2;, we will lose accuracy because it relies on I';;, which is only an approximation. Second, when
evaluating basis functions from €); in the interface integral, it involves finding corresponding
quadrature points in (AZj through the approximate inverse mapping ﬁj-_l, so there is an unnecessary
coupling of the geometric operation (i.e., the inversion operation) and analysis. Instead, we
precompute and store those quadrature points in (AZJ» such that later analysis can be performed
without repeatedly appealing to the inversion operation.

Remark 3.3.1. We use OpenCASCADE [2], an open-source CAD system, to perform geometric
surface operations, including creating the union of multiple spline patches and finding the mesh
intersections on each interface. To the author’s knowledge, the default geometric tolerance in
OpenCASCADE is around 108 in trimming-related operations and cannot be further reduced.
Its influence will be seen in a numerical example in Section 3.4, where the geometric error induced
by this tolerance begins to dominate once the approximation error (in L? norm) reaches 1075,

3.3.2 Implementation of the minimal stabilization

The minimal stabilization method introduced in Section 3.2.3 mainly needs to: (1) find a list
of bad-to-good element pairs and (2) replace the basis functions of each bad element with
extended polynomials from its good neighbor. In the following, we explain the procedure in 2D
terminologies, but the extension to 3D is straightforward.

Simply speaking, a bad element is a cut element with a “small” effective area on which we have
to compute fluxes, i.e., normal derivatives at its boundary. All the other active elements are
good. In practice, we compute element areas in the parametric domain and use a given threshold
to identify bad elements, which serves as an approximate criterion to Definition 3.2.5. Then we
follow the procedure described in Section 3.2.3.

Next, we take a look at the interface integral that contributes to the stiffness matrix. Let T (I';;)
denote the quadrature mesh of the interface I';;, and e € 7 (I';;) be a quadrature element. The
two elements adjacent to e are denoted as K € ; and K5 € (2. The index set of basis functions
By,i with support on K¥ is denoted as I¢; similarly, I K¢ corresponds to K. Note that we
neglect the degree mformatlon in the notation of basis functions as it is fixed. We are particularly
interested in the terms involving normal derivatives, and such a term takes the following form
when the one-sided flux from the top patch €; is used,
0By; OBy

Bl (2] Bm ]
3]
e anl e 8”1

(3.20)

Be,i
Ligf K¢ is badly cut;

where £,k € Ige, and m € I Ke- The stability issue originates from
k2 nl
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otherwise equation (3.20) contributes to the matrix entries corresponding to the indices (k, £)
and (k, m), respectively.

In the following, we focus on the case that K is badly cut. The minimal stabilization consists in

(Kf) of K¢. In other words, we need to extend basis functions defined on (K¢)’ to K¢ and use
the extended functions to evaluate the involved normal derivatives. Specifically, we follow three
steps. First, we find the Cartesian bounding box (KY); of (K¢)' in the physical domain and
define on it a set of bi-degree-p Bernstein polynomials b,., where r € {1,2,...,(p+ 1)?}, and p
is the degree. Second, let I(K;)/ be the index set of basis functions with support on (K§)’, and
we compute a L2-projection of each By ; (k' € I(Kf)’) using these Bernstein polynomials. As a
result, we have
(p+1)?
ey (B i) Z Chrr by,

where Il () stands for the L2-orthogonal projection onto Q, ((K¢)'). Note that cx, € R

are obtained by solving a local system of linear equations Z(p +1)° Mg = Fp, for m =
1,...,(p+1)2, where

Mmr:/ bm bra Fm:/ Bk’,i b
(K3) (K3)

Third, we define the extension of By ; to be H(Kf)’(Bk’,i) and enlarge the definition domain of
the Bernstein polynomials by including the bounding box (K¥¢), of the bad element K¢ as well,
that is,

(p+1)?

EM(xey (Brei( Z Chrr x e (K8, U (KS)s.

Finally, the stabilized interface integral corresponding to equation (3.20) becomes

of By, o€ B
/e (I 3ni( ki) B, /e (I 3ni< ki) By, (3.21)

where recall that k' € [(gey, £ € Ike, and m € IK;. Therefore, when K7 is a bad element, it is

equation (3.21) rather than equation (3.20) that contributes to the stiffness matrix. Particularly,
it contributes to the entries corresponding to the indices (k’, £) and (k’',m).

We have discussed the stabilization with the one-sided flux. Following a similar procedure, we
can obtain the stabilization with the symmetric average flux as well, which, however, generally
requires to stabilize more elements. More specifically, with the symmetric average flux, the term
we need to stabilize becomes

5'Bg i aBg i 6Bm i / aBm]
— B [2) ” Bm j > =B (2 ’ Bm j 5
/e 6ni £ /e 6ni J /e 8717; £ e 8n1 J

OBy ;
where the integral involves normal derivatives from both patches. Therefore, in addition to e,z’
T
OB
the flux ™) also needs stabilization if K 5 1s badly cut.
Uz

Remark 3.3.2. Conditioning is another important issue related to trimming. As already
observed, the guarantee of stability does not necessarily imply a well-conditioned stiffness matrix
due to the presence of cut basis functions. A proper preconditioner is needed to ensure a reliable
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solution. In the next set of numerical experiments, the simple diagonal scaling preconditioner was
used. Another alternative is the recent work on the multigrid preconditioner [50], which can deliver
cut-element independent convergence rates in the context of immersed isogeometric analysis.
However, further investigation, especially theoretically, is needed to advance our knowledge on
this challenging issue.

3.4 Numerical examples

This section presents three examples to demonstrate the convergence and conditioning by solving
the Poisson equation on various domains obtained through the union operation. We then show
the geometric flexibility of our proposed method by solving the linear elasticity problem on a more
complex 2D geometry. In all the numerical tests, we set the penalty parameter § in Nitsche’s
formulation as 6p?, where p is the degree of the spline discretization. The area-ratio threshold is
set to be 10% to identify bad elements, i.e., # = 0.1.

3.4.1 Convergence and conditioning under bad cuts

We start with a two-patch union that forms a unit square. This simple test is meant to show
that the minimal stabilization works robustly even when there are extremely small cut elements
involved. As shown in Figure 3.6(a), the bottom patch 2} is a unit square [0, 1]? with a 4 x 3 mesh
(orange lines), whereas the top patch QF covers the region [0.5+¢, 1] x [0, 1] with a 2 x 2 mesh (blue
lines). The parameter € € (0,1072) controls trimming of the bottom patch, or equivalently, ¢ is the
width of the cut elements in the bottom patch. Both patches are B-spline patches. Particularly,
we set € = 1076 to perform a convergence study with bases of degrees 2, 3 and 4 in all the
patches. We consider the manufactured solution: u(x,y) = sin(wz/2) cos(my), (z,y) € [0,1]?, with
homogeneous Dirichlet and Neumann boundary conditions imposed according to Figure 3.6(a).
Figure 3.6(b) shows the solution obtained on the input mesh using the quadratic basis, where
the cut elements are invisible due to their small scale. The convergence plots in the L?-norm
and in the H!-broken norm error are shown in Figures 3.6(c), 3.6(d), where we observe expected
optimal convergence rates in both norms. With “H!-broken norm” we mean

N
2 2
||,Uh||H1(Q),broken = Z ”,UlHHl(SL) ) Up, € Vh'
=0

0
Note that we have used two types of fluxes (%)t, te {%, 1}, to show that they behave almost
n

the same in terms of convergence and conditioning. We should also note that the symmetric
average flux involves the flux from the bad cut elements and thus needs to be stabilized through
the minimal stabilization method. On the other hand, the one-sided flux comes from a non-cut
domain, so it does not need stabilization. Indeed, we observe in Figures 3.6(c), 3.6(d) that the
convergence curves are indistinguishable using both types of fluxes.

Next, we study the conditioning of global stiffness matrices in three cases:

(i) the symmetric average flux without stabilization;
(ii) the symmetric average flux with stabilization;

(iii) the one-sided flux (no need for stabilization).
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I'p
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(a) Meshes of the two patches. (b) Computed solution using p = 2.
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Figure 3.6 — The unit square example by a two-patch union. Here ¢ is set to 107,

We compute the condition number of the rescaled stiffness matrix Ds_l/ QKSDS_U 2, where K, is
the stiffness matrix and Dy denotes diag(K;). We test both the influence of £ on a fixed mesh
and the influence of the mesh size h with a fixed small €. First, given the input mesh shown
in Figure 3.6(a) and bases of different degrees (2, 3 and 4), we compute their corresponding
condition numbers changing ¢ from 10~2 down to 10~°. The result is summarized in Figure 3.7.
We observe that in cases (ii) and (iii), the condition number is independent from trimming, that is,
it almost remains constant as € decreases. Moreover, the condition numbers obtained in these two

e s . o —1
cases are indistinguishable. In contrast, the condition number in case (i) increases as O (5 2)

(see [51] for a more involved discussion about the dependence of the condition number on ¢). We
now fix € to be 107% in the initial mesh and change the mesh size h (via global refinement) to
further compare conditioning. First, we observe in Figure 3.8 that for all the degrees considered,
the condition number in cases (ii) and (iii) is constantly lower than that in case (i). Second,
higher-degree splines generally yield higher condition numbers under the same mesh size in all
the cases. Third, in the low degree case (e.g., p = 2), the condition number tends to be controlled
by the mesh size h, and it increases in the order of h=2 as h decreases, as it is expected. On the
other hand, in the high degree case (e.g., p = 4), the condition number is higher but does not
enter the asymptotic regime yet (this is a known behavior in IGA, see, for instance, Tables 2,3
in [31]). As h goes down, the effective area ratio of a cut element actually becomes larger, and
this is why the condition number in case (i) decreases as h decreases, whereas it remains almost
constant in cases (ii) and (iii); see Figure 3.8(c).
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Figure 3.7 — Condition number vs. € for the domain of Figure 3.6.

In both the convergence and condition tests, we have shown that the one-sided flux works almost
the same as the symmetric average flux with stabilization. The one-sided flux is chosen in the
following tests as it generally needs to stabilize fewer elements than the symmetric average flux
case.

3.4.2 Influence of patch ordering

We next study a disk geometry centered at (0,0) with a radius of 2. It is formed by the union of
an annulus with a rectangle, and we focus on a quarter of it due to symmetry. The annulus is
represented by a NURBS patch with an inner radius of 1 and an outer radius of 2, which has a
5 x 5 mesh. The rectangle is a B-spline patch covering the region [0,1.13] x [0,1.17] with a 4 x 4
mesh. We consider two arrangements of patches to check if there is a difference in the numerical
performance:

(i) the rectangle on top of the annulus,
(ii) the annulus on top of the rectangle;

see Figures 3.9(a), 3.9(b). In the convergence study, we take the manufactured solution u(z,y) =

(4 — 2% — y*) cos(mz) cos () (z >0, y >0, 2% + y* < 4), see Figure 3.9(c), and use bases of
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Figure 3.8 — Condition number vs. h for the domain of Figure 3.6a. Here ¢ is set to 1076.

degrees 2, 3 and 4 everywhere. Homogeneous Dirichlet and Neumann boundary conditions are
imposed as shown in Figures 3.9(a), 3.9(b). In Figures 3.9(d), 3.9(e), we observe the expected
optimal convergence in all the cases before the error reaches 1078, Afterwards we observe a
deteriorated behavior due to the dominance of the geometric error, which is induced by the fixed
tolerance setting (~ 1078) in OpenCASCADE. Moreover, in all the convergence plots, we do not
find distinguishable differences in the two different arrangements before the L2-norm error hits
the geometric tolerance; compare dashed and solid lines.

3.4.3 Multiple overlapped patches

We further study an example that involves multiple overlapping patches; see Figure 3.10(a). In
particular, there is a region where three patches overlap; see the intersection region of orange,
blue, and green patches. All the patches are B-spline patches. We take the manufactured
solution u(z,y) = sin(27wz) sin(my) for the convergence test, and we use bases of degrees 2, 3
and 4 to solve Poisson’s problem. The homogeneous Dirichlet boundary condition is imposed
according to Figure 3.10(a), whereas the Neumann boundary condition is imposed on all the other
boundaries. Again, we observe the expected optimal convergence for all the degrees considered;
see Figures 3.10(c), 3.10(d). Note that the blue patch provides the one-sided flux to the orange
patch, and it is in the meanwhile cut by the green patch, so generally it needs stabilization. Recall
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(a) Rectangle on top. (b) Annulus on top. (¢) Computed solution with annulus
on top and p = 4.
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Figure 3.9 — The quarter of disk example by a two-patch union.

that we set the area-ratio threshold to be 10%. In our test cases, we observe that around 3% to
7% of cut elements are usually identified as bad elements. In other words, stabilization is only
needed for a small number of elements. Moreover, let us observe that the elements depicted in
Figure 3.10(b) are just used to set up quadrature rules.

3.4.4 A complex geometry obtained via Boolean operations

As the last example, we consider a more complex geometry, a toy car wheel model in the planar
domain as shown in Figure 3.11(a), to show the potential capability of the proposed method.
Such a geometry can be easily created with a combination of trimming and union operations,
more specifically, by first generating two annuli, putting handles on top of them via union, and
finally creating holes of different sizes via trimming. Two boundary conditions are shown in
Figure 3.11(a), whereas the homogeneous Neumann boundary condition is imposed on all the
other boundaries. We use quadratic splines to solve the linear elasticity problem on a series of
meshes under the plane strain assumption, where the material is homogeneous and isotropic with
Young’s modulus and Poisson’s ratio being 1 and 0.3, respectively. In particular, we show the
displacement field on the initial mesh and the von Mises stress on the mesh after three steps of
global refinement; see Figure 3.11(b) and Figure 3.11(c), respectively. As expected, we observe
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Figure 3.10 — An example of multipatch overlapped domain.

stress concentrations around holes as well as sharp corners. Moreover, our computational tool
is robust in reparameterizing cut elements and handling union interfaces, and it can be easily
adapted to solving different elliptic PDEs.

s Stress
-034 6 8101214 2.0e+01
—— | —

(a) Arrangement of patches and (b) Magnitude of displacement on (c) The von Mises stress on the mesh
boundary conditions. the initial mesh. after refining.

Figure 3.11 — A toy car wheel example in the planar domain. o is the stress tensor, p = 1 is
the pressure, n is the outward unit normal, and u is the displacement vector. The results are
visualized on deformed geometries. The white lines represent both the Bézier mesh and the
quadrature mesh for cut elements.
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%} Stabilized isogeometric discretiza-
tion of the Stokes problem on
trimmed geometries

Here, we extend the analysis developed in Chapter 2 from second-order elliptic PDEs to flow
problems, focusing on the isogeometric discretization of the Stokes problem in trimmed domains.
As we already observed in the introduction, the main issues for the numerical analysis are
integration, conditioning, and stability. For what concerns integration, namely the construction
of suitable quadrature rules on the trimmed geometries, we rely on the technique developed
in [4], where the cut elements are subdivided into tiles which are reparametrized with piecewise
polynomials of the same degree of the spline basis employed for the space discretization. The
conditioning issue is also out of the scope of this work: herein, we limit ourselves to applying
a Jacobi preconditioner. Our goal is to address the stability of incompressible flow problems
in trimmed geometries. As in the Poisson problem, we rely on Nitsche’s method for the weak
imposition of the Dirichlet boundary conditions. After empirically demonstrating the lack of
stability of this formulation, we propose our stabilization. On the one hand, just as in the
elliptic case, we modify the evaluation of the normal derivatives of the velocities at the “bad” cut
elements. At the same time, stabilization is applied to the whole space of pressures.

The chapter is structured as follows. After having introduced in Section 4.1 some notations
and the strong formulation of the Stokes problem, in Section 4.2 we provide the basic notions
on IGA: we introduce three families of isogeometric elements (Raviart-Thomas, Nédélec, and
Taylor-Hood) and use them to discretize the considered equations in a trimmed domain using
Nitsche’s method for the imposition of the essential boundary conditions. In Section 4.3 we show
through numerical experiments that the Nitsche formulation is not stable with respect to the
trimming operation. Then, in Section 4.4, we introduce our stabilization procedure together with
its key properties and the stabilized discrete formulation. In Section 4.5, we develop our stability
analysis: we observe that one of the cardinal steps of the proof of stability, namely the inf-sup
stability, is missing. In Section 4.6, we prove that optimal a priori error estimates hold. In the
last section, we provide numerical experiments to validate the theory, emphasizing the validation
of the inf-sup stability of our method.

The results of this chapter are collected in the preprint [111], which has been submitted for
publication.

4.1 Model problem

We let 9 C R? (here d = 2,3) be the starting domain parametrized by a bijective spline map
F: (0, l)d — g, i.e., a patch in the isogeometric terminology, and let Q1,...,Qx be Lipschitz
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domains in R? . We assume that €;, i = 1,..., N, are to be cut away from Qg and that our
computational domain reads:
N
0=\ J. (4.1)
i=1

For simplicity, let us assume that €2 is a Lipschitz domain that has been obtained via trimming
operations, as in (4.1) with N = 1, namely = Qg \ Q;. Let ' be its boundary such that
I =TpUTy, where I'p and T'y are open and disjoint. We denote the trimming curve (trimming
surface if d = 3) as Tr =T N 0Q;.

Given the body force f : Q — R%, the mass production rate g : @ — R, the Dirichlet datum
up : Q — R and the Neumann datum uy : Q — R, we look for the velocity u : Q — R% and
pressure p : 2 — R such that
—pAu+Vp =1, in €Q,
divu = g, in Q,
g (4.2)
u=up, onI'p,
U(u,p)n: un, on FNv
where p € R, u > 0 is the wviscosity coefficient, o(u,p) = pDu — pl is the Cauchy stress tensor,
u;

(Du),; = EIe i,7 =1,...,d. For the sake of simplicity of the exposition, we set u = 1.
J

C will denote generic positive constants that may change with each occurrence throughout the
chapter but are always independent of the local mesh size and the position of the trimming curve
(surface, if d = 3) unless otherwise specified.

4.2 TIsogeometric discretization

4.2.1 Isogeometric spaces on trimmed geometries

Let us consider the isogeometric mixed elements defined in the untrimmed domain 2y, which have
been introduced in Section 1.3. We recall that VOIT“E - ORE, Voltlh - QY,, and VOT,? - Q()T% denote
the Raviart-Thomas, the Nédélec, and the Taylor-Hood isogeometric elements, respectively. Let
us restrict them to the the active part of the domain, i.e.,

Vit =={Vh‘Q v € Vo b Vi = {Vh‘Q PV € Vo Vil = {val v € V')
W= QN i={anran € Q5T QP o= {anran € QET.
: : : : RT N TH
We observe that in general, in the physical domain, V,** C V,¥ ¢ V.

To alleviate the notation, we may omit the superscript O € {RT, N, TH} when what said does
not depend from the particular isogeometric element choice. Moreover, for the notation about
the mesh, mesh-size, and cut elements, we refer the reader to Section 2.1.1.

We endow the discrete spaces of the velocities with the scalar product
(Wh, Vh)yp, = / Dwy, : Dvy, +/ h™twy, - v, Wh, Vi, € Vi,
' Q T'p
inducing the mesh-dependent norm

s vy € Vy.

1Vhl1Z = 1 DVA ey + [0 val|
Vhlli,p = VhllL2() Vh L2(T'p)
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We also equip the discrete spaces of the pressures with the mesh-dependent norm

2
1
hZQh‘ , qn € Qn-
L2(Tp)

2 2
lanly == llanl 32 + |
We consider the following Nitsche’s formulations as discretizations of problem (4.2).

Find (up,pp) € Vi, X Qp such that

an(un,vp) +01(Vh,pn) = Fr(vr), Vv €V,

(4.3)
bn(Wn,qn) = Gm(an), VY aqn € Qn,
where m € {0,1} and
an(Wn,Vvp) ::/ Dwy, : Dvy, — Dwyn - vy, — wy, - Dvpn
Q T'p I'p
+’Y/ h~'wy, - v, Wp, vy € Vi,
I'p
bm(vhth) = / dh divvy +m gnVh - 1, vy € Vi, qn € Qha
Q I'p
Fr(vh) 12/ f-vp +/ uy - v —/ up - Dth+'Y/ h™lup - vi, Vi €V,
Q In I'p I'p
Gm(qn) == — / gqn +m gpup -1, qn € Qn,
Q I'p

v > 0 being a penalty parameter.

Remark 4.2.1. In the literature, the Nitsche formulation of the Stokes problem was introduced
in [63] with m = 1 and allows to weakly impose the Dirichlet boundary conditions without
manipulating the discrete velocity space (see also Section 1.3). The choice m = 0 allows for
an exactly divergence-free numerical solution for the velocity field in the case of ¢ = 0 and the
Raviart-Thomas isogeometric element, see Remark 4.4.9.

Remark 4.2.2. We observe that, in order to simplify the presentation, in formulation (4.3) we
impose Dirichlet conditions weakly everywhere. In the case where there is rcr p such that
F_l(f) is a union of full faces of SAZO, then one could have strongly imposed Dirichlet’s conditions
on T by appropriately modifying the discrete velocity spaces: the traces for VhTH and the normal

components for VhRT and VhN (the tangential components are weakly imposed in the spirit of [59]).

Remark 4.2.3. The imposition of the Neumann boundary conditions does not pose any particular
problem in a mesh that is not aligned with I'y. These kinds of conditions are natural for the
Stokes problem, i.e., they can be enforced through a boundary integral as long as suitable
quadrature rules in the cut elements are available, see [4].

Motivated by the previous remark, we henceforth assume that I'y N T'r = ), so that I'r C I'p,
i.e., we impose Dirichlet boundary conditions on the trimming curve.

4.3 Lack of stability of Nitsche’s method

Throughout this section, we want to show with some numerical experiences that the Nitsche
formulation of the Stokes problem (4.3), discretized with Raviart-Thomas, Nédélec, and Taylor-
Hood elements, lacks stability when working on trimmed geometries. It is well-known (see [21, 102])
that the following are necessary conditions for the well-posedness of formulation (4.3) for both
m € {0,1}.
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1. There exists 7 > 0 such that, for every fixed v > 7, there exists M, > 0 such that

lan(wWh, vi)| < Mo [[Whally g, [[Vally g V' wh, vy € V. (4.4)

2. There exist 81 > 0, By > 0 such that

b
nf sup —aman) o g (4.5)
ah€RQR v, EV, thHO,h thlll,h
b
inf sup 0(Vh, Gn) > Bo. (4.6)

n€Qn v, eV, [lgnllon 1Vally p

Remark 4.3.1. We observe that M, depends (and grows dependently) on v, which has to be
taken sufficiently large, i.e., v > 7, but at the same time as small as possible, i.e., close to 7, in
order not to end up with a too-large continuity constant.

We want to show that the stability constants in the previous estimates, M,, £1, By, can be
arbitrarily negatively influenced by the relative position between the mesh and the trimming
curve; hence they are not uniform with respect to the trimming operation. Note that in the
following essential boundary conditions are enforced on the whole boundary, and they are weakly
imposed on the parts unfitted with the mesh. Let us proceed in order.

1. The breakdown example for the robustness of the continuity constant M, is the following.
Let Qo = (0,1)%, Q1 = (0,1) x (0.75 4+ £,1) and Q = Qg \ €4, as illustrated in Figure 4.1(a).
Note that the continuity constant of as(-,-) corresponding to v = 1 is smaller than the
one related to v > 1, i.e., M) > M} for every v > 1. Hence, in order to verify that the
continuity constant also degenerates with the cut, it is sufficient to show that M} grows as
¢ gets smaller. M} can be estimated as the largest eigenvalue of the subsequent generalized
eigenvalue problem.

Find (up, Ar) € V3, \ {0} x R such that
ah(uh,vh) =\ (ufﬂvh)l,h’ V vy € V. (4.7)

Assume that the mesh is uniform and let us fix the degree k = 2.

€{

(a) Rectangle. (b) Pentagon.

Figure 4.1 — The trimmed geometries.

Then, let us compute A\;** for different values of €: in each configuration we refine the mesh,
see Figure 4.2. We can clearly see how the largest eigenvalue grows unboundedly as € goes
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to zero, implying that the continuity constant can be made arbitrarily large by reducing €.
As already observed in Section 2.2, this is due to the lack of an inverse inequality robust
with respect to the trimming operation, namely,

1
HhZDvhnHL2 <C ||DVh||L2(KmQ) )

T'k)
with C independent of the shape and diameter of K N <.
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Figure 4.2 — Maximum generalized eigenvalue of (4.7) for the trimmed rectangle.

2. Now, we consider a different setting. Let Qg = (0, 1)2, Q5 be the triangle with vertices
(0,0.25+¢) — (0,1) — (0.75 — &,1) and Q = Qg \ Q1, see Figure 4.1(b). We want to study
the values of 3,,, m € {0,1}, with respect to the trimming parameter €. The inf-sup
constants are numerically evaluated as explained in [15]. In Figure 4.3 we plot 3, for
k = 2 and different values of the trimming parameter ¢ and the mesh-size h. The numerical
experiments show the dependence of 3, on €. This negative result is due to the presence of a
spurious pressure mode pj, (technically speaking it is not spurious since, even if 3, (p5) < 1,
it still holds B, (pf,) # 0) whose support is concentrated in trimmed elements with a very
small overlap with the physical domain €.
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Figure 4.3 — Inf-sup constants for the trimmed pentagon.

Remark 4.3.2. Let us observe that in the previous numerical counterexamples, in order to
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validate the lack of stability of the formulation, one should have constructed a sequence of spaces
depending on € rather than changing the domain (as it is done in [33], where the lack of stability
of the Nitsche formulation for the Poisson problem on trimmed domains is shown). However, both
constructions lead to the same results, and we believe that our choice makes the presentation
more fluent. We also note that in the first counterexample, the inf-sup condition is not violated,
and, similarly, the second configuration is not a counterexample for the continuity.

4.4 Stabilized Nitsche’s formulations

4.4.1 Stabilization procedure

We start by subdividing, for each h > 0, the elements of the active physical Bézier mesh My,
into two disjoint collections: the one of the good elements M7, those with sufficient overlap with
the physical domain, and the one of the bad elements MZ, a small portion of which intersect 2.
Then, for each bad element K, we select a good neighbor K ! see Definition 2.3.1. We also define
Qrp = UKth\@ K, the region occupied by untrimmed elements, and Sy, := Q \ UKeM-Z K=

int Jg M K N Q, the region occupied by bad elements.

It is well known that formulation (4.3) is stable if Q = Q7. In the general case 7, C €2, the
goal of the stabilization is, informally speaking, to extend the stability of the discrete problem
from the internal elements of the domain to the cut ones.

Remark 4.4.1. We observe that choosing 6 = 1 in Definition 2.3.1 corresponds to stabilizing all
cut elements, in which case it holds M? = Gj,, Qrn=Ugepms K and Sy, = Q\ Qp p,.
h

The following assumption is not restrictive and is satisfied whenever the mesh is sufficiently
refined, and we take C large enough in (2.7).

Assumption 4.4.2. For every K € M!, there exists K’ € N(K) N M$. From now on we will

h>

refer to such K’ as a good neighbor of K.

Let us start by stabilizing the pressures. We define the operator R} : Q — L?(Q) locally as
RY (qn) o= RY-(qn), for every K € My, and all g, € Qp, as follows:

o if K € Mj, then
R?((Qh) = %‘K7

o if K € MY, then

Ry (qn) = €k K (HK/ (Qh’K’)) ‘K

where Ilx: : L? (K') — Qg (K) is the local L?-projection and Ex+  : Qr(K') — Qr(K'UK)
is the canonical polynomial extension. K’ is a good neighbor of K.

Proposition 4.4.3 (Stability property of RY). Given 6 € (0,1], there exist C1,C > 0 such that,
for every K € My, and h > 0,

[AEATAI

where K' is a good neighbor if K € M%, K' = K and if K € M.

L) <Cillanllz2(xrngy: VY an € Qn,

HRZ(qh)HLQ(KﬂQ) <Cs H‘IhHLZ(K’mQ) ) Y an € Qn,

(0]
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Proof. Let q; € QE, O € {TH,RT,N}, and K € M. We first assume K € Mj and let
Q=FYK), G = quoF if 0 =TH, g, = det(DF)" g, o F! if O € {RT,N}. Holder’s
inequality, Lemma A.1.5, and Lemma A.1.1 imply

1 1 1 1 1
=hg ||Qh||L2(FK) < hi Tkl? thHLOO(FK) < hi [Pkl? ||‘Ih||Loo(K)

hi ‘
dh L2(Tx)

i 1 1 14 —
<Cohi Uk[? [@nllp=(q) < Cohi Tl hg® 1@l 12 gra) < CCOCO llanll L2 (kna) -

where Ctg = 1, Crr = Cx = HdetDF_l||L°C(K)7 6TH = HdetDF_luim(KﬂQ)’ 6RT = éN =

1
||det DF”zm(Qmﬁ)’ and C depends on k, and on #. Now, let K € M’ with good neighbor K'.

We employ, respectively, Holder’s inequality, Lemma A.1.1, and Lemma A.1.4, and we get

1 1 1
=hi 1€xc i s (@)l p2(rey < i Tk |? 1€k & rer (@)l oo ()

1
hiR? H
& (an) L2(Tg)

d d
<Chj €k e s (gl o (i) < Chige Mk (@)l oo (i) -

We can now use Lemma A.1.6, the boundedness of the L?-projection with respect to [|-|| ;. and
the local quasi-uniformity of the mesh, to obtain

with C' depending on k. By applying Hélder’s inequality, moving to the parametric domain, using
Lemma A.1.5, and moving back to the physical domain, we get

1 4 _d
h2 Ry (qn) <Chjchg? HHK’(%)”L?(K') <C ||QhHL2(K/) )

‘LZ(FK)

¥ R (an)|

d 4
L2(Tx) <Chi ||QhHLoo(K/) < Cohg ||QhHL°C(Q') (4.8)

4 _d _
SCCth{thIQ ||QhHLoc(Q/n§) < CCnCg th”Lz(K/ﬂQ) )
where C depends, in particular, on k and 6, and C, C have been defined above.

Let us move to the proof of the other inequality of the statement. If K € G, then there is
nothing to prove. Let K € G2 and K’ its good neighbor.

1 1
IRE (@)l 12 knay < N QIENRY (a0 oo (n0y < VR RE (@) oo (1)
1
<CIENQ* g (qn)ll oo (57) 5

where we have used, respectively, Holder’s inequality and Lemma A.1.4. Note that it is trivial
to check that, for every u € L*(K'), Mk (W)l g2y < llullpz(gr)- On the other hand, by
using Lemma A.1.6, and the L2-stability of the L?-projection, we have HHK’(Qh)”Loo(K/) <

_d _d
Chy? HHK/(%)||L2(K/) < Chyt? ||qh||L2(K')' Hence,

1 _d 1 _1
IRE (@)l L2 xnay < CHENQIZ h? llanll ey < CENQE K2 (lanll 2oy < Cllanllpe ey »

where in the second last passage of both lines we used the shape-regularity and quasi-local

_d
uniformity of the mesh, entailing h,? ~ \K’|_%, |K’|_% ~ |K|_%. We observe that the constant
C' depends on k, since we relied on Lemma A.1.6. We conclude as in (4.8). O

Now, let us move to the velocities and define, for O € {RT, N, TH}, the operator R}, : VhD — L*(Q)
locally as R} (vy) o= RY-(vy,) for every K € My, and all v), € VhD:
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o if K € Mj, then

RY(vp) = vh‘K,

o if K € M}, then
Ry (vi) = Exr K (HK’ (Vh‘K/» ’K7

where Il : L2 (K') — Vi (K’) is the L2-orthogonal projection onto

/ ] —
Vk(K/) — Sk(K )7 p 1f|:| = RT,
(Qr41(K))7, if 0 € {N, TH},
Sk(K/) — Qk+l7k(K/) X Qk,k+l(K/)7 ifd= 2,
Qut 1,k k (K') X Qu g1, (K") X Qi i1 (K'), if d = 3,

and Ex i : Vi (K') — V(K U K') is the canonical polynomial extension. Here, K/ € M7
denotes a good neighbor of K.

Proposition 4.4.4 (Stability property of R}). Given 6 € (0,1], there exists C > 0 such that,
for every K € My,

’ 2(Tk)

where K' € MY is a good neighbor of K if K € MY, K' = K if K € MJ.

hEDRi(van| < CUDVlgenays ¥ Ve € Vs

Proof. We refer the reader to the proof of Theorem 2.3.14. The constant C' will depend on F
accordingly to the element choice. O

As we saw in Section 4.3, due to the unfitted configuration, the Nitsche formulation (4.3) may
present some serious instabilities. Our remedy is twofold. On the one hand, we locally change
the evaluation of the normal derivatives of the velocities in the weak formulation; on the other,
we modify the space of the discrete pressures.

We introduce the following stabilized pressure space

-l

@h = {g&h € L2(Q) : 3 qn € Qp, such that ¢y,
O\Sh

and @y, g = Ry (an)

h

Sh}'

Remark 4.4.5. Let us stress that, while dim Q,, < dim Qy,, in general, we have that Q,, is not
a subspace of @), since its elements are discontinuous functions. However, we observe that the

discontinuities are located across the facets in the region of bad elements S, and, for g, € Qy,
and RY(qn) € Qp,, it holds

Q\Sh

q = R} (qn)

Al — _ .
Q\Sh Q\Sh

Remark 4.4.6. Proposition 4.4.3 entails that |||, , and [|-|| ;2 \3, are equivalent norms on Qs

namely there exist c1,ce > 0, independent on h and on the the way the mesh is cut by trimming

curve, but in general depending on the fixed parameter 6 € (0, 1], such that

C1 ||q}L||L2(Q\§h) < llgn |O,h <ec2 ||QhHL2(Q\§h) ) Van € @h'

Remark 4.4.7. Let @, = {Bx o k € K} and define Q,, = {B; o iel}, whereI:={ieK:

3 K € M7 such that K C supp B;}. This time @h is a subspace of (J,. Moreover, let us observe
that @, and Qj, are isomorphic (as normed vector spaces) when equipped with ||| L2(Q\5h)-

7
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We introduce the following stabilized version of formulation (4.3).

Find (up,pn) € Vi x Q) such that

an(up,vi) +b1(vi,pn) = Fr(v), ¥V vi €V, (4.9)
bm(uhaqh) = m(Qh)7 v qn € @hﬂ
where m € {0,1} and
an (W, vp) ::/ Dwy, : Dvy, — DR} (wp)n - vy — wyp, - DR} (vp)n
Q FD FD
—|—'y/ hilwh “Vh, Wh, vy € Vi,
I'p

F}L(Vh) ;:/ f-V;L—I—/ O'-Vh—/ uD~DRZ (Vh)l’l +7/ hiluD-Vh, vy € V.
Q FN FD I‘D
Remark 4.4.8. We believe that this strategy is still consistent with Chapter 2 since the

modification does not affect the space of the velocities, but just the one of pressures, the latter
being discontinuous objects from a physical point of view.

4.4.2 Interpolation and approximation properties of the discrete spaces
From [75], there exist E : H'(Q) — H'(RY), t > 1, and E : H" (Q) — H" (RY), r > 1,

universal (degree-independent) Sobolev-Stein extensions such that divoE = E o div. We define,
for 0 € {RT,N,TH} and t > 1,
QQ)

where H‘D,0 , is the spline quasi-interpolant onto Vol?h- Similarly, for the pressures, given r > 1, we
)

introduce
ng, H"(Q) - QY q—Tg, (E (q) QO) .

and further compose it with the stabilization operator for the pressures,

)

oy :  H'(Q) -V,  veIy, (E (v) .

=0 . -0
g, :H () > Qp, q— RY (thqh) ,

where Hgo , is the spline quasi-interpolant onto QEh. Let us recall that, in the Raviart-Thomas

case, 1T} and Hgfh are defined so that the first diagram in (4.10) commutes (see [34]). Our
construction implies that also the diagram on the right commutes.

H(div; Qo) —2 L2(Qy) H(div;Q) —2 12(Q)
ln}% lﬂ‘éﬁ,h lH‘éZ Jn?ﬁ (4.10)
VR = Qi vRT S, QRT

Remark 4.4.9. Note that the commutativity of the right-hand diagram in (4.10) is lost when
instead of @5, we use the stabilized space @Q},.

Proposition 4.4.10 (Approximation property of R}). There exists C > 0 such that, for every
veH!(Q),t>2, and K € Gy,

‘ L2(Tp)
where s := min{k,t — 1} ¢f 0 = RT and s := min{k + 1,t — 1} 4f 0 € {N, TH}.

1 v s
hz D (V - Rh(H‘D/hV)) nH < CR° IV 5oy »
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4.4. Stabilized Nitsche’s formulations

Proof. 1t is sufficient to apply the vectorial version of Proposition 2.3.15 and to sum over the cut
elements in G, by taking into account Remark 2.3.16. The constant C' depends on F accordingly
to the element choice. O

Lemma 4.4.11. There exists C > 0 such that

v, vl < ClVIlg @)y ¥ vEHir, ()

Proof. Let v e H (%;PD (). Using the H!-stability for the quasi-interpolant in the boundary-fitted
case [34], we have

2 2 _1 2
10y, I 5 = | DT, (B [y + [[h 005, (B())|

(4.11)

L2(Tp)

_ 2
<CIE Mg + D 1k Mo (B Doy (4.12)
Kegy,

By using E(v)‘ =0, Lemma A.1.2, and the optimal approximation properties of the quasi-
r

D
interpolants on boundary-fitted meshes, it holds

S hR M (B ey = 2 bt [Mve, (B) = EO|[ar,,
Kegy, Kegy,

<C Y |y, (B (v) - EW)| 120y Mvo s (B (V) = EO)|| 1 ) (4.13)
Kegn
<C|E )I311 o) -

We conclude by combining (4.11) and (4.13), and using the boundedness of the Sobolev-Stein
extension operator. O

Theorem 4.4.12. There exist Cy,,Cy > 0 such that for every (v,q) € H'(Q) x H"(Q), t > 1
and r > 1, it holds

. _
[v-19], < bt Wy, lla—Taually,, < Colt Il o)

where s := min{k,t—1} if 0 = RT, s := min{k+1,t—1} if O € {N,TH}, and ¢ := min{k+1,r}.

Proof. For the velocities, we proceed by employing the trace inequality of Lemma A.1.2 componen-
twise, the standard approximation properties of Iy, , , and the boundedness of the Sobolev-Stein
extension operator.

fo‘D,hv ’ <D E(v)fﬂ%hE(v) ’
Lh

L2(Q0)

+c Yy Hh—1 (EW) —H‘D/Oth(v))‘

Kegn
s 2
<Ch* |E(V) e ()

+o Y |h (Bm - 15, BW))|
Kegn

<CR [V 3y + [0 (B(v) ~ 15 ))|

ENv)-TY E H
L2(K) H ™) Vo.n ™) HY(K)

|Bv) - 115, EW)|

L2 (K) H(K)

‘E(v) —H%VH

L2(Q0) H'(Q0)

s o2
<Ch* ||V||Ht(Q) ;
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where s := min{k,t — 1} if O = RT, s := min{k + 1,¢t — 1} if 0 € {N, TH}. For the pressure
term, we have

_ 2 — 2
o~ Tonall2,, = (2 - Toua) 2oy + Y |
Kegy

2

h* (¢~ Tlg, )| (4.14)

L2(Tk)

For the volumetric term we may proceed analogously to the case of the velocities. Let us focus
on the boundary part of (4.14) and take K € M7 . We employ Lemma A.1.2:

h% (E(q) 7ﬁth)’ 2L?(FK) SC HE(Q) - HQO.}LE(q)||L2(K) ||h (E(Q) - HQo,hE (Q))||H1(K)

<Ch*"||E(q)|

H7(§) )

where £ := min{k + 1,7}. Now, let us suppose K € M?%, with K’ € MY its good neighbor. Let
¢ € Qi(Bk), where B is the minimal bounding box enclosing K and K, so that R} (o) = ¢.
We have

ht (4 - Tlg,q)|

h? (g — Rl (Tlg,q))|

L?2(T'k) :‘ L?2(Tk)
R (o Ty

I 11

<|
L2(T'k)

1
=0y, ]
(a—¢) s T

By using Lemma A.1.2, we obtain
1 1 1 1
I <CB(g) ~ @l 250, 0 (B(@) — &) [ sy < CIE (@) — 0l 10 (B (@) = @) s 5, -
On the other hand, from Proposition 4.4.3 and triangular inequality we have

11 =||n* Ry (¢~ g, )|

L2(T) <C H(‘p - HQh,q)||L2(K’)

<C (Il = all 2y + Il = Ml i)
<C (Il = B@)ll12(30) + 1@ — o0, (B @)l i) -

Let us choose ¢ such that the Deny-Lions Lemma (Theorem 3.4.1 of [112]) holds on By and use
the optimal approximation properties of Ilg, ,. Thus

where ¢ := min{k + 1,7} and C' depends on the shape-regularity of Bx (through Theorem 3.4.1
of [112]), on F, and on the shape-regularity of the parametric Bézier mesh (through the approxi-
mation properties of Ilg, , ). Hence, we conclude by taking the sum over the cut elements. The
final constant will depend on k, d, on the constant appearing in (2.7), on the shape-regularity
of the parametric mesh, on F, and on the boundedness of the Sobolev-Stein extension (see also
Remark 2.3.16). O

h? (¢ —ﬁth)‘

4
ey SIS O (IE@ ) HIE@l o) (415)

4.5 Well-posedness of the stabilized formulations

The following result gives the necessary and sufficient conditions for the existence, uniqueness and
stability of the solution of (4.9). Let us denote K, := {v, € Vi, : by(Vi,qn) =0 V qn € Q,},
for m = 0,1. Even if not explicitly stated in order to keep the notation lighter, the following
stability constants are required to be independent of the mesh-size h and on the way My, has
been cut by I'p.
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Proposition 4.5.1. Let us fix m € {0,1}, i.e., we choose either the symmetric or the non-
symmetric version of (4.9).

(i) There exists 7 > 0 such that, for every v > 7, there exists My > 0 such that
an(wn,vi)l < Mo [Wally Vel sV Wh, Vi € Vi (4.16)
(i) There exist My, > 0, My, > 0 such that

01(Vasan)l < My, Vil llanllon, Y va € Vi,V an € Qy, (4.17)
bo(Vas an)| < My, Vil g llanllons ¥ Vi € Vi,V an € Q. (4.18)

(iii) There exist ¥ > 0 and ., > 0 such that, for every v > 7, it holds

inf  sup __@n(Wh,Vh) > Qs (4.19)
VhE€Km w), €Ky Hwh”l,h ||Vh||1,h
and, for all wy, € K \ {0},
sup ap(wp,vp) > 0. (4.20)
vhEKm
(iv) There exist 51 >0, By > 0 such that
b
inf sup 1(Vh, 4n) > b, (4.21)
0, €Qp vieVn |lan |o,h ||Vh||1,h
b
inf sup 0(Vh, dn) > fo- (4.22)

qn€Q), VhEVR ||QhH0,h ||Vh||1,h

Conditions (i) — (iv) hold if and only if there exists a unique solution (up,qn) € Vi x Q,
to (4.9). Moreover,

1 = 1 /M,
unl < 2 1P+ 5 (S22 +1) 16l o
" (4.23)
1 M.\ 1= M, (M,
<=1 F 7= (—+1)Cnm ;
oo < 5 (14 22 ) IFull s+ 5o (2 +1) UGl
where ||-[| _, ,, and ||-|| _, ;, denote the dual norms with respect to ||-||, ,, and |||y ,,, respectively.
Proof. We refer the interested reader to [21, 102]. O

Remark 4.5.2. We observe that condition (4.20) can be replaced by dim K,,, = dim K;. If
m = 1, then conditions (4.19) and (4.20) can be summarized in the coercivity of @(-,-) on Kj.
Moreover, if g = 0, then we are no more bound to satisfy (4.22) when m = 0.

Lemma 4.5.3. There exist ¥ > 0 and o > 0 such that, for every v > 7, it holds
allvalli p < @n(vi,vi), ¥ vi € Vi,
and, for every v > 7, there exists M, > 0 such that

(@n(Whs Vi)l < Mo [willy p Vel ps Y Way Vi € Vi

Proof. This proof is based on Proposition 4.4.4 and follows the same lines of Theorem 2.3.3. O
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During the review process of the manuscript to which this chapter refers (see [111]), we encountered
an error in the proof of the conditions (4.21), (4.22). Due to the lack of time, we are compelled
to require them in the form of the following assumption. The search for suitable techniques to
derive such properties will be the subject of a future study.

Assumption 4.5.4. Given 0 € (0, 1], there exist 5y > 0 and 5, > 0 such that

bo(Vh,qn)

b1(Vh, qn) > B, inf  sup
QhHo,h ||VhH1,h

inf sup ————
Qh||o7h ||VhH1,h ah€QL VhEVL

QhEQh vhEVh

> Po.

Section 4.7 includes numerical experiments testing and confirming the validity of Assumption 4.5.4.

Theorem 4.5.5. Let us require that Assumption 4.5.4 holds. For m € {0, 1}, given 6 € (0,1],
there exists a unique solution (ap,pp) € VhD X @y, of (4.9) satisfying the stability estimates (4.23).

Proof. Tt suffices to verify the hypotheses of Proposition 4.5.1. Conditions (4.16), (4.19), (4.20) are
implied by Lemma 4.5.3. The continuity bounds (4.17), (4.18) readily follow from the definitions of
[[[l1., and |||l ;- Finally, conditions (4.17), (4.18) hold because required by Assumption 4.5.4. [

4.6 A priori error estimates

The goal of this section is to demonstrate that the errors, for both the velocity and pressure
fields, achieve optimal a priori convergence rates in the topologies induced by the norms ”th
and ||- ”0,;“ respectively.

Lemma 4.6.1. Let us require that Assumption 4.5.4 holds. Let (u,p) € H%“‘E(Q) x HY(Q),
e >0, and (up,pn) € Vi x Q), be the solutions of (4.2) and (4.9) with m € {0,1}. Then, for
every (ur,pr) € Vi X Q,, the following estimates hold.

h%D(u_Rz(uI))n‘

1
=l <5 (Mo =l

1 M,
o (140 ) M,
Brm e
M,

Loy T Mo Ip — pllo,h>

u-— u1||1,h7

1 1
- < (1+22) (M, ju- h* D (u — B; |
o = o1l <5 (14222 ) (3t u =l + 0D (o= Rian)nl],
M, M,
+ My, ||pro,h>+m(1+ " >Mbm u—uglly

Proof. Let m € {0,1} and (ur,pr) € Vi ¥ Q);, be arbitrary. By linearity (u, —ur,pn — pr) €
Vi x @, satisfies the saddle point problem

ap(up —ur, vy) + b1 (va, pn — 1) = Fr(vp), Vv €V,

_ (4.24)
b (up, —ur,qn) = Grom(qn), Vqn € Qp,
where
Fr(vy) :== / (D(u—uy) : Dvy, — D(u—Rj(u)n-vy+by(vp,p—pr)
Q I'p
—/ (u—uI)~DRZ(Vh)n—|—'y/ h—! (u—uy) - vp, vy € Vi,
Q 'p
Grm(qn) ==bpm(u—ur,qn), an € Q.
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For the sake of completeness, let us show the first line of (4.24). Note that the second line follows
immediately. Recall from (4.2) and (4.3) that F(v,) = [, Du: Dvj, — fFD Dun - vy, + by (vp,p)

and u = up. Hence
I'p

ap(up —ur,vy) + b1 (v, pn — pr) = Fr(vn) —an(ar,vp) — b1(Va, pr)

:F(V}l) — / up - DRZ(V;L)II + ’y/ hfluD “Vp — / Duy: Dvy,
Q I'p Q

+ DRZ(U[)H~V}L+/

us - DRy (vp)n — ’y/ h~'ur - vy, — b1 (v, pr)
FD FD

I'p

:/D(u—uI):Dvh— D(u—Rj(up))n-vy+bi(vp,p—pr)
Q I'p

— /FD (u—uy)- DR} (vp)n —i—v/ h™' (u—uy) - vp.

I'p
Using the stability estimates (4.23), respectively for m = 0,1, we get

M,
=l <3 Dot 5 (1522 ) 16l

1 M, M, M,
lon = w1l < (14 22 ) Uy 4 5 (1+) Gt ml-o-

We conclude since, by definition of dual norm, we have

VEr -y <Ml =yl + |

h2D (u — RY(u;)) n‘

Loy T Mo 1P —pillon s
1Grmll o, <M, [0 =]y, -
O

Theorem 4.6.2. Let us require that Assumption 4.5.4 holds. Let (u,p) € H* (Q) x H" (Q),t>2
and r > 1, be the solution to problem (4.2). Then, the discrete solution (un,py) € V= x Q) of
the stabilized problem (4.9) satisfies

la =l + 1o = pallo < Conh™™ O (Iull oy + 1Pl rncy)

where s := min{k,t — 1} ¢f 0 =RT, s :=min{k+ 1,t — 1} if =N, and £ := min{k +1,r}, and
Cyn > 0 depends on the choice m € {0,1} through the constants appearing in Lemma 4.6.1.

Proof. Given (uy,py) € VhD x @Q,,, we proceed by triangular inequality:
la—wnlly <l =y, + s = wrlly (4.25)
lp — ph”o,h <l[p- pI”O,h + llpn — pI”o,h : (4.26)

Using Lemma 4.6.1, we obtain

1
a =l < o=l % (0 o=l Ry () n]

L2(T'p)
1 M,
+Mb1||p_pl||07h> B <1+>Mb lu =g, ,

1 M,
I~ pallo <1 = prlos+ 5 (14752 ) (Malhu =l +

M, M,
0 =il ) + 5 (147 ) M = il

h%D(u_R;;(uI))n‘

L2(Tp)
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Let us choose uy := H%u and p; := Ilg, p so that, by Proposition 4.4.10 and Theorem 4.4.12,
we obtain

1 )
e = anlly ), <Coh®[lullgeq) + - max{Ma, 1, My, }OR™ (H“”H‘(Q) + Hp”HT(Q))
L
Ip = phllon <Cq h ||p||HT(Q)

e (1 " ) masx{My, 1, My, JOR" (|l o ) + 1l )

) My, Col® ey

+

M, C,Uhs u t .
Ml( 22 ) b, ot [l

4.7 Numerical tests

The main goal of the following numerical experiments is to validate the convergence results of
the Theorem 4.6.2 and to validate the inf-sup condition that we have not been able to prove
theoretically.

To prevent the conditioning number of the linear system from being excessively corrupted by
the presence of basis functions whose support barely intersects the physical domain, a left-right
Jacobi preconditioner is employed. This approach helps for improving the conditioning, but, as
previously discussed in Chapter 2, does not completely solve the problem of its dependence on
the trimming configuration. A more sophisticated approach has been proposed in [49].

4.7.1 Pentagon

Let us consider as computational domain the pentagon 2 = Qg \ Q;, where Qy = (AZO and € is
the triangle of vertices (0,0.25 +¢) — (0,1) — (0.75 — ¢, 1) as illustrated in Figure 4.1(b). Here
e = 107'3. The following functions are chosen as manufactured solutions for the velocity and
pressure fields:

4
u= (xy3, G y4> , D = Dfun — |ﬁl| /prun, where ppon = 2% cos(z) + y? sin(x).
Dirichlet boundary conditions are weakly enforced on the boundary sides unfitted with the mesh,
while on the rest, they are imposed in the strong sense (we recall from Remark 4.2.2 that, for
the Raviart-Thomas and Nédélec element, we need to impose the tangential components in a
weak sense). We compare, for different isogeometric elements, the well-posedness and accuracy of
the non-symmetric, i.e., with m = 0, non-stabilized and stabilized formulations, (4.3) and (4.9)
respectively, for k = 2 and v = 20 (k + 1)2 (the dependency of the penalty parameter on the
degree is coherent with [57]). The threshold parameter 6 is set equal to 1,i.e., all cut elements

are stabilized.

In Table 4.1 we see the values of the inf-sup constants Sy, S1, computed as in [15], in the
non-stabilized and stabilized cases (subscripts ns and s respectively) for the different choices of
the isogeometric element (superscripts RT, N and TH). In the stabilized case, we observe that the
inf-sup constants lost their dependence on how the mesh is trimmed. In Figure 4.4 the accuracy
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of the non-stabilized and stabilized formulations are compared. We observe a clear improvement
in the pressure error between the non-stabilized and the stabilized case.

h 2~ 1 272 23 24 25 276
0. | 0.2437  1.6450e-07  2.3014e-07 3.2638¢-07  4.6166e-07  6.5221c-07
RT 1 0.2699 2.8358¢-07 3.9759e-07 5.5849e-07  7.8738e-07  1.1108e-06
&;F 0.4103  0.1740 0.2032 0.1850 0.1588 0.1635
RT 10.3923  0.2088 0.2397 0.2440 0.2441 0.2442
N . 1 0.2714  1.6541e-07 2.3212e-07 3.2900e-07 4.6583e-07  6.5811e-07
[ﬁﬁm 0.3178  3.6259¢-07  5.0472¢-07  7.0780e-07  9.9752e-07  1.4077e-06
N1 04142 0.2430 0.2902 0.2803 0.2809 0.2676
11“; 0.4118  0.2564 0.2979 0.3089 0.3096 0.3096
oms | 02672 1.6728e-07 2.3504e-07  3.3295e-07  4.7052e-07  4.7052e-07
BEH 1 0.2768  4.8359¢-07  6.8222e-07  9.6265e-07  1.3581e-06  1.9189¢-06
TH | 03374 0.2836 0.2853 0.2853 0.2853 0.2853
}f B10.2994  0.2755 0.2789 0.2802 0.2807 0.2809

Table 4.1 — Inf-sup constant for the pentagon: stabilized vs non-stabilized formulations with
k=2.

4.7.2 Mapped pentagon

Let us perform an experiment similar to the previous one, this time with a non-linear isogeometric
mapping F. We consider Q = Qg \ Q;, where Qg = F ((071)2) is the quarter of annulus
parametrized by a biquadratic NURBS F, and €, = F(T'), with T the triangle with vertices
(0,0.25 +¢),(0,1),(0.75 — &, 1), see Figure 4.6(a). We compare the inf-sup stability of the non-
stabilized and the stabilized formulations (4.3) and (4.9) respectively, for different degrees and
isogeometric elements, # = 1 (we stabilize at all cut elements), and € = 10713, Dirichlet boundary
conditions are imposed on the whole boundary, weakly on the unfitted parts. From Figure 4.5
we observe that the inf-sup constants of the stabilized formulation behave much better than the
ones of the non-stabilized formulation. The order of magnitude of the inf-sup constants in the
non-stabilized case are of the same order of the ones in Table 4.1.

4.7.3 Rotating square

Let us consider the same geometrical setting of Test C3 in Section 2.4.4. We embed Q2 =
(0.19,0.71) x (0.19,0.71) into Q¢ = (0,1)?, the latter subdivided with a Cartesian grid of 8
elements per direction, and rotate €2 around its barycenter for different angles «, as illustrated in
Figure 4.6(b). We choose a threshold parameter ¢ = 0.75, and, for each angle o € {igg; : i =
0,...,100}, we compute the inf-sup constants Sy and S; in the stabilized and non-stabilized cases.

For every configuration we compute 7 := ij\l;ll |K N Q| and in Figure 4.7 we plot the inf-sup
EMp,

constants with respect to n for the Raviart-Thomas, the Nédélec, and the Taylor-Hood elements
of degree k = 2. In most configurations, we can observe that the constants corresponding to the
stabilized formulation perform better than those of the non-stabilized formulation, specially for
small values of 7.

Furthermore, we notice a greater efficiency, i.e., a greater difference between stabilized and
non-stabilized cases, when using the Taylor-Hood element. The configurations corresponding to a
smaller 17 do not necessarily give rise to a worse inf-sup constant. Although stabilization does not
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Figure 4.4 — Convergence errors for the pentagon with k = 2.
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always seem to "beat" the non-stabilized method, we observe that the configurations in which the
non-stabilized inf-sup constant is greater than the stabilized one are, in general, the ones with

bigger values of 1, which are not the most critical ones.
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4.7. Numerical tests

4.7.4 Square with circular trimming

Let us set up another numerical experience where the physical domain is Q = € \ Q; with
Qo =(0,2) x (0,2) and Q; = B(0,r), r = 0.52, as depicted in Figure 4.8(a). We take as reference
solution fields

4 3,2 3
u= <2y3 sin(z), 23 sin(z) — ycos(z) 32?2 cos(;z;)) , p=2Y 4 %7

2 2

where u is a solenoidal vector field. We impose Neumann boundary conditions on the straight
trimmed sides {(0,y) : 0 <y < 2}, {(2,0) : 0 < z < 2} and on the rest of the boundary we impose
Dirichlet boundary conditions, enforced in a weak sense on {(rcos®,rsinf) : 0 <60 < 7}. We

0.055
0.05
0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

0.5

(a) Bézier mesh. (b) |div uh| for h = 274,

Figure 4.8 — Square with circular trimming.

solve using the non-symmetric stabilized formulation (4.9), discretized with the Raviart-Thomas
element, with different degrees k = 1,2,3,4,5, penalty parameter v = 10 (k + 2)2, and threshold
parameter # = 1. The convergence results, validating the error estimates of Theorem 4.6.2,
are shown in Figure 4.9, while the divergence of the discrete velocity field uy, for £ = 3 and
h = 27%, has been plotted in Figure 4.8(b). As already observed in Remark 4.4.9, our numerical
scheme does not preserve exactly the incompressibility constraint since div V,LRT ¢ Q. From
Figure 4.8(b), we can observe that the divergence of the numerical solution for the velocity is
polluted in the vicinity of the trimmed boundary.

4.7.5 Stokes flow around a cylinder

We consider a classic benchmark example in computational fluid dynamics, i.e., the so-called
two-dimensional flow around a cylinder, proposed by [16] and already seen in the context of
immersogeometric methods in [76]. The incompressible flow of a fluid around a cylinder placed
in a channel is studied. The physical domain is = Qg \ Q;, where Q¢ = (0,L) x (0, H) and
O = B(zg,R) with L =2.2, H = 0.41, 29 = (0.2,0.2) and R = 0.05. Let us observe that
is not symmetric with respect to €2y. As Dirichlet boundary condition on the inflow boundary
{(0,y) : 0 <y < H} a parabolic horizontal profile is prescribed:

u(0,y) = (4Umy (H —y) /H?)

)

0

where U,, = 0.3 is the maximum magnitude of the velocity field. Stress free boundary conditions,
i.e., uy = 0, are imposed on the outflow boundary {(L,y) : 0 < y < H}, while no slip boundary
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Figure 4.9 — Convergence errors for the Square with circular trimming with the Raviart-Thomas
element.

conditions are imposed on the rest of the boundary. No external forces act on the fluid flow, i.e.,
f=0.

Let us set k=3, v=10(k + 1)2 and consider the mesh configuration depicted in Figure 4.10,
with 26 elements in the a-direction and 2* elements in the y-direction. In Figure 4.11 we show
the magnitude of the velocity field and the pressure in the case of the stabilized formulation (4.3)
for m = 0 with the Nédélec isogeometric element. Note that both the velocity and pressure fields
do not show any spurious oscillations around the trimmed part of the boundary and seem to
comply with their physical meaning.

4.7.6 Lid-driven cavity

The lid-driven cavity is another important benchmark for the Stokes problem where the incompress-
ible flow in a confined volume is driven by the tangential in-plane motion of two opposite bounding
walls [67, 129]. Here, the cavity is represented by the trimmed domain Q = (—1,1) x (-3, 3)
immersed in Q. Qo is the rectangle with vertices (—3,—3.5), (3,—3.5), (3,3.5), (=3, 3.5) rotated
of & counterclockwise around the origin. No-slip Dirichlet boundary conditions are imposed on
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Figure 4.10 — Bézier mesh for the flow around a cylinder.
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Figure 4.11 — Numerical solutions of the non-symmetric stabilized formulation (4.9) for the flow
around a cylinder with the Nédélec element.

the left and right sides of the cavity, while the top and bottom ones are walls sliding, respectively,
to the right and left with unitary velocity magnitude, namely we enforce the non-homogenous
Dirichlet boundary conditions

u(a:,3):<(1)) on {(&,3):xc[-L1]}, u(w,—3)=<_01> on {(z,-3):z€|-1,1]}.

Since the Dirichlet boundary conditions have a jump at the corners, the trace of the solution
for the velocity does not belong to H 2 (T'), hence u ¢ H'(2). The applied body force is f = 0.
We solve the problem by using the non-symmetric stabilized formulation (4.9), discretized using
the Taylor-Hood element, with degree k = 2, penalty parameter v = 30 (k + 1)2 and mesh-sizes
hy = h, = 275 along the first and second parametric directions respectively. The mesh employed
for the numerical simulation is depicted in Figure 4.12(a). In Figures 4.12(b), 4.12(c) the numerical
solutions for the velocity and the pressures are plotted: our results are qualitatively in accordance
with the ones of [28, 67].
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Figure 4.12 — Numerical solutions of the non-symmetric stabilized formulation (4.9) for the
lid-driven cavity with the Taylor-Hood element.
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51 Stabilized isogeometric discretiza-
tion of the Stokes problem on
union geometries

This chapter considers the isogeometric discretization of the Stokes problem in geometries obtained
through a union operation. The computational domain is described as a collection of spline
patches overlapping each other according to a fixed hierarchy. The discretization of the problem
is based on the weak imposition of transmission conditions between the domain interfaces through
the Nitsche method. As in the previous chapters, suitable strategies to address the integration,
conditioning, and stability issue need to be provided. Still, the construction of integration routines
in the cut elements and the design of a robust preconditioning strategy take a back seat in this
chapter. As before, we borrow the integration technique of [4] and apply a simple left-right
diagonal preconditioner to the resulting linear system. Our focus is instead the search for an
appropriate stabilization technique.

Our numerical scheme is based on the combination of the techniques developed in Chapters 3
and 4. In particular, we stabilize the evaluation of the normal derivatives of the velocity at
the interface and modify the space of the pressure corresponding to the “bad” cut elements.
Under the assumption that some local inf-sup conditions hold for every patch, we prove the
well-posedness of the stabilized formulation and optimal a priori error estimates.

Let us sketch the outline of the chapter. In Section 5.1, we introduce the notation and the
geometrical setting. Section 5.2 is devoted to the proofs of stability and convergence of the
method. Finally, in Section 5.3 we present some numerical experiments confirming the theoretical
results.

5.1 Parametrization, mesh and approximation spaces for
domains obtained via union operations

Throughout this section, we will briefly recall some of the notations already defined in Sec-
tions 1.3, 3.1. Hence we refer the reader to that part of the manuscript for more details.

Let Qf C R4 0 <i < N, with N € N, d € {2,3}, be spline patches, i.c., Qf = Fi(ﬁ), where
i \d ~ )

F, (Sgi o (EZ)> and, as usual,  := (0,1)9, for given degree vector p’, regularity indices
fad,

ab, ... ,afi7 and knot-vector at the coarsest level of discretization Z°. Hence, each patch has an
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underlying Bézier mesh M7, naturally induced by the map F;. For every 0 <4 < N, we define
Vir =) € Vo) Vi = v (i) € Vgn), Vi = {vas v o By € Vi,
,RT N i AN ,TH ~
ne =@y = Aan i g(an) € Qont, Q= {an:anoF;i € Qonl,

and the Piola transformations

o H(divi Q) — H(div;Q), o) (v) := det (DF;) DF; ' (vo Fy),
G L2(Q)) — LA(Q), 1 (q) := det (DF;) (g o Fy).

Let us consider the union domain €2, namely Q = Ui]\ioﬁr . We assume that it has Lipschitz
boundary I'" with outer unit normal n. Moreover, for every 0 < i < N, §; will denote the visible
part of QY i.e.,

N
Q=0\ |J @ i=0,...,N
(=i+1

The unit outer normal on I'; is denoted as n;. We define the visible part of the external boundary
of QF as

N
r=00\ |J @, i=0,...,N,
t=it1
and, similarly, the local interfaces I';; as

See Figure 3.1(b) for an example. We require every interface I';; to have either non-zero (d — 1)-
measure or to be the empty set. The outer unit normal on I';; inherits the orientation of I';, hence
it is denoted as n;. We also denote it as n when it is clear from the context to which domain is
referred to. Note that I';; is not connected in general. Let us also point out that integrals and
norms will be defined on sets like I';;, I';; N K and they are meant to be on their interior in a
suitable sense. To simplify our analysis, we will adopt Assumptions 3.1.1, 3.1.4, and 3.1.5.

Let us recall the definitions of some quantities relating to the patches’ configuration upon which
our method’s stability constants will depend.

Definition 5.1.1. Let 0 < j <i < N, and

dij = { 1 if Ti; # 0,

0 otherwise.

For each 1 < ¢ < N, the quantity Z;;B d;; counts the number of visible parts €2; whose
boundaries are overlapped by I'; and, for 0 < j < N — 1, Zf\ij 41 0i; the number of visible

parts whose boundaries overlap I';. We further define le = Maxi<i<N Z;;B 0;+, the maximum

R
number of visible parts whose boundaries are overlapped by any visible boundary, and NII =
maxXo<j<N-1 Zfij 41 9ij, the maximum number of visible parts whose boundaries cover any

visible boundary. Hence, we let Np := max{NﬁNﬁ} be the mazimum number of boundary
overlaps in the current configuration. See Figure 3.2 for some examples.

Definition 5.1.2. We let O;; := ; N, 0 < j <4 < N, be the overlap between the j-th
predomain and the i-th visible part. For every 0 < j < i < N, we define

{1 if Oy # 0,
Nij =

0 otherwise.
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For each 1 < i < N, the quantity E;;E 7;; counts the number of predomains covered by the visible

part Q;. We further define Np := maxj<i<ny Z;;B 75, the maximum number of predomains
covered by any visible part. See Figure 3.2 for some examples.

We denote as M; .= {K e M} : KNQ; #0},i=0,...,N, the i-th extended mesh, consisting
of all visible elements of the i-th premesh Mj. For i =0,..., N, we denote Gy, ; the collection of
cut elements of M;, namely Gy, ; := {K € M, : KN (T;\ 09QF) # 0}. We define h; : Q; — RT
to be the piecewise constant mesh size function of M, assigning to each visible element its
whole diameter, namely h; . := h; k, where h; i := diam (K) for every K € M;, 0 <i < N.
n

Moreover let us denote h; := maxgeam,; hi,xk and h := maxg<;<n h;. Finally, we denote by
= hL

Q;

h:Q — RT the piecewise constant function defined as h

Throughout this chapter, C' will denote generic positive constants that may change with each
occurrence throughout the chapter but are always independent of the local mesh size, the position
of the visible interfaces with respect to the meshes, and the number of patches, unless otherwise
specified.

5.2 Isogeometric discretization on overlapping multipatch
domains

5.2.1 Model Problem and its variational formulation

Let I' =Tp UTy, where I'p and I'y are non-empty, open, and disjoint. We consider the Stokes
1 1

problem in the union domain Q. Given f € L?(Q), up € H2(I'p) and uy € H~2(T'y), we look

for the velocity u : Q — R? and the pressure p : © — R such that

—divo(u,p) =1, in Q,
diva =0, in €,
(5.1)
u=up, onI'p,
0'(u,p)n = un, on FNa

where o(u,q) := pDu — pI is the Cauchy stress tensor and pu € R, p > 0, is the wviscosity
coefficient. For the sake of simplicity of the notation, let us set p = 1.

We rewrite problem (5.1) in the following multi-patch form. Find u:Q — R? and p: Q — R
such that

—divo(u;,p;) =1, inQ;,i=0,...,N, (5.2a)

divu; =0, inQ;,i=0,...,N, (5.2b)

u; —u; =0, only;, 0<j<i<N, (5.2¢)

o(u;,p;)n; + o(u;,p;)n; =0, only;, 0<j<i<N, (5.2d)
u; = up, on'pNT;, i1=0,...,N, (5.2¢)

o(u;,p;)n; = uy, on'yNTy, i1=0,...,N, (5.2f)

o Pi=D| s i=0,...,N. Equations (5.2c) and (5.2d) are commonly known

as transmission conditions at the local interfaces.

where u; := u

Proposition 5.2.1. Problems (5.1) and (5.2a)—(5.2f) are equivalent.
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Proof. To demonstrate this result, the variational formulation of the two problems must be used.
We refer the interested reader to Chapter 5 of [113]. O

Let us introduce, for each visible part €2;, the local isogeometric spaces

O
VhE,li 5:{Vh’ﬂ PVh € Vlj,’i b QE,i ={an 0

i

,a
“Qhi € QZ)Z‘ }7

i

and glue them to form the union isogeometric spaces

N N
O O O
= @ Vi Qp = @ Qhi»
i=0 i=0

where O € {RT,N, TH}. To further alleviate the notation, we adopt the convention to denote as
V1, the space of the velocities and omit the superscript O € {RT, N, TH} when what said does
not depend from the particular finite element choice. Elements of V}, and @}, are (N + 1)-tuples
vp = (vo,...,vn) and ¢, = (qo, - - -, gn), respectively. In practice, we can treat them as ordinary
functions thanks to the embeddings

Vi — L*(Q), vip(x) = vi(z), r€Q,1=0,...,N,

Qn—=L*(Q),  an(@) = @(@), r€Q;,i=0,...,N.
In order to strongly impose Dirichlet boundary conditions, let us adopt Assumption 3.2.2. In
case Assumption 3.2.2 does not hold, we can combine the technique in this chapter with that

detailed in [111] and in Chapter 4 to deal with the imposition of Dirichlet boundary conditions
in a weak sense.

Let ¢ : © — R be smooth enough and, for every 0 < i < N, we denote its restriction to ; as
RES 90’ . Then, for every interface I';;, 0 < j <7 < N, and a.e. x € I';;, we define, respectively,

the avera;e and the jump of ¢ as

(Phur, (@) =ty (@), telyph

() + (1~ 0]

Fij

ij ij

(z) —pj

ij

[(p]rij (ZC) =P r

We may remove the subscript I';; when it is clear from the context to which interface we refer
to. The average is said to be symmetric if t = % and one-sided when t = 1. We define the jump
and average of a vector valued function 7 : Q2 — R¢ componentwise by letting (7)1 := (73); and
[T]k =[], for 0 < k < d.

Let us endow V}, and Q) with the mesh dependent norms:

N i—1

Vil onszan(QﬁZZHh ol

i=1 j=0
N i—1

lanlZ., —antnm +3Y

=1 j=0

) v € Vh7

2(Tiz)

h2 Qh‘ qn € Qn.

L2(ry;)

We propose the following weak formulation for the discrete counterpart of problem (5.2a)—(5.2f),
which is obtained enforcing the transmission conditions in a weak sense using Nitsche’s method.

Find (up,pn) € VP x Qp such that

an(Un, vi) + b(vi,qn) = F(vi), Vv, eV,

5.3
b(uh,Qh) = 0) v qn € Qh7 ( )
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where
N N i-1
an(Wr, vp) ::Z/ Dw; : Dv; — ZZ/ ((Dwpn)y [vp] + [wh] (Dvpn)y)
i=0 /<% i=1 j=0"Tij
N -1
+7ZZ/ h='[whn] [vh],  Wn,va € Vi,
i=1 j=0"T4j
N N i-1
b(Vh,qn) = — Z/Q ¢ divv; + ZZ/F (gn)t[vn - m], Vi € Vi, qn € Qn,
i=0 7 i=1 j=0Tij

with ¢ € {1,1}, and

N
F(Vh)3:Z/ f'VH-/ uy - vp, v, € Vh.
i—0 Q; I'n

Here, v > 0 is a penalty parameter related to the spline degree. V,'* and Vho denote the discrete
spaces with boundary conditions; see Section 1.3.

Proposition 5.2.2. The discrete variational formulation in equation (5.3) is consistent, i.e., the
solution (u,p) € H21(Q) x L2(Q), € > 0, of problem (5.1) satisfies problem (5.3) as well.

Proof. The proof is quite standard. See, for instance, Chapter 5 of [113]. O

5.2.2 Stabilization procedure

It has been shown in Chapter 4 that problem (5.3), in the case of only one trimmed subdomain,
may suffer from instability. This is primarily due to two factors. On the one hand, the evaluation
of the normal derivatives of the velocity is not stable along the boundaries of the bad cut elements,
and on the other hand, the functions related to the pressure in the bad cut elements cause
instabilities in turn. In the two-patch situation, such as in Figure 3.3(a), we do not have the
instability issue caused by the velocity as soon as we use the one-sided flux from top elements
that are not cut. Nevertheless, as for the Poisson problem, we do have this issue in general cases
with many patches; see Figure 3.3(b), where the one-sided flux regarding the interface I';; comes
from the red element, which may be a bad cut element. Note that the instabilities caused by the
pressure are intrinsic and cannot be mitigated with the choice of t.

In this regard, the stabilization procedure, developed in the previous chapters, comes to help.
In what follows, we need to accommodate this method in the context of the Stokes problem on
multi-patches that overlap.

For each extended Bézier mesh M;, i =0,..., N — 1, we partition its elements into two disjoint
sub-families, the collection MY of the good elements, i.e., the ones with a sufficiently large
“active” part, and the collection M? of the bad elements, namely the ones which are barely
visible, according to a threshold parameter 6 € (0, 1], as explained in Definition 3.2.5. For every
i=0,...,N —1and to every bad element K € M? we associate a good neighboring element K’
and denote the set of its good neighbors as N(K), see Definition 3.2.6.

The following assumption is not restrictive and is satisfied whenever the meshes of the patches
are sufficiently refined, and we take C' large enough in (3.6).

Assumption 5.2.3. For every K € M?, 0 <i < N, there exist i < k < N and K’ € N (K)NM.
From now on we will refer to such K’ as a good neighbor of K.
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For every K € M% 0 < i < N, its associated good neighbor K’ is chosen according to the
procedure described in Algorithm 1 in Section 3.2.3.

As already observed, if Algorithm 1 does not produce any output, then it suffices to relax
the definition of the good neighbor by taking a larger constant C' in (3.6). We observe that
formulation (5.3) is well-posed if there are no cut elements, i.e., G, = 0, for every 0 < k < N.
In the general case Gp,  # (), for some 0 < k < N, the goal of the stabilization is, informally
speaking, to extend the stability of the discrete formulation from the internal elements of the
visible parts of the patches up to their cut elements.

Let us start by stabilizing the pressure. For 0 < j <i < N, £ € {i,j}, let us define R} : Q, —
L2(€2) locally. For every g, € Q) and K € M, such that K € G, 4, we distinguish two cases:

o if K € MY, then

Rf(qh)‘ = QZ‘K,

K
o ifK € Ml,?, then

R?(Qh)‘K = Ex e (HK' <Qk‘K')) ‘K’

where Ix : L2(K') — Qi(K') is the L2-orthogonal projection onto the space of tensor
product polynomials defined on the good neighbor K’ and £k i : Qi (K') — Qx(K U K')
is the canonical polynomial extension.

Lemma 5.2.4 (Stability properties of RY). Given 6 € (0,1], there exist Cs;1,Cs2 > 0 such that,
for every0 <j<i< N, K e My, te{ij}, and qn € Qn, we have

|

where K' € MY is a good neighbor of K if K € M}, K' = K if K € MJ.

<Csa ||Qk||L2(K/mQ) ) ||R§(Qh)||L2(Ker) <Csp ‘q}fHL?(K’ﬂQ) )

L2(Di;nK) —

hZER;Z(C]h))

Proof. The proof is analogous to the one of Proposition 4.4.3, hence we skip it. O]

Proposition 5.2.5. There exists C' > 0, depending on Nr and €, such that for every q; € Qn,
we have

L ) N
1 2
PIDI LELAUN| WEETe) DI A AARE
i=1 j=0 " =0
where [R};(qn)] := R (qn) L R%(qn) o for 0 < j < i < N, and € was introduced in
ij ij

Definition 3.2.7.

Proof. The proof is a consequence of Lemma 5.2.4. We skip it since it follows the same lines of
Proposition 3.2.10. The constant C will depend on the choice of the isogeometric element. [

Now, let us move to the velocity. For 0 < j <i < N, £ € {i,j}, let us define R} : V;, — L*(§)
locally. For every vy, € V;, and K € M, such that K € G, ¢, we distinguish two cases:

o if K € M7, then

Ry ‘ = ‘
e(Vh)K VzK,
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o if K € MY, then

o, e (1 (v )),

where Tl : L?(K') — Vi (K’) is the L2-orthogonal projection,

_ ) Sk(K) if 0 =RT,
Vil = { (@i (K" if 0 e {N, TH},
Se(K) 1= Qry 1,1 (K) X Qppy1(K) ifd=2,

| Qugrkk (K) X Qug1,p(K) X Qripga(K)  ifd=3,

and €k i Vi (K') — Vi (K U K') is the canonical polynomial extension.

We denote, for 0 < j <4 < N such that I';; # 0 and ¢t € {%, 1},
(DRYj(vi)n)e :=tDR} (vp)ni|  + (1 —1t) DR} (vi)n, o (5.4)

In the previous definition, we used the spaces V}, and V}, 4. Let us point out that the stabilization
operators R} are equally defined for the spaces with zero boundary conditions V}? and Vh%,
0< /<N, as well.

Lemma 5.2.6 (Stability property of R}). Given 8 € (0,1], there exists C > 0 such that for every
0<j<i<N,KeMyyled{ij}, and vy, €V}, we have

where K' € MY is a good neighbor of K if K € MY, K' = K if K € MJ.

h? DRY (vh)m’

L2(T;;NK) =¢ HDVk”LQ(Kan) ’

Proof. We refer the interested reader to the proof of Proposition 4.4.4. O

Proposition 5.2.7. There exists C > 0, depending on Nr and on €, such that, for every
v, € Vi,

N
L2(Ty;) = C; HDvi”Lz(Qi)

Proof. This result is a direct consequence of Lemma 5.2.6 and is the vectorial counterpart of
Proposition 3.2.10, hence we omit its proof. O

We introduce the following stabilized space for the pressures.
Q, = {en € L*(Q) : 3 q, € Qy, such that gph‘K = qh‘K VK eM]
and cph’K - Ri(qh)‘K VEeM,V0<i<ND.
We can finally propose our stabilized weak formulation.
Find (up,pr) € Vi'P x @), such that

an(upn, vp) +b(Vh,qn) = F(vp), Vv, € V2,

v (5.5)
b(“hth) = 07 v qn € Qha
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where
N N i—1
ap(Wh, vp) = Z Dw; : Dv; — Z Z/ ((DR};(wn)n)¢ [vi] 4 [wi] (DR} (vi)n)y)
i=0 /<% i=1 j=0"Tij
N i—1
T VZZ/ h™" [w] [va], Wh, Vi € Vi,
i=1 j=0"Tj
N N i—1 B
b(vh,an) = — Z/ 4 divvi + ZZ/ @hlvn-nl. vn€ Vi €O,
i=0 /<% i=1 j=0“Lij

with ¢ € {1,1}, and

N
F(Vh) :Z/ fVZ—‘r-/ uy - vy, vy €V,
i=0 /% Iy

As before v > 0 is a penalty parameter scaling as the spline degree of the velocity.

5.2.3 Interpolation and approximation properties of the discrete spaces

Before analyzing problem (5.5), we need some technical results. Let us proceed as in Chapter 3.
Giving a Sobolev function living in the whole physical domain 2, we consider its restrictions to
the predomains €2} in order to be able to interpolate on each premesh M, restrict them in their
turn to the visible parts €2;, and finally glue together the interpolated functions.

Let us start with the velocity. We construct a quasi-interpolant operator for each local space V}, ;.
Given O € {RT,N, TH} and m > 1, for every i € {0,..., N}, we denote

9)

where Hi}:’u cH™(QF) — V,:‘_”F is a standard quasi-interpolant operator [19, 30]. Then, we glue
together the local operators as

)

4,0 | m O i,%,0
Iy H™ () — Vi, v = I (V
Q;

N
oy - H™Q) -V, ve Py’ v,
=0

where v;(x) := v(z) for every x € Q;, i =0,..., N. For the pressures, given r > 1, we introduce
the local quasi-interpolants
QF )

where Hé;}:u HT(QF) — Q;E‘ is a standard quasi-interpolant operator. We glue together the
local operators for the pressures as

)

0, O i+,
Iy, H () = Qg q 115y <q .

N
=Y i,0
g, : H'(Q) > Q,, q— R} (EB I, (%)) ,
=0
where ¢;(z) := g(z) for every x € Q;,i=0,...,N.
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Proposition 5.2.8 (Interpolation error estimate). There exist C,, C), > 0 such that, for every
(v,q) e H™(Q) x H"(Q), m > 1 and r > 1, it holds

0 s
V=18 ], <o Wlmys g = Taualyy, < Cob lal e o).

)

where s := min{k,m—1} {f0 = RT, s := min{k+1,m—1} if0 € {N, TH}, and £ := min{k+1,r}.

Proof. The proof follows from the best approximation properties of the local quasi-interpolant
operators HZ"/h’ and Hléh, 0 < i < N, namely Theorem 4.4.12. O

Lemma 5.2.9 (Approximation property of R}). There exists C > 0, depending on Nr, No, and
¢, such that, for every v.e H™(Q), m > 2, it holds

|
-

i

>3

i=1j

2
hz (DR} (H\th (v)) n — Dvn), o)

s 1o ll2
< Ch* ||VHHm(Q) )

Il
=}

where s := min{k,m — 1} if O =RT and s := min{k + 1,m — 1} if 0 € {N, TH}.

Proof. The proof follows the same lines of the one of Proposition 3.2.13. O

5.2.4 Well-posedness of the stabilized formulation

Since we do not know how to prove an inf-sup condition for b(-,-), it will be convenient for
the subsequent analysis to reframe the Nitsche formulation as a stabilized Lagrange multiplier
method, as done in [126]. In doing so, we find a formulation equivalent to (5.5), but whose
well-posedness is easier to prove.

Remark 5.2.10. We observe that if we find a strategy for proving the inf-sup condition for
the by (-, -) form of Chapter 4, then we would likely have a technique for being able to prove the
inf-sup condition for b(-, ).

First of all, we observe that the transmission conditions at the interfaces (5.2b) and (5.2¢) can

be enforced by introducing a Lagrange multiplier living in A := ®O<j<i<N Hy,?(T';;), where,

_1 1 ! 1 ~
for 0<j <i <N, Hy' (Ty) i= (Hgy(Tys)) and Hiy (i) = {p € L3(Tyj) : § € HE(T))}, 3
denoting the extension by zero of ¢ € L?(T;;) on I'; \ I'y; (see Chapter 11 of [121]). Let Ay, be a
discrete subspace of A large enough such that, for every (v, qn) € Vi X @, it holds

1
h=tv] . DR (vi)n)y|  ,{gum)e|  €Ap,  VO<j<i<N,te {5,1}. (5.6)
For instance, let
A= P AG, A =WPTy) + Ly (Ty)n + N (Tij)n, (5.7)

0<j<i<N
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for 0 € {TH, RT, N}, where

WP(Ty) =={htwy|  twy, =W, oF, 1 if O0=TH, wy, = (:5)"'(#,) if O € {RT, N},

Wi € Vi(Q), VK =F(Q) € MyNGny, L€ {i,j}},
LI(Ty;) :={Dwy,| :wy, =Wy, oF; if O=TH, wy = (/) (%) if O € {RT,N},

Wi € Vi(Q), VK =F(Q) € MINGhye, Wi, € Vi(K), VK € M{NGry, L€ {i,j}},
~ -1 . -1, .. ~
NP2(Tyy) ={en|  on=0noF i O=TH, ¢, = ()" (#r) if O € {RT,N}, 3y € Qu(Q),
iJ
VK =F(Q) € MINGhys, o € Qu(K), VK € MEN Gy, €€ {i,5}}.
It is easy to check that (5.7) satisfies conditions (5.6) . Moreover, Ay, # 0. We endow A, with
the mesh-dependent norm

ol —ZZl\

=1 j=0

h2ﬂh’ pn € Ap.

L2(ry;)’
Let us introduce the following stabilized augmented Lagrangian formulation.

Find (up,pn, An) € V' X @, % Ap, such that
Ap (W, prs AR) s (Vas Gy 1)) = F (Vi qns i) V (Vi qn, pn) €V X Qp x Ay, (5.8)
where, for (Wp, 74, 1) s (Vi, Ghs ) € Vi X Qp X Ap,

An((Wn,rn,mn) 5 (Vi Ghy n)) i= a(Wh, Vi) + bo(Vi, 74) 4 b0 (Va, 1)
+ bo(Wn, gn) + br(wh, pn)

N -1
*ZZ”FI/ h (mn + (DR (wr)n)e — (ran)e) (pn + (DRY;(va)n)e — (gan)e)
i=1 j=0 Ly
F (Vh, an, pon) =F(va), a(wn,vp) : / Dw; : Dv;,
N i—1
bo(Vh, qn) = Z/ g; div vy, r(Vh, tn) ZZ/ Brlvh].
=0 =1 5=0

Proposition 5.2.11. Let A, be defined as in (5.7). Then, problem (5.8) is equivalent to the
stabilized Nitsche formulation (5.5).

Proof. We can reformulate problem (5.8) as follows.

Find (up, pr, An) € Vi*P x Q) X Ay, such that
a(up, vi) + bo(Vh, pr) + br(Via, An)

N i—1
-> Z'y_l/ h (An + (DRY(ap)n); — (prn):) (DRY(vi)n)e = F(vy), Vv, € VP,
i=1 j=0 L
N i—1 _
o(Wn, qn) + > ZW_I/ h (An + (DR}; (wp)n); — (pan)) (gn)e =0, Y aqn € Qp,
i=1 j=0 Tij
N i—1
r(up, tn) Z Z’fl/r h (An + (DR} (wp)n); — (ppn)y) pr, = 0, V opup € Ap,.
1=1 5=0 ij
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N i—1
From the third equation, we can statically condensate the Lagrange multiplier as A, = Z Z Aij,
i=1 j=0
where
N i1
Xij =Y > APy (' [wn]) = Py ((DRY; (un) n);) + Py ((pam)y) ,
i=1 j=0

where P;; : L*(T;;) — Ay; is the L2-orthogonal projection. By substituting it back to the first
and second equations and using (5.7), we recover the desired formulations. O

Remark 5.2.12. Let us observe that formulation (5.8) no longer falls within the class of saddle-
point problems; hence their well-posedness needs to be proved directly by showing the invertibility
of the arising global systems through the so-called Banach-Negas-Babuska Theorem [54]. On the
other hand, we are no longer bound to satisfy an inf-sup condition, and for this reason, we are free
to choose the Lagrange multiplier space large enough so that the hypotheses of Proposition 5.2.11
are satisfied.

A fundamental ingredient for our numerical analysis is that the following local inf-sup conditions
are satisfied on each visible part of the domain.

Assumption 5.2.13. For every 0 <1i < N, let us equip V},; with

) i1 -
Uz +ZHh7§Vz
(Tki) =

s v, € Vh,ia (5.9)
2(Tiz)

N
2 2 T2
||ViH1,h,i = ||DV1'||L2(Q,-) + Z Hh v
k=it+1

and @h

o with ||'||L2(Qi). We assume that, for every 0 < ¢ < N, there exist C ;,C5; > 0 such

that, for every ¢; € Q,, . there exists v; € V},; such that

- [ vz Gty

Q;

CZZ HQz”Lz(Q ) (5.10)

Remark 5.2.14. We observe that, because of Remark 4.4.6, the inf-sup condition for by(-,-),
expressed in (4.22), can be interpreted as a special case of Assumption 5.2.13. In Chapter 4, we
saw that, although we cannot prove such a condition, numerical experiments seem to confirm
that it holds in practice.

The following Lemma provides a norm equivalence result for the space of stabilized pressures,
useful for the proof of the inf-sup stability of by(-, ).

Lemma 5.2.15. There exists C > 0 such that

N
> lailliz e, CZ lail 72 ¥ an € Qe (5.11)
i=0

Proof. Let us take q, € Q,,. By definition,

N i—1
lanls, quqlan(Q )+ 20> ||t e ey’
i=1 j=0 &
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Hence, we use Proposition 5.2.5 so that

N
2 2
||Qh||o,h SCZ ||q2’HL2(Ql) J
i=0

where, in particular, C' depends on Ny, €, and 6. The other inequality trivially holds. O

The following inf-sup condition for bg(-,-) is a key ingredient for the proof of the well-posedness
of formulation (5.8).

Lemma 5.2.16. Under Assumption 5.2.13, given 6 € (0, 1], there exists 5y > 0 such that

bo(Vh, qn)

inf sup —————
Vallp llanllo,n

i3 > Bo- (5.12)
qh€Q), VREVR

Proof. We prove that there exist O, Cy > 0 such that, for every g, € Q,,, there exists vj, € Vj,
such that
2
bo(Vi,qn) > Ci llanllo g, Ivallin < C2llanllo p -

Let us fix g, := (go, .-, qn) € Q. From Assumption 5.2.13, there exist Cy;,Co; > 0 and v; €
Vh,i» 0 < i < N, such that (5.10) holds. Let v, := (vo,...,vn). By letting C := ming<;<n C1 4,
we have

N
— 2
bo(Vr,qn) > C1 E ||CIz‘||L2(szi)'
=0

On the other hand, from the Young inequality,

N i—1

N ) N i-1 0
2 2 _1 _1
Vil < SVl +2 (303 [ tvil L+ 30D [htvi
i=0 i=1 j=0 L) o =0 L2(Tis)
, 2 2
. N i—l |1 N—1 N 1
Notice that Zi:l Zj:o Hh 2vj’ L) = Zi:O Zk:i—H Hh 2v; L) Hence, from the defi-
nition of ||-[|; 5, ; (5.9) and Assumption 5.2.13, it holds
N , N
2 2 = 2
Vil < CY - IVilling < C2 Y llaillzaga, - (5.13)
=0 i=0

where Cy := (CC)% and C = maxo<;<n Ca;. We conclude by taking C; := C1C~! and
Cy := Cy, where C' > 0 come from Lemma 5.2.15. In particular, note that C depends on 6. [J

Let us indirectly study the well-posedness of the problem (5.5) by showing that (5.8) verifies the
hypotheses of the so-called Banach-Negas-Babuska Theorem [54]. The proof of the next result is
given in Appendix A.2.

Theorem 5.2.17. Under Assumption 5.2.13, there exists ¥ > 0 and C' > 0 such that, for every

Y27
inf sup An (Wn,7n,m0) 5 (Vh, Gn, H0)) > C, (5.14)
Vs )€V X Qo X An (o) eVi x Ty s Ap VR T ) (Vi s g
where ||-||| is the Buclidean product norm on Vi, X Q) x Ay.

104



5.2. Isogeometric discretization on overlapping multipatch domains

We can characterize the existence, uniqueness, and stability for the solution of problem (5.5) as
follows.

Proposition 5.2.18. (i) There exists ¥ > 0 such that, for every fized v > 7, there exists
M, > 0 such that

@n(Wh, va)l < Mo |wally Vil ps YV Wh, Vi € Vi
(i) There exists o > 0 such that, for every v > 7,
a ||Vh||ih < an(vh,vn), V vy, € ker B,

where ker B := {vj, € V}, : b(vi,qn) =0, YV qn € Q,}.

(iii) There exists My > 0 such that
b(vh, an)l < My [vally  llanllon, ¥ Ve € Vi,V gn € Q.
(iv) There exists 8 > 0 such that

. b(Vh,qn)
inf sup —7—7"—"— 2>
ane@y vievi IVallyp lanllo

(v) There exists Mp > 0 such that

[Eva)l < Mg |Vallyps ¥V Ve € Vi

Conditions (1)-(v) hold if and only there exists a unique solution (uy,pp) of (5.5). Moreover,

1 1 M,
s € 2P Tl < 5 (1422 ) 4F1y (.15
where ||-||_, ;, denotes the dual norm with respect to |||, ;.
Proof. This is a standard result. See, for instance, Theorem 3.4.1 in [22]. O

Remark 5.2.19. The most natural way to demonstrate the stability of problem (5.5) would have
been to check one by one the necessary and sufficient conditions provided by Proposition 5.2.18.
We observe that conditions (iii), (v) follow trivially from the definition of the norms ||-[|, ;, and
[l - Conditions (i), (ii) can be proved in an analogous way to Theorem 3.2.16. In particular,
M, and « will depend on Np, €, and, of course, on €, and one could get the coercivity on the
whole space V},. On the other hand, it is unclear how to prove iv, even assuming that local inf-sup
conditions hold. In this sense, going through the Banach-Necas-Babuska condition allows us to
circumvent the problem, thanks to the fact that Lemma 5.2.16 holds.

Theorem 5.2.20. Under Assumption 5.2.13, given 6 € (0,1], there exists a unique solution
(un,pn) € V,'? x Q, of the stabilized problem (5.5) satisfying the stability estimates (5.15).

Proof. From Theorem 5.2.17 there exists a unique solution (up, pr, An) € Vi'P x @), x Ay, of (5.8).
Thanks to Proposition 5.2.11, (u,pp) is the unique solution of problem (5.5). The stability
estimates follow from Proposition 5.2.18. O
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5.2.5 A priori error estimates

The goal of this section is to demonstrate that the errors, for both the velocity and pressure
fields, achieve optimal a priori convergence rates in the topologies induced by the norms ||-||; ,
and H ) ||0,ha respectively.

Lemma 5.2.21. Given 6 € (0,1], let (u,p) € H2+5(Q) x L%(Q), £ > 0, and (up, pr) € Vi x Q,,
be the solutions to (5.1) and (5.5), respectively. Then, for every (uI,pI) € Vi, X Qy,, the following
estimates hold.

) N i—1
|lun — UIHLh SE (Ma Ju— ul||1,h + ZZ ’ h%<D (u— R?j(ul)) n): L2(Ti;)
i=1 j=0 Y

1 M,
el )+ (14 2) 2 - o),

. M, N i—1 s
th —pIHO,h SB (1 * e} ) (M“ Hu - uI”Lh + ZZ ’ h* (D (u - R;]j(uj)) n>t’ L2(T'ij)

i=1 j=0
M, M,
el )+ 5 (1 2 - o),
» a ’
Proof. Let us fix (uI,pI) € Vi x Q,,. By linearity (uh —ul,py —pI) € Vi, x Q,, satisfies the
saddle point problem

an(u, —ul,vy) +b(vi,pp —p') = F'(vy), Vv,eVP,

! (5.16)
b(uh - uI7qh) = Gl(qh)7 v qn € Qha
where, for every (vi,,qn) € V¥ x @,
N N -1
Fl(vy) = Z/ D(u; — Dul): Dvy, = 3 Z/ (1D (u ~ Rgy (")) n)[vi)

i=0 V2 i=1j=0"T
N -1

+ (DR} (vi)n)¢[u — ul]) + ’YZ Z/ h™[up — ' ][va] + b(vh, pr — p'),
i=1j=0Tj

G'(qn) ==b(u —u’, q).

Let us show the first line of (5.16). Note that the second line follows immediately. Let v, € V}0.
From Proposition 5.2.2, we know F(vp) = ap(u,vy) + b(vp,p). Hence,

an(up, — uI,Vh) +b(Vh, P —pI) = F(vp) — Eh(uI7Vh) - b(Vh,pI)

=ap(u,vy) — ah(lll, Vi) +b(vi,p — PI)

N N i1
- w; — Duj) : Dvy, — u— RY(ul))n)lv
_;/S;,‘,D(Z Duj) : Dvy, ;;AJ((D( RZ]( )))[h]
+ (DRfj(vh)n>t[u — ul])
N i-1
+vZZ/F h™*fup, —u’][vi] + b(va, p — 7).
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5.2. Isogeometric discretization on overlapping multipatch domains

Using standard the stability estimates (5.15), we get

1 1 M,
Jun =l < 0 5 (1 ) 167

1 M, M, M,
Ion =9l <5 (14 22 ) 1+ 2 (1422 e

7
Il 5, and [|[| o, being the dual norms induced by ||-[|, ,, and ||-[| ,, respectively. Hence,
N i
17 0wl 323 RCICE TRV I R 1
1G] <M =], -

O

Theorem 5.2.22. Under Assumption 5.2.18, given 6 € (0,1], let (u,p) € H™ () x H" (), m >

2 and r > 1, be the solution to problem (5.1). Then, the discrete solution (up,pp) € VhD’“D X Qg
of the stabilized problem (5.5) satisfies

=il + 12 = palo < CH0 (] oy + 9]0 )
where s := min{k,m — 1} {f0 =RT, s :=min{k+ 1,m —1} if 0 € {N,RT}, ¢ := min{k + 1,7},
and C > 0 depends on the constants appearing in Lemma 5.2.21.
Proof. Given (uf,p!) € V2 x @), we proceed by triangular inequality:

la = wllyp < fJu—w’ ), + [lan =],

(5.17)
lp = pallon < llp =Pl + llen = #"llo,5-
Using Lemma 5.2.21, we obtain:
1 L
e T I A MR 95 i [T PO
i=1 j=0 id
1
+ M, ||p —pIo,h) + 3 I+ aa> My Hu - uIHl,h’
1 N -l
lp = prllos < llon =2, + 8 (1 i of) M [lu—u'll,, +> > ’ h*(D (u— Rjj(u)) n>t’ L2(Ty;)
i=1 j=0 “
M M
+Mb||p—pfum) # 55 (1452 ) M fu =]

Let us choose u! := H";hu and p! := thp so that, by Proposition 5.2.8, and Lemma 5.2.9, we
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Chapter 5. Stabilized isogeometric discretization of the Stokes problem on union
geometries

obtain

1 min
= wnlly <Ch® (Il ) + - ma{Ma, 1, Mp}CR™ ™ (full g + 1Pl v

1 M, .
+ 3 <1 + 7) MyCR* [[ul| g g -

1 Ma min{s
Ip = Pl <CH Il + 5 (1 + 7) max{ My, 1, Mp}CR ) (] 1 ) + 9] 1))
M, < M

+ 5 1+7"> MyCh® ||ul g g -

5.3 Numerical example

We consider as computational domain € = (0, 1)? constructed as = Qg U Q, where Qg is Q
itself and € is the quadrilateral of vertices (0.125,0.125 +¢), (0.875 — ,0.875), (0.375 — ¢, 0.875),
(0.125,0.625 + ¢), where € > 0 is a parameter that we can control (see Figure 5.1). We note that
in the overlapped mesh M some elements of measure €2 appear. This numerical experiment
aims to show that the stabilized formulation is robust to the degeneracy of the overlapping
configuration, i.e., as & goes to 0. Let us solve problem (5.5) in €, enforcing Dirichlet boundary
conditions on {(0,y) : 0 <y < 1}, {(1,y) : 0 <y < 1} and Neumann boundary conditions on
{(2,0): 0 <z <1}, {(z,1): 0 <z < 1}. We borrow the reference solution from Example 4.1.1
of [94], namely

u= (zew (=1+2)° 222 — ) (=1 +2y), —* (=1 + )2 (-2 + 2(3 4+ z))(—1 + y)2y2> ,

p = — 424 + 156 + (y* — y)(—456 + €% (456 + 2%(228 — 5(y* — y))))
+22(—228 + (% — y)) + 223(=36 + (v* — y)) + 2* (12 + (v* — v)).

We use the Taylor-Hood isogeometric element, use t = %, which corresponds to the symmetric

(a) Initial coarse mesh. (b) Refined mesh.

Figure 5.1 — Meshes configuration.
average, and choose threshold parameter 8 = 1, i.e., we stabilize at all cut elements. The chosen

penalty parameter is v = 10(k + 2)2. The arising linear system is preconditioned with a left-right
block-diagonal preconditioner corresponding to a rescaling with respect to ||-||, , and ||-[|; ,. In
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5.3. Numerical example

Figure 4.11 we plot the numerical solutions for the velocity and the pressure, and we can see
the underlying mesh used for the numerical quadrature as well. We fix e = 1072 and perform
five dyadic refinements starting from the coarse mesh depicted in Figure 5.1(a). The error for
the velocity and the pressure fields are shown in Figure 5.3 for degrees 2 and 3. The need for
stabilization is observable from the error for the pressure. Note that the latter behaves in a
similar way to the single patch trimmed case; see Section 4.7.1. The convergence rates for the
stabilized case agree with the ones predicted by Theorem 5.2.22. In Figure 5.4 we also compare
the condition numbers of the stabilized and non-stabilized formulations when the degree is k = 2.
In Figure 5.4(a) we fix ¢ = 107!2 and perform four dyadic refinement of the coarse meshes of
Figure 5.1(a). In Figure 5.4(b) we fix the mesh sizes (one refinement of the mesh depicted in
Figure 5.1(a)) and decrease the value of e. We observe that the stabilization helps in reducing
the dependence of the condition number from e.

o

Z .
i
! é
XA L] \
A | B -
e T B B
;- I ] _
4 [ L[ —_— |
A IE | |
‘. F
’i‘--__-_——‘r—*’
(a) Magnitude of the first (b) Magnitude of the second (c) Pressure.
component of the velocity. component of the velocity.

Figure 5.2 — Numerical solutions.
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Chapter 5. Stabilized isogeometric discretization of the Stokes problem on union

geometries

—e— non-stabilized —=— stabilized
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(a) Velocity error with k = 2. (b) Pressure error with k = 2.
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(c) Velocity error with k = 3. (d) Pressure error with k = 3.
Figure 5.3 — Convergence errors.
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(a) Condition number vs h. (b) Condition number vs €.

Figure 5.4 — Conditioning study.
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Summary of Part I

In the first part of the dissertation, we studied the isogeometric discretization of PDEs on
geometries coming from CAD software and constructed via Boolean operations. In our ideal
setting, we restrict ourselves to computational domains of R?, d € {2,3}, obtained via trimming
and union operations. The significant contributions of the thesis lie on the theoretical side, and
as far as the numerical side is concerned, we restricted ourselves to the case d = 2.

We started by tackling the Poisson problem on trimmed domains. Our approach is a fictitious
domain method making use of the Nitsche framework [103] for the imposition of the Dirichlet
boundary conditions. The main contribution is a novel stabilization method to recover the
well-posedness of the discrete weak formulation of the problem. In this procedure, the elements
are first divided into “good elements” (sufficient intersection with the physical domain) and “bad
elements” (insufficient intersection with the physical domain). Our method does not modify
the basis functions and does not add any stabilization parameters to calibrate. It modifies the
evaluation of the normal derivatives that appear in the discrete variational formulation at the
bad elements by replacing them with the evaluation at a “good neighboring element”.

We also considered the Poisson problem on geometries obtained via union operations, treated
as multipatch overlapped domains with an underlying hierarchy. We employed a Nitsche-based
mortar formulation to couple the trimmed patches together. This time, the formulation was
unstable due to weak coupling at the interfaces, in particular to the evaluation of the normal
derivatives at the elements cut by the interfaces. We successfully adapted the stabilization
technique developed for the case of a single trimmed geometry. To provide more flexibility to our
method, we allowed the good neighbor, from which we evaluated the normal derivative, to belong
to the mesh of another patch.

Then, we treated the Stokes problem in a trimmed geometry. For the weak imposition of the
essential boundary conditions, we employed the Nitsche method. This time ill-posedness even
led to a lack of accuracy for the pressure in the presence of some unfortunate mesh cuts. The
extension to the vector case of the stabilization for the Poisson problem was sufficient to cure
instabilities due to flux evaluations in the diffusive part of the weak formulation. To restore the
discrete inf-sup stability, we locally modified the pressure space at the bad elements. In this
way, we excluded the basis functions responsible for the instabilities and replaced them with an
extension of those from good neighboring elements.

We considered a Nitsche-based mortar discretization of the Stokes problem in the case of multiple
overlapping spline patches, following the same framework as Poisson’s problem. Similar to Poisson,
we extended the stabilization technique from the trimmed case to the union case, allowing the
good neighbor to be searched in a different mesh.

Several stability and error estimates have been rigorously derived throughout the different sections.
These theoretical results have been confirmed and supported by the numerical experiments at
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Summary of Part I

the end of every chapter.

Let us present some future directions of research that may be interesting to be investigated based
on this part of the thesis.

On the theoretical side, a mathematical proof of the inf-sup stability of the stabilized Nitsche
formulation of the Stokes problem in a trimmed geometry remains an open problem. In particular,
the proof should cover the cases of the Raviart-Thomas, Nédélec, and Taylor-Hood isogeometric
elements. In the specific case of the Raviart-Thomas isogeometric element, it would also be
interesting to understand how to modify the stabilization procedure to retrieve a pointwise
divergence-free numerical solution for the velocity (when g = 0 in (4.2)).

In this manuscript, no sound solution has been provided to the ill-conditioning problem of the
final linear system due to the contribution when dealing with isogeometric methods on cut meshes.
Indeed, as already said, we limited ourselves to applying a simple Jacobi preconditioner. Even
though the stabilization procedure coupled with the diagonal rescaling allows for a significant
improvement of the conditioning, it does not completely solve its dependency on trimming and
overlapping configuration.

From a more practical side, the simulation of problems close to real applications requires extending
our research code to the three-dimensional setting, which is not straightforward. Although the
implementation of our stabilization procedure is readily extendable to the three-dimensional case,
this is not the case for the integration strategy of the cut elements. The problem of deriving
efficient quadrature rules in general curvilinear polyhedra is an active area of research; see, for
instance, [6].
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The Raviart-Thomas discretiza-
tion of the Darcy problem

The material in this chapter is quite standard. However, we decided to include it as a standalone
chapter to make the exposition of the following chapters lighter and avoid as many overlaps as
possible.

In what follows, integrals, norms, and vector spaces of functions will be defined on sets like K ,
where K is a closed polyhedron, and they are meant to be on their interior in a suitable sense.

Let Q be a Lipschitz-regular domain of R%, d € {2, 3}. We assume its boundary T to be partitioned
into I' = Ty UTp, where I'p, I'y are open and disjoint. Let us consider the Darcy problem,
a system of linear PDEs, often associated with a linearized model for the flow of groundwater
through the domain €2, here representing a saturated porous medium with permeability «.

Given f € L%(Q), g € L2(Q), uy € H 2(T'y), pp € H2(I'p), we look for u : @ — R? and
p: 2 — R such that
K ltu—Vp=f, in €,
divua =g, in §2,

(6.1)
u-n=uy, on 'y,

p=ppD, on I'p.
The unknowns u and p represent, respectively, the seepage velocity and the pressure of the fluid.
The first equation of (6.1) is called Darcy law relating the velocity and the pressure gradient of
the fluid, the second one expresses mass conservation, the third and the fourth equations are,
respectively, a essential boundary condition for the velocity field and a natural boundary condition
for the pressure. Moreover, x € R%*? is symmetric positive definite with eigenvalues \; such that
0 < Amin < A < Amax < 400, for every 1 < < d.

In order to discretize the problem (6.1), we resort to the theory of mixed finite elements. In
particular, we introduce the classical Raviart-Thomas element [22, 115]. Let us follow the very
classical definition of finite element d la Ciarlet (see [42, 99]). A finite element is defined by a
triple (K, Pk, Y¥k), where K is a geometric domain, Pk a finite-dimensional space of functions,
and X a set of linear functionals on Px, known as degrees of freedom. The Raviart-Thomas
element is a couple of finite elements, one for the velocity and one for the pressure fields, suitable
for the discretization of problem (6.1).

Let (Tn)n>o0 be a family of triangular or quadrilateral meshes of Q. For every K € Ty, h > 0, let
hi = diam(K) and h := maxge7, hx. We assume the mesh family to be shape-regular, i.e.,
there exists ¢ > 0, independent of h, such that maxgc7, % < 0, pg being the diameter of the
largest ball inscribed in K.
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Chapter 6. The Raviart-Thomas discretization of the Darcy problem

In the case of triangles and tetrahedra, we consider as reference element K is the unit d-simplex,
i.e., the triangle of vertices (0,0), (1,0), (0,1) if d = 2 and the tetrahedron of vertices (0, 0,0),
(1,0,0), (0,1,0), (0,0,1) when d = 3. For quadrilaterals, the reference element K is the unit
d-cube [0,1]4.

Let us construct the spaces of polynomials on the reference element. For the triangular meshes
(see Section 2.3.1 of [22]),

~

~ ~\d ~ o~ ~
RTL(R) i= (Pu(R)) @@P(K),  Mu(K) = Pu(K),
while, in the case of quadrilaterals (see [7] and Section 2.4.1 of [22]), it reads as follows

Qr41,1(K) x Qk,kﬂ(ff), if d =2,

K) . .
76 7> - My (K) = K).
Qrt1,k k(K) X Qk,k+1,k(K) X @k’k’kﬂ(}()’ ifd =3, k(K) Qk(K)

RT;(K) := {

Remark 6.0.1. For quadrilaterals, R’]I‘k(f? ) can equivalently be defined as

RT(K) := Qu(K)? & xQy(K).

Let Fg : K — K bea diffeomorphism mapping the reference element to a general K € 7. For
triangles we consider an affine bijection F (Z) := BxZ + bg, where Bx € R%*? is non-singular
and invertible, and bgx € R?. For quadrilateral meshes, an affine mapping would constrain us to
parallelograms, hence we let F i being a bilinear bijection for each component, so that we can
map the reference element to abritrary convex quadrilaterals. The diffeomorphism Fj induces
the following pull-back operators.

FP :L*(K) — L*(K), F? (¢) := |det (DFg)|q o Fg, (6.2)
Fy :H(div; K) — H(div; K),  Fi%(v) := |det(DFg)| DF'v o F. (6.3)

Let us observe that F%. and FY- are isometric isomorphisms (see, for instance, [118]). For the
construction of our discrete spaces, we will use F4, and FY.. The inverse of FY. is commonly
known as the contravariant Piola transform or, more simply, Piola transform, and we denote it
as follows

Pk : H(div; K) » H(div; K),  Pg(¥):= |det (DFg)| " DF v o Ft

We define the following finite-dimensional vector spaces

{vh e H (div; Q) : FY (vh’K) eRT(K), VKe n}
{v € H (div; Q) : vh‘K € RT,(K), VKeTh},
={mer*© ¥ (qh’K> ey (K), VKeT)
:{thLz(Q):Qh‘KEMk(K)a VKG%}’

where RTy(K) := {Px(Wp) : Wi, € RTx(K)} and My(K) := {mp o (F2)™1 : iy, € M (K)}.
Remember that in the pure essential case, i.e., I' = I'y, we have to filter out the constant
functions from @ by imposing the zero average constraint.

Instead of exhibiting the degrees of freedom associated with the polynomial spaces RTy and My,
let us construct the interpolants associated with them.
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We start with the velocity. For every v € H*(K), s > %, rIA((V) is uniquely defined by:

/Jﬂw-@waﬁvm@7 v e (),
f f
(6.4)
/,\TI?(V)'VAVh:/AV'Wm VvAvhewk(K), ifk >0,
K K

where, for triangles,

and, for quadrilaterals,

~ ~ ~

Qr—1,,6(K) ¥ Qr—1,6(K) X Qpir—1(K), ifd=3,

A B, itd=2,
Wkw)’{@uﬂ,ﬁd:&

0, ([?) — { Qk—l,k(k) X Qlﬁk_l(k), ifd =2,

for all facets (edges if d = 2, faces if d = 3) f of K. We define rx : H*(K) — RT4(K), s > 3, 50

that the diagram in (6.5) commutes, namely rx = (F) ' orp o Fj = Pgorg o Pt

H°(K) —— RTy(K)

v | o

H*(K) —— RTy(K),
The global interpolant 7y, : H (div; Q) N HKGT;,, H*(K)— Vp, s> %, is readily defined by gluing
together the local interpolation operators, that is rh‘ = rg, K € Tp. Let us move to the
K

pressure case. We start from the reference element K, and define Iz L2(K) — My(K) which
acts on € € L2(K) as

/KHI?fCIh = /]?5%7 Y qn € My(K). (6.6)

Then, for a general K € Ty, we define Iy : L2(K) — My (K) such that the diagram (6.7)
commutes, namely IIx = (F5.)"1o I o Fi.

L2(K) — My(K)

v = o

~ I~ ~
L2(K) —% My(K).

Finally, let IIj, : L? (2) — Qp, such that for every K € Ty, Hh‘K =1Ilg.

Remark 6.0.2. Given v € H(div;Q) N [[xcr, H*(K), s > 1, the degrees of freedom for

T (v’ A) given by (6.4) are invariant under FY%., for every K € 7. Similarly, given ¢ € L?(12),
K

the degrees of freedom for I (q A) given by (6.6) are invariant under F%., for every K € Tj.
K
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Chapter 6. The Raviart-Thomas discretization of the Darcy problem

We now state a key property of the Raviart-Thomas element.

Theorem 6.0.3. The following diagram commutes:
H(div; Q) N [[ger, H*(K) — L(Q)
yh lnh
Vi Qh-
In particular, it holds divVy, = Qp,.

Proof. For the commutative diagram note that, for every v € H(div;Q) N [[xor, H*(K), it
holds

/Hh(divv)aph:/ divvgoh:—/V-Vgoh-i-/ PRV -1
K K K oK

= —/ rr(v) - Vo, +/ eprh(v) - n
K oK
:/ diVTh(V)(ph, A ©Yh € Mk(K)
K

A direct calculation readily shows the inclusion div V), C @j. Let us prove the other one. Let
qn € Qp, then, by the surjectivity of the divergence operator [22], there exists v € H'(Q) C
H(div; ) N [[geq, H*(K) such that divv = g,. Let us define vy, := 7(v). Thanks to the
commutativity diagram we have div vy, = qp. O

We are now ready to discretize (6.1). To incorporate the boundary conditions, we shall define
VY =V, N Hyr,y(div;Q) (assuming that the family of meshes is such that no elements’ facet is
shared between I'p and T'y). Moreover, let u € H(div; ) be such that - n =wuy on I'y in the
sense of traces. We look for (up,pp) such that u, = u)) +u and (uf,pp) € V2 x Qy, solves

a(ul),vy) + bo(vi,pn) =F(vh), Vv, eV, (6.8)
bo(u), gn) =G(qn), Voqn € Qn, .
where
a(Wn, V) 52/ Kl wy, Vh, Wh, Vy € Vi,
Q
b(wp, Vh) 32/ qn div vy, Vi € Vi, qn € Qn,
Q

F(Vh) ::/ f~Vh+/ pDVh'nfa(ﬁ,Vh), vy € Vh,
Q I'p
G(an) :=/ngm an € Qn-

Formulation (6.8) is a consistent discretization of problem (6.1). It is stable in the sense of
Theorem 5.2.5 of [22]. In particular, the inf-sup stability can be proved with the so-called Fortin’s
trick (Proposition 5.4.2 of [22]), thanks to Theorem 6.0.3.
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fd Weak imposition of the essen-
tial boundary conditions for the
Darcy flow: fitted case

This chapter proposes two families of discrete formulations for the weak imposition of the
essential boundary conditions for the Darcy flow. The Raviart-Thomas mixed finite element on
both triangular and quadrilateral meshes is considered for both methods. One is a consistent
discretization depending on a weighting parameter scaling as O(h~1). The other is a penalty-type
formulation obtained as the discretization of a perturbation of the original problem and relies on
a parameter scaling as O(h~( 1) k being the order of the Raviart-Thomas space. We rigorously
prove that both methods are stable and result in optimal convergent numerical schemes with
respect to appropriate mesh-dependent norms, although the chosen norms do not scale as the
usual L?-norm. However, we can still recover the optimal a priori L?-error estimates for the
velocity field for high-order and the lowest-order Raviart-Thomas discretizations, for the first and
second numerical schemes, respectively.

Let us briefly sketch the outline of the paper. In Section 7.1 we introduce, respectively, the strong
formulation of the Darcy problem and a singularly perturbed formulation of it. In Section 7.2, the
Raviart-Thomas finite element is introduced together with our two discrete formulations, both
depending on a mesh-dependent weighting parameter. As already mentioned, for the first one,
the penalty parameter is O(h~1), while for the other it is O(h~(**+1). In Section 7.3, we prove
the desired stability estimates with respect to different mesh-dependent norms, guaranteeing
the well-posedness of the associated problems. Then, in Section 7.4, optimal a priori error
estimates, in terms of the chosen norms, are demonstrated for the velocity and pressure fields. We
recover optimality for the L2-error of the velocity field as well. Finally, some numerical examples
corroborating the theory are provided.

The content of this chapter has been accepted for publication, see [41].

In the following, C' will denote generic positive constants that may change with each occurrence
throughout the chapter but are always independent of the mesh size unless otherwise specified.
Given z,y € R, we will write x < y if there exists ¢ > 0, independent on the mesh size, such that
r<cyand z~yifzx Syandy < z.

7.1 The Darcy problem and a perturbed formulation

Let 2 be a Lipschitz-regular domain of R? d € {2,3}. We assume its boundary I to be partitioned
into' =Ty Ul'p, where I'p, I'y are open and disjoint. Let us consider the Darcy problem that
has been introduced in Chapter 6.
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Chapter 7. Weak imposition of the essential boundary conditions for the Darcy
flow: fitted case

Given f € L%(Q), g € L2(Q), uy € H 2(Ty), pp € H2('p), we look for u : Q@ — R* and
p: Q2 — R such that
kK lu—Vp=f  inQ,
diva =g, in Q,

(7.1)
u-n=uy, on 'y,

P =DPb, onI'p.

Here, k € R™? is symmetric positive definite with eigenvalues A; such that 0 < Apin < A; <
Amax < Fo0, for every 1 <14 < d.

Remark 7.1.1. We observe that the subscripts N and D (in I'p, T'y) refer to the Dirichlet
and Neumann boundary conditions for the Poisson problem, from which (7.1) can be derived by
duality techniques (see Chapter 1 of [22]). Contrary to the case of the Poisson problem, here, the
boundary conditions for the pressure on I'p are natural, in the sense that they can be implicitly
enforced in the weak formulation of the problem. In contrast, the boundary conditions for the
velocity on 'y are essential, i.e., they are imposed on the functional space. Moreover, let us
observe that in the pure essential case I' = I'y, in order to have well-posedness, we have to “filter
out” the constant pressures, i.e., the trial and test functions for the pressures are required to lie
in L2(9), and to impose a compatibility condition on the data: fFN Uy = fQ g.

Let us consider the following perturbation of problem (7.1).

Find u® : Q — R? and p° : Q — R such that

rktu® — Vp© =f, in Q,
divu® =g, in €,
(7.2)

e lu® n=¢ctuy —p°, on Iy,

p° = pp, onlp.

Note that as ¢ — 01 problem (7.2) formally degenerates to (7.1). In this sense (7.2) is a
perturbation of problem (7.1).

In the subsequent analysis we are going to consider, for the sake of simplicity, x = I the identity
matrix.

Proposition 7.1.2. Let (u®,p), (u,p) be respectively the solutions to (7.2) and (7.1), and assume
that £ € H(div; Q). Then there exists C > 0 such that
H? (FD)) ’

o — vl 2 < Ce (||din||L2(Q) + 9l 20y + ||UN||H—%( y T ppll

I'n

Proof. Let us observe that if (u,p) and (u®, p°) solve, respectively, the problems (7.1) and (7.2),
then p and p® are the solutions of

—Ap=—g+divf, in Q,

@ZU/N_f'n7 ODFN, (73)
on

p=pp, onlp,
and
—Ap® = —g + divf, in €,

€

dp
on

+ep® =uy—f-n, only, (7.4)
pE = Pb, on 1—WD-
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7.1. The Darcy problem and a perturbed formulation

Let ¢ := p — p°, with p and p®, respectively, the solutions of (7.3) and (7.4), then ¢ solves

—Ad =0, in €2,
6+€_1(§7fl =D on FNa (75)

6=0, onI'p.
We rewrite (7.5) in variational form.

Find § € Hjp, () such that

Vi-Vo+e dp = 5/ P, Ve Hyp, (Q). (7.6)
Q I'n I'n

Since ¢ vanishes on a part of the boundary, a Poincaré-like inequality entails [|6];q) <
Cp V6| 12(q), With Cp > 0 independent of e. Now, by testing (7.6) with J, we get

2 2
V8130 + £ I01Eacey = [ .
I'n
The Cauchy-Schwarz, a standard trace inequality, and the Poincaré inequality above imply

IV811Z2(0y S € 1Pl 0y 1Vl L2 -

On the other hand, p solves (7.3), hence

2 .
1901320y S & (IdivEl 2y + 9] 2oy + il -y oy + 12013 ) ) 193] 2y
Since u —u® =Vp+f — (Vp +f) =V (p — p°) = V4§, then the proof is completed. O

Remark 7.1.3. With the extra assumption f - n = 0 on I'y, it turns out that problems (7.1)
and (7.2) are equivalent to problems (7.3) and (7.4), respectively.

In order to avoid technicalities, let us assume (2 to be a convex domain with a Lipschitz polygonal
boundary, uy =0 and f -n =0 on I'y.

Proposition 7.1.4. Let (u®,p°) be the solution of (7.2) and suppose that Q is a convex domain
with a Lipschitz polygonal boundary I', f - m =0 on I'y and uy = 0. Then there exists C > 0,
independent of €, such that

19l srscy < € (I3 ) + lgll ey + IPoll 3 ) - (7.7)

Proof. For the sake of brevity, we are not giving the details of the proof. As above, observe
that if (u®, p®) solves (7.2), then p. is the solution of (7.4). We first assume that € is a convex
C?-domain and, without loss of generality, we put ourselves in the pure essential case I' = I'y.
Then the statement follows as a particular case of the a priori inequality of Theorem 3.1.2.3
in [66], which itself is based on the special integration by parts identity of Theorem 3.1.1.1 in [66].
Finally, as observed in Remark 3.2.4.6 in [66], the statement can be generalized to a convex
domain with Lipschitz polygonal boundary, since it can be approximated with a sequence of
convex C?-domains. O

121
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7.2 The finite element discretization

Let (Th)),( denote a family of triangular or quadrilateral meshes of Q. It will be useful to
partition the facets (edges if d = 2 and faces if d = 3) Fj, of T}, into three collections: the internal
ones F; and the ones lying on I'y and on I'p, grouped, respectively, in F2(I'y) and F¢(I'p),
F? =F)(Tn)UF?(Ip). For every K € Ty, h > 0, let hg := diam(K) and h := maxgeT;, hr.
We assume the mesh to be shape-regular, i.e., there exists o > 0, independent of h, such that
maxgeT, Z—i < o0, pg being the diameter of the largest ball inscribed in K. Moreover, Tp,
is supposed to be quasi-uniform in the sense that there exists 7 > 0, independent of h, such
that minge7;, hxg > Th. We fix an orientation for the internal faces, given f € .7-7; such that
f =0K;1NOKs5 we assume that unit normal vector on f points from K; toward K5. Note that

nothing said from here on will depend on this choice. Let ¢ : £ — R be smooth enough so that
for every K € Ty, its restriction go’ can be extended up to the boundary 0K. Then, for all
K

f € F} and every z € f, we define the jump of ¢ as

(),

K>

where f = 0K; N JKy. We may remove the subscript f when it is clear from the context to
which facet we refer to.

In order to discretize problem (7.1), we choose the Raviart-Thomas finite element, defined in
Chapter 6, which reads as

Vi = {vi, € H (div; Q) : vh'K € RTL(K) Y K €T},
Qni={m € (@) 1 an| € My(K) VK €T},
We refer to Chapter 6 for the definitions of RTy(K) and M (K). Remember that in the case

I' =T'n, we have to filter out constant discrete pressures by imposing the zero average constraint
to the space Qp.

By proceeding as in Chapter 6, we can construct the interpolation operators r, : H(div; ) N
HKeTh H*(K) — V}, where s > %, and IIj, : L?(Q) — Qp, satisfying the following commutative
diagram:

H(div; Q) N [Iger, H (K) —2 L2(Q)

JM lnh (7.8)

div
Vh Qn-
Diagram (7.8) implies, in particular, divV}, = Qp,.

We are now ready to introduce the following two discretizations of problem (7.1).

First formulation

Find (up,pp) € Vi, x Qp, such that

an(up, vp) +b1(vVh,pn) = / £ v, +h? UNVE -1 +/ DDV - 1, vV vy, € Vi,
Q I'n I'p
(7.9)
bm(uh7qh) = / ggn —m qhunN, v dn S Qh7
Q I'n
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7.2. The finite element discretization

where m € {0,1}. Here,

ap(Wp,vy) = / Wy, - Vi + hfl/ (wp, - n)(vy - n), W,V €V,
Q I'n
bin (Wh, qn) = / g divwy, —m qrWp - 1, Wh € Vi, qn € Q.
Q I'n

In what follows just the analysis for the symmetric case m = 1 will be presented, however
numerical results will be provided for the case m = 0 as well.

Second formulation

Find (up,pn) € Vi, X Qp such that

ag(uh,Vh)-i-bo(Vh,ph) :/ f'Vh+E_1/ quh-n—i—/ PDVh - 1, V vy €V,
& Iy o (7.10)
bo(un, qn) = / 94n, V gn € Q.
Q

where
aa(wh,vh) = / uy - vy + 871/ (Wh . Il)(Vh . 1’1), Wh,Vh € Vi
Q I'n

Remark 7.2.1. Let us observe that both the non-symmetric version of problem (7.9), i.e., with
m = 0, and formulation (7.10), thanks to (7.8) allow for a weakly divergence-free numerical
solution uy,, namely divuy, = 0 in the sense of L2, provided that the right hand side g vanishes.

Lemma 7.2.2. Formulations (7.9) and (7.10) are consistent discretizations of (7.1) and (7.2)
respectively.

Proof. Tt is clear that (7.9) is a consistent discretization of (7.1). Let (u®,p®) be the solution
o (7.2). Of course, we have

bo(u, qn) = / 9qn, Y qn € Qn.
Q

By integrating by parts the first equation of (7.2), we obtain

/u8~vh+bo(vh,p5)—/ pgvh~n:/f~vh+/ PDVy - 1, Vv, €V (7.11)
Q I'n Q T'p

By performing static condensation of the multiplier from the boundary conditions, we obtain
p°=¢ ' (uy —u-n), onl'y. (7.12)

Substituting (7.12) back into (7.11), we obtain

a-(u®,vy) + bo(vy, p) = /

fovh+/ sflquh-nJr/ PDVh - 1, V vy € V.
Q FN 1—‘D
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For the numerical analysis of (7.9), we endow the discrete spaces with the following mesh-
dependent norms

2 2 _ 2
Vallgn = IvalZo + D A lIva-nlisp Vi € Vi
foS(I’N)
2 2 — 2 _ 2
lanlls == D IVarlliaey + D B llanllze + Y. b lanlizp  an € Qn,
KeTh feF; feF2(Tp)

while for (7.10) we are going to employ:

2 2 - 2
Ivallon,e = HVh||L2(Q) + Z e lva n||L2(f) ) vh € Vi
feFf('n)
2 2 - 2 - 2
H‘Jh||1,h,s = Z ||V(1h||L2(K) + Z ht ||[Qh]||L2(f) + Z h! HQhHL2(f)7 qn € Q-
KeTh feri fer?

Remark 7.2.3. Concerning formulation (7.9), we restrict ourselves to the numerical analysis of
the symmetric case, i.e., m = 1. The generalization to case m = 0 is readily done by considering
a norm for the pressure controlling the whole boundary region and not just I'p, namely

2 2 — 2 — 2
lanlls = > IVanlZae0 + D 2 llanllzagy + D B lanlzes » an € Qn-
KeTh ferFi fer?

In this way, the proofs given in Section 7.3 easily generalize to the non-symmetric case.

Remark 7.2.4. Note that the natural functional setting for the mixed formulation of the Poisson
problem is H (div; Q) x L?(£2), but here we consider norms that induce the same topology as
that of H'(Q) x H'(Q2). Moreover, we observe that in both formulations (7.9) and (7.10) a
superpenalty parameter (h~! in (7.9) and e~! in (7.10)) is imposed in the flux variable. Indeed,
the natural weight, mimicking the H~2-scalar product, would be h fFN (up -m)(vy - n). However,
such weight does not lead to an optimally converging scheme. In addition, this is also what
destroys the conditioning (see Section 7.5.2).

7.3 Stability estimates

In this section, we carry on at the same time the proofs of the well-posedness of the two discrete
formulations.

Proposition 7.3.1. There exist My, M,_, M, >0, m =0,1, such that, for e S h,

lan(Wn, vi)| < Mal[Wallop [[Vallo s, ¥V Wa,vi € Vi,

|ac(wWn, vi)| < Ma, |Whllo e lVillone, YV Wh,va € Vi,
1b1(Vhsan)| < My, [Vellopllanlly s Y Vi € Vi, qn € Qn,
bo(Vh, an)| < Mg [[Villopelanllipes ¥V Vi € Vi, an € Qn

Proof. Let wp, vy, € Vi, qn € Qp be arbitrary. It holds

_1 _1
lan(Wh, vi)| < Wallp2 o) Vallpz) + 72 IV 0l o gy B2 Wil 2y

< Hwh”o,h thHO,h’

_1 _1
|ac(Wh, vi)| < 1Wallp2q) Vel L2y + 72 Ivh - mllpap gy €72 IWa - mll 2y

< HWhHO,h,s thHO,h,s :
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7.3. Stability estimates

By integration by parts, we get

bi(Vh,qn) = /thlVVh*/ qpvp-n = Z / gn divvy, — Z /thh n
I'n

KeTn fEF2(TN)

=— Z/V% Vh+Z/Qh vp-n+ Z /thh'IL

KeTn feri FeFl(p)

Thus,

b1(Vhs qn)| < Z ||VQh||L2(K) ||Vh||L2(K) + Z h™= ||[qh]||L2(f) hz |vh - n“L?(f)
KeTn feFi

+ Z h=2 lanll gy P2 lve - mfp2py -
fEJ:;?(FD)

By combining standard trace and inverse inequalities, we have
We |[vinll ey S IVall ey, € FR(Tn), f € Fi, f COK. (7.13)
In this way, we obtain
101 (Vs an)| SIvallon llanlly g -

On the other hand,

bo(Vh, qn) = /V% Vh+/ qnvhp M= — /VCJh v+ Z/Qh Vipon
KeTy KeTn feF;
+ Z /thh n + Z /thh n.
feF)(TN) reF2(Tp)
We have

_1 1
b0 (Vi qn)| < Z IVanll 2oy IVall 2oy + Z =2 anllpzcpy B2 1vh -l 2 g
KeTh feF;

_1 1
+ Z R lanllpzgpy 22 [1ve -l g2y S IVallone

fer?
having used again (7.13) and h=2 < e~ 2 for e < h. O
Proposition 7.3.2. It holds
an(vi, vi) =Ivally 5 Y vy € Vi,
ac(vi,vi) = [Vallgpes Y Vi€ Vi
Proof. The proof is trivial, hence we skip it. O

Proposition 7.3.3. There exist By, 31 > 0, such that

b
lnf up ]_(Vh, qh) Zﬁ17
qrnE€EQH vREV) ||vhHO,h
b
inf sup O(vha Qh) BO'

ahEQL v, eV, ||Vh HO,h,E
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Proof. We start with the first inequality. Let us fix q; € Qp arbitrary. We construct v;, by using
the degrees of freedom of the Raviart-Thomas space (see Chapter 6).

/th ‘npp =h! /f lan)on, YV fEFL, on€ Vi(f), (7.14)

/fvh npn =0, ¥ feFTN), on € U(h), (7.15)
/f Vi ngn = bt /f anon, ¥ fE€FRTD), g € Wi(f), (7.16)
/KV;L-'Lbh:—/Kth-’(bh, VK eT,, ¥, € Up(K), if k> 0. (7.17)

We refer the reader to Chapter 6 for the definitions of W (f) and ¥y (K). By using the definition
of Vh,

bl(Vhth):/thiVVh—/ Ghvh =Y / grdivvy, — Y /thh n
Q I'n

KeTn feFf(n)

=—Z</V% Vh+/ Qth'n)— Z /qhvh-n

KeTy Fo( f
=- Z/th Vi + Z/Qh Vi on+ Z /qhvh~n

KeTh feF FEFI(T !

- - 2 2
= > IVallzege + D B lanlllzegy + Do A llanliZasy = lanll? s -
KeT, feF; fery(Tp)

Finally, let us show that [|vsll,;, < C|lqnll, ,- Note that for every f € F2(Ty), since vy, - n’f €
Uy (f), (7.15) implies

th'nHi?(f) = /f(vh-n)(vh-n) =0 = vp-n=0, onf.

Then, let us show [[vp| 12y < Cllgnll; - From (7.14), it holds vy, - n‘f = h}lﬂka([qh])‘f for

every f € F} and, from (7.17), we have mx 1 (vp) . —wak(th)‘K for every K € Tp,. Note that

here 7 . denotes the L?-orthogonal projection onto W (K). Similarly, ¢,k is the L2-projection

onto Uy (f). From finite dimensionality it holds th|| .+ V- Il||

L2( K) ~ H Kk: )’ L2(K) L2(f :

Hence, th||L2(K) ||th|\L2(K) + hy' H[qthZ(f), f being a facet of K, which follows by a
standard scaling argument (see Proposmon 2.1 of [40]) and by construction of vy,.

We move now to the inequality involving Sy. Let g, € @Qp. We define vy, as follows:

/vh gy = h*l/ [l on. YL EFL on € Ui(f),
f f
/ e / anon. Ve FATN), on € Ui(f),
f f
/Vh ‘ngp =h"! / qhPh, V feF2(p), on € Ui(f),
f f

/Vh%/’h:*/v%'%bh, VK €Ty ¥neVy(K), if k> 0.
K K

126



7.4. A priori error estimates

Hence,

bo(Vh,qn) = /thlvvh— Z / gndivvy, = —

(/ Vap - Vh+/ Qth'n>

KeTy KeTh
=— Z / Vap - vy + Z/Qh vp-n+ Z /Qh"h n
KeTn feF feF(T
+ Z /thh'n
6]:8(F ) f
Z ||VQh||L2(K) + Z = llan ||L2(f) + Z h=! ||QhHL2(f) = ||Qh||1hg
KeTh reF; jeF?

We refer the reader to [85]

< Cllgnlly e H

7.4 A priori error estimates

In this section we will prove a priori error estimates for the formulations (7.9) and (7.10).

We observe that all the constants appearing throughout this section and concerning the error
bounds for the formulation (7.10) are independent of the parameter e. This is due to the
orthogonality properties of the interpolants along the boundary.

Lemma 7.4.1. Let (u,p) be the solution of the continuous problem (7.1) and (up,pr) € Vi X Qp,
the one of the discrete problem (7.9) with m = 1. Then

1
[up — le(“)“o,h + llpn — Hh(p)”l,h S la— Th(“)”m(g) + h? Z lp — Hh(p)”[,?(f) .

FeF2(Tn)

Proof. The stability estimates previously shown for ay(-, ) and by (-, -) with respect to [|-||, , and
Ill1,p, imply

lmsally < sup Aot )

) v (T]hash) € Vh X Qha (718)
(V}“(]}L)EV}L XQn H|V}L7qhH|h

where

An (Mhy81) s (Vi an)) :=an(Mn, Vi) + b1(Va, $n) + b1(0k, qn),

2 2 2
lln, sully, = lmmllon + sally, -

Using (7.18), for (up — rp(u),pp, — I (p)) there exists (vp,qn) € Vi, X Qp, such that

lan = ra(@lly., + lpn = (@), <Velllun = ra(w), pn — ML),

<An ((up —ra(u),pn — k() , (Vas qn))
~ Ivnsanll, '
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Hence, we have

An (= (), P — T () s (Vs @) = /

Q

(un —w) - va + / (u—ra(w)) - va

Q

+ht ((up, —u) -n) (vy-n)
I'n

+h7 g ((w—=rp(w))-n) (va-n)+bo(Vh,ph — p)

+ b (v, p — Hi(p))
—/FN@h—p)vh-n—/ (p— () Vi -

I'n

+b1(up —u,gp) + bi(u —rp(u), gn).
(7.19)
By construction of r, and II;, we have, respectively,

ht g (u=rp(w)) n)(vh-n) =0, VvyeVp,

bi(u—ru(u),g) = — 3 /Kth-<u—m(u)>+ 3 /f[qh] (w—ra(w) n=0, VaueQn
feF;

KeTh
bo(vh,p —Iu(p)) =0, vV vy € Vi

By consistency (Lemma 7.2.2), we have

/(uhfu)'vh+h*1/ ((up —u)-n) (v -n) + bo(Vh,pr — D)
Q

I'n
+/ (pr —p) Vi -m =0, V vy € Vi,
I'n

bi(up —u,qn) =0, Y qn € Qh.
Hence, in (7.19) we are left with

A (= 7w, — T 9) s (vnan) = |

Q

(= (W) - vy — / (p— 0s(p)) Vs .

I'n
We have

=) v = [ =) v n < = @)l Ml

I'n
1 _1
+ ) B2 =Th@)lay b2 Ve - nll g2y »
feF?(Tn)

and we can write

(Il = 7 (@)l + 7% S gempirny 1o = Ta®)lzas) ) IVasOll,

[up = rn(@)llg s + llpn = (D)l <

lIvas anlll,
1
Slhu=rn(u)p2q) +h> Z P = Ta ()l L2y -
feF2(TN)

O

Lemma 7.4.2. Let (u®,p®) be the solution of the perturbed continuous problem (7.2) and
(up,pr) € Vi, X Qp the one of the discrete problem (7.10). Then

an = ra(u)llgpe + 1Pn = Ta(P )y e S 107 =700 L2(q) -
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Proof. The stability estimates previously shown for a.(-,-) and bo(-, ) with respect to ||-[, ,, .
and ||-H1’h75 imply

A hsSh) s (Vi Gh
sl < swp Al ma)) =y ey g,
(V’HQ"L)EWLXQ}L |||Vh7qhH|h,g

where
Az (s sn) 5 (Vi an)) :=ae (M, Vi) + bo(Va, sn) + bo(nn, qn),
2 2 2
Wiz sull™ := lmnllo p.e + llsnllyn.c -
Hence, for (up — rp(u®), pp, — Iy (p°)) there exists (vi,qn) € Vi, X @, such that
e F 1P = () e SVallag = ra (), pr = T (9|l

A (= 7 (9°), pn = T () (Vs 00)
. TV 0Tl

[up, — r(u®)

Hence, we have

»Aa((uh —rp(u®), pp — Hh(PE))»(Vh,Qh)> = /Q (up —u®) vy +/ (u® —rp(u)) - vp

Q

bt [ (- w)w) (v )

I'n

et / ((uf — 7 (u)) - ) (vi, - )

I'n
+bo(Vh,pr — D) + bo(vi, p° — L (p%)) + bo(up — u, qn)
+ bo(u® — rp(u®), qn).

The following orthogonality relations hold by definition of r;, and IIj:
[ =) ) (v =0, Vv e Y
’ bo(va, p° — i (p®)) =0, VY vi €Vp,
bo(u® —ru(u), qn) = — > / Vap, - (u —rp(u))

KeTh
+Z/Qh w —r(uf) nt Y /Qhu—rh ) n=0, Vg €Qn
feF; FEFR(IN)

Moreover, by consistency (Lemma 7.2.2), we have
/ (up —u®) - vy + 6/ ((up, = u®) -n) (v -n) +bo(vp,pn —p°) =0, vV vy € Va,
Q I'n
bo(up, —u®,qn) =0,  Vqn € Q.
Hence,

A ((ap = ra(a®), pr — I (p%)) , (Th, qn)) = /Q (u® — 7y (%)) - va,

and we can write

||u6 — rh(us)HLg(Q) |||Vh7 O|||h e
= Sl = rp(u®)l 2 -
Vs aull,. o

an = ra(u) g pe + P = Ta (Pl e <

O
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Proposition 7.4.3. Let (u,p) € H™ 1 (Q) x H(Q) be the solution of (7.1) and (up,pp) €
Vi, x Qp the one of (7.9) with m = 1. There exists C > 0 such that, for s = min{r,t, k},

s = 72 ()l + Ipn = (@)l < Ch™* (Il ey + 1ol - (7.20)

Proof. By Lemma 7.4.1, a multiplicative trace inequality for Sobolev functions, and the standard
Deny-Lions argument (Theorem 3.4.1 of [112])

[an = ra(@)llg + Ion = Ta@llyp STa=ra(@l 2+ > b7 o=@ L2(p)
fG.FS(FN)

§|\U—Th(u)||L2(Q)

1 1 1
+ Y h2 o =T)llF2 ) IV (= Ta ()32 )
KeTy,

1 41 1 t B

Slhua— Th(u)”m((z) +h2h™2 ||p||Ht+1(Q) h2 ||pHHt+1(Q)

=[u- Th(u)”LZ(Q) + R Hp||Ht+1(Q) :
By using Deny-Lions argument (Theorem 3.4.1 of [112]), we get

[an — rh(u)”o,h + llpn — Hh(P)HLh ShH Hu||Hr+1(Q) + Rt ||P||Ht+1(9) )

with0<t<kand 0<r<k. O
Proposition 7.4.4. Let (u®,p®) € H™ 1 (Q)x HT1(Q) be the solution of the perturbed continuous
problem (7.2) and (up,pn) € Vi X Qp the one to (7.10). There exists C > 0 such that, for

s = min{r, t, k},

[, = ra(a)llg pc + o0 = ()1 je < CRH 00| s g - (7.21)

Proof. By Lemma 7.4.2 and the Deny-Lions argument (Theorem 3.4.1 of [112]), we get
[up — 7”h(llE)Ho,h,g + llpn — Hh(pe)”Lh,g < hett ||u€||HS+1(Q) .
O

Remark 7.4.5. Let us remark that the quantities [[un, — rn(un)|lyp, [[Pn — Ha(p)|l; , in (7.20)
and [lpn — In(p°) Iy p.o» lan — ra(u)llg o in (7.21), respectively, are super convergent.

Theorem 7.4.6. Let (u,p) € H™ Q) x H*1(Q) be the solution to (7.1) and (up,pn) € Vi x Qn
the one to (7.9) with m = 1. Then there exists C > 0 such that, for s = min{r,t,k},

la =l gy < CA (i oy + 12l e y) -

Proof. Let us proceed by triangular inequality.
[a=unl 20 < la—ra(@)l2q) + lIrn(a) — unll 12 (q) -

The first and the second terms in the rhs scale as O(h"*!) and O(h**!), respectively, because of
Deny-Lions argument (Theorem 3.4.1 of [112]) and Proposition 7.4.3. O
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7.5. Numerical examples

Lemma 7.4.7. Let (u®,p®) € H™1(Q) x H*L(Q) be the solution to the perturbed continuous
problem (7.2) and (up,pr) € Vi, X Qp the one to (7.10). Then there exists C > 0 such that, for
s = min{r, k},

[u® — uh||L2(Q) < Cht! ||u€||HS+1(Q) .

Proof. Let us proceed by triangular inequality.
[u® — uh“L?(Q) < = rh(ua)”Lz(Q) + [[ra(u®) — uhHLz(Q) :

The first and the second terms in the rhs scale as O(h*T1), respectively, because of Deny-Lions
argument (Theorem 3.4.1 of [112]) and Proposition 7.4.4. O

Theorem 7.4.8. Let (u,p) € HY(Q) x H%(Q) be the solution to the continuous (7.1) and
(up,pn) € Vi x Qp the one to (7.10) with e = h. Assume  to be a conver domain with a
Lipschitz polygonal boundary T, £ € HY(Q), f-n =0 on 'y and uxy = 0. Then, there exists
C > 0 such that

u = wnl 2 < O

‘fHHl(Q) + HgHL2(Q) + HpDHH%(FD)) '

Proof. Let us proceed by triangular inequality.

[u—upll 2 ) <la—uf o) + [[0° — w12 ()
e (Naiv £ll =y + N9z + P03 ) + B I i)
e (laiv £l gz gy + lgllzay + 10l 0, )

1 (1113 ) + 2oy + 1P 3 e, ) -

We used Lemma 7.4.7, Proposition 7.1.2 and Proposition 7.1.4. Finally, let us choose ¢ = h. [

Remark 7.4.9. We observe that for both formulations, (7.9) and (7.10), all dimensionless
parameters have been set for simplicity to 1, unlike for the standard Nitsche method for the
Poisson problem [126], where the dimensionless parameter needs to be taken large enough.

7.5 Numerical examples

7.5.1 Convergence results

In this first set of numerical examples we verify the optimal a priori error estimates of Theo-
rems 7.4.6, 7.4.8. We also check that the result of Theorem 7.4.6 holds in the non-symmetric case
m = 0, as already mentioned in Section 7.2. Moreover, we study the L?-error of the pressure
field, for which optimal convergence is observed in general and super convergence in the case
of the lowest order Raviart-Thomas element and triangular meshes. Although Theorem 7.4.8
guarantees us optimal a priori error estimates for the discretization (7.10) only with the lowest
order Raviart-Thomas element, numerical results show that we have optimal convergence rates
also for higher orders.
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Unit square with triangular meshes

We approximate the Darcy problem in the unit square Q@ = (0, 1)2 using a family of triangular
meshes, with weakly enforced essential boundary conditions on the whole boundary, using as
manufactured solutions

— zsin(x) sin(y) s
Uey = (sin(x) COS(y) + ;L'(jos(;v) COS(y)) y  Dex = x°y — 0.125.

Note that u,, is divergence-free. The numerical results are in Figure 7.1.

Unit circle with triangular meshes

Now, we consider the unit circle Q = {(z,y) € R? : 2% + y? < 1} which is meshed using triangles.
We weakly impose the essential boundary conditions on the boundary and consider the following
reference solutions:

1

—=eTsin(x .
e, = <x iy y)) | Pew = o cos(2) + 47 sin(x).

This time div ue, = 2y + 15 (¢” sin(zy) + ye” cos(zy)). See Figure 7.2.

Unit square with quadrilateral meshes

Let us consider the unit square 2 = (0, 1)2 meshed using quadrilaterals. We impose natural
boundary conditions on {(z,y): 0 <z <1,y = 0} and essential boundary conditions everywhere
else in a weak sense. The reference solutions are:

W, — <;ZS%)C‘;‘;SQ%)>> . Pes = —sin(z) sinh(y) — (cos(1) — 1) (cosh(1) — 1).

We have div u., = 0. For the numerical results we refer to Figure 7.3.

Quarter of annulus with quadrilateral isoparametric elements

Let us consider the quarter of annulus centered in the origin with inner and outer radii, respectively,
r =1 and R = 2, discretized using quadrilateral isoparametric elements [82]. We impose natural
boundary conditions on the straight edges {(z,y): 1 <z <2,y =0} and {(z,y) :2=0,1 <y <
2} and weak essential boundary conditions on the curved ones. The manufactured solutions are:

2
T 1
Uey = (_ny g ng) )y Pex = § (l’2y2 + y3) ’

with divu,, = —2? — y? — 3y. See Figure 7.4.

7.5.2 A remark about the condition numbers

Proceeding as in [55] it would be possible to prove that the ¢?-condition number of the stiff-
ness matrix arising from the discretizations (7.9), for both m € {0,1}, scales as h=2, as Fig-
ures 7.5a, 7.5b, 7.6a, 7.6b confirm. The penalty parameter for the weak imposition of the essential
boundary conditions is the responsible of the deterioration of the conditioning with respect to
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(f) Pressure error using (7.10).

Figure 7.1 — Convergence rates in the unit square with triangular meshes.
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Figure 7.2 — Convergence rates in the unit circle with triangular meshes.
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Figure 7.3 — Convergence rates in the unit square with quadrilateral meshes.
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Figure 7.4 — A priori errors in the quarter of annulus with isoparametric quadrilateral meshes.

the standard mixed finite element discretization of the Poisson problem, for which the condition
number scales as h~!. An even worse situation occurs when formulation (7.10) is employed. In
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this case the condition number scales as h~(*%2)| s = min{r, k}, » being the Sobolev regularity
of the exact solution for the pressure field and k the polynomial degree of the Raviart-Thomas
discretization, as confirmed by Figures 7.5¢c, 7.6c.
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Figure 7.5 — Condition numbers in the unit square with quadrilateral meshes.

7.5.3 The optimality of the penalty parameter

We want to analyze the optimality of the penalty parameter, denoted through this Section as =,
for both numerical schemes. Let us observe indeed that in order for formulations (7.9) and (7.10)
to be extended in the unfitted case and provide an optimal convergence scheme, we would expect
v to scale as O(h) (see also Remark 7.2.4). Let us consider the Raviart-Thomas element of order
k =1 and compare the numerical results for the L2-error of the velocity field with respect to
different powers of the mesh-size as penalty parameter. The first set of numerical experiences is
performed using triangular meshes, then we move to quadrilaterals.

Figures 7.7, 7.8, 7.9, 7.10 correspond to the settings introduced in Section 7.5.1.

In all numerical experiments, we do not detect any particular sensitivity of the convergence of the
error of the velocities with respect to 7 in the case of method (7.9), see for instance Figures 7.8a.
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Figure 7.6 — Condition numbers in the quarter of annulus with isoparametric quadrilateral
elements.

On the other hand, for the formulation (7.10) strong influence of varying v is clearly seen in
Figures 7.7c, 7.8¢c, 7.9¢, 7.10c. Let us observe indeed that for formulations (7.9) and (7.10) to be
extended in the unfitted case and provide an optimal convergence scheme, we would expect v to
scale as O(h). In this sense, the method (7.9) seems a more promising approach.
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of the penalty parameter v with triangular meshes.
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Figure 7.8 — Compare L2-errors for the velocity in the unit circle with respect to different values
of the penalty parameter v with triangular meshes.
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Figure 7.9 — Compare L2-errors for the velocity in the unit square with respect to different values
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Figure 7.10 — Compare L2-errors for the velocity in the quarter of annulus with respect to different
values of the penalty parameter v with isoparametric quadrilateral elements.
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Weak imposition of the essen-
tial boundary conditions for the
Darcy flow: unfitted case

In this chapter, we study the Nitsche method introduced in Chapter 7 in the case of a mesh that
does not fit the boundary of the domain. The discrete formulation is very ill-posed because of
the mismatch between the computational mesh and the physical domain where the PDEs live.
We show that this affects the accuracy of the approximation scheme and the conditioning of
the arising linear system. Our strategy to recover the well-posedness of the discrete formulation
is in line with [35, 37, 38]. It adds to the variational formulation at the discrete level two
weakly consistent ghost penalty operators acting separately on the velocity and pressure fields.
The discrete functional setting is unusual since it is based on mesh-dependent norms scaling as
H' x H', instead of the standard H (div) x L%. Hence, we derive a priori error estimates for the
velocity and pressure fields which are optimal for the chosen topology but not for the usual ones.
We also prove optimal estimates for the condition number of the stiffness matrix.

An outline of the chapter follows. In Section 8.1, we introduce the model problem and its
Raviart-Thomas discretization for both triangular and quadrilateral meshes. In Section 8.2
we explain how we interpolate regular functions when the mesh does not fit the boundary of
the physical domain. Section 8.3 contains the discrete stabilized formulation and its numerical
analysis: we rigorously derive the estimates guaranteeing the stability of our formulation and
prove the a priori error estimates. Section 8.4 is devoted to the study of the condition number of
the stiffness matrix. We prove that the ghost penalty stabilization restores the usual conditioning
of the boundary-fitted case. In Section 8.5 we explain how to treat the case of pure natural
boundary conditions. Finally, in Section 8.6 we present some numerical experiments illustrating
the theory.

Given z,y € R, we will write x < y if there exists ¢ > 0, independent of z,y, such that z < cy
and x ~ y if x <y and y < x. C will denote generic positive constants that may change with
each occurrence throughout the chapter but are always independent of the local mesh size and
the mutual position of mesh and domain unless otherwise specified.

8.1 Model problem and notation

Let Q be a Lipschitz-regular domain of R?, d € {2,3}, with boundary I' such that I' = 'y UT'p,
where I'y, I'p are open and disjoint. We consider the Darcy problem introduced in Chapter 6.

Given f € L%(Q), g € L2(Q), uy € H 2(T'y), pp € H2(I'p), we look for u : @ — R? and
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p: Q2 — R such that
K u—Vp="f, in Q,
diva =g, in Q,

(8.1)
u-n=uy, on 'y,

P =P, onI'p.

In the subsequent analysis we are going to consider, for the sake of simplicity, x = I the identity
matrix.

Let us introduce (71)},+, a family of triangular or quadrilateral meshes such that, for every i > 0,
Q C Qr, Q7 being the fictitious domain, i.e., Qr = UgeT, K. Let us denote the collection of all
the facets (edges if d = 2 and faces if d = 3) as F;, and partition the latter into two disjoint sets: the
faces lying on the boundary of Q7, denoted as F, and JF}, the internal ones. For every cut element
K € Ty, let us denote its intersection with the boundary as I'c. It will be clear from the context if
with ' we mean the intersection with the whole boundary, i.e., I'x := T'NK*° or with just one of its
disjoint components I'y, i.e., g :=TnyNK° or I'p, i.e., ' :=T'pNK°. It will also be useful to
define the collection of the cut-elements, namely Gy, := {K € T}, : |I'| # 0}, its two sub-collections
Gn(Tn) ={K €Th:[TnNK°| #0} and Go(T'p) := {K € Tp, : [Tp N K°| # 0}, that we assume
to be disjoint, and the interior part Qy p = Q\ Ugeg, K. Let Tn(Qr4) :={K € Tp, : K C Qr.p}.
The collections of the internal and boundary facets entirely contained in Q; j are respectively
denoted as F} (2 5) and F2(Qr.,). The collection of internal facets in the boundary region are
denoted as F}. := {f € F}, : 3 K € G), such that f C 0K}.

Let us assign to each element K € Ty its diameter hx and denote h := maxgeT, hx. We assume
the background mesh to be shape-regular, i.e., there exists o > 0, independent of h, such that
maxgeT, Z—i < o, pk being the diameter of the largest ball inscribed in K. Moreover, Tj is
supposed to be quasi-uniform in the sense that there exists 7 > 0, independent of h, such that
minge7, hie > 7h. We fix an orientation for the internal faces, i.e., given f € F; such that
f =0K;NOK,, we assume that the unit normal on f points from K; toward Ks. Let ¢ : 2 — R

be smooth enough. Then, for all f € F} and a.e. z € f, we define the jump of ¢ as

(l‘),

K>

where f = 0K; N 0Ky. We may remove the subscript f when it is clear from the context to
which facet we refer to.

The following mild assumptions on how the mesh may be intersected by the boundary I" will be
helpful. First, let us require that the number of facets to be crossed to move from a cut element
K to an uncut element K’ is uniformly bounded with respect to h.

Assumption 8.1.1. There exists N > 1 such that, for every h > 0 and K € G, there exist
K' € Th,(Q1,5) and at most N elements (Ki)fvzl C Ty such that K; = K, Ky = K" and K; N K4
is a cut facet, for every 1 <¢ < N — 1.

Then, we assume that it is possible to subdivide the boundary region into patches, each consisting
of a moderate number of elements and with a sufficient overlap with the physical domain.

Assumption 8.1.2. The boundary zone UKegh K can be decomposed into Np patches (Pg)évfl,

P, = UKG'P({ K, 1</ < Np, satisfying:

(i) for every K € Gy, there exists (at least) 1 < ¢ < Np such that K € Py;

(ii) for every 1 < ¢ < Np there exists K, € Tp(Qr,n) N Py;
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(iii) there exists C' > 0 such that, for every 1 < ¢ < Np and K € Py, it holds hx > Chp,, where
hp, = diam (Py);

For every 1 < ¢ < Np, we denote Fy :={f € Fj. : f C Py, f ¢ OF,}.

Let us construct a suitable couple of subspaces V;, C H (div; Q1) and Qp, C L?(Q7) defined in
the whole fictitious domain 7. We define

Vi, i= {vi € H (div; O7) : vh\K € RTy(K), YK €T},

Qui={an € L* (7)1 an| €My (K), VK €T},

where RT(K) and M (K) have been defined in Chapter 6. Remember that in the pure essential
case, i.e., ' = I'y, we have to filter out constant discrete pressures by imposing the zero average
constraint on the space Q.

8.2 Interpolation strategy
By proceeding as in Chapter 6, we construct the interpolation operators rz— : H(div; Q7) N

[[xer, H(K) = Vi, s > 3, and 7 : L?(Q7) — Qp such that the following diagram commutes
and, in particular, divVj, = Qy,.

H(div; Q) N [[ger, H(K) =2 L(Q7)
lr[ ln[ (8.2)
Vi, Qh-
From [75], there exist E : H' () — H' (R?), ¢ > 1, and E : H" () — H" (R?), r > 1, universal

(degree-independent) Sobolev-Stein extensions such that divoE = E o div E. We define, for ¢ > 1
and r > 1,

r HY (Q) = Vi, v (E(v)‘Q ),
-

W, :H(Q) = Qn,  qrs 10T (E (@) ‘QT) .

Remark 8.2.1. By construction, the commutativity of diagram (8.2) is preserved when restricting

to the physical domain €2, namely when employing Vh’ , H(div;Q), rp, and Qh‘ , L2(Q), I,
Q Q

instead of Vj,, H(div;Q7), r], and Qp,, L*(Q7), II]. See Section 8.6.3.

8.3 The stabilized formulation

Given k € N, the order of the Raviart-Thomas element employed for the discretization, we
introduce two ghost penalty jumps-based operators to enhance the stability of our discrete
formulation and, in particular, to recover stability estimates independent of the mesh-boundary
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intersection (see [35, 38, 68, 96]. We define

In(Whyva) = > ZhZJH/ [0 whl[05vh],  Wh, Vi € Vi,

fer} i=0

Jh(mhth Z ZhQJ 1/ 8Jmh][8nqh] Mu, qn € Qp.

fer) i=0

Remark 8.3.1. A wide zoo of ghost penalty operators has been proposed in the literature. For
instance, it is possible to show that j(-,-) and j,(,-) are equivalent to the following operators.

Sp(Wh,vy) = (wy, — mwe(Wp)) v, wp, vy € Vi,
P
[4

9n(Wh, Vp) I:Z [(Whlp[Vh]P, wp, Vi, € Vi,
Py

n(mn, qn) Zh / mp = (M) qn, M, qn € Qn,

mha Qh . Z h™ / mh Pe [qh}'PN mp,qn € Qh7

namely it holds, respectively,

In(Vi, Vi) S8 (Vi Vi) S Jn(Va, Vi), Je(Vhsve) S 9n(Vi, Vi) S Jn(Va, Vi), Vv €V,
Jnlan, an) Ssulan, an) S Jnlan, an), Jn(an, an) S gnlan, an) < jnlan, an), Y qn € Qn.
Here,

e : L?(Py) — RTR(Py), e« L*(Pg) — Miy(Pe),

denote the L2-orthogonal projections onto RT(P;) = {Sg(gah)’P : pn € RTy(K))} and
[4

Mg (Pe) == {Ee(¥n) b Yn € Mg(K})}, K, is the uncut element of the ¢-th patch (see As-

[4
sumption 8.1.2), and £y and &, are the canonical extension operators of the respective polynomial
space. For v, € V}, and g5 € Qp,

Vilp, () ==va(z) — & <vh’K > (), =zeP,

’
I3

K

0lr @) =) =& (w ) @), e r

see [88, 110].

From the implementation point of view, the operators sy (-, ), sx(-,-) and gx (-, ), g (-, ) turn out
to be a more convenient choice of jn(, ), jn(:,"), respectively, when a higher-order discretization
is employed because of the evaluation of the high order derivatives. In the numerical experiments
of Section 8.6 we use the projection-based operators sp(-,-) and sp(-,-).

We are now ready to introduce our stabilized discrete formulation. The idea is to employ the
Nitsche formulation for the Darcy flow, which has been proposed and analyzed in Chapter 7,
stabilizing it with the ghost penalty operators introduced above.
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8.3. The stabilized formulation

Find (up,pn) € Vi X Qp such that

pDVh~n—|—h*1/ unvy-n, Y vy eV,

ah(“ha"h)"‘jh(“ha"h)+b1(Vh,ph):/f'Vh+/
Q r I'n

D

bi(un, qn) — ju(pn, an) = / 9qn */ UNGh, Y qn € Qp,
Q r
" (8.4)

where

an(Wn, Vi) 5:/ Wp -V +h71/ (Wp-m) (v -m), Wp, Vp € Va,
Q I'n

b1(Vh, qn) 5:/ qn div vy —/ qnVh - 1, Vi € Vh, Gn € Q.
Q I'n
It will be convenient to rewrite (8.4) in the following more compact form.

Find (up,pp) € Vi, X Qp such that
An (U, pr); (Vi an)) = Fu(Va, qn), V (Vi qn) € Vi x Qn, (8.5)
where, for (wp,,mp), (Vh,qn) € Vi X Qp,

Ap (Whyma); (Viy qn)) :=an(Wh, Vi) + Jn(Wh, Vi) + 01(Ve, mp) + b1 (Wh, gn) — Jn(man, gn),

Fn(Vhyan) iz/f‘Vh+/ pDVh'nJrh*l/ UNVh'nJr/QQh*/ UNGh-
Q FD FN Q 1—‘N

Proposition 8.3.2 (Weak Galerkin Orthogonality). Let (u,p) € H(div;Q) x L*(Q) be the
solution of (8.1) and (up,pn) the one of (8.5). Then,

Ap (0 =ap,p —pn); (Va,qn)) = Jn(a, vi) — ju(p, an), V (Vi qn) € Vi X Qp.

Proof. The proof is trivial, hence we skip it. O

Remark 8.3.3. We note that the formulation (8.5) no longer fits into the framework of saddle-
point problems. Hence, in order to study its stability, we will need to resort to the more general
Banach-Necas-Babuska Theorem [55]. The case of pure natural boundary conditions will be
covered separately in Section 8.5. Moreover, note that all the dimensionless parameters have
been set for simplicity to 1, unlike for the standard Nitsche method for the Poisson problem [61],
where the dimensionless parameter needs to be taken large enough.

We endow V}, and @y, with the following mesh-dependent norms.

2 2 - 2
”VhHO,h,QT = HVhHL?(QT) + Z h! [vh - nHLz(rK) ) Vi € Vi,
Kegn(T'n)
2 2 . 2
lanlly pnq, = Z IVan 22 i) + Z ht anllzz(p) » an € Qn,
KeTh(Qr.n) FEFL(Q,n)
2 2 - 2 - 2
lanlly oy = Z IVanllz2 ) + Z h™ N lanlllz2 (rnay + Z W anlzry  an € Qn-
KeTh feF; KeGn(T'p)

The space Vj, x @, is equipped with the product norm

2 2 2
Ivhs @)™ = [IVallona, +lanllina, s (Vi qn) € Vi X Qn. (8.6)

Let us illustrate the salient properties of the ghost penalty operators that are needed to study
the well-posedness of formulation (8.4).
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Chapter 8. Weak imposition of the essential boundary conditions for the Darcy
flow: unfitted case

Lemma 8.3.4. The bilinear forms ju(-,-) and jn(-,-) induce semi-inner products on Vi and Qp,
respectively. In particular,

N

. . . 1
Jn(Wh,Ve) <gn(Wh, Wa)2 30 (Vh, V)2, YV wy, v, €V,

m\»—A

. . 1
Jn(mn,qn) <jn(mn,mn)2jn(qn, an)?, Y mu, qn € Qn-

Proof. Tt suffices to apply the Cauchy-Schwarz inequality, first in the L2-setting and then in the
(?-setting. Let us show, for instance, the bound for j;(-,-). Given my, g, € Qp, it holds

mh,Qh Z thj 1/ 3Jmh][6JQh < Z Zh2(2j D H ajmh ||L (f) %2'771) ||[6£th]||L2(f)

fer) j=0 feFr =0
3 3
k k
< 2 o @mallagy | | X 2o n T @l
fery 3=0 feFT j=0

. 1 1
= Jn(mn,mn)? jn(qn, qn)? .
The inequality for jp(-,-) follows in a similar fashion. O

Lemma 8.3.5. Let K1, Ky € Tp, with a facet f = 0K1 NO0Ks. Let oy be a piecewise polynomial
such that ¢ = goh‘ € My, (K1) and @o := gph‘ € My, (K»), and let k := max{ky, ko}. There

exist C1,Co > 0, mdependent of h > 0, but dependemf on the shape-reqularity constant and on k,
such that

||<P1HL2(K1) <O ”902”1;2(}{2) + Zh2j+1 || & on) HLz )

=0
(8.7)
H&m ’ Ha‘” 2 +Zh23 Hoienleg | V1<i<a
dx; L?(Kl) O L2(K2)  j=0

Proof. The first inequality in (8.7) has been proven in Lemma 5.1 in [96]. For the second
inequality, see Lemma 5.2 of [88]. O

The following results enable us to control the norms in the whole 27 in terms of the norms in
the domain Q7 j, through the ghost penalty operators.

Theorem 8.3.6. The following inequalities hold.

IVallZ2 @) SIVAllZ2(0, ) + 30(Vas Va), V vy € Vi, (8.8)
A IV anl|72 sy + dn(an, an), v oqn € Qn, (8.9)
(K) (K)
KeTh KeTn(Q1,n)
Z h! H[Qh]Hi?(f) N Z ht H[thiw) +inqnsan), Y qn € Qn- (8.10)
feF; FEF] (Q,n)

Proof. Let us start with the proof of (8.8). Since we can decompose Q7 = Qrp U Uk g, K, it is
sufficient to show

2
Vil ey S IVallZacay ) + 0 (Va Vi), V vy €V,
Kegh
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8.3. The stabilized formulation

which holds by Assumption 8.1.1, the shape-regularity of 7,, and Lemma 8.3.5. See also Lemma 2
of [68] and Proposition 5.1 of [96]. Inequality (8.9) for the pressures follows in a similar fashion.

Let us move to (8.10). Note that in view of Remark 8.3.1, we may replace jj,(-,-) with sp(,-).
Without loss of generality, let f € F} \ F;(Qr,,). Assumption 8.1.2 guarantees the existence
of a patch P, such that f € F; and of an internal face f’' € F, N F}(Qr,n). We proceed by

a scaling argument. Let us take ¢, € @) and map P, to the reference patch P. P can be

L

defined as P := {F,(z) : ¢ € P}, where K, € Py N T, (Qr,n) (whose existence follows from
£
Assumption 8.1.2), see Section 2.4.1 of [90]. Note that diam (ﬁ) = O(1) and P depends on the
shape of P;. We denote f := Fi(f), Fi= Fo(f), @ =an oFf, and 7 : L2(P) — Mk(f’) the
14 14

L2-orthogonal projection. Moreover, let F := {f f= FI_(} (f),feFi,fCPy,f¢goP} We
1
also write

a%@»:/J%—ﬂ@»@
P

It is sufficient to show that
1112 SN~ 1112 o~
1G22 7 < CB) @12 5, + 3. ). (8.11)

We decompose ¢, = q1 + G2, where ¢; € ker(s) and ¢ € (ker(g))L, where the orthogonal

o~

complement is taken with respect to the L?-scalar product on P. Note that ker(5) = My, (P) =
Im(7). We have, of course,

~ ~ 1112 ~ ~1112 ~ 1112
@ + @Il 7 < M@+ @l i + 1@ 2y - (8.12)

From norms equivalence on discrete spaces, it holds

Y@ g S 1@ 5, - (8.13)
feF

Indeed, it is easy to check that both terms in (8.13) are norms on (ker(?))L. In particular, (8.13)
entails

~ 1112 ~ (12 i =~
”[qQ]HLz(}\) S HQ2||L2(1’5)a vV feF. (814)

By combining (8.12) and (8.14), we have ||[g1 + (/]\2”@2(}\) < e + (/]\2”@2(}\) + HZ]\2”12(I§) The

reader can easily check $(q1 + ¢2,q1 + ¢2) = |\§2||2L2(13). Hence,
~ ~ 2 ~ ~ 2 o~ ~ o~ ~
@+ @20 < 1+ 25+ 5@ + G2 + ).

By compactness, it holds sup5 C (ﬁ) < C, see Section 2.2.7 of [22]. The claim follows by scaling
back to the physical patch P, summing over all the patches, using Assumption 8.1.2, and the
shape-regularity of the mesh. O

8.3.1 Stability estimates

Let us prove the main ingredients that allow us to show the well-posedness of formulation (8.5).
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Chapter 8. Weak imposition of the essential boundary conditions for the Darcy
flow: unfitted case

Proposition 8.3.7. The bilinear forms appearing in the weak formulation (8.5) are continuous,
namely, there exist My, My, , M, M; > 0, such that

lan(Wn, Vi)l <Ma [Wallo oy IVellopay Y Way Ve € Vi,
01(Vhy qn)| <M, [IVillo na, gl na, s Vvi € Vi,V qn € Qn,

0 (Wh, V)l Mj ([Whllo oy IVellonoy» Y Wh, Vi € Vi,
ln(mn, qn)| <M; ”mh“l,h,QT ”qh“l,h,QT ) Y mn, qn € Q-

Proof. Let us fix any wy, vy € Vi, and my, qn, € Qp. By Cauchy-Schwartz’s inequality

1 1
lan(Wh, vi)| < [Whl 2 IVl 2@ + 772 [wh - n||L2(rN) h=2 |lvy - nHLz(rN)
<Iwallon.0r IVallonor

hence M, = 1. By integration by parts, we get

b1(Vh, qn) :/ gn divvy, — / GnVp -n = / gn divvy, — / gnVh -1
Q I'n Z KNQ Z I'r

KeTh KeGn(I'n)
= Z/ Van - Vi + Z/ [l va-n+ > / qnVh - .
KeT;, 7 KNQ ferF; M Ine Keg,(Tp) " 1K

From Cauchy-Schwarz’s inequality, Lemma A.1.2, and a standard inverse estimate (Proposi-
tion 6.3.2 of [112]), we obtain

_1 i
Z [qn]vh -n < Z h™> ||[Qh]||L2(me) h2 v, - nlle(me)
nQ
feFi VI fer;,
3 1
- 2 2
= OoUSIATAP IS oy MY
fe]:;ib KeTy,

<C ||QhH1,h,QT th”(),h,QT )

and, analogously,

_1 L
Z / qnVvhp-n < Z h™> ||Qh||L2(rK)h2 HVh'nHLZ(FK)

KeG,(Ip) ' TK KeGn(Tp)
2 3
_ 2 2
<C Z ht ||QhHL2(FK) < Z |vh||L2(K)>
KeGn('p) KeTh
<C ||(Ih||1,h,QT [vh 0,h,QF *
Thus,
|b1(Vhy qn)| < Z IVanll 2 xnay Ivnll 2 kngy + C llanlly na, 1Vello o,
KeTh
<C|qn| 1,h, Q7 HVhHo,h,QT :
The bounds for j(-,-) and jj(-,-) follow as well straightforward. O

Proposition 8.3.8. There exists a > 0, such that,

an(Vh, Vi) + Jn(Vh, Vi) > a ||Vh||§7h797 ; V vy € Vi,
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8.3. The stabilized formulation

Proof. This is just a consequence of Theorem 8.3.6. O
Proposition 8.3.9. There exists 1 > 0 such that

b
inf sup 1(Vh7 qh)

> b1 | :
an€Q v, eV, ”VhHO,h,QT 1,h,Q1,n

Proof. Let us fix ¢, € @ and construct v, € Vj, using just the internal degrees of freedom of V},,
namely

/Vh'lwh = hil/[%]sﬁm V fEeFL(QUn),Y on € Ui(f),
f f
/Vh-l’lgDh:O, VfE]‘-}?(Q[’h),V ©hn E\I’k(f)7
f
/vh-zph:—/ Van $n, VK € T(Qp), ¥ wn € Ux(K),  if k> 0.
K K

We refer the reader to Chapter 6 for the definitions of Uy (K) and Uy (f). Let us extend vy, to
zero outside 7 5. It holds

b(Vian) == > )/Kthxvth > /[qh]vh~n

KeTn(Qn reFi@in !

2 - 2 2
= Z ||VQhHL2(K) + Z h~! ||[Qh]||L2(f) = HQhHLh,Q,,h :
KeTn(1,n) FEFL(Qn)

Now, we prove that [[vally, o, < llanlli 0, ,- By construction of vy, it is sufficient to show

>ooviliao S Y. IValliege + YL e -

KeTn(Qu1,n) KeTn(Q1,n) FEF; (1)

We mimic the proof of Proposition 2.1 in [40]. Let K € 75(€Q;,,) and K be the the reference
element. Let f be a face of K and f be its preimage through F (see Chapter 6 for the definitions
of K and F). Finite dimensionality implies

2
o2 S v 2
thHL?(I?) 5 Hﬂl?,k—l(vh)‘ LQ(g) + ||Vh . nHL?(fA)’

where 75>, is the L2-projection onto W (K). By pushing forward to the element K, a scaling

argument implies
VAl ) S Il (vi)ll32gsc) + B llva - mlf;
h L2(K) ~ K,k—1\Vh L2(K) h L2(f) -
This time mx ;1 is the L2-projection onto U, (K) By construction of vy,
2 2 _ 2 2 _ 2
||VhHL2(K) S HWK,k—l(V‘Ih)”Lz(K) +h7! ||7rf7k([Qh])||L2(f) = ”th”L?(K) +h ||[qh]||L2(f) )

where s ), denotes the L%-projection onto W(f). O

We are left with the proof of the well-posedness of formulation (8.5). In order to do that, we verify
that the bilinear form Ay, (+; ) satisfies the hypotheses of the Banach-Necas-Babuska Theorem.
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Chapter 8. Weak imposition of the essential boundary conditions for the Darcy
flow: unfitted case

Theorem 8.3.10. There exists n > 0 such that

. An (v, qn); (Wh, mp)
inf sup
Vi@ EVRXQn (wimm)eVix@n I (Vs @) Il (wr, ma) |

2

Proof. Let (vi,qn) € Vi X Qp, be arbitrary and —wy, be the element attaining the supremum in
Proposition 8.3.9, namely

2
—b1(Wn,qn) = ||q’l||1,h,Qth ) ”WhHO,h,QT S ||Qh||1,h,Q,,h : (8.15)
From Proposition 8.3.7, we have

An (Vryqn); (=wn, 0)) = — an(Va, Wn) — Jn(Vi, Wa) — b1(Wh, qn) + 01(Vh, 0) — jn(qn, 0)

2
>—2 ||Vh||o,h,QT [wn |O,h,Q7— + Hq}LHLhﬂz,h

2
2 -2 ||Vh||o,h,QT ||Qh||1,h,QI,h + ||Qh||1,h,,QI,h

1 2 2
2=z Ivellone, + @ =) llanline,, -
where £ > 0 arises from the Young inequality. On the other hand, it holds

An (Vryan); Vi, —aqn)) =an(Va, Vi) + 30 (Vi, Vi) +01(Vh, qr) — b1V, an) + Gn(an, an)

2 .
ZAvallon.ar + n(an, an)-

By choosing (v, — dwp, —qn) € Vi, X Qp, for § > 0 to be set later on, we get

g 2 2 :
An (Vi an)i (Vi — Wi, —a1)) 2 (1 - ) VAl sy + 60— &) lanlZ e, , + dnlans an)-
Let us take, for instance, ¢ = % and any 0 < § < %, so that

2 2 .
An (Vs an); (v = 0wWn, —an)) 2 IVallonar + lanlli g, , +n(an, an)

2 2
Zvillonar + lanlly pa,

where in the last inequality we used ||qh||f Wy ||qh||? na;, T Jn(qn, gn), which follows from
Theorem 8.3.6. We are left with proving that [|(vi —dwp, )|l S (v, gn)|ll, which is a
consequence of (8.15). O

8.3.2 A priori error estimates

Theorem 8.3.11. There exists C > 0 such that, for every (v,q) € H'(Q)x H" (), t > 1, r > 1,
it holds

1BW) =11l oy + 1B@ = Tl g0, < CF (Ve + i)

where s := min{t — 1,r — 1, k}, E and E have been introduced in Section 8.2.

Proof. Let us start with the velocity. We have

IE®) = a5 poy = 1EG) =Wy +h7 Y. IEE) = () 0l -
KeGn('n)
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8.3. The stabilized formulation

For the volumetric term, let us apply the standard Deny-Lions argument (Chapter 3 of [112]) to
the interpolant 7, and get

2 2 2
IECV) = ()72, = D 1BO) =raMW)7200) <C D W IEM) ey < CP V7 -
KeTy, KeTy

For the boundary part, let us first use the multiplicative trace inequality of Lemma A.1.2
(componentwise) and then, again, the Deny-Lions argument:

A Y HEBE) =) a7 Y0 BN =)y

KeGn(T'n) KeGn(Tn)
<Cht Y B =) o) 1B = (W)l 2 )
KeGn(I'n)
<Ch' Y RTHEM) ey BB e e
Kelﬁl

<CR*tv ||V||§1t(9) :

We move to the pressure case.

1E(q) - a9l g, = Y IV(E Dz + > P HIEWQ) = Ta(@) 72 pnoy
KeTy, fe]’-‘1
+ > hHE() ~ (@)l ey -
KegGyr('p) ( )
8.16

For the volumetric term we may proceed as in the case of the velocity to easily obtain

> IV (E@ — @)l < OB allzy o) -
KeT

Let us focus on the jump part of (8.16) and take f € F; such that f = K; N Ky. Then, by
Lemma A.1.2 and the Deny-Lions Lemma, we have

W IE() = (@) 720y =h " [|(B(@) = Ta(9) | — (E(q) — a(g)) .

K1
<Ch™B(q) = (@) 1y 1 B(@) = T (@)l 11,
+Ch! 1E(q) — Hh(Q)HL2(K2) 1E(q) — Hh(‘I)HHl(KQ)
<CRD (I1E@) iy + 1B@ i) -

K>

Hence,
> BHIEQ) = (@)l sna) < CP27 Y |l
feF;
The bound for the boundary part of (8.16) follows in a similar fashion. O

Lemma 8.3.12. For every v € H'(Q) and g€ H"(Q), t > 1, r > 1,

Jn(rn(v),rh(v))?
Jn(h(q), 11K (q))

where m := min{k + 1,t} and £ := min{k,r — 1}.

h™ ||V||Ht(sz) J

N

IANRZAN

h* Hq||HT(Q)7
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Chapter 8. Weak imposition of the essential boundary conditions for the Darcy
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Proof. Note that

Jn(Mn(q) — E(q),Hn(q) — E(q)) =jn(In(q),n(q)) — jr(Mr(q), E(q)) — jn(E(q),1n(q))

+ jn(E(q), E(q)). (8.17)

Given 0 < k < r —1, for every 0 < j < k, and o multi-index such that |a| = j, then
D*E(q) € H"7(Q7) C H'(Q27), hence [0? E(q)] vanishes across every f € F.. Thus, (8.17)
implies that

In(Mn(q), Un(q)) = jn(Iln(q) — E(q), Un(q) — E(q)).

Now, by using Corollary A.1.3 and a standard approximation argument, we obtain

k
in(U (@) = B(a), (@) = B(a)) = >~ > h* = [04 (1) = B@)| s,

fery i=0

k
<C Y S RPN (@) = E@)]| ey |07 (Mala) = E@))]|
KegGp i=0

<Ch* HE(Q)HET(QT) < On* HqH?{T(Q) )

where ¢ := min{k,r — 1} and the last inequality follows from the boundedness of E. The bound
for jn(-,-) follows in a completely similar fashion. O

Theorem 8.3.13. Let (u,p) € H () x H" (Q), t > 1, r > 1, be the solution of problem (8.1).
Then, the finite element solution (un,pr) € Vi, X Qn of (8.4) satisfies

Nl

2 .
lu— uh||L2(sz) + < Z IV (p _ph)|L2(KﬂQ)> < Cn* (||u||Ht(Q) + HpHHT(Q)) J
KeTn

where s := min{t — 1,7 — 1, k}.

Proof. Firstly, we observe that

2
[u = unll 20 + ( Z IV (p— Ph)||L2(KmQ)> <IEM) —unlly )0, + I1E®) —pullypo,
KeTh

<Vd||(E(w) = an, E(p) — pa)l;
it suffices to bound ||(E(u) — up, E(p) — pr)|l|- Let us proceed by triangular inequality:

I(E() = un, E(p) — pu)ll < [[(E(0) —rn(a), E(p) = T (p))ll + [l (rn(0) — vn, In(p) — pa)ll -

I IT
(8.18)
Theorem 8.3.11 implies, for s = min{t — 1,7 — 1, k},
1< Ok (Ilall gy + IPll ey ) - (8.19)

By Theorem 8.3.10, for (uj, — r,(u), pr, — mpp) there exists (vi, qn) € Vi X Qp such that

Ap, ((uh - Th(u)aph - Hh(p)) ; (Vha Qh))

IT = ||(u, — r(0), pn — ()| S Il (vhs qn)ll

(8.20)
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From Propositions 8.3.2, 8.3.7, and the definition of ||-||, it holds

An (up, = ra(0), pr — Uk(p)) 5 (Vi qn)) = An (Wn — 0, pn — p); (Va, qn))
+ Ap (0 = rp(u),p = Ha(p)); (Viy qn)) = —=Jn(0, vi) + dn(p, qn) + an(a = rp(u), vi)
+01(v,p — IIn(p)) + bi(a = ru(u), gn) + jn(u — rp(a), va) + jn(p — In(p), qn)
Slan(ra(a), vi)| + [in(n(p), an)| + [(w = rr(w),p — ()11 (vas gn) -
Lemmas 8.3.4, 8.3.12 entail, for s := min{t — 1, — 1, k},

(8.21)

[ (r (), vi) |+ e (T (9), @) | < (rn (W), 74 (W) 23 (Vi vi) ® + i (L (p), I (9)) 2 1 (qs an) 2

She HUHHt(Q) HVh”o,h,QT + h* HpHHT(Q) thHl,h,QT

Sh* (Il ey + 1Pl sy ) v, an)l,
(8.22)
where s := min{t — 1,7 — 1, k}. By plugging (8.22) back into (8.21) and using Theorem 8.3.11,
we obtain

An (= () o = @) 5 (Vi) SE° (Illzegy + DPleey ) V@)l (8:28)

We combine (8.18), (8.19), (8.20) and (8.23), getting

(B ) =, ) = pll $h° (1l ey + 1ol )
where s := min{t — 1,7 — 1, k}. O

Remark 8.3.14. The convergence rates given by Theorem 8.3.11 are optimal for the chosen
discrete norms. On the other hand, the scaling of the energy norm ||-||, ; o~ does not allow us
to obtain optimal convergence rates for the velocities with respect to the L%-norm by simply
applying Theorem 8.3.11. This is due to the term A ™! fFN (up, - n) (v - n): the natural weight,
mimicking the H ~3-scalar product, would be h instead of h~!. However, as already discussed in
Chapter 7 such weight does not lead to an optimally converging scheme.

8.4 The condition number

Following [54] and [96], we want to show that the Euclidean condition number of the matrix
arising from the discretization (8.5) is uniformly bounded by Ch~2, where C' > 0 is independent
of how the underlying mesh cuts the boundary. Let us observe that the usual scaling of the
condition number for a finite element discretization of the Darcy problem is O(h~1). We pay
with a factor h~! because of the choice of the discrete norms.

Denoting N = dim Vj, x Qp, we can expand an arbitrary element (vp,qn) € Vi, X Qp as (Vi, qr) =
Ziil Vipi, where (gp)i\il is the finite element basis for the product space Vj, x Qp and V € RY
is its coordinate vector. The previous expansion of the elements of V}, x @p uniquely defines a
canonical isometric isomorphism between V}, x @ and RY, namely

C: Vh X Qh — RN, (Vh,qh) — V.

Here, RY is equipped with the standard Euclidean scalar product, denoted as (-, -) 2, and the
induced norm ||,,. Given M € R¥*N | we denote as || M]|, the matrix norm of M induced by
|-|p2- Let A € RV*YN denote the matrix associated to the discrete formulation (8.5), namely

(AV,W)K2 - Ah ((vh7Qh); (Wh7mh)) 5 v V7W S RN7
where V = C(vp, qn), W = C(wp,myp) and (vi, qn), (Wp, mp) € Vi, X Q.
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Remark 8.4.1. In the pure essential case I' = I'y the solution to (8.5) for the pressure is
determined up to a constant, hence A is singular and ker A = span{C(0,1)}. We shall consider,

instead of A, its bijective restriction A RN — RV, where RN := RN/ ker A and RN := Im(A).
R

As already said, the goal is to analyze the Euclidean condition number r2(A) := [|A[|, |47} ||2
From [112], we know that the main ingredients for the conditioning analysis are the following:

1. the stability of the discrete formulation with respect to a given norm |-||;

2. the (2-stability of the basis with respect to a given norm ||||;

3. the equivalence between the norms |[|-||, and ||-|[,.

In the subsequent exposition, the product norm (8.6) plays the role of [-||,, while ||| 12q, )

2 2 2
defined as [[|(va, gn)llz20r) = [IVallzz(r) + 19011720, corresponds to |-,

Lemma 8.4.2. There exist C1,Co > 0 such that, for every (vp,qn) € Vi, X Qp,
d d
Crh2 Ve <[V, an)ll 2,y < C2h? [V,
where V = C(vp, qp).
Proof. The result holds because the background mesh is shape-regular and quasi-uniform. We
refer the interested reader to Lemma A.1 in [55]. O

Lemma 8.4.3. There exist C1,Co > 0 such that, for every (vip,qn) € Vi X Qp,

Cill(vas i)l zry < MVas @)l < Coh™ I(Vay ai)ll 200y )-

Proof. The first bound follows because of a Poincaré-Friedrichs inequality for piecewise H'-
functions (Section 10.6 of [25] and [52]). For the second inequality it is sufficient to apply
standard inverse estimates for boundary-fitted finite elements. O

Theorem 8.4.4. There exists C > 0 such that

Ko(A) < Ch™2.

Proof. Let us start by bounding || Al|,2. Given (vy,qn), (Wpn, mp) € Vi x Qp, such that C(vy,qn) =
V, C(wp, mp) =W, we have
(AV, W)z =An ((Vas an); (Whymn)) S I (vas ) Il (whs ma)
S BN @) 2y 1w mi) 2y S P72 V] IWe -
In the previous inequalities we used, respectively, the continuity of Ay(+;-), Lemma 8.4.3 and

Lemma 8.4.2. Hence, [|A]l, < h%2. We need to bound ||A™!||,. Since (the restriction of) A~ is
invertible, we can write

Afl
||A71H2: sup &: sup LL': sup sup M (8.24)
veriyoy  Plee AYeRY AV AYeRN wean oy (AV: W2
VerRM\{0} VeRM\{0}
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8.5. The pure natural case

From Theorem 8.3.10, we know that, for every V € RY \ {0}, there exists W such that

(AV, W) =An (Vi 08); Wasan)) 2 11V g i)l 2 1V 00 2 oy W00 2
2 V] Wlis

(8.25)
where in the last two inequalities we used, respectively, Lemma 8.4.3 and Lemma 8.4.2. By
combining (8.24) and (8.25) we get ||A~ 1H2 h~¢. Hence, we are done. O

8.5 The pure natural case

The goal of this section is to sketch the main steps required to analyze formulation (8.4) in the
pure natural case. If I' = I'p, then we consider the following Raviart-Thomas finite element
discretization of problem (8.1).

Find (up,pp) € Vi, X Qp such that

/uh'Vh+bO(Vh7ph):/f'vh+/pDVh'na Vv € Vi,
@ @ r (8.26)

bo(un, qn) = / 9Gqh Voqn € Qn.
Q

It is natural to equip the discrete spaces Vi and Qp with ||| 7(giy.0) and [|[| 2, respectively.
It is readily seen that formulation (8.26) satisfies the standard stability estimates for saddle point
problems (see the hypotheses of Theorem 5.2.5 of [22]). Hence a priori error estimates can be
obtained by standard techniques (again, we refer the reader to Section 5.2 of [22]). This time,
the convergence rates are optimal because of the choice of the norms. However, the conditioning
of the arising linear system will still strongly depend on the way the boundary cuts the mesh. As
for the general case with mixed boundary conditions, we propose to cure this issue with a ghost
penalty-based stabilization.

In(Wh,v3) : Z Zh2j+1/ (03 wp][02v], Wh, Vi, € Vi,

fer; =0

Jn(mn,aqn) == Zh%“/ [05,mn][0han],  mn,qn € Qn

fer} =0

Let us observe that the ghost penalty operators scale differently than in (8.3) because of the
different choices of the norms to the mixed case. The stabilized formulation reads as follows.

Find (up,pn) € Vi x Qp such that

/ w, - Vi, + gn(un, vi) + bo(Vi, pn) = / f-vy +/pDVh ‘n, vV vy € Vp,

@ @ r (8.27)

bo(un, qn) + ju(pn, an) = / 9an, Y qn € Qn,
Q

By mimicking the same lines of Section 8.4, it is possible to show that the condition number
of (8.27) goes as O (h™1).
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Chapter 8. Weak imposition of the essential boundary conditions for the Darcy
flow: unfitted case

8.6 Numerical examples

In the following, we use the ghost penalty projection-based operators sj(-,) and sz(+,-) defined
in Remark 8.3.1. As already observed, this choice is convenient from the implementation point of
view since it spares us to calculate the jumps of possibly high-order normal derivatives through
the facets in the vicinity of the cut boundary. We limit the scope of our numerical investigations
to the case of Cartesian quadrilateral meshes in 2D. To integrate in the cut elements, we employ
the strategy depicted in [4]: the cut elements are reparametrized using polynomials with the
same approximation order of the Raviart-Thomas space employed for the space discretization.

eq . .

N A

(a) Cut pentagon. (b) Cut circle.

€{

(¢) Cut rectangle. (d) Square with circular cut.

Figure 8.1 — Unfitted domains employed for the numerical experiments.

8.6.1 Convergence rates
Cut pentagon

Let Qo = (0,1)%, Q4 be the triangle with vertices (0,0.25+2)—(0,1)—(0.75—¢,1) and Q = 0\ 24,
with e = 1072, see Figure 8.1(a). The reference solutions are

o (). e

Essential boundary conditions are imposed on the whole boundary, weakly just on the sides
that do not fit the underlying mesh. We compute the approximation errors of the velocity and
pressure fields for different degrees k € {0,1,2}, see Figure 8.2. We have optimal convergence,
despite the sub-optimal result of Theorem 8.3.13.
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8.6. Numerical examples

-o- k=0 —e- k=1 —eo- k=2
——k =0 with GP &=k =1 with GP —+— &k = 2 with GP
T T T T T T T T T T T T
| 1071 [ |
S S
= IR |
5 S
| | |7
£ 12 g 1
—10 | | | | | ~10
10 2-6 9-5 9-4 9=3 9—2 9-1 10 2-6 9-5 9-4 9-3 9—2 9-1
h h

(a) Velocity error. (b) Pressure error.

Figure 8.2 — Convergence rates of the errors in the cut pentagon.

Cut circle

Let us consider 2 = B,.(xp), with g = (0.5,0.5) and r = 0.45, see Figure 8.1(b). The
manufactured solution for the pressure is

Des = sin (27z) cos (27y) ,

and the velocity field is computed from Darcy’s law (8.1) when f is taken to be zero. We weakly
prescribe essential boundary conditions on the whole boundary, which does not fit the underlying
mesh. The L2-errors for the velocity and pressure fields are plotted in Figure 8.3. We can see
optimal orders of convergence and better accuracy in the stabilized case for k = 2.

-o-k=0 —e-k=1 ~e- k=2
——k =0 with GP =k = 1 with GP —+— k = 2 with GP

10! — T T 10t

g 1 g 107! 8
= =
= =

T |5 e f
= =

. 10 1

| | | | | | | | | |

9-7 9-6 9-5 9-4 9-3 9=7 9-6 9-5 9-4 93

h h

(a) Velocity error. (b) Pressure error.

Figure 8.3 — Convergence rates of the errors in the cut circle.
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Chapter 8. Weak imposition of the essential boundary conditions for the Darcy
flow: unfitted case

8.6.2 Condition number

Cut rectangle

-o-k=0 —e- k=1 k=2 -»x- k=3
——k =0 with GP =k = 1 with GP k = 2 with GP —— k = 3 with GP

101 |- > v n 1021 |- T . .

].06 [ ' | 1011 [ \ |

101 1 \ \ \ \ -
2=6 9-5 9-4 93 9-2 91

condition number
condition number

10!

1049 — T — 1079 — T T —

1033 L . 1053 L \\ |

1017 - i 10°7 - v

2= g T
10! b 1 | | | P 101 1 \ \ \ L
276 275 274 273 272 27! 276 275 274 273 272 271
h h
() k=2 @) k = 3.

condition number
condition number

Figure 8.4 — Condition number for the cut rectangle with essential boundary conditions.

Let us consider as physical domain the cut rectangle Q@ = (0,1) x (0,0.75 + ) where ¢ = 1077,
see Figure 8.1c. We impose essential boundary conditions weakly on the whole boundary. In
Figure 8.4 we compare the conditioning of the stabilized and non-stabilized formulations. Similarly,
in Figure 8.5 we compare the conditioning of the stabilized and non-stabilized formulations when
natural boundary conditions are imposed. The results are in agreement with the theory developed
in Sections 8.4, 8.5. In particular, we observe that without stabilization, the condition number is
negatively affected by the presence of cut elements and seems to grow without control, while in
the stabilized case, the expected scaling of the conditioning is restored: O(h~2) for the essential
case and O(h~!) for the pure natural case.
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8.6. Numerical examples

k=2

k =2 with GP ——k = 3 with GP

- k=3

—o- k=0 ce- k=1
——k =0 with GP—=k = 1 with GP
g
2 101 | .
=
= [t I AT C e SN
) \
g "
:_E 106 [ ‘\ |
o \
= \
8 _]_ [ = \
1
10" | | | | | | L
276 275 274 973 272 9-1
h
(a) k=0
1049 = -
)
@ 33 | |
£ 10
=
o
S
= 17 |- |
"g 10
o
o
] —
101 1 \ \ \ =
2=6 9=5 9-4 9-3 9-2 o-I
h
(c) k=2.

1021

1011

condition number

10!

1079

1053

10°7

condition number

10t

—tja—

_M
1

2=6 9-5 9=4 9-3 92 9-1

h
(b) k=1.
- ‘ -
>// \\\
-1 T 1
== ! ! ! ! ]
276 975 9=4 973 9-2 9-1
h
(d) k=3.

Figure 8.5 — Condition number for the cut rectangle with natural boundary conditions.

8.6.3 On mass conservation

Mass conservation is an important feature for finite element discretizations of incompressible
flows, whose violation is not tolerable in many applications [81]. As observed in Remark 8.2.1,
the Raviart-Thomas finite element satisfies div V;, = @y, in the unfitted configuration as well. The
formulation (8.4) as it stands is bound to fail to satisfy the incompressibility constraint in a weak
sense, which is why, to exploit this property when the right-hand side g vanishes, we consider the
following non-symmetric variant of formulation (8.4).

Find (up,pr) € Vi X Qp such that

0 (Why Vi) + b1 (Vi pn) + G (tn, Vi) = /

Q

f~vh+/ pDvhnnJrh*l/ uNvy, - n,
FD I—‘N

bO(U-hth) +jh(ph»Qh) = 07

VVhEVh,

Y qn € Qn,
(8.28)
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flow: unfitted case

where

bo(Wh, qn) = / qn div wy, Wi, € Vi, qn € Q.
Q

Let us test formulation (8.28) in the stabilized and non-stabilized cases. We take as reference
solutions
_ (cos(x)sinh(y) L .
Uy = (sin(x) cosh(y) )’ Pex = —sin(z) sinh(y) — (cos(1) — 1) (cosh(1) — 1).
Note that divu,., = 0. We impose natural boundary conditions on {(x,y) : 2 =2,0 < y < 2}
and on {(z,y) : 0 < z < 2,y = 2}, and weak essential boundary conditions on the rest of the
boundary. The computed divergence of the discrete solution for the velocity is shown in Figure 8.6

for k =1 and h = 27%. We observe that the ghost penalty stabilization pollutes the divergence of
the velocity, hence also the non-symmetric formulation (8.28) fails to the mass conservation at

the discrete level.
2
0.05
L5
0.04
0.03
1
0.02
0.5
0.01
0 0
0 1 1.5 2

0 0.5 1 1.5 2 0.5

(a) Without stabilizations. (b) With ghost penalty.

Figure 8.6 — |divuy| in the square with circular cut obtained with (8.28).
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Summary of Part 11

In the second part of the dissertation, we considered the Raviart-Thomas finite element dis-
cretization of the Darcy problem. We proposed and analyzed a Nitsche and a penalty method
for the weak imposition of the essential boundary conditions in the boundary fitted case. We
provided a theoretical framework for the numerical analysis of the two schemes and delivered
optimal a priori error estimates for the L2-error of the velocity. From our analysis, the Nitsche
method must be preferred to the penalty method. Indeed, the latter relies on a mesh-dependent
parameter growing at a much higher rate compared to the other terms in the stiffness matrix.
This leads to the rapid deterioration of the conditioning of the final linear system.

We moved to the much more complicated situation of a mesh unfitted with the domain. To
perform integration in the cut elements, we relied on the same polynomial reparametrization
discussed in the first part of the thesis. The Nitsche method previously introduced cannot be
directly used as it is, since it is severely ill-posed. The presence of cut elements destroys the
conditioning of the linear system, and the stability estimates shown in the boundary-fitted case
cannot be retrieved. Indeed, the main techniques previously used for the theoretical proofs
break down. We showed that by adding some weakly consistent ghost penalty operators acting
separately on the velocity and the pressure in the spirit of [35] we restore the expected behavior
of the condition number and prove a priori convergence estimates.

However, the content of Chapter 8 should be considered a preliminary step towards the design
of a satisfactory method in the unfitted case. The current analysis did not recover the optimal
convergence of the velocity in the L?-norm, even though numerical experiments show that it
should hold. The major limitation remains that our stabilization procedure pollutes the divergence
of the discrete velocity and does not allow for a conservative numerical scheme at the discrete
level. A natural direction of research will be to try to overcome these drawbacks.
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¥ A ppendix

A.1 Useful inequalities

In this section, we collect some technical results repeatedly employed in different chapters of this
thesis. We rely on the notation introduced in Section 2.1.1. The constants that will appear in
the inequalities below, unless otherwise specified, are intended to be robust with respect to the
mesh size and mutual position between trimming curve and active physical Bézier mesh.

Lemma A.1.1. There exists C > 0 such that, for every K € Gy, it holds [Tk | < C’h‘;{l.

Proof. The result holds since I' is assumed to be Lipschitz-regular, hence not too oscillating.
See [62]. O
Lemma A.1.2. There exists C > 0. depending on I, such that, for every K € Gy,

2
HU”Lz(FK) <cC ||UHL2(K) ”vHHl(K) ) Ve H'(K).

Proof. See, for instance, Lemma 3 in [69], Lemma 3 in [70], or Lemma 4.1 of [116]. O

Corollary A.1.3. There exists C > 0, depending on I', such that, for every K € Gy,
v
on

Proof. 1t immediately follows from Lemma A.1.2. O

2
S CNIVoll Loy VOl iy > Ve H*(K).
L2(I'k)

Lemma A.1.4. Let Q,Q’ € M\h be neighbor elements in the sense of Definition 2.3.1. There
exists C > 0 such that

[l oo (@) < Cllell ooy - Vo € Qy(RY),

where C' depends on p, on the shape regularity of the mesh, and on the distance between @ and

Q.
Proof. Let N := (p + 1)? = dim Qx(R?) and define

N
el maece [, mibi(a)

iy Wibi(w)‘

¥ L°(Q") maxXgeq’
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Appendix A. Appendix

where 7 = ()], are the coordinates of ¢ with respect to the Bernstein basis (bl)f\il Note that

¥ is continuous and homogeneous of degree 0, i.e., U(tn) = ¥(n), V¢ > 0. In particular, by

homogeneity
n n
v = (Il ) =w ().

that is U is determined by its values on the unit sphere S = {n € RV : |n|,x = 1}, which is
compact. By Weierstrass theorem ¥ attains its maximum on S, i.e., there exists C > 0 such
that |¥(n)| < C. Note that C' depends on the dimension N (i.e., on the degree p), on the shape
regularity of the mesh and on the distance between @ and @’ (we are evaluating the same basis
functions (bi)il at points which are far from each other). O

The next result says that the L2-norm on the cut portion of an element @ controls the L>-norm
(and hence any other) on the whole element with an equivalence constant depending on the
relative measure of the cut portion.

Lemma A.1.5. Let 0 € (0,1]. There exists C > 0 such that, for every Q € M\h and every
S C Q measurable such that |S| > 01Q)|, we have

_d
el ey S CP 2 ol agsy, V¢ € Qp(RY),

where C' depends only on 6, p, and the mesh regularity.
Proof. See Proposition 1 in [62]. O

Let us recall a more standard inverse inequality with an explicit dependence on the polynomial
degree p.

Lemma A.1.6. There exists C > 0, depending on the shape reqularity of the mesh, such that,
for every Q € My,

_a
loll =@y < CpPhg® Iolli2gy: ¥ v € Qp(Q).

Proof. Since it is not easy to find a proof of this result in the literature, let us enclose one based

~

on the Legendre polynomials. Let us consider the reference element @ := (—1,1)% and ¢ € Q,(Q).

We can expand o(z) = Y7 _,... 3¢ CirooigLiy (x1) .. Li,(x4), where

2k+1

Li(t) := ( )éLk(t), te-1,1],

and (Lg);_, are the univariate Legendre polynomials (see [122]). Let us recall that

1 1
2 2 \?
/ L)L) = 570 Ilillean = <2i+ 1) Ml =1

-1

so that

~ ) L ) - 2 +1)7
Li’ —1, S P HLH - .
| i ey = 32 v D leini i .

11=0 1q=0
(A1)
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A.1. Useful inequalities

By the triangle inequality, we have

p p
H(pHLoo(]?) < Z Z |Ci17~~7id|

i1=0 iq=0

~ |d L Ld
<% >l
= D U1 yeeerld |

Lee(=1.1) i1=0  ig=0

Li,

N

Le(-1,1) L>(-1,1)

[N

Using (A.1) and 2?21 |2i| < dz (Z?Zl |mi|2) , we have

vl
-

D p 2
2p+1 (Z Y |ci1,“.,id|2>

d

2
i = (Z57) e 0f (X 2
11= 1d=—

d
2p+1\2 g
=(Z351) 0+ 0 el gy

For every Q € My, there exists Tg : Q — Q affine bijection such that Q = TQ(@) and

d
|det(DTq)| = ‘g’ = <h2Q> . Hence, a simple change of variable leads, for ¢ € Q,(Q) and
pi=poTy € Q(Q),

d
R 2p+ 11\ 2 4
el =181y < (T ) @+ DE Iolag

d
2p+ 1\ 2 d
<<p2 > (p+1)%

%
||<P||L2(Q)

det(DT,")

4
2

=@+ D* 0+ D g el -
O
For the next two results, let us define, for every x € Q, d(z) := dist(z,I') = infyer |z — y|.
Lemma A.1.7 (Hardy’s inequality). There exists C > 0 such that
Hg‘ oy < OVl Y oue HHQ). (A.2)
Proof. See [27]. O

Lemma A.1.8. Let C' > 1 and define the boundary strip Sy, := {x € Q: d(x) < Ch}. It holds
that
[0l 25,y < CB HU”H;(Q) ) Vv e H; (Q),

where the interpolation space Hi () or (Hg(2), L*(Q)), , is isomorphic to H*(Q) for 0 < s < 3,

to HO%O(Q) for s =1, and to H§(Q) for 5 < s <1 (see [130]).

Proof. We prove the following (like in [89]):

[0l 25,y < CRIVOIl L2 (0 5 vV v € Hy(9). (A3)
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Recall that, for x € Sy, it holds 1 < \d(ih)\?’ so that, by Lemma A.1.7,

2
/ Bk gczf/ % < COh? / |”|2 gC’hQ/ Vol
S;L Sh d| | |

On the other hand, it is clear that

[0l 25y < 0llp2iy, Vv e LX(Q). (A.4)
It suffices to interpolate the estimates (A.3) and (A.4), getting

1ol 2@,y < OB ||U||H;(Q) ) Ve H(Q)

A.2 Technical proofs

Proof of Theorem 5.2.17. In order to prove (5.14), let us show that there exist ¢1, ¢z > 0 such
that, for every (vp,qn, un) € Vi X @y, X Ay, there exists (wp, 7, mp) € Vi, X Q) X Ay such that

— 2
An (Wa, s, m0) 5 (Vis @ min)) = el (Vas any pn) |7 and [[|(wa, ris )|l < c2ll|(Vas @n, ) || Let
us take (i, qn, n) € Vi x Q) X Ay, Tt holds

An ((Vhy =Gns —11) 5 (Vi Gy 120)) :ZHDWH%Z(QJ
=0

N i— ) ) ,
(Il 2 st omsn )
+le§07 (‘ Kh L2(Ts) - B {grn); ( Zj(Vh)II)t L2(FU)+ (grm)s L)
Notice that
1 hl 2 1 hl 2 h hl 2
B 2 (— =~ 2 -2 3 .
v ’ (—pn + (qnm)e) ey Y ‘ “h’m(rij) /FJ Nh<th>t+‘ (gnn); L)

Hence, by using Proposition 5.2.7 and choosing v > 0 large enough,

An (Vs =aqn, =) s (Vo qn, ) > (1= Cy 1) ZIIDleLZ(Q +7 ZZ(W —pn + (grn >)

== L2(Ti)
1 N N i-1 2
25 2 IDvillzay +7 02 [0 ot ),
=0 =1 j= Y
(A.5)

Now, let w} € V3, be the supremizer of Lemma 5.2.16. Since bo(w},qs) > C Hq;,,||(2)7h, we have

N i—1

T (], 0,0)5 (v, i, 1) >Z / Dvi: DW 4 ClanlZy + 303 / un[w]
=1 j=0

N i—1

S0t [ MDRY () DR (), (A.6)
i=1 j=0 T
N i—1

#3050 [ e+ ) (DR (whn).
i=1 j=0 i

168



A.2. Technical proofs

By the Cauchy-Schwarz inequality

N i—1

ZZ/ (DRY;(vi)n) (DR (wi)n),

i=1 j=0

Y

i=1 j=0

h%(DRY, (vy,)n), h*(DR};(wi)n);

L2(Ty5) L2(Ty5) ’

N i—1

=1 j=0

/ i + (grm)) (DR (wi)n),
N i—1

222

By using Young’s inequality, for s,d > 0, Proposition 5.2.7 and the construction of w} in the
proof of Lemma 5.2.16, there exists C; > 0 such that

hz(DRY;(wi)n),

% —pn + (grn)y)

L2(Ti5) L2(Iy;)

N i—1

_ v sC'

33 / R, (v1,)n) (DR (w! >——Z||sz|\m S lanld

=1 j=0 L
N i-1 Cy N i—1 . 2

—1 ) 1
DIPIE /F b (ot (@un)) (DR (win)e 2 = 5255 ) 0¥ (o + (anm)))| L)
1=1 5=0 iJ =1 j=
0Cy 2
- W HCIhHo,h

From the Cauchy-Schwarz inequality, the construction of w}, and Young’s inequality, there exists
Cs > 0 such that, for € > 0,

N
602
>/ Dvi:Dwfzf—Zanan(m lanllZ,.

In an analogous fashion, there exists C's > 0 such that, for » > 0,

) DY ARTIRIEEE-D 9p Bi (TP WSS P
i=1 j=0"Tj L)
Let us go back to (A.6). We have
N
Zh ((W270a0)§(vh7QhaN}L > ?22 ‘DVZHiZ(QL) 602 Hq}L +C||qh||0h,
i=0

7‘05 Cl
z;z\hwh\ L
N 1—1
Scl 501
=5 lanligs - szhz o] =5 o,

1=1 5=0

(o%Ca_tCh_sC_0C Yy ((Co GV e
(o- 22— T o+ (- 27S)vanL

N i—1
276 ZZ‘ LZ(F”) 2 ZZ’

=1 j=0

h2 —pp + (gnn >)’

vl
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4]
Let €,7,5,0 > 0 be small enough such that C' — & — @ — ﬁ — & > g Hence, there
2 2 2y 2y 2
exist Cy, C5,Cg > 0 such that
c N
= 2 2
Ah ((W(}Zwoa 0) ; (Vh>(Ih7 IJ‘h)) Z 5 thHO,h - C4 Z |‘Dvi||L2(§li)
i=0
N i—1 N i—1 (A7)
e % (1 + {an ‘ e n#
L2 s twmolf -l

Let Py, : @Oﬁj<iSN L3(T';;) — Ay be the L2-orthogonal projection. From condition (5.6), we

have h=1[v}] L= Pyh=t[vy] -

, for every 0 < j < i < N. Therefore, from the Cauchy-Schwartz
inequality, we have

N i—1
Ah ((0,0,Phhil[vh]) ;(Vhthvu’h)) > Z Hhié[v ]‘ L2(Ty;)
i=1 j=0 Y
N i1
1 1 v -3
o <Z ; ‘ h? <DRij(vh)n>t’ L2(Ty;) ‘h ’ [Vh]’ L?(Tyy)
=1 j=0 ’
N i—1
+ ‘h% —pp, + (gnm ’ ‘h‘% v ‘ :
;jzo (Zain + {gwmie) L2(Tyj) vl L2(Tij)

By Proposition 5.2.7 and Young’s inequality, there exists C'; > 0 such that, for a,b > 0,

N i—1 o XN
1 v _1 7 2
;;]hszh(vh)nn N L0 ~ 3 2DVl
N
CLC7
_ a7 h— ’
2 ZZH 2 LQ(F”)
=1 j=0
-1 T S 9
_ hz (— ‘h—% ‘ >_ ‘ h% (—
ZZ‘ (Zpn <th>t) L2(Ti5) [Vh] L2(Ty;) — 2b4 Z (Zpn <th>t) L2(Ti5)
=1 j=0 =1 j=0
p il
S
2 i=1 j=0 £2(Ts5)
Thus,
N i-1
_ B Cy b L 2
(@ > (1- 22 2) 555" i
Ap ((0,0Ph~ [vi]) s (Vi an, pen)) = ( % %’) ;; 2 [vy,] LA
N 1—1
Dv, ‘h )
"y ZH villzaio ~ 55 . ZZ SRR
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A.2. Technical proofs

Let us put together (A.5), (A.7), (A.8). For k,n > 0, we have
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From Proposition 5.2.5, there exists Cp > 0 such that
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4 1
Let C1; := —— and C12 := — — kC5 — nCy, so that we can write
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From the Cauchy-Schwartz and the Young inequalities, for £ > 0, it holds
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By plugging (A.10) back into (A.9), we have
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Appendix A. Appendix

C 1 1
We require 1 < ¢ < C—H 4+ 1 and k,7n to be small enough so that 5~ kCy — nCs > T
12
Cn

1
Cia <C +1 —E) > Ci3, C12 (1 — €> — kCs > Chy, for some Ci3,C14 > 0. Note that the
12

k
choice of ¢ depends on k and 7. On the other hand, there exist Cy5,C16 > 0 such that TC > s

and g > (C'16. Hence,
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Finally, the stability property of wj, namely [[wi|, , < C'|lqnllo . entails
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