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Chapitre 1

Introduction

1.1 Contexte et objectifs

Ce travail de these a recu le soutien d’EDF R&D et plus particulierement celui du dépar-
tement Mécanique des Fluides, Energie et Environnement. En effet, les équipes ’EDF R&D
développent des codes de simulations numériques pour la mécanique des fluides depuis plus de
30 ans. Pour EDF, les enjeux relatifs a la simulation numérique sont importants. Ces enjeux
recouvrent entre autres I’étude du renforcement de la silireté et de I'allongement de la durée
de fonctionnement des moyens de production et de leur optimisation. Parmi les nombreuses
applications visées, les études relatives a la thermohydraulique des réacteurs nucléaires consti-
tuent une part importante des applications. L’objectif des simulations consiste a étudier les
phénomenes physiques en jeu afin d’améliorer le fonctionnement des centrales et prolonger leur
durée de vie tout en répondant aux exigences de stireté. L’étude des écoulements atmosphé-
riques (dispersion de polluants, étude du potentiel éolien) ou la simulation des phénomenes de
combustion dans les chaudiéres du parc de centrales thermiques (compréhension et optimisa-
tion des briileurs a faible rejet d’oxydes d’azote par exemple) sont d’autres applications cibles
ou la simulation numérique est employée.

Depuis 1998, Code_Saturne® est le code de référence développé et utilisé & EDF R&D pour
I'étude des écoulements monophasiques (cf. Archambeau et al. (2004) et Fournier et al. (2011)
par exemple pour plus de détails). Dans Code_Saturne, les équations de Navier—Stokes sont
discrétisées a 'aide d’une approche Volumes Finis ol les degrés de liberté sont co-localisés
au centre des cellules. Il s’agit d’un solveur généraliste adapté aux exigences industrielles (pa-
rallélisme et calcul haute performance, traitement des géométries complexes) qui intégre de
nombreux modeles physiques dédiés a la turbulence, aux écoulements atmosphériques, a la
combustion, aux incendies, aux phénomenes de dépdt et ré-entrainement de particules, aux
transferts thermiques, aux turbomachines. .. Au cours des dernieres années, des travaux ont
été engagés pour améliorer les méthodes numériques de Code_Saturne. Deux axes principaux
d’évolutions ont été identifiés.

(a) L’amélioration de la robustesse du code sur des géométries 3D complexes composées d’élé-
ments polyédriques de qualité médiocre constitue le premier axe. En effet, la simulation fine
des écoulements dans des géométries industrielles 3D s’appuie sur des maillages hybrides
(composés de plusieurs types d’éléments) et/ou polyédriques afin d’offrir plus de souplesse
a l'utilisateur lors du maillage de la géométrie.

(b) L’amélioration de la représentativité physique des simulations correspond au second axe.
Par représentativité physique, on entend ’absence de modes parasites (potentiellement
induits par une mauvaise représentation du noyau des opérateurs différentiels et/ou un
traitement inadéquat des conditions aux limites), le respect des bornes physiques (monoto-
nie, principe du maximum), la conservation locale des grandeurs d’intérét (masse, quantité

1. http://code-saturne.org
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de mouvement, énergie cinétique. .. ) et une meilleure précision sur maillages grossiers.

A coté de ces deux axes, un impératif d’efficacité en termes de temps de calcul et de consomma-
tion mémoire, inhérent au contexte industriel, est également fixé. Ces différents criteres ont ainsi
guidé les travaux de recherche menés au cours de cette these. Suite a une revue bibliographique
préalable a la these, les schémas dits mimétiques ou les discrétisations compatibles ont été iden-
tifiés comme un axe de recherche pour améliorer les méthodes numériques de Code_Saturne.
Cette these s’inscrit donc dans ce contexte et a pour objectif le développement et ’analyse de
schémas de discrétisation compatible pour la mécanique des fluides.

1.2 Contributions de la these

Les travaux menés au cours de cette thése ont permis le développement d’une nouvelle
approche de discrétisation sur maillages polyédriques dénommeée "Opérateurs Compatibles Dis-
crets" ou "Compatible Discrete Operator" (CDO) en anglais. Deux applications ont été spéci-
fiquement étudiées.

(1) Concernant les problemes elliptiques (diffusion hétérogene et/ou anisotrope), 'approche
CDO propose, a l'aide de l'opérateur de Hodge discret, un cadre unifié a la fois pour
Panalyse et I'implémentation de nombreux schémas existants. Deux familles de schémas
CDO sont étudiées : les schémas dits vertex-based et les schémas dits cell-based, en fonction
du positionnement des degrés de liberté associés au potentiel. L’analyse a en outre permis
de démontrer la convergence du gradient et du flux a l'ordre 1 en norme d’énergie ainsi
qu'une convergence & l'ordre 2 en norme L? du potentiel (non démontré jusqu’a présent
sur des maillages polyédriques relativement généraux a notre connaissance). Par ailleurs,
les résultats numériques obtenus a l'aide des schémas CDO sont comparables aux schémas
d’ordre bas les plus performants actuellement publiés en termes d’efficacité, de robustesse
et de précision. Une étude comparative des schémas CDO proposés est également détaillée.

(2) Concernant les équations de Stokes, I’approche CDO repose sur une formulation a deux
ou trois champs utilisant ’opérateur rotationnel. De nouveaux schémas sur maillages poly-
édriques ont été proposés et analysés pour deux familles de schémas CDO (vertez-based et
cell-based). Ces schémas conservent localement au niveau discret la masse et la quantité de
mouvement. La stabilité des schémas CDO a été établie ainsi qu’une convergence a ’ordre
1 du gradient de pression, de la vitesse et de la vorticité. De plus, un traitement robuste
des termes source ayant une forte composante solénoidale ou irrotationnelle a été proposé.
Ce traitement particulier, reposant dans un cas sur la définition du terme source sur le
maillage dual, a été établi lors de 'analyse d’erreur a priori. Des tests numériques ont
confirmé la robustesse et 'efficacité de ce traitement. Il est important de signaler que la
connaissance de la décomposition de Hodge—Helmholtz du terme source n’est pas requise,
ce qui rend ce traitement facilement applicable dans la pratique.

En complément de I’analyse des schémas CDO pour les équations elliptiques et de Stokes, un
prototype de solveur basé sur 'approche CDO et s’appuyant sur la structure de Code_Saturne
a également été développé durant cette thése afin d’évaluer D'efficacité des schémas CDO et
vérifier les résultats théoriques obtenus. En accord avec le cadre industriel dans lequel cette
these s’inscrit, les travaux de recherche ont été effectués dans une démarche purement 3D que
ce soit pour ’analyse, 'implémentation ou les tests numériques.

Publications. Les travaux effectués durant cette thése ont fait I’objet de deux publications
dans des revues internationales avec comité de lecture :

(A) Bonelle, J. & Ern, A. (2014) Analysis of Compatible Discrete Operator Schemes for El-
liptic Problems on Polyhedral Meshes, ESAIM : Mathematical Modelling and Numerical
Analysis, vol. 48, pp. 553-581.
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(B) Bonelle, J. & Ern, A. (2014) Analysis of Compatible Discrete Operator Schemes for the
Stokes Equations on Polyhedral Meshes, (Accepté dans IMA Journal of Numerical Analy-
sis)

Rapports EDF. En complément de ces deux articles, deux rapports internes a EDF ont été
publiés. Ils détaillent la prise en compte des conditions aux limites et complétent les résultats
numériques présentés dans cette theése. Leur diffusion est possible sur demande sous réserve de
Paccord hiérarchique d’EDF R&D.

(Ra) Bonelle, J. (2012) Une introduction aux méthodes "Compatible Discrete Operators'. Cas
d’un probléeme elliptique. Rapport EDF R&D H-183-2012-00741-FR.

(Rb) Bonelle, J. (2013) Compatible Discrete Operator schemes for the Stokes Problem. Rapport
EDF R&D H-183-2013-03326-EN.

1.3 Organisation du document

Le présent document est structuré en trois parties dédiées respectivement a la description
de 'approche CDO, aux concepts permettant son analyse et a sa mise en ceuvre.

Premiére partie. Cette partie est consacrée a la présentation des schémas CDO. Dans le
Chapitre 2, les caractéristiques et les principes a la base des schémas CDO sont exposés.
Un état de l'art rappelant les jalons historiques des schémas de discrétisation compatible (ou
mimétique) est ensuite présenté. Le positionnement de 1’approche CDO par rapport a une
sélection de schémas de discrétisation compatible disponibles dans la littérature est ensuite
présenté.

Dans le Chapitre 3, les opérateurs discrets et les concepts clés de 'approche CDO sont
successivement introduits : la définition des degrés de liberté a partir de 'opérateur de de
Rham, les opérateurs différentiels discrets (gradient, rotationnel et divergence), le concept
de dualité inhérent a la démarche proposée (maillage dual, degrés de liberté et opérateurs
différentiels discrets sur ce maillage), puis 'opérateur de Hodge discret, pierre angulaire de
I’approche CDO. Enfin, un diagramme synthétisant les relations entre les différents opérateurs
discrets introduits conclut ce chapitre.

Dans le Chapitre 4, les différents schémas CDO proposés pour les équations elliptiques et
de Stokes sont détaillés. Deux schémas CDO pour les équations elliptiques sont présentés. Le
premier est dénommé vertez-based car les degrés de liberté associés au potentiel sont positionnés
aux sommets du maillage primal. Le second est denommé cell-based car les degrés de liberté
associés au potentiel sont cette fois positionnés au centre des cellules du maillage primal (plus
précisément aux sommets du maillage dual). Deux schémas CDO sont également proposés
pour les équations de Stokes formulées a ’aide de 'opérateur rotationnel. Par analogie au cas
elliptique, un schéma wertezr-based pressure ou les degrés de liberté associés a la pression sont
positionnés aux sommets du maillage primal, et un schéma cell-based pressure, ou ces degrés
de liberté sont positionnés au centre des cellules, sont explicités.

Deuxiéme partie. Cette partie est consacrée a la présentation des concepts théoriques per-
mettant 'analyse des schémas CDO. Dans le Chapitre 5, les notions utiles au traitement des
maillages polyédriques sont introduites (hypotheses sur la régularité du maillage et définition
de la subdivision barycentrique permettant la construction d’un maillage dual barycentrique).

Deux niveaux d’analyse sont ensuite proposés. Dans le Chapitre 6, une analyse algébrique
(i.e. purement discrete) est développée. Les normes discrétes sur le maillage primal et le maillage
dual ainsi que les normes discrétes induites par 'opérateur de Hodges sont définies. Une défi-
nition formelle des trois propriétés clés (symétrie, stabilité et consistance) que doit satisfaire
un opérateur de Hodge discret est également explicitée. Enfin, des résultats d’approximation

3
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utilisés lors de I’analyse d’erreur des schémas CDO sont établis ainsi que des résultats d’analyse
fonctionnelle discrete (injections de Sobolev discretes), utiles pour démontrer la stabilité des
schémas CDO.

Dans le Chapitre 7, un autre point de vue, basé sur les opérateurs de reconstruction, est
adopté pour mener 'analyse des schémas CDO. Les opérateurs de reconstruction a partir des
degrés de liberté associés aux potentiels, circulations et flux sont successivement détaillés. En
outre, ces opérateurs de reconstruction permettent de construire génériquement un opérateur
de Hodge discret. Ainsi, ils sont définis de maniere a conserver les propriétés de 'opérateur
de Hodge discret identifiées dans le chapitre précédent. Des exemples simples d’opérateurs
de reconstruction sont ensuite présentés. Plusieurs types d’opérateurs de reconstruction sur
maillages polyédriques sont ensuite proposés et classés en fonction des propriétés qu’ils vérifient.
Enfin, deux nouvelles inégalités de Poincaré discretes (Poincaré~Wirtinger et Poincaré pour le
rotationnel) s’appuyant sur les opérateurs de reconstruction sont établies.

Troisiéme partie. Cette partie est dédiée a la discrétisation des équations elliptiques et des
équations de Stokes a I’aide des schémas CDO.

Dans le Chapitre 8, s’appuyant sur l'article (A), deux schémas CDO (vertez-based et cell-
based) sont analysés sur un probléme de diffusion hétérogeéne et anisotrope en régime station-
naire. La stabilité, la convergence et des estimations d’erreur a priori en norme d’énergie pour
le gradient et le flux et en norme L? pour le potentiel sont successivement exposées pour les
deux familles de schémas. Une hybridation des schémas cell-based est ensuite étudiée. Enfin,
une série de résultats numériques mettant en évidence la pertinence de la démarche proposée
ainsi que les différences entre les trois formulations analysées est présentée.

Dans le Chapitre 9, s’appuyant sur larticle (B), deux familles de schémas CDO (vertex-
based pressure et cell-based pressure) pour les équations de Stokes en formulation rotationnelle
et en régime stationnaire sont analysées. La stabilité et la convergence sont établies pour ces
deux familles de schémas CDO ainsi que des estimations d’erreur a priori pour le gradient
de pression, la vitesse et la vorticité. Deux stratégies de discrétisation du terme source sont
également exposées ayant pour I'une, une bonne aptitude a représenter les termes source avec
une forte composante irrotationnelle et pour l'autre, une bonne aptitude a représenter les
termes source avec une forte composante solénoidale. Enfin, une série de résultats numériques
illustrant 'adéquation avec les résultats théoriques conclut ce dernier chapitre.
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Chapter 2

Compatible spatial discretizations

Contents
2.1 Compatible Discrete Operator schemes ... ... ... ....... 7
2.1.1 Concepts of differential geometry and algebraic topology . . . . . . . . 8
2.1.2 A physically-driven strategy of discretization . . . .. ... ... ... 9
2.1.3 A fine-grained set of operators . . . . .. ... ... L L. 10
2.2 Stateoftheart. ... ... ... ... .. e 11
2.2.1 Lower-order schemes on specific meshes . . . . .. ... ... ... .. 11
2.2.2  Lower-order schemes on general meshes . . . . ... ... ... .... 12
2.2.3 Higher-order schemes on specific meshes . . . . . ... .. ... .. .. 13
2.2.4 Higher-order schemes on general meshes . . . . . . ... ... ... .. 14
2.2.5 Synthesis . . . . . ... 15

In this chapter, we first recall the main historical contributions and the conceptual roots
underpinning this thesis (Section 2.1.1). Then, we introduce the Compatible Discrete Operator
(CDO) approach and in particular its two leading principles:

(i) The discretization aims at being physically-relevant.

(ii) The discrete setting is based on a fine-grained set of operators on which the analysis is
performed.

The first principle along with its consequences is detailed in Section 2.1.2, while the second
principle is presented in Section 2.1.3. In Section 2.2, we give an overview of several approaches
related to CDO schemes that can be found in the literature. We conclude this chapter with
Table 2.2 which summarizes in terms of some selected features the place of the CDO approach
among the main related approaches from the literature.

2.1 Compatible Discrete Operator schemes

CDO schemes belong to the broad class of compatible! or mimetic or structure-preserving
discretizations. Such discretizations aim at preserving structural properties of the continuous
model at the discrete level. All these schemes constitute a class of numerical methods for the
discretization of Partial Differential Equations (PDEs) which finds its roots in the seminal works
of Kron (1945, 1953), Branin (1966), Tonti (1975a), and Bossavit (1988) oriented toward the
electromagnetism community and in those of Whitney (1957), Tikhonov & Samarskii (1962),
and Dodziuk (1976) oriented toward the mathematical community. Two papers have also

1. “Compatible Spatial Discretization” is the name of the workshop (and of the book of proceedings) organized
in 2004 at the Institute for Mathematics and its Applications of the University of Minnesota. This workshop is
one of the first ones dedicated to this field of research. It gathered several of the earlier and main contributors.
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set a milestone in the history of compatible spatial discretizations: the "Marker and Cell"
(MAC) scheme for solving the Navier-Stokes equations (Harlow & Welch, 1965) and the Yee
scheme (Yee, 1966) for solving the Maxwell equations, both on Cartesian grids.

2.1.1 Concepts of differential geometry and algebraic topology

The CDO approach follows the seminal ideas of Tonti (1975b), Frankel (1997), and Bossavit
(1998). These previous works rely on concepts of differential geometry and algebraic topology
to describe and analyze the geometric structure of the underlying physics. The description of
compatible spatial discretizations by means of these concepts is now a widespread viewpoint;
see, for instance, Mattiussi (1997); Bossavit (1998); Bochev & Hyman (2005); Arnold et al.
(2006); Desbrun et al. (2006); Gerritsma (2012); Teixeira (2013).

We give an informal and brief overview of these concepts in the present section. We refer
the reader interested in a more detailed and precise introduction to these concepts to the book
of Abraham et al. (1988) for a comprehensive introduction to differential geometry and to the
book of Hatcher (2002) for algebraic topology. Even though these concepts are important for
the development of CDO schemes, and in general, for the understanding of compatible spatial
discretizations, we will be using the language of vector calculus in this thesis so as to facilitate
the understanding of the CDO approach by a broad audience (only the term “Hodge operator”
is kept).

Differential geometry. In a d-dimensional manifold 2, there are (d + 1) bundles of linear
spaces spanned by k-differential forms for 0 < k < d. These spaces are generically denoted by
AF(€). Recasting the continuous problem with differential forms helps one identify the nature
of the operators and fields to consider. Roughly speaking, in a three-dimensional space, scalar
fields are identified either to a O-form (a potential) or to a 3-form (a density) and vector fields
are identified either to a 1-form (a circulation) or to a 2-form (a flux). A potential, circulation,
flux, or density is the proxy field of the corresponding k-differential form.

Operators are divided into two categories: metric and topological operators. An example of
metric operator is the Hodge-star operator (cf. Section 3.4). An example of topological operator
is the exterior derivative. Via proxy fields, the exterior derivative d* : A¥(Q) — AF1(Q)
corresponds to grad for k£ = 0, to curl for kK = 1, and to div for k = 2. The exterior calculus
is also a powerful tool to state fundamental identities of vector calculus in a synthetic way.
Namely, d*+1 d¥ = 0 with £ = 0 and k = 1 is an equivalent formulation of

curl grad = 0, and div curl = 0. (2.1)

The association between a set of spaces and a set of operators gives rise to the notion of
complex. The most popular one is the cochain complex called “de Rham complex” related to
the sequence induced by the exterior derivatives on the spaces of differential forms:
0 d° 1 da! 2 da? 3
R— A°(Q) —— A (Q) ——— A*(Q) ——— A°(Q) — 0, (2.2)
where the first arrow denotes the canonical injection (with R identified with constant 0-forms).

The sequence (2.2) is called a complex since the image of an operator from the sequence is
included in the kernel of the next operator in the sequence.

Algebraic topology. In the context of spatial discretizations, concepts of algebraic topology
are relevant since a mesh (i.e. a collection of vertices, edges, faces, and cells with matching
faces s.t. they form a partition of the domain 2 C R®) can be considered as a cell complex.
A cell complex is a collection of k-cells for k € [0,3]. In our context, a vertex corresponds to
a O-cell, an edge to a l-cell, a face to 2-cell, and a cell to a 3-cell. Let c() denote a k-cell.
A k-chain, denoted by ¢4, is a linear combination of k-cells. The set of all the k-chains is a
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2.1. Compatible Discrete Operator schemes

linear space denoted by C. In addition, an orientation is fixed for each k-cell once and for all
(by convention a 0-cell is positively oriented). The boundary operator 0 : Ci41 — Cj defines
a linear combination with weights in {+1, —1} of the (k — 1)-cells constituting the boundary of
each k-cell in the k-chain. Namely, the boundary of a cell is described as the combination of its
faces, a face as the combination of its edges, an edge as the combination of its vertices where the
weights in the combination are either 1 if the orientation of the boundary of the k-cell matches
the orientation of the (k — 1)-cell, or —1 otherwise. Since the boundary of a boundary is empty
(i.e. O Ox—1 = 0), the boundary operators acting on chains yield the following sequence:

do o1 02

Co

Ch

Cs < Cs. (2.3)

A k-cochain denoted by ¢®) is a dual object to a k-chain. A k-cochain maps each k-
cell to a real value. For instance, a 0-cochain sets a value at each O-cell (vertex) and a 1-
cochain a value at each 1-cell (edge). Acting on a k-chain c(j), a k-cochain c® produces a real
number which is the linear combination of its associated values on each k-cell composing the
k-chain. Introducing the duality pairing (-, -) between cochains and chains, the latter action

is denoted by <c(k), c(k)> € R. The linear space collecting the k-cochains is denoted by C*.

The coboundary operator 6% : C* — C*+1 is defined as the adjoint operator to the boundary
operator 0y with respect to the duality pairing:

Vc(k) € Ck, VC(k_H) S C}H_l, <5kc(k), C(k+1)> = <C(k), 8kC(k+1)> . (2.4)

Since 0p0k+1 = 0, 6¥6%+1 = 0, which produces the following cochain complex:

o0 P Lot L2 o8 (2.5)

Loosely speaking, a k-cochain can be seen as a discrete field: k = 0 for a potential, £k = 1 for a
circulation, k = 2 for a flux, and k = 3 for a density. The coboundary operator ¢, 0 < k < 2,
can be viewed as the discrete counterpart of d¥ and thus as a discrete differential operator. In
this context, the identity (2.4) can be seen as the discrete counterpart of the generalized Stokes
theorem and (2.5) as the discrete counterpart of the de Rham complex (2.2).

Vector calculus Differential geometry Algebraic topology
( geometrical objects fold ha )
point, line, surface, volume mantiolds chains
frelds differential f hai
potential, circulation, flux, density rierential orns cochains
differential operators
grad, curl, div exterior derivatives coboundary operators
) === J

Table 2.1 — Analogies between terminologies used in vector calculus, differential geometry, and
algebraic topology.

2.1.2 A physically-driven strategy of discretization

Since CDO schemes aim at preserving the structural properties of the PDEs at the discrete
level, the starting point is an understanding of the physical nature of the fields and equations
to discretize.

Firstly, CDO schemes define the degrees of freedom (DoFs) according to the physical nature
of fields to discretize: a potential at a vertex, a circulation along an edge, a flux across a face,
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Chp. 2. Compatible spatial discretizations

and a density inside a cell. The discretization aims at preserving at the discrete level the local
conservation property satisfied by these fields, so that the discrete balance equations are locally
exact.

Secondly, in CDO schemes, one operates a clear separation between conservation (or bal-
ance) laws on the one hand, and constitutive (or closure) relations on the other. The first
kind of relation involves topological (or differential) operators and its discretization by CDO
schemes does not introduce any consistency error. In particular, the definition of DoFs com-
bined with the fundamental theorem of calculus (for grad), the Stokes theorem (for curl), and
the Gauss theorem (for div) makes it possible to build discrete differential operators which are
topological in the sense that these operators are not affected when one stretches or deforms
the mesh. In addition, discrete differential operators preserve the key features of their contin-
uous counterpart like relations (2.1). Moreover, a proper representation of the nullspace of the
discrete differential operators can help avoiding the emergence of spurious modes.

The second kind of relation involves metric operators and its discretization by CDO schemes
leads to approximations. In this way, CDO schemes introduce approximations at the same
level as the physical modeling, so that the only source of consistency error stems from the
discretization of closure relations (assuming there is no quadrature error related to source
terms or boundary conditions).

One crucial idea to design the metric operators in CDO schemes relies on an explicit use of a
dual mesh (cf. Section 3.3). DoFs on dual mesh entities are defined similarly to DoFs on primal
mesh entities. Furthermore, discrete differential operators are introduced on the dual mesh as
well, following the same rationale as for the primal mesh. Discrete differential operators on the
primal and dual mesh are related by adjunction properties which are the discrete counterpart
of adjunction properties at the continuous level (for instance, between — grad and div).

The discrete closure relations linking DoFs on the primal mesh to DoFs on the dual mesh
are formulated using discrete Hodge operators (the discrete counterpart of the Hodge operator
appearing when the PDE is formulated in terms of differential forms). In this way, the closure
relations relate the same fields at the continuous and discrete levels (for instance, the gradient
of a potential and the diffusive flux for an elliptic equation or the velocity circulation and the
mass flux for the Stokes equations). The discrete Hodge operator is a metric operator since its
definition relies on geometric quantities related to the primal and dual mesh entities and on
the evaluation of a material property.

Another benefit of considering a dual mesh explicitly is that it allows one to devise and
analyze two families of schemes inside the same framework since two sets of DoFs are available.
The first family where potential DoFs are attached to primal vertices leads to wvertez-based
schemes, while the second family where potential DoFs are attached to dual vertices (in one-to-
one correspondence with primal cells) leads to cell-based schemes. The term cell-based stresses
the salient role of the primal mesh since this mesh is the only one that needs to be seen by the
end-user.

2.1.3 A fine-grained set of operators

In the CDO approach, the discrete setting hinges on a fine-grained set of operators consist-
ing of the discrete differential operators (three on the primal mesh and three on the dual mesh)
and of the discrete Hodge operators (four operators, one for each type of mesh entity). This
discrete setting is purely algebraic (DoFs are vectors of reals and not polynomial functions).
The fundamental properties of the operators of the discrete setting are stated algebraically. In
addition to the discrete operators, we consider de Rham (or reduction) operators to define the
DoFs and reconstruction (or lifting) operators to define functions from DoFs. All these opera-
tors constitute the building blocks of the CDO framework detailed in the following chapters.

The discrete differential operators are uniquely defined, while the discrete Hodge operators
are not. The design properties of the discrete Hodge operators can be derived following two
strategies, either using an algebraic viewpoint or using reconstruction operators. Within the
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algebraic viewpoint, a minimal set of requirements on the design of the discrete Hodge operator
is identified so as to perform a purely discrete convergence analysis. When using reconstruction
operators, the properties of these operators are identified so as to recover the results derived
with an algebraic perspective, but also to derive further theoretical results.

The fine-grained set of operators also allows one to define new operators by combining
these operators. For instance, the approximation (also called interpolation or projection) map
is the composition of a reconstruction and a reduction map (this operator is mainly used in the
Finite Element (FE) literature). Another example is the reconstructed gradient (mainly used
in Finite Volume (FV) methods) which is obtained by applying the reconstruction operator
to the discrete gradient. In both cases, each choice of the reconstruction operator leads to a
specific scheme. Identifying which reconstruction is behind a scheme is therefore a way to draw
links between existing schemes (cf. Sections 8.1.3 and 8.2.3). Combining the set of fine-grained
operators with the two levels of analysis makes the CDO framework an effective way to analyze
compatible spatial discretizations.

2.2 State of the art

During the last decade, compatible spatial discretizations of PDEs have become increasingly
popular, making hard to circumscribe the landscape of such schemes. Researches dedicated
to this field have led to the development and analysis of new schemes. In addition, new
perspectives on existing schemes have been underlined, driven by new design principles and
the development of more generic frameworks for the analysis. As a result, many links between
compatible discretization schemes have been identified. We now present a brief state of the
art (we do not aim at completeness). We divide these contributions according to two axes:
lower- or higher-order schemes for the first axis and the type of meshes (specific or polyhedral)
supported by the schemes for the second axis.

2.2.1 Lower-order schemes on specific meshes

The electromagnetism community has played a pioneering role in the development of com-
patible spatial discretizations. This community has developed a geometrical vision of the
Maxwell equations based on insightful concepts of differential geometry and algebraic topol-
ogy.

Relying on concepts of differential geometry, Bossavit (1988) has linked the classical lower-
order FE schemes (Lagrange, Nédélec, Raviart—Thomas elements) to the Whitney forms and
to the Hodge operator. The Generalized Finite Difference method introduced by Bossavit
(2001) collects these ideas and gives rise to a reinterpretation of classical FE schemes within a
geometrical viewpoint. This work has shed new light on the design principles of discretization
schemes. The same geometrical interpretation of the traditional FE method has been pursued
in the work of Trevisan & Kettunen (2006) and that of He & Teixeira (2006).

We also mention the work of Mattiussi (1997) who has drawn connections between the main
families of spatial discretization schemes: Finite Differences (FD), FV, and FE using concepts
of algebraic topology. Clemens & Weiland (2001) with the Finite Integration Technique (FIT)
and Tonti (2001) with the Cell Method on simplicial meshes have followed a similar rationale
to devise different schemes.

Independently, three equivalent discretizations on Delaunay—Voronoi meshes have been pro-
posed in different communities: the Covolume method by Hu & Nicolaides (1992) (see also Nico-
laides & Trapp (2006) for a reformulation in terms of differential forms), the Two-Point Flux
Approximation (TPFA) scheme using a FV approach (Eymard et al., 2000) initially used in
petroleum engineering, and the Discrete Exterior Calculus (DEC) approach by Desbrun et al.
(2005) in computer graphics.
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2.2.2 Lower-order schemes on general meshes

Historically, compatible spatial discretizations have been introduced on Cartesian meshes
and then on simplicial meshes. An important breakthrough has been the extension of these
techniques to general (polyhedral) meshes. The flexibility of polyhedral meshes to pave complex
geometries makes such meshes of salient interest in an industrial context.

MFD. The Mimetic Finite Difference (MFD) approach is an evolution of the Support Op-
erator Method (see, for instance, Shashkov & Steinberg, 1995; Hyman & Shashkov, 1997) and
is nowadays one of the most popular compatible spatial discretizations dealing with general
meshes. A brief history of the approach explaining the different evolutions is detailed in the
recent book of Beirdo da Veiga et al. (2014); see also the recent overview by Lipnikov et al.
(2014).

For the elliptic case, there exist two families of MFD techniques either based on a mixed
formulation (DoFs located at cells and faces) or on a primal formulation (DoFs located at
vertices). The first (resp. second) technique has been analyzed by Brezzi et al. (2005) (resp.
Brezzi et al. (2009)) and is equivalent to the lowest-order Raviart—Thomas—Nédélec (resp. P1)
FE method on simplicial meshes. The point of view is algebraic, and the definition of a suitable
discrete inner product is the key point (see, for instance, Brezzi et al., 2014). This discrete
inner product has to verify two design properties: a consistency and a stability condition. In
MFD schemes, there are two types of operators: primary and derived operators. The first type
is typically a discrete differential operator. The second type is derived from a primary operator
(hence the name) and is defined as the adjoint operator of the primary operator with respect
to a discrete inner product. A primary operator is identical to a discrete differential operator
on the primal mesh in the CDO approach, while a derived operator is a combination of CDO
operators. Moreover, in MFD schemes, reconstruction or lifting operators are only needed in
the convergence analysis, but not in the implementation. Neither a dual mesh nor a discrete
Hodge operator is explicitly employed. All is implicitly regrouped in the definition of the inner
product.

Links between the Covolume approach and the MFD schemes on simplicial meshes have
been established by Trapp (2008) and also by Bochev & Hyman (2005) with an additional link
to the Whitney forms. In this thesis, we study the correspondences between the nodal MFD
(Brezzi et al., 2009) and CDO vertex-based schemes for elliptic problems (cf. Section 8.1.3)
and also between mixed MFD (Brezzi et al., 2005) and CDO cell-based schemes for elliptic
problems (cf. Section 8.2.3).

FV. FV schemes (see the recent review of Droniou (2014)) intrinsically hinge on some ingre-
dients of compatible discretizations since the divergence operator and DoFs related to a flux are
defined in order to verify the Gauss theorem. Moreover, the FV method has been historically
the first approach to handle polyhedral meshes.

In mechanical engineering, Perot & Subramanian (2007) proposed the Discrete Calculus
method in order to generalize staggered FV discretizations from Cartesian grids to polyhedral
meshes (see also Chénier et al. (2014) which shares the same goal). The Discrete Calculus
approach relies on the same principles as those introduced in the electromagnetism community,
but it deals with a larger class of meshes thanks to a different strategy of reconstruction (Perot
et al., 2006). It is worth mentioning that this approach distinguishes two families of schemes
according to the positioning of the potential DoFs as in the CDO approach.

Discrete Duality Finite Volume (DDFV) schemes (see Hermeline (2000) for one of the
seminal papers and Andreianov et al. (2012, 2013) for a recent review), the Hybrid Finite
Volume (HFV) scheme (see Eymard et al. (2010)) and the Mixed Finite Volume (MFV) scheme
(see Droniou & Eymard (2006, 2009)) are examples of new FV schemes which are related
to compatible spatial discretizations on polyhedral meshes. The DDFV approach adopts a
geometrical viewpoint (a dual and a diamond mesh are considered), and the design of discrete
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divergence and discrete gradient operators which are adjoint is at the core of the approach.
MFV and HFV schemes do not explicitly consider a dual mesh. However, its implicit use
appears in the definition of the reconstruction of the gradient.

A Generalization of the Crouzeix—Raviart element to polyhedral meshes has been proposed
by Di Pietro & Lemaire (2015) with an application to linear elasticity and Stokes flow. This
approach borrows ideas from cell-centered Galerkin methods (see Di Pietro (2012)) and HFV
schemes.

Droniou et al. (2010) have established equivalences between MFD in mixed formulation,
HFV, and MFV. This class of equivalent schemes is called Hybrid Mized Mimetic (HMM)
schemes. Furthermore, Droniou et al. (2013) have introduced a more general framework called
Gradient Schemes. The Gradient Scheme framework embraces a broad class of schemes: some
Multi-Point Flux Approximation (MPFA) schemes and DDFV schemes, the HMM schemes,
the Mixed FE schemes, the Crouzeix—Raviart FE scheme, and the lower-order conforming
FE schemes. All these schemes can be analyzed inside the same theoretical framework. In
this thesis, we prove that CDO vertex-based schemes fit the Approximate Gradient Schemes
framework described by Eymard et al. (2012) for elliptic problems (cf. Section 8.1.3) and that
a particular formulation of (hybridized) CDO cell-based schemes corresponds to the SUSHI
scheme introduced by Eymard et al. (2010) (cf. Section 8.3.2).

DGA. The Discrete Geometric Approach (DGA) has been developed by Codecasa & Tre-
visan (2007) for applications in electromagnetism. This is one of the rare approaches which
explicitly defines reconstruction functions on polyhedral meshes from edge- and face-based
DoFs. Piecewise constant reconstructions are proposed by Codecasa et al. (2010), and the key
properties they must satisfy are identified. A geometrical viewpoint is adopted. Namely, a dual
mesh, based on a barycentric subdivision (cf. Section 3.3.1) is considered. The convergence
analysis of DGA schemes for the Maxwell equations can be found in the work of Codecasa &
Trevisan (2010b) for bounded and Lipschitz continuous solutions. DGA schemes fully fit the
CDO framework.

2.2.3 Higher-order schemes on specific meshes

The extension of compatible spatial discretizations to higher-order schemes has been first
achieved using conforming reconstructions, either with traditional FE basis functions for un-
structured tetrahedral or hexahedral meshes, or with spectral elements and splines for struc-
tured meshes using the tensor product as a building principle. The reconstruction is said to
be conforming when it maps to a (finite dimensional) subspace of the graph space of the cor-
responding differential operator. For instance, the conformity of a potential (resp. circulation,
flux) reconstruction means that the reconstructed potential (resp. circulation, flux) is in H*(Q)
(resp. H(curl; ), H(div;2)). Since reconstructions are generally designed cellwise, the con-
formity requires matching conditions at mesh faces (continuity for the potential, continuity of
the tangential component for the circulation, continuity of the normal component for the flux).

Whitney FE & FEEC. The traditional Lagrange, Nédélec, and Raviart-Thomas elements
are particular cases of the more generic Whitney forms as observed by Bossavit (1988) and
later formalized by Hiptmair (1999). Following this strategy, Hiptmair (2001b) and Bossavit
(2002) have proposed higher-order variants of the above FE schemes relying on Whitney forms.
A higher-order extension of the Nédélec element (also called Whitney 1-form or edge element)
has also been studied by Rapetti (2007) within the geometrical viewpoint proper to the elec-
tromagnetism community.

Arnold et al. (2006) have broadened the perspective with the development of the Finite
Element Exterior Calculus (FEEC) framework. In their seminal paper, Arnold et al. (2010)
analyzed FEEC schemes using new concepts relying on de Rham cohomology and Hodge theory;
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Hilbert complexes and bounded cochain projections are two key ideas in FEEC. The choice of
basis functions (or reconstruction functions in our terminology) is the element of differentiation
among schemes. Higher-order schemes naturally fit the FEEC framework and can be studied
similarly to the lower-order schemes. FEEC schemes encompass Whitney elements, and Brezzi—
Douglas—Marini elements, but also lead to the emergence of new elements. This approach does
not employ a geometrical viewpoint: neither a dual mesh nor a discrete Hodge operator is
explicitly employed. Along with MFD schemes, the FEEC approach stands out as one of the
most popular compatible spatial discretizations nowadays.

MSE. Several compatible spatial discretization schemes apply the tensor product as a build-
ing principle (Hiemstra et al., 2013). These approaches build multidimensional discretizations
from a one-dimensional block by means of tensor products. Therefore, the resulting schemes
naturally fit Cartesian/Chebyshev grids, while more geometrically complex elements such as
deformed quadrilaterals or hexahedra can be handled using transformations (pullback in terms
of differential geometry) between the computational domain and a reference domain. Mimetic
Spectral Element (MSE) schemes (see Kreeft et al. (2011)) combine a geometrical vision (dual
mesh, discrete Hodge operator) with a reconstruction based on spectral elements which has
been devised by Gerritsma (2011). Recently, Rufat et al. (2014) have proposed a similar ap-
proach to extend the DEC method to more general meshes.

Reconstruction operators relying on B-splines (or their generalization called NURBS) can
replace the spectral elements, leading to compatible isogeometric schemes sharing similar prop-
erties; see Buffa et al. (2011) and Back & Sonnendriicker (2013).

2.2.4 Higher-order schemes on general meshes

Recently, higher-order schemes on polyhedral meshes have emerged.

MFD & VEM. Beirdo da Veiga et al. (2013) have proposed an extension of the MFD
paradigm leading to the Virtual Element Method (VEM). One important ingredient of the
VEM is a reformulation of the MFD approach in a FE spirit, in the sense that a variational
formulation is used, but the basis functions are not explicitly defined (hence the terminology
virtual). Notice that these basis functions can typically belong to suitable polynomial spaces
(for the purpose of consistency) but also to non-polynomial spaces (for the purpose of sta-
bilization). This new formalism allows one to design higher-order schemes, and also enforce
higher-order continuity conditions between mesh cells.

Another extension of the MFD approach to higher-order schemes has been recently proposed
by Lipnikov & Manzini (2014) for diffusion problems on polyhedral meshes relying on cell- and
face-based DoFs, while previous works on higher-order schemes on polygonal meshes include
that of (Beirdo da Veiga et al., 2011).

FES. The notion of Finite Element System (FES) has been developed by Christiansen (2008;
2011). It is an abstract setting generalizing the concept of FE. A compatible FES is a set of finite
dimensional spaces which constitutes a subcomplex of the de Rham complex (2.2). Considering
a polyhedral cell decomposed into subsimplices, a practical example of such compatible FES is
the set of piecewise polynomial spaces spanned by the Whitney forms on this decomposition
with a specific treatment at the interface of the polyhedral cell to ensure conformity. We
detail this example in Section 7.3.2. As a result, considering Whitney forms of higher degree
yields higher-order schemes (Christiansen & Rapetti, 2014). Reconstruction operators (on
polyhedral meshes) in FES are implicitly defined from the resolutions of local problems. As in
VEM schemes, non-polynomial spaces can be considered in the FES approach.
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MHO & HHO. In a different context, arbitrary-order schemes on polyhedral meshes for
elliptic problems have been recently designed. In this approach, face-based DoFs play a salient
role. Mixed High Order (MHO) schemes, based on a mixed formulation, have been introduced
by Di Pietro & Ern (2013), and Hybrid High Order (HHO) schemes, based on a primal for-
mulation, have been proposed by Di Pietro et al. (2014); Di Pietro & Ern (2015). HHO and
MHO schemes use a discrete reconstruction of the flux or gradient in each mesh cell. In MHO
schemes, the flux is decomposed into two orthogonal parts, one related to consistency and the
other one to stability.

Contrary to VEM, the local reconstruction is explicitly defined and the global reconstruction
is non-conforming. In the lowest-order case, links with DGA, MFV, HFV, and the lowest-order
Raviart—Thomas, and hence also with the CDO schemes, have been established.

2.2.5 Synthesis

To better localize the CDO approach in the landscape of compatible spatial discretizations,
we summarize in Table 2.2 CDO schemes and several related approaches using the following
basic features:

— lower-order (LO) or higher-order (HO) schemes;

— conforming (C) or non-conforming (NC) setting;

— the kind of meshes handled by the approach: polyhedral meshes (Poly.) or specific

meshes (hexahedral, tetrahedral or meshes built using a "tensor product" strategy);

— the kind of meshes which are explicitly considered to design the scheme: primal (P) or

dual (D) or diamond (¢) meshes;

— the key operator: discrete Hodge operator (Hodge), gradient or flux reconstruction

(Reco.), discrete inner product (DIP), or bounded cochain projection (BCP).

HEFV MFD o S N
{ CDO } DDFV MEV HHO VEM ‘ MSE FEEC H FES ’
[ Setting |[ N¢ |[ ~nc | nc |[ nNnc | c C C C

LO/HO LO LO LO HO LO/HO HO HO HO
Tensor Tetra Poly.
Poly. Poly. Poly. Poly. Poly. .

Element oly oly oly oy o Product || Hexa || (Subdiv)
Meshes P+D P+D+o P P p P+D P P (D)
L Key Op. L Hodge J| Reco. || Reco. || Reco. || DIP BCP BCP Reco.

Table 2.2 — Comparison of the CDO schemes with respect to some recent compatible discretiza-
tions.
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Discrete setting
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In this chapter, we present the discrete setting underpinning CDO schemes. We describe
the different operators involved in CDO schemes along with their main properties. We start
with the primal discrete setting: the DoFs in Section 3.1 and the discrete differential operators
in Section 3.2. After introducing the concept of dual mesh, we define in Section 3.3 in a similar
way DoFs and discrete differential operators on the dual mesh. The discrete Hodge operators
bridging the primal and dual discrete settings are then introduced in Section 3.4. We conclude
this chapter with Figure 3.14 which summarizes the discrete setting.

3.1 Degrees of freedom

3.1.1 Primal mesh

The domain €2 over which the PDE is posed is assumed to be an open, bounded, polyhedral
set Q C R3. Its boundary 99 has (almost everywhere) a unit outward normal denoted by vy
The discretization of 2 relies on the definition of a primal mesh M. This primal mesh is the one
produced by the mesh generator and is the only mesh that needs to be seen by the end-user.
It carries the information on the domain geometry, the definition of the boundary conditions
(BCs), and the material properties.
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Definition 3.1 (Primal mesh). The primal mesh M := {V,E,F,C} collects a set of vertices
denoted by V, of edges E, of faces F and of cells C. A generic element of V (resp. E, F, C) is
a vertex denoted by v (resp. an edge e, a face f, a cell ¢); see Figure 3.1.

We write #X to denote the cardinality of the set X. For instance, #C is the number of
primal cells. In what follows, we often denote by X any primal set in V, E, F or C and by x
any related primal mesh entity such as v, e, f or c.

Figure 3.1 — Example of a primal mesh M. A vertex v € V, an edge e € E along with its
unit tangent vector 7., a face f € F along with its unit normal vector v;, and a cell ¢ € C are
highlighted in blue.

Definition 3.2 (Subset of mesh entities). Let x be an element of M and let A € {V,E,F,C}.
If x has a dimension larger than that of the elements of A, we define the subset Ay as follows:

Ay :={a € Ala C Ix};

and, otherwise, as follows:

Ay :={a € A|x C da}.

For instance, E. := {e € E|e C Oc} collects the edges of a cell ¢, and Ce := {c € Cle C Jc}
collects the cells of an edge e, and so on.

Definition 3.3 (Border and interior subsets). We split mesh entities into an interior subset
(superscript 1) and a border subset (superscript B) such that

V=V'UV®  where V> :={veV|vCcaiQ} and V':=V\V"
E=EUE", where E®:={e€E|eCcdQ} and E'":=E\E"
F=FUF®  where F*:={feF|fCIN} and F :=F\F"

Furthermore, |x| represents the measure of the entity x € {v,e,f,c}. For a vertex, |v| =1
by convention; |e| is the length of the edge e, |f| is the area of the face f, and |c| is the volume
of the cell c.

Links between mesh entities and fields. The starting point in the definition of DoFs
is to identify which geometric entity is best suited to reflect the physical nature of a field.
The intimate links between geometry and physics have been pointed out earlier in electromag-
netism (Tonti, 1975a; Bossavit, 1998, 2000). This connection has also been studied for other
physical models by Frankel (1997).
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For a three-dimensional domain, four geometric supports have to be considered: point, line,
surface, and volume. When one considers a mesh, the discrete counterpart is respectively a
vertex, an edge, a face, and a cell.

In addition to the notion of geometric support, we also need a notion of orientation. This
concept is essentially relevant for edges and faces but applies also to vertices and cells. To each
edge e € E, we arbitrarily assign a unit tangent vector 7,. To each face f € F, we arbitrarily
assign a unit normal vector v; (see Figure 3.1). For the sake of simplicity, we assume that
a direct orientation of the ambient space is chosen once and for all. By convention, to each
boundary face f € F®, we assign the orientation given by the outward unit normal to 92 so
that vy = vyq for all f € FB. These orientations are fixed once and for all.

Remark 3.4 (Inner and outer orientations). Although they are not made explicit in what fol-
lows, the notions of inner and outer orientation are relevant in compatible spatial discretiza-
tions and, in particular, in CDO schemes. An inner-oriented entity is independent of the
orientation of the ambient space (for instance, an edge oriented by its unit tangent vector),
while an outer-oriented entity depends on that orientation (for instance, a face oriented by its
unit normal vector seen as the tangent vector of a line crossing the face). Potentials and cir-
culations are in general attached to inner-oriented quantities, while fluxes and densities are in
general attached to outer-oriented quantities; see Bossavit (1998) or Kreeft et al. (2011) where
the concepts of inner and outer orientations are detailed.

3.1.2 Spaces of degrees of freedom

The physical fields we consider are either scalar fields like potentials and densities or vector
fields like circulations and fluxes. The way one measures a field indicates the appropriate
geometric object associated with respect to the field. Since a potential is naturally evaluated
at a point, a circulation along a line, a flux across a surface, and a density inside a volume, the
DoFs related to a potential are attached to vertices, those of a circulation to edges, those of a
flux to faces, and those of a density to cells.

The (finite-dimensional) space of DoFs related to discrete potentials is denoted by V and
collects the values of scalar fields at vertices, that related to discrete circulations is denoted £
and collects the integrals of the tangential component of vector fields along edges (using 7.),
that related to discrete fluxes is denoted F and collects the integrals of the normal component
of vector fields across faces (using vy), and that related to discrete densities is denoted C and
collects the integrals of scalar fields over cells. These definitions are in agreement with the
underlying physical nature of these fields. The notation used for the spaces aims at stressing
the link between these spaces and their related geometric entities (see Figure 3.2).

By construction, X = R#X | so that the elements of X" are algebraically considered as column
arrays. Let a € X. We denote by ay € R the value (i.e., the component of the array) related
to the entity x € X. For instance, for ¢ € F, ¢; is the value of the flux attached to the face f.

scalar vector vector scalar

1% & F C

Evaluation Evaluation Evaluation Evaluation
at a point along a line across a surface inside a volume

Figure 3.2 — Spaces of DoFs.
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Chp. 3. Discrete setting

3.1.3 De Rham maps

De Rham maps (also called reduction maps) act so as to define the DoFs. There are four
de Rham maps related to the primal mesh, one for each kind of entity: vertices, edges, faces,
and cells. Let X be any of the spaces in {V, &, F,C}. De Rham maps Ry : Sx(Q2) — X are
defined as follows:

Vp e Sp(@Q), Ryl = p(+), Vv eV, (3.1a)
Vue Se(Q),  Re(u)]e = /g 1., VeeE, (3.1b)
Vo€ SF(Q),  Re(d)]r = /fg ‘v, VEEF, (3.1¢)
Vs € Se(),  Re(s)e = /s, Ve e C, (3.1d)

where the functional space Sx(f2) is (a particular choice of) the domain of the de Rham map
Rx. The space related to potentials is denoted by Sy (), that related to circulations Sg(€2),
that related to fluxes Sz(£2), and that related to densities S¢(£2). These spaces have to be
spanned by sufficiently smooth functions so that the de Rham maps are well defined. The
regularity of the space Sy(2) has to ensure the existence of a single value of the scalar field
at each vertex v € V, Sg(f2) the existence of a single value of the tangential component of
the vector field along each edge e € E, Sr(Q2) the existence of a single value of the normal
component of the vector field across each face f € F, and S¢(£2) the integrability in each cell
¢ € C. Several definitions of Sy (2) are possible. Here is the one we choose.

Definition 3.5 (Domains of the de Rham maps). Let d = 3 be the space dimension and consider
real numbers sg, s1, sa such that s > d%f‘ for 0 < k < 2 with a real number p € [1,+0o0].
Then, the spaces Sx (), X € {V,&,F,C} can be defined as follows:

Sy(Q2) = WP (Q), (3.2a)
Se(Q) == WP ()], (3.2b)
SF(Q) == WP ()], (3.2¢)

Se(9) == L'(9), (3.2d)

where W#P(Q) denotes the usual Sobolev space. In what follows, we choose p = 2 so that,
s> 2 5, 51> 1, and sg > %; the (Hilbert) Sobolev spaces are then denoted by H*:(2).

Remark 3.6 (Alternative definitions). When fields are the solution of a PDE, it can be inter-
esting to give an alternative definition to the spaces Sx(§2) (while keeping the same notation Ry
for simplicity). Namely, we can infer from the PDE information on the integrability of some
differential operator applied to the solution. In this case, one can require less reqularity on the
field itself and compensate by an additional requirement on the integrability of the differential
operator. Let d = 3 be the space dimension and q,r,s be real numbers in [1,+o0]. Then, we
can set (see Ern € Guermond (2004))

Se(Q) := {u € [H*(Q)]% curl(u) € [LI(Q)], (3.3a)
with s > % and q > 2, and
SE(Q) = {¢ € [L*(Q)]% div(¢) € LI(Q)}, (3.3b)
with s > 2, ¢ > r such that%:%—l-%.

In addition, when one considers the de Rham complex, the spaces have to ensure the link
with differential operators as depicted in Figure 3.3. Therefore, we introduce suitable subspaces
of the spaces Sx(£2) in this situation.
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3.2. Discrete differential operators

Definition 3.7 (Subspaces in de Rham complex).

SH(Q) = {p € Sy(Q) | grad(p) € Se(?)}, (3.4a)
Se(Q) :={u € Sg(Q) | curl(u) € S£(2)}, (3.4b)
SHQ) = {¢ € SF(Q) | div(9) € Se(?)}. (3.4c)

The definitions (3.1) and the link between continuous and discrete spaces are summarized
in Figure 3.3.

S%(Q) grad >@‘@ curl >(SL(Q) div >(Sc(9)
Ru(p)ly = p(v) Re(w)| = / u -z, Re(@)i = [&-us Re(s)]e = / s
V £ F @

Figure 3.3 — Diagram related to the definition of degrees of freedom on the primal mesh.

3.2 Discrete differential operators

Knowing the definitions of DoFs, the definitions of the discrete differential operators re-
sult from the generalized Stokes theorem (in differential geometry, this theorem regroups the
fundamental theorem of calculus, the Stokes—Kelvin theorem, and the Gauss theorem). With
an obvious correspondence, GRAD, CURL, and DIV designate the discrete counterparts of the
differential operators.

3.2.1 Discrete gradient

The starting point is the fundamental theorem of calculus:

/ grad(p) - 7, = p(b) — p(a), (3.5)

where L is a line (possibly curved) oriented from Tr

a to b by the choice of the unit tangent vector

Tr- a

Notice that the value of this integral does not depend on the shape of the path between a and
b. DoFs attached to vertices and edges naturally appear in (3.5). We set

GRAD:V — &, GRAD(P)|e := Y tvepy, Ve€E, (3.6)
vEVe

where Ve = {v € V|v C 0de} and ¢y, is the incidence number of the vertex v with respect to
the orientation of the edge e. ¢y = %1 for vertices in Ve. tye = +1 if 7, points towards the
vertex v and ¢ty e = —1 otherwise. Only the connectivity edge — vertices contributes to the
definition of the discrete gradient. The algebraic realization of GRAD is a rectangular matrix
G of size #E x #V with entries in {0, £1}. This kind of matrix is called an incidence matrix.

Example 3.8 (Example of definition of G). We consider a face of a cube with vertices
{vi,...,ve} and edges {e1, ..., es}.
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Chp. 3. Discrete setting
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3.2.2 Discrete curl
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The definition of the discrete curl operator relies on the Stokes—Kelvin theorem:

/SM(Q) Vg =

U-ThHs,
oS

(3.7)

where S is a surface (possibly non-planar) oriented by the
choice of a unit normal vector vg. Given an orientation of the
ambient space, vg induces an inner-orientation of the surface.
The boundary of the surface S is denoted by 9.5 and is oriented
by a unit tangent vector T5¢ in accordance with the inner
orientation of S.

DoFs attached to edges and faces naturally appear in the definition of the discrete curl operator.

We set

where E¢ := {e € E|e C 0f} and tcy is the incidence number of the edge e with respect to
the orientation of the face f. For an edge e € E¢, tef = +1 if 7, shares the same orientation
as that induced by vy, ter = —1 otherwise. Only the connectivity face — edges contributes to
the definition of the discrete curl operator. The algebraic realization of CURL is a rectangular
matrix C of size #F x #E with entries in {0, £1}.

Example 3.9 (Example of definition of C). We consider a face of a cube with edges {e1, ...

T8

Tps

Tps

CURL: €& — F, CURL(u)|f:= Z lefUe, VEE€EF,
ecEy

and faces {f1,fs,f3}.

>

' Tos

> Vg




3.2. Discrete differential operators

U,
Ueg C\ Ue,
CURL(u)]g, +1 0 0 0 +1 +1 0 -1
c_| 0 -1 -1 0 041 -1 0
u, y  CURL(wly CURL(wl, ) "l o 0 0 41 0 0 —1 +1
S
U, U,

3.2.3 Discrete divergence

The definition of the discrete divergence operator relies on the Gauss theorem:

/V div(¢) = /BVQ Vv, (3.9) vy

. X Yov A — Vay
where V is a volume. The boundary of V is a -
surface, denoted by V', whose orientation is fixed /
by a unit normal vector vgy pointing outward V. [ Yoy o
|
\
Yoy

DoFs attached to faces and cells naturally appear in the definition of the discrete divergence
operator. We set

DIV:F = C, DIV(@)lec:= > treps, VeeC, (3.10)
feF.
where F, := {f € F|f C Oc} and (¢ is the incidence number of the face f with respect to the
outward orientation of the boundary of the cell c. For a face f € F¢, ¢t = +1 if v points
outward the cell ¢, ¢f. = —1 otherwise. Only the connectivity cell — faces contributes to the
definition of the discrete divergence operator. The algebraic realization of DIV is a rectangular
matrix D of size #C x #F with entries in {0,41}.

Example 3.10 (Example of definition of D). We consider a 2D case with F := {f1,...,fg} and
C = {c1,c9,c3}.
Zﬂ,]\

bs,
Vg Vg,
2 V@l g
”. +10 0 0 +1 +1 0 +1
W‘ﬁfs ¢ — D= 0 +1 +1 0 0 -1 +1 0
DIV(9)|e DIV(®)lc, 0 0 0 —+1 0 0o -1 -1
v
by —
P Py,

szl JZFZ
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Chp. 3. Discrete setting

3.2.4 Properties

Since no length, area, volume or material property appears in the definition of GRAD,
CURL, and DIV, these operators are metric-free. This reflects the topological nature of these
operators. One can stretch, rotate, and deform the mesh, the definition remains unchanged.
Only the connectivity plays a role in the definition.

Proposition 3.11 (Cochain complex).
CURL - GRAD = 07, DIV - CURL = 0c.

Proof. See (Munkres, 1984, § 42). This is a consequence of the fact that the boundary of a
boundary is empty. O

Consequently, Im GRAD C Ker CURL and Im CURL C Ker DIV, where Im is the range of an
operator and Ker its kernel or nullspace. Figure 3.4 summarizes Proposition 3.11.

Y ——GRAD—>| £ ——CURL——>| F DIV > C

Figure 3.4 — Cochain complex induced by the discrete differential operator on the primal mesh.
Proposition 3.12 (Exactness). Assume that the domain ) is simply connected and its bound-
ary 082 is connected. Then, the following identities hold:
Im GRAD = Ker CURL, Im CURL = Ker DIV.
Proof. See (Beirao da Veiga et al., 2014, Lemma 2.4). O
Proposition 3.13 (Commuting property).
Re(grad) = GRAD(Ry), Rgz(curl) = CURL(Rg), Re(div) = DIV(RF).

Proof. The choice of the definitions (3.1) of DoFs combined with the definitions (3.6), (3.8),

and (3.10) of the discrete differential operators based on the generalized Stokes theorem yields
the result. O

S§(9) curl > SL(Q) div

&

S5(Q) grad

Y
Y

Se(Q)

Ry Re Rr Re
2% GRAD > £ CURL ——>| F DIV > C

Figure 3.5 — Three commuting diagrams bridging the continuous de Rham complex (top line)
and the discrete de Rham complex (bottom line) on the primal mesh. The link between the
continuous and discrete setting is operated by de Rham maps.

Figure 3.5 summarizes Proposition 3.13. The discrete differential operators on the primal
mesh produce a cochain complex which is the discrete counterpart of the de Rham complex.
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3.3. Duality concepts

3.3 Duality concepts

Duality plays a key role in the CDO framework. We make explicit in this section how this
concept is introduced by means of a dual mesh.

3.3.1 Dual mesh

Principles. In addition to the primal mesh M, we define a dual mesh M := {\7, E,F, 6},
where V collects dual vertices generically denoted by ¥, E dual edges €, F dual faces f, and
C dual cells ¢. In general, dual edges are not straight and dual faces are not planar (see
Figure 3.6). The primal and dual meshes do not play a symmetric role. The dual mesh does
not need to be seen by the end-user, and only the software developer and the mathematician
manipulate both meshes. The definition of the primal mesh is an input of the problem, while
several definitions of the dual mesh are possible. The Delaunay—Voronoi and the barycentric
dual mesh are the most common constructions. We point out the recent contribution of Mullen
et al. (2011) where Hodge-optimized triangulations are proposed leading to the definition of new
dual meshes.

o O
| Ty b
W)~ )T e ()
o Y$(e) - | ! » 3(f)
] V(c2) | | &(f) |
43“%(6);‘L ************** | :

Figure 3.6 — Examples of primal and dual mesh entities.

Design requirements. In the CDO framework, we specify two requirements on the design
of the dual mesh.

(1) There exists a one-to-one pairing between primal and dual mesh entities. Precisely, each
primal vertex v € V is in correspondence with a unique dual cell ¢. To emphasize this
pairing, we often denote by ¢(v) the dual cell in association with the primal vertex v.
Similarly, to each primal edge e € E corresponds a unique dual face f(e), to each primal
face f € F a unique dual edge &(f), and to each primal cell ¢ € C a unique dual vertex v(c);
see Figure 3.6.

(2) We apply a transfer of orientation between the primal and the dual mesh. The orientation
of the unit vector 74 is determined by v for all f € F and that of Yf(e) by 7, for all e € E;
see Figure 3.6.

A first consequence of the one-to-one pairing is that #\7 = #C, #E = #F, #ﬁ = #E, and
#C = #V. A second consequence is that the dual mesh is not a cellular complex contrary to
the primal mesh. Namely, dual cells ¢(v) related to a vertex v € V® (cf. Definition 3.3), dual
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Chp. 3. Discrete setting

£44e

Figure 3.7 — Dual entities related to primal entities lying on the boundary are not closed. Left:
Consider a tetrahedral cell with one face touching the boundary 902 (shaded face); Middle left:
The dual edge (associated to the shaded face) does not contain the point (cross) lying on the
boundary but contains the point located inside the tetrahedron (bullet); Middle right: The
dual face (associated to an edge of the shaded face) does not contain the edge (crossed line)
lying on the boundary; Right: The dual cell (associated to a vertex of the shaded face) does
not contain the face (crosshatch) lying on the boundary.

faces f(e) related to an edge e € EP, and dual edges &(f) related to a face f € F?, are not closed;
see Figure 3.7.

A consequence of the transfer of orientation is that the following relations hold:

bvie = ~lE(e) 5(v) Ve e E, Vv € Vg
lef = +Lé(f),f(e)? v e F7 Ve € Efa (311)
Ue = —Li(c),a(f)s Ve e C, Vf e Fe.

As mentioned above, there are several ways to build a dual mesh. The two most common
constructions are the Delaunay—Voronoi dual mesh (also called orthogonal dual mesh) and
the barycentric dual mesh. The Delaunay—Voronoi dual mesh is used in DEC, TPFA, and
Covolume schemes for instance; see Figure 3.8 for an example of this construction. Its advantage
is the simplicity of implementation and its efficiency since the stencil is minimal when one
considers this dual mesh. However, its main drawback is its limitation to meshes that satisfy
the orthogonality conditions 7, Viey = 1 for all e € E and vg - 754 = 1 for all f € F. These
conditions are in particular satisfied by Cartesian meshes.

The barycentric dual mesh requires more care in the implementation, but its crucial advan-
tage is that it exists for a broad class of meshes ranging from simplicial to polyhedral meshes
with hanging nodes; see Figure 3.9. Owing to its applicability to a broad class of meshes and
since we want to consider polyhedral meshes, we focus on the barycentric dual mesh in this
thesis. The barycentric dual mesh relies on a barycentric subdivision of the primal mesh. This
subdivision along with its main properties are detailed in Section 5.2.

3.3.2 Degrees of freedom

Following the same rationale as for the primal mesh, we introduce spaces of DoFs on the dual
mesh. There are four spaces denoted by V, £, F, and C defined from de Rham maps related to
the corresponding entities of the dual mesh. Let ) be any of the spaces in {V, &, F,C}. Then,
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V6 V5
cs
\&/
V1 V4
2
AP V3

Figure 3.8 — Example of a Delaunay—Voronoi dual mesh (right) and its Delaunay primal mesh
(left).
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Figure 3.9 — Examples of meshes where a barycentric dual mesh can be considered. Left:
Hexahedral mesh with a strong non-orthogonality; Middle: Polyhedral mesh based on the
extrusion of a polygonal facet. Right: Polyhedral mesh with hanging nodes.

the (dual) de Rham map Ry : S~(Q) — Y acts as follows:

y

Vp € S5(9), R (0)ls(e) = p(¥(c)), Ve e C, (3.12a)

Vu € Sz(9), Rae(wlsry = | w-Tap), vt e F, (3.12b)
&(f)

Vu € SH(Q), Rx(6)lze) = / 6 vy Veck, (3.12¢)
f(e)

Vu € S5(9), Re(s)leqvy == [ s Vv e V. (3.12d)

The functional spaces Sy(Q) are (a particular choice of) the domains of the de Rham maps

R)~/(Q) and can be defined similarly to Definition 3.5, so that

S5(Q) = Sy(Q),  Sx(Q) = Se(Q), Sx(Q) = S£(Q), Q) = Se(Q). (3.13)

Two families of CDO schemes. Since we consider primal and dual meshes, we have access
to two sets of vertices, edges, faces, and cells. Thus, there are two possibilities to locate DoFs
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Chp. 3. Discrete setting

related to a potential: either on primal vertices or on dual vertices. The same reasoning
holds also with edges for a circulation, with faces for a flux, and with cells for a density. In
general, once the choice for the potential has been made, all the remaining DoFs are localized
in accordance with this first choice as a consequence of the balance equations and the closure
relations linking the various fields. This distinction for positioning the DoFs related to the
potential leads to two families of CDO schemes: vertex-based schemes where the potential DoFs
are located at primal vertices and cell-based schemes where the potential DoFs are located at
dual vertices (in one-to-one correspondence with primal cells). The terminology “cell-based”
has been preferred in order to emphasize the salient role of the primal mesh since this mesh is
the only one that needs to be seen by the end-user. This distinction of positioning the DoFs
has already been underlined in the work of Bossavit (2000) and Perot & Subramanian (2007).

Remark 3.14 (Orientations). When one considers the concepts of inner and outer orientations
(cf. Remark 3.4), choosing a vertex-based scheme corresponds to the choice of an inner-oriented
primal mesh (and an outer-oriented dual mesh), while choosing a cell-based scheme corresponds
to the choice of an inner-oriented dual mesh (and an outer-oriented primal mesh).

3.3.3 Discrete differential operators

Definitions. The definition of the discrete differential operators on the dual mesh relies on
the same principles as for the primal mesh. As a result, the following definitions hold:

—_—~—

GRAD :V — &, Ve cE,¥peV, GRAD(p)s:= > t5eps, (3.14a)

where Vg := {¥ € V|¥ C 8} and 155 = +1 if 75 points towards ¥, 5.5 = —1 otherwise;

<:1
™

P

CURL: € — F, VieF,vue€,  CURL(u)|;:= Y 1, fus, (3.14b)

where Ef = {eeE|ecdf} and tz7 = +1 if 75 shares the same orientation as the one induced

by v; on of, tz7 = —1 otherwise;

DIV : F — C, veeC,VpeF,  DIV(@)e:= > 1,05 (3.14c)
feﬁa

where Fz := {f € F|f c 8¢} and t;z = +1if 5 points outwards ¢, ¢; . = —1 otherwise.

Recall that dual mesh entities touching the boundary 0f) are not closed. This is a con-
sequence of the one-to-one pairing between primal and dual entities. As a result \7.5 contains
only one vertex when the dual edge € is associated to a primal face f € F®, edges é € E do
not form a closed path around the dual face f when f is associated to a primal edge e € EB
and faces f € Fz do not close the dual cell ¢ when the dual cell is associated to a primal vertex
v € V® (see Figure 3.7).

Algebraically, GRAD is defined by a rectangular matrix denoted by G of size #F x #C =

#E X #V (owing to the one-to-one pairing), CURL by C of size #E x #F = #F X #E and
DIV by D of size #V X #E = #C x #F. G is associated to the connectivity f — c, C to the
connectivity e — f, and D to the connectivity v — e.

Properties. The discrete differential operators on the dual mesh are topological or metric-free
operators since they are algebraically defined by incidence matrices.

Owing to the one-to-one pairing between primal and dual entities, V (resp. g , F , 5) is
isomorphic to C (resp. F, £, V). Thus, there are four duality pairings, denoted by ve, e, 7,
and cv. For each duality pairing, we define a duality product.
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Definition 3.15 (Duality products).

Vp eV, Vs € C, [p,s],z == Z PvSe(v)s (3.15a)
vev

Yuec & VoeF, [uél.z= Z}Eue@(e), (3.15b)
ec

V¢ € F,Vu €&, [¢,u],z = f§;¢fué(f), (3.15¢)

€

VseC, VpeV, [s,pl.5 == Z ScPv(c)- (3.15d)

ceC

Proposition 3.16 (Adjunction property). The following identities hold:

[GRAD(p), ¢].7 = —[p, DIV(¢)],, ¥p eV, Vo e F, (3.16a)
[CURL(w),v],: = [u,CURL(vV)].;, Vue&, ¥vecé, (3.16b)
[DNV(¢).pl.; = ~[¢.GRAD(p)],z. Vo F, ¥pe V. (3.16¢)

Algebraically, this means that G=-D',C=C", and D= —-G".

Proof. The adjunction property results from the definitions of the discrete differential operators
and the transfer of orientation (3.11). O

Proposition 3.17 (Cochain complex).

CURL - GRAD =0z, DIV - CURL = 05 (3.17)
Proof. This is a straightforward consequence of Propositions 3.11 and 3.16. O

Consequently, ImG/I_?TA/D C KerE[J\RT_ and ImEl_J\F—QT_ C Ker DIV. Figure 3.10 summarizes
Proposition 3.17.

~ —~ e~ ~ I ~

Y ——GRAD—> & ——CWRRL—>| F DIV > C

Figure 3.10 — Cochain complex induced by the discrete differential operator on the dual mesh.

We close this section with a commuting property of the discrete differential operators with
the de Rham maps on the dual mesh. This property holds for the interior dual entities since
they are closed contrary to those touching the boundary 9f2.

Proposition 3.18 (Commuting property with de Rham map). The following identities hold:

vf e FI, Rg(grad)‘é(f) = m(Rg)’é(f), (3.18&)
Ye € B, Ri(curl)lzo) = CURL(RZ)lze). (3.18b)
Vv € VI, Rg(div)|5(v) = DlV(Rj_:)|6(V) (3.18C)

Proof. Using the generalized Stokes theorem on the interior dual entities and the definition of
the degrees of freedom (3.12) yields the result. O
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3.4 Discrete Hodge operators

3.4.1 Principles

The name “Hodge operator” stems from a concept of differential geometry called Hodge-
star operator (see Frankel, 1997, Chapter 14, for instance). The Hodge operator embeds a
metric (usually induced by a phenomenological parameter) and connects spaces in duality.

A discrete Hodge operator shares the same features. The discrete Hodge operator links
spaces of DoFs in duality xy € {ve¢,eF, 7¢,cv} and is a metric operator since its definition
relies on lengths, areas or volumes related to primal or dual entities and on the evaluation of a
material property. Let o denote a material property. Then, we use the generic notation HYY for
the discrete Hodge operator. In this thesis, « is either a conductivity « (possibly tensor-valued)
when one considers elliptic equations (cf. Section 4.1 and Chapter 8) or a mass density p or
a viscosity p when one considers the Stokes equations (cf. Section 4.2 and Chapter 9). The
discrete Hodge operator is used to discretize constitutive or closure relations (the Fourier or
Darcy law when one considers elliptic equations or the link between velocity and mass flux when
one considers the Stokes equations). Observe that a constitutive law results from experiments
and is part of a physical model where approximations occur depending on the problem at hand.
In the CDO framework, approximations take place at the same level since the discrete Hodge
operator is the sole operator leading to a consistency error.

The discrete Hodge operator is the cornerstone of the CDO approach. The definition of
this operator is not unique contrary to that of discrete differential operators. Each definition
leads to a different scheme, so that the discrete Hodge operator is the element of differentiation
between two CDO schemes. Several definitions have been proposed in the literature. Most of
the contributions stem from the electromagnetism community. Bossavit (2000) has introduced
the concept of Galerkin Hodge (see also Tarhasaari et al. (1999)) by considering a discrete
Hodge operator as a mass matrix weighted by a material property. Auchmann & Kurz (2006)
have devised a discrete Hodge operator based on geometrical identities proper to simplicial
meshes. We also mention the contribution of Codecasa et al. (2010) where a discrete Hodge
operator is defined for polyhedral meshes (cf. Section 7.3 for more details).

Remark 3.19 (Unified vision). An interesting consequence of these multiple definitions is that
we end up with a unified vision both of the analysis and of the implementation of CDO schemes.
Assuming that the discrete Hodge operator verifies a set of identified properties (cf. next sec-
tion), then all the analysis holds for the schemes derived from this discrete Hodge operator.
This idea has been earlier pointed out by Tarhasaari et al. (1999). From the implementation
point of view, plugging a discrete Hodge operator gives rise to a specific scheme without altering
the remaining part of the code involving, in particular, the discrete differential operators.

In addition to H;‘i’ X — )7, there exists another category of discrete Hodge operators act-
ing on dual spaces of DoFs and mapping to primal ones Hgfl : Y — X where yx € {ev, Fe, 27, v}
(see Figure 3.11). Since in general Hgi’ # (Hi’fl)_l, using Hgs’ or (Hi’fl)_l leads to different
schemes. The majority of the work in the literature is dedicated to the discrete Hodge opera-
tors Hji’ acting on the primal DoFs spaces. To our knowledge, only He (2006), Christiansen
(2008), and Gillette & Bajaj (2011) have studied the case of discrete Hodge operators Hifl
defined from the dual DoFs spaces in non-trivial cases (i.e. Hgfl # (Hjs’)*l). He (2006) has
considered this kind of discrete Hodge operators to speed up the iterative solver since ij X
can be viewed as a sparse approximate inverse of Hfi’. Christiansen (2008) has proposed a
generic building principle based on the resolution of local minimization problems discretized
on an underlying simplicial submesh of each cell (cf. Section 7.3.2). Gillette & Bajaj (2011)
have specifically focused on the operator H‘I’C (with a = 1) using the concept of generalized
barycentric coordinates for handling polyhedral cells.
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3.4. Discrete Hodge operators

Xy yx - ve cv - £F Fe . FE EF - cv ve
HxY H =  HY HEY, or  HE H7e, or  HZ HEZ,  or  HE HYe,

Figure 3.11 — Generic discrete Hodge operators from the primal DoFs spaces and generic discrete
Hodge operators from the dual DoFs spaces.

3.4.2 Design

In the CDO framework, the crucial point is the design of the discrete Hodge operator. In the
specific case of orthogonal meshes and isotropic material property, a diagonal discrete Hodge
operator can be considered (cf. Section 3.4.3). In more general situations (non-orthogonal
meshes or anisotropic material property), it is possible to design discrete Hodge operators from
the primal mesh to the dual mesh such that the matrix representing this operator is sparse
and symmetric positive definite (SPD). Since the discrete Hodge operator maps from a vector
space to its dual, this implies that the discrete Hodge operator is self-adjoint and (strictly)
monotone. In this thesis, we abuse this terminology and say that the discrete Hodge is SPD.
A general way to build a (global) discrete Hodge operator is to assemble local discrete Hodge
operators defined at the cell level. Design properties are thus stated locally. Examples using
reconstruction operators are given in Chapter 7. On general meshes, building a global discrete
Hodge operator from the dual mesh to the primal mesh with an explicit expression of its entries
is still, to our knowledge, a current subject of investigation.

Local design properties. For each primal cell ¢ € C, the design of the discrete Hodge
operator Ha”® hinges on three local properties (cf. Section 6.2 for a more formal statement):
(HO) A symmetry property.

(H1) A local stability property which states that the eigenvalues of H5¢”® are uniformly bounded
from above and from below away from zero.

(H2) A local Py-consistency which states that the local discrete Hodge operators can exactly
represent constant fields.

Assembly. The assembly of the global discrete Hodge operator H;‘g’ is performed on primal
cells. In what follows, we made the reasonable assumption that the material property is con-
stant (or, more generally, smooth) in each primal cell. The assembly principle is the following,.
We first introduce local subsets for each ¢ € C, as follows:

X :={x € X|x C dc}, Y. = {7c(x) :=9(x)Ne, x € X} (3.19)

We define from the local subset X (resp. Y.) the local DoFs spaces X. (resp. Ye); see
Figure 3.12 and Section 6.2 for more details. Then, we introduce a local discrete Hodge
operator Hy*”® : X, — 37(3 attached to the primal cell c. This local discrete Hodge operator is
SPD by construction (owing to (HO) and (H1)). The global discrete Hodge operator H}Y is

then obtained by a cellwise assembly process of the local discrete Hodge operators as follows:

H;«i} _ z T H;fcffc TXes (3.20)
ceC
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Chp. 3. Discrete setting

Figure 3.12 — Consider a prismatic cell c. The set of local edges Ec = {e1,...,e9} is depicted
in blue and the set of local dual faces Fo = {fc(e1),...,fc(eg)} is depicted in red.

where the transfer operator Tx : R#X — R#Xe is the (full-rank) map from global to local
DoFs, and Tk : R#Xe — R#X is the map acting from local to global DoFs. T% . is a right
inverse of TX’; and the algebraic realization of T;{,c and Tx . are matrices that are transpose
of each other (i.e. Tx Tk . = ldg#x. and [a, Txc(b)],.5. = [Tk (a),b],5 for all a € A, and
all b e )).

As a consequence of (3.20), H js’ is algebraically represented by a (large) sparse SPD matrix

of size #X = fﬁ{’, while Hae”* is algebraically represented by a (small) dense SPD matrix of
size #X. = #Y..

Design strategies To fulfill the properties (HO), (H1), and (H2), two main strategies are
considered in the CDO framework:

(1) The local discrete Hodge operators are designed by setting directly the entries of the
matrix associated with the algebraic representation of the operator. These entries are
specified in order to verify the three design properties. This strategy, based on an algebraic
representation of the discrete Hodge operator, is analyzed in Chapter 6. MFD and DEC
schemes share this viewpoint; see also Hiptmair (2001a).

(2) The local discrete Hodge operators Hac>°

as follows:

are defined from a reconstruction operator Ly,

o, HEV (b)] . 5. = / Lx.(a)- oLy, (b), ¥(a,b) € Xo x X.

In this situation, the design properties of the local discrete Hodge operator are induced
by the design properties of the reconstruction operators. This strategy is analyzed in
Chapter 7. FEEC, DGA, and MSE schemes adopt this viewpoint; see also the concept of
"Galerkin Hodge" introduced by Bossavit (2000).

Remark 3.20 (Comparison with FE and FV). The algebraic strategy is close to a FV spirit,
while the strategy using reconstruction operators is close to a FE spirit.
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3.4. Discrete Hodge operators

3.4.3 Simple examples

In this section, we illustrate the construction of discrete Hodge operators in the case of ellip-
tic equations. In this situation, H;” and H”%,, where  is the conductivity, are the two involved
discrete Hodge operators. We give simple examples of diagonal discrete Hodge operators since
we consider the case of Delaunay—Voronoi meshes and an isotropic (i.e., scalar-valued, but not
necessarily constant) conductivity. Similar definitions hold for Cartesian meshes too.

Construction of Hi} . We first recall the local subsets
E.:={e€E|e C dc} and F.:= {f.(e) :=f(e)Nc]|e € E}.
The entries of the local discrete Hodge operator in each cell ¢ € C are simply equal to

F c fc
He e [ o) e = Belel®l ||e’(e)| Ve € E, (3.21a)

and those of the global discrete Hodge operator to
- 1 -
H lfye = o > kelfe(e)|, Ve€E. (3.21b)

An arithmetic average of the conductivity naturally appears in the definition of the entries of
the global operator.

Figure 3.13 — Quantities involved in the definition of diagonal discrete Hodge operators. Left:
H%7; Right: HZS,.

Construction of Hg El, We first recall the local subsets
Fo:={feF|fcact and E.:={&f):=a(f)Nc|feF.}.

The entries of the local discrete Hodge operator in each cell ¢ € C are simply equal to

~ ~C f
H 5 oo ()6 = () vf € F, (3.22a)

Ke |f]| ’

and those of the global discrete Hodge operator to

= 1
HZ% e e = T > kgt ec(f)], VEEF. (3.22b)
ceCs
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Chp. 3. Discrete setting

An harmonic average of the conductivity naturally appears in the definition of the entries of
the global operator. Moreover, in the present case, a simple choice of discrete Hodge operators
from dual to primal spaces of DoFs is H7¢, := (H£")™! and HE" := (H7,)™! since it is
straightforward to invert a diagonal matrix.

Adopting the CDO viewpoint, the equivalence between the DEC schemes, the Covolume
approach, and the TPFA schemes is straightforward since they all fit the CDO framework and
share the same discrete Hodge operator. These approaches are possible on meshes with an
orthogonality condition, such as Cartesian and Delaunay—Voronoi meshes, but this condition
is too restrictive for handling complex geometries. Therefore, in an industrial context, we do
not use this approach. We refer in particular to Chapter 7 for more details.

3.5 Synthesis: fully discrete setting

In the CDO framework, we end up with two discrete de Rham sequences (see Figure 3.14):
one on the primal mesh (in blue, top line) and the other one on the dual mesh (in red, bottom
line). These two discrete sequences are linked together by the discrete Hodge operators. The
horizontal links are topological (or metric-free) relations while the vertical relations are metric-
dependent and also rely on material properties. A solid line means a relation free of consistency
errors, while a dotted line means the contrary. Table 3.1 summarizes the main features of
discrete differential operators and discrete Hodge operators.

Y ——GRAD —>| & ——CURL—>| F DIV—— C(C

Hve HEF H7e, Hev )

(e} (e}

C |[<—Div F [<—CWRL— € |[<—GRAD— V

Figure 3.14 — Fully discrete setting.
[ Discrete Differential Operators ] [ Discrete Hodge Operators ]
Topological laws ) ( Constitutive relations )
Error-free Approximation

Unique definition Multiple definitions

Table 3.1 — Main features of discrete differential operators and discrete Hodge operators.

34



Chapter 4

CDO schemes
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In this chapter, we use the discrete setting introduced in Chapter 3 to devise CDO schemes
for elliptic and Stokes equations, postponing the analysis (stability, convergence) to Chapters 8
and 9, resp. For both equations, we propose generic CDO schemes that encompass various
schemes (from FE schemes to FV schemes) as soon as one specifies which discrete Hodge
operator is used. The present CDO schemes feature several interesting properties. They can
be deployed on polyhedral meshes (with an adequate choice of the discrete Hodge operator),
and the discrete solution satisfies local conservation properties.

For both elliptic and Stokes equations, two families of schemes are presented depending on
the positioning of the DoFs related to the potential. Choosing a positioning on primal vertices
leads to vertez-based schemes, while choosing a positioning on dual vertices (which are in a
one-to-one pairing with primal cells) leads to cell-based schemes.

CDO schemes for elliptic equations are detailed in Section 4.1 and those for Stokes equations
in Section 4.2.

4.1 Elliptic equations

4.1.1 Vertex-based schemes

Vertex-based schemes rely on writing the elliptic problem in primal formulation as follows:

—div(x gradp) = s, in Q, (4.1)

with source term s € L2(Q). In what follows, p is termed the potential. For simplicity, we
focus on homogeneous Dirichlet boundary conditions; non-homogeneous Dirichlet/Neumann
boundary conditions for (4.1) can be considered as well. The conductivity £ can be tensor-
valued and heterogeneous, and we assume that the tensor is symmetric and its eigenvalues are
uniformly bounded from above and from below away from zero. We additionally assume that
the conductivity is piecewise constant in each primal cell (it is also possible to assume that the
conductivity is piecewise smooth up to additional technicalities).
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Chp. 4. CDO schemes

Following the rationale introduced in Section 2.1, we split equation (4.1) into two topological
relations (equations (4.2a) and (4.2c) below) and one constitutive relation (equation (4.2b));
in doing so, we introduce the gradient g and the flux ¢ of the exact solution such that

g = gradp, (4.2a)
diveg = s. (4.2¢)

In vertex-based schemes, the discrete potential, denoted by p, is attached to primal vertices,
the discrete gradient g to primal edges, the discrete flux ¢ to dual faces, and the source term
to dual cells. The discrete Hodge operator to consider, which is related to the conductivity &,
is

HEF € o F. (4.3)
The discrete counterpart of equations (4.2) is

g = GRAD(p), (4.4a)
¢=—H(g) (4.4)
DIV(¢) = Rx(s). (4.4c)

The resulting discrete system is: Find p € V such that

SN/ . HEF _

—DIV - H.” - GRAD(p) = R5(s). (4.5)

For simplicity, we assume there is no quadrature error in the computation of the discrete source
term Rc~(s) on the right-hand side. Since GRAD and —DIV are adjoint operators (cf. Proposi-
tion 3.16) and the discrete Hodge operator is SPD by construction, the discrete system (4.5)
is SPD. The algebraic system is of size #V.

In vertex-based schemes, the balance is expressed on dual cells and is locally exact. Specif-
ically, for all v e V,

Y e = Ra(8)lew)- (4.6)
feFq)

The relations between DoFs and discrete operators can be summarized using a Tonti dia-
gram. The diagram related to equation (4.5) is depicted in Figure 4.1 (compare with the fully
discrete setting introduced in Figure 3.14).

PEV GRAD >gel
HE”
R(s) € C |« DIV ¢cF|
Balance equation Flux definition

Figure 4.1 — Tonti diagram of vertex-based schemes for elliptic problems.

Remark 4.1 (Dirichlet BC). In vertez-based schemes, the Dirichlet BC can be strongly en-
forced by discarding the potential DoFs attached to boundary vertices and the gradient degrees
of freedom attached to edges included in the boundary; the corresponding degrees of freedom
attached to dual faces and dual cells are also discarded. Their contribution, in the case of a
non-homogeneous Dirichlet BC, are thus collected in the right-hand side. This point is detailed
in the EDF' R&D technical report (Ra) mentioned in Chapter 1.
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4.1. Elliptic equations

Remark 4.2 (Link with F'V schemes). We observe that (4.5) is equivalent to a F'V scheme on
the dual mesh (also called vertex-centered F'V scheme).

4.1.2 Cell-based schemes

Cell-based schemes rely on the mixed formulation of the elliptic problem (4.1), defined as
follows:

—1 - .
{H ¢ +grad(p) =0,  inQ, (4.7)

div(¢) =s, in Q.

In such schemes, the discrete potential is attached to dual vertices (p € 17), the discrete gradient

to dual edges (g € &), the discrete flux to primal faces (¢ € F), and the source term to primal
cells. The discrete Hodge operator to consider is

78 L F o E. (4.8)
In cell-based schemes, the resulting discrete system is: Find (p, ¢) € V x F such that

{ HZE,(¢) + GRAD (p) = 0

DIV(¢) — Re(s).
As for vertex-based schemes, we assume there is no quadrature error related to the computation
of the discrete source term R¢(s) on the right-hand side. Since _GRAD and DIV are adjoint
operators (cf. Proposition 3.16) and H”Z, is SPD by construction, the algebraic system (4.9)

is a saddle-point problem of size #C + #F. In cell-based schemes, the balance equation is
expressed on primal cells and is locally exact. Specifically, for all ¢ € C,

S tredr = Re(s)le- (4.10)
feF.

Remark 4.3 (Dirichlet BC). Enforcing the Dirichlet BC' does not entail discarding DoFs,
but the discrete gradient operator explicitly accounts for the boundary condition on dual edges
touching the boundary. In the case of a homogeneous Dirichlet BC, the definition of the discrete

(4.9)

gradient operator GRAD remains unchanged.

Remark 4.4 (Link with FV schemes). Observe that (4.9) is a mized F'V scheme on the primal
mesh since there is one unknown per primal cell and one unknown per primal face.

The Tonti diagram depicted in Figure 4.2 summarizes the relations between DoFs and
discrete operators in the cell-based setting (compare with Figure 3.14).

Flux definition Balance equation

e F DIV > Re(s) € C
HZE,
gel|l«~——GraD—peV

Figure 4.2 — Tonti diagram of cell-based schemes for elliptic problems.

Remark 4.5 (Hybridization). In general, the resolution of a saddle-point system is not as
efficient as the resolution of a SPD system. A classical way to circumuvent this point is to
hybridize the system (4.9); see Brezzi €& Fortin (1991). We develop this technique in the context
of cell-based CDO schemes in Section 8.3.
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Chp. 4. CDO schemes

4.2 Stokes equations

4.2.1 Formulations

The Stokes equations model incompressible flows of viscous fluids where the advective
inertial forces are negligible with respect to the viscous forces. In this thesis, we focus on the
stationary Stokes equations with constant mass density and constant viscosity. The classical
formulation of the Stokes problem uses a vector Laplacian in the momentum balance. This
first formulation takes the form

{ — A(u) + grad(p) = f, in €,
07

div(u) 0. in £, (4.11)

where p is the pressure, u the velocity and f the external load. Various schemes were pro-
posed to discretize this formulation on polygonal or polyhedral meshes, including MFV schemes
by Droniou & Eymard (2009), MFD schemes by Beirao da Veiga et al. (2009, 2010) and Beirao da
Veiga & Lipnikov (2010), DDFV schemes by Krell & Manzini (2012), an extension of the
Crouzeix-Raviart FE scheme by Di Pietro & Lemaire (2015), and a scheme on triangular
meshes based on the FEEC approach by Falk & Neilan (2013). Discretizing the vector Lapla-
cian with CDO schemes is not addressed in this thesis, but is left for future work.

In this thesis, we focus on the Stokes equations formulated with the curl operator. Our
starting point is to recast the viscous stresses in the momentum balance using the identity
—A = curl curl — grad div, so that all the terms in the Stokes equations can be interpreted
using scalar-valued differential forms. We analyze two formulations. The first one, hereafter
called two-field curl formulation, takes the form

{ curl(curl(u)) + grad(p) =
div(u)

= (4.12)

f, in ,
0, in Q.

Introducing the vorticity w := curlwu, the second formulation, hereafter called three-field curl
formulation (also called Velocity-Vorticity-Pressure formulation in the literature), takes the
form

—w+cwl(u) =0, in Q,
curl(w) + grad(p) = f, o (4.13)
div(uw) =0, in Q.

Curl formulations of the Stokes equations have been considered, e.g., by Nédélec (1982) and Dubois
(1992, 2002) for the three-field curl formulation and by Bramble & Lee (1994) for the two-field
curl formulation. Essential and natural boundary conditions (BCs) can be considered for both
formulations. The first set of BCs enforces the value of the normal component of the velocity

U - Vg and that of the tangential components of the vorticity w X vyq at the boundary. These
BCs are natural for (4.12) and essential for (4.13). As the pressure is then determined up to an
additive constant, the additional requirement of p having zero mean-value is typically added.
The second set of BCs enforces the value of the tangential components of the velocity u x vyq
and the value of the pressure at the boundary. These BCs are essential for (4.12) and natural
for (4.13).

In this thesis, we devise and analyze CDO schemes for the Stokes problem in the curl
formulations (4.12) and (4.13). Since the pressure plays the role of a potential, its DoFs are
located at primal or dual mesh vertices. The former case hinges on (4.12) leading to vertez-
based pressure schemes, while the latter hinges on (4.13) leading to cell-based pressure schemes.
Both CDO schemes involve two discrete Hodge operators, one related to the mass density
which links the velocity (seen as a circulation) to the mass flux, and the other one related to
the viscosity which links the vorticity to the viscous stress.

A benefit from the CDO framework is to deliver two possible discretizations of the external
load. To our knowledge, the idea of considering two possible discretizations of the external
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4.2. Stokes equations

load is new. This issue is quite important in practice so as to obtain tight error estimates when
the external load has a large curl-free or a large divergence-free part (see Linke (2014) for a
related work on classical FE schemes and loads with a large curl-free part). In CDO schemes,
both situations can be handled by simply choosing a discretization of the external load on
primal or dual mesh entities, without using explicitly any Hodge—Helmholtz decomposition of
the external load (cf. Sections 9.1 and 9.2 for the resulting error estimates and Section 9.3 for
a numerical illustration).

On specific meshes, previous schemes from the literature can be recovered from the present
CDO schemes. On simplicial meshes and using Whitney forms to build the discrete Hodge
operator, the present vertex-based (resp., cell-based) pressure schemes yield the recent FE
scheme by Abboud et al. (2012) (resp., by Nédélec (1982) and Dubois (1992, 2002)). On
Delaunay—Voronoi meshes where diagonal discrete Hodge operators can be used, the present
CDO schemes are closely related to the recent MAC schemes by Eymard et al. (2014) on trian-
gular meshes; see also Perot & Nallapati (2003). Furthermore, the present cell-based pressure
schemes share the same algebraic structure (same discrete differential operators, but differ-
ent discrete Hodge operators) as the recent MSE method on general quadrilateral/hexahedral
meshes analyzed by Kreeft & Gerritsma (2013); see also Bernardi & Chorfi (2006). We also
mention the DDFV scheme on general 2D meshes by Delcourte & Omnes (2014), which also
hinges on the three-field formulation (4.13).

4.2.2 Vertex-based pressure schemes

In vertex-based pressure schemes, the starting formulation is the two-field curl formula-
tion (4.12). Although the mass density p and the viscosity p are constant, we rewrite (4.12)
using these material properties so as to identify where a discrete Hodge operator should be

used. We obtain
{ curl(p curl(u)) + pgrad(p*) = pf*, in Q,

(4.14)
div(pu) =0, in Q,

where we have introduced the pressure potential p* := p~!p and the external load = pt [
In what follows, we also consider the mass flux ¢ := pu, and the auxiliary field w* := uw to
which we loosely refer as viscous stress circulation. We focus on natural BCs for (4.14), which
are given by

b-von =00, W' Xvpg=wd,  ondQ, (4.15)

with data QEC and wP® (for essential BCs, cf. Remark 4.7). Using ¢ and w*, (4.14) can be

rewritten as
curl(w”) + pgrad(p”) = pf~, in Q,
div(¢) =0, in Q.

(4.16)

At the continuous level, the two unknowns are the pressure potential p* and the velocity u.
The DoFs of the pressure potential, denoted by p*, are located at primal vertices. The DoFs
of the velocity, denoted by u, are located at primal edges. The velocity field is therefore seen
as a circulation. The vorticity DoFs, which are located at primal faces, are directly obtained
from the velocity DoFs by setting

w := CURL(u). (4.17)

The translational invariance of the discrete pressure potential (the discrete counterpart of the
zero mean-value condition on the pressure) is fixed by the condition

[p*, HY(1)],z = 0, (4.18)

where H‘fg is a diagonal discrete Hodge operator with diagonal entries set to |¢(v)| and 1 € V
has all its entries equal to 1. The discrete space related to the pressure potential is therefore

Vip:={08€V; [8,H°(1)],; = 0}. (4.19)
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Chp. 4. CDO schemes

There are two discrete Hodge operators, one related to the mass density p and the other to the
viscosity p, such that ~ N ~ N
HYY & —F  and H :F—¢&. (4.20)

These operators allow us to define respectively the discrete mass flux ¢ located at dual faces
and the discrete viscous stress circulation w* located at dual edges as follows:

¢ = HE (), (compare with ¢ = pu), (4.21)

wr = Hﬁg(w), (compare with w* = pw).

For homogeneous natural BCs, the resulting discrete scheme is: Find (p*,u) € V1 x &€ such
that

{ CURL - HZ% . CURL(u) 4 HE” - GRAD(p*) = $™(p, f*), 22)

— DIV - H (u) = 0

The discrete system (4.22) is a saddle-point problem of size #V+#E. Namely, C/U\/I'\’L'Hﬁg-CU RL
is SPD since CURL and CURL are adjoint (cf. Proposition 3.16) and Hﬁg is SPD by construction.

In addition, Hf)} - GRAD and —DIV - H;’% are adjoint, since Hf)% is symmetric by construction
and —GRAD and DIV are adjoint (cf. Proposition 3.16). The right-hand side S*®(p, f*)

F discretizes the external load pf*. Two discretizations of the external load are studied in
Section 9.1 according to the nature of f* (with a large curl-free or divergence-free part).

We observe that in (4.22), mass balance holds in each dual cell and force balance across
each dual face. Specifically,

Tie) + 8ie) = S0, [ )iy Ve E€E, (4.23a)
> e =0, W eV, (4.23b)
fe’ﬁa(w

with the discrete shear stress 7 := m_(w*) € F and the discrete pressure gradient g :=
HS” - GRAD(p*) € F. All the relations in (4.22) between DoFs and discrete operators are
summarized in Figure 4.3.

preV GRAD ——>|u € & CURL——>|w € F
£F FE
Hp Hy
C |« DIV ¢,S" € F|«— CURL wre&
Mass balance Force balance

Figure 4.3 — Tonti diagram of vertex-based pressure schemes for the Stokes equations.

Remark 4.6 (Non-homogeneous natural BCs). Non-homogeneous natural BCs can be easily
incorporated by modifying the right-hand side of (4.22) accordingly. This point is detailed in
the EDF R&D technical report (Rb) mentioned in Chapter 1.

Remark 4.7 (Essential BCs). Essential BCs for (4.14) are u x vyg = uP® and p* = p"° on
0. Such BCs can be enforced strongly by removing the corresponding DoFs from the discrete
spaces or weakly by a (consistent) penalty method using the full spaces of DoFs. The analysis
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4.2. Stokes equations

of vertex-based pressure schemes with essential BCs is left for future work; the main point
consists of either deriving suitable discrete Poincaré inequalities on smaller spaces of DoF's
if strong enforcement is considered or analyzing the consistency and penalty terms if weak
enforcement is considered.

4.2.3 Cell-based pressure schemes

Cell-based pressure schemes rely on the three-field curl formulation (4.13). Introducing the
mass density p and the viscosity u leads to

1

—p Wt +eurl(pTlg) =0 in €,
p~curl(w*) + grad(p*) = f*, i Q, (4.24)
div(¢) =0 in €,

recalling that ¢ = pu, w = curl(u), w* = pw, p* = p~p, and i* = p‘li. We focus on natural
BCs for (4.24), which are given by

u X Z@Q - 2207 p* = pr’ on aQ: (425)

with data uP® and pP°. A discussion similar to that in Remark 4.7 can be made regarding
essential BCs.

At the continuous level, the unknowns are the pressure potential p*, the mass flux ¢, and
the viscous stress circulation w*. The DoFs of the pressure potential, denoted by p*, are located
at dual mesh vertices (in one-to-one pairing with primal mesh cells). The DoFs of the mass
flux, denoted by ¢, are located at primal faces, while the DoFs of the viscous stress circulation,
denoted by w*, are located at primal edges. There are two discrete Hodge operators, one related
to the (reciprocal of) the mass density p and the other to the (reciprocal of) the viscosity p
such that ~ R

H?¢ :F—& and HY,:€—F (4.26)

These operators allow us to define respectively the discrete velocity located at dual edges and
the discrete vorticity at dual faces as follows:

u= Hﬁg (), (compare with v = p~'9), (4.27)
w = HiZ (W), (compare with w = p~'w™).
Moreover, the following relation holds:
w = C/U\R/L(u) (4.28)

The cell-based pressure scheme with homogeneous natural BCs is: Find (p*, ¢, w*) € V x
F x & such that R o R
— Hi’fl(w*) + CURL - H,ffl(gb) =0z,
H7%, - CURL(w*) + GRAD(p*) = S®(p, f*), (4.29)
— DIV(9¢) = 0c.
ThlS discrete system is a “double” saddle- pomt problem of size #C + #F + #E. Namely,

1-CURL and CURL- H]p”fl are adjoint, Hgfl is SPD, and GRAD and —DIV are adjoint. These
propertles are readily verified using the adJunctlon properties between discrete differential
operators (cf. Proposition 3.16) and the fact that H’Z, and H7Z, are SPD by construction.

The right-hand side S(p, f) € & discretizes the external load f. Two discretizations of the
external load are studied in Section 9.2 according to the nature of f* (with a large curl-free or
divergence-free part). Furthermore, non-homogeneous natural BCs can be easily incorporated
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Chp. 4. CDO schemes

by modifying the right-hand side of (4.29) accordingly. We observe that in (4.29), mass balance
holds in each primal cell and force balance along each dual edge. Specifically,

o0 + 8e(r) = ST [ e, VEEF, (4.30a)
Z tiepr =0, Ve e C, (4.30b)
feF.

with the discrete shear stress 7 := H/f ,gl - CURL(w™) € £ and the discrete pressure gradient

g = C-TFEH)(p*) e €. All the relations in (4.29) between DoFs and discrete operators are
summarized in Figure 4.4.

Mass balance

Jw* e & CURL—>| ¢ € F DIV > C
HEZ, HE,
weF|< CURL u,S® € £ |«— GRrRAD prev
Vorticity definition Force balance

Figure 4.4 — Tonti diagram of cell-based pressure schemes for the Stokes equations.
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Polyhedral meshes
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In this part, we set the mathematical foundations of the CDO framework. This chapter
specifically gathers useful concepts to handle polyhedral meshes. In Section 5.1, we introduce
the notion of mesh regularity in the twofold context of polyhedral meshes and dual meshes. In
Section 5.2, we introduce the barycentric subdivision of a polyhedral mesh. The barycentric
subdivision plays a salient role in this thesis since we often consider barycentric dual meshes.

5.1 Mesh regularity

In this section, we define a first class of meshes satisfying some mesh regularity requirements.
We formulate these requirements by introducing a simplicial submesh. The advantage is that
we can then use concepts of FE approximation theory in the analysis. Mesh regularity is an
essential ingredient to establish stability and to derive a priori error estimates of CDO schemes.

Cellular complex. The primal mesh M = {V,E,F,C} (cf. Section 3.1.1) has the structure
of a cellular complex; see, e.g., (Christiansen et al., 2011, § 5.1).

A generic element x of M is a closed subset of 2 which is homeomorphic by a bi-Lipschitz
map to the closed unit ball of R* for some 0 < k < 3 (k = 0 for vertices, k = 1 for edges, k = 2
for faces, and k = 3 for cells). If & = 0, then the closed unit ball is set to {0}. For k > 1,
the boundary of an element x, denoted by Ox, is the image of the unit sphere of R¥ by the
chosen homeomorphism, and its interior is x \ dx. The properties of the cellular complex are
as follows:

(a) Distinct elements of M have disjoint interiors.

(b) The boundary of any element of M is a union of elements of M.
(¢) The union of all elements of M is .

(d) The intersection of two elements of M is a union of elements of M.

Contrary to the primal mesh, the dual mesh M= {\N/, E,ﬁ, (~3} is not a cellular complex as a
consequence of the one-to-one pairing between primal and dual entities. Namely, some part of
the boundary of a k-dimensional entity (1 <k < 3) in M is not a union of (k — 1)-dimensional
entities in M if this entity touches the boundary 92 (cf. Section 3.3.1).
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Simplicial subcomplex. We first introduce the concept of simplicial subcomplex on which
the mesh regularity will be stated.

Definition 5.1 (Simplex). For all1 <k < 3, given (k+ 1) points {z, ..., 2}, S0,k denotes
the convex hull of these points (yielding, up to degenerate cases, a segment for k =1, a triangle
for k =2, and a tetrahedron for k = 3).

Definition 5.2 (Simplicial subcomplex). 6(M,M) is a simplicial subcompler common to M
and M if it satisfies the following properties:

(i) (M, M) is a cellular complex consisting of a finite number of tetrahedra ¢ € €, triangles
t € T, edges ¢ € €, and vertices v € U, so that G(M,M) := {U, &, T, €} collects all of

these entities;

(ii) Any primal cell ¢ € C and any dual cell ¢ € C can be decomposed into a finite number of
tetrahedra ¢ € €, called subtetrahedra. Any primal face £ € F and any dual face f € F can
be decomposed into a finite number of triangles t € T. Any primal edge e € E and any
dual edge € € E can be decomposed into a finite number of edges ¢ € €.

Remark 5.3 (Barycentric subdivision). The simplicial subcomplex from Definition 5.2 appears
naturally if the dual mesh is built from a barycentric subdivision of each cell, as described in
Section 5.2 below.

Definition 5.4 (Diameter). For all c € C, he denotes the diameter of the cell c.

he = ﬁ?lg}écgl — Iy, (5.1)
where |z, — x| denotes the Fuclidian distance between z, and xy. Moreover, h := maxccc he
denotes the size of the mesh M.

Mesh regularity. When working with polyhedral meshes, a rather general way to formulate
mesh regularity is the following.

Definition 5.5 (Class (MR)). Consider a sequence of primal meshes (My)p>1 such that the
size of M;, = 0 as n — +o0o. Denote M, the dual mesh related to M,,. A mesh sequence is of
class (MR) if for all n > 1, there exists a simplicial subcomplex G(Mn,ﬁn) where the finite
number of subtetrahedra, triangles, and edges in Definition 5.2(ii) is uniform in n, and which
is shape-regular (in the usual sense of Ciarlet (1978)), i.e. it verifies the following condition:
There exists 0 > 0 (independent of n) such that, for all subtetrahedra ¢ € €, the following
inequality holds:
ohe < e,

where 1 is the inradius (the diameter of the largest inscribed ball) of the subtetrahedron ¢ and
he denotes the diameter of ¢ defined similarly to (5.1).

(MR) is a convenient way to exploit classical techniques of FE approximation theory in the
convergence analysis of CDO schemes (e.g., inverse inequalities and polynomial approximation
properties); see Chapter 1 of Di Pietro & Ern (2012) or Section 1.6 of Beirao da Veiga et al.
(2014) for a detailed presentation. Note that within (MR), primal faces which are non-
planar are necessarily piecewise planar since they are composed of a uniformly finite number
of triangles t € .

Remark 5.6 (Weaker set of assumptions on mesh regularity). (MR) can be avoided in the
convergence analysis under somewhat stronger regularity assumptions on the exact solution
(bounded and Lipschitz gradient); cf. Remark 6.15. For the discrete functional analysis results
derived in Chapter 6 (discrete Holder inequalities and discrete Sobolev embeddings), (MR) can
be also weakened (cf. Section 6.1).
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5.2. Barycentric subdivision

5.2 Barycentric subdivision

In this section, we define a second class of meshes satisfying the property denoted by (MB).
This class of meshes is of interest since a barycentric dual mesh can be built if the mesh is of
class (MB).

5.2.1 From barycentric subdivision to barycentric dual mesh

Definition 5.7 (Barycenters). The barycenter of an edge e € E, of a face f € F, and of a cell
c € C are defined as follows:

1 1 1
: — = [z 5.2
Lo |e| /eia L |f‘ _/f&’ L |C| /Ci ( )

Definition 5.8 (Class (MB)). A mesh M belongs to the class (MB) if
(MB) Fach face f € F is star-shaped with respect to x; and each cell ¢ € C is star-shaped with
respect to a point x; € c.

Definition 5.9 (Barycentric subdivision). Let M be of class (MB). The barycentric subdivi-
sion of each cell c € C consists of 4(#E.) elementary subsimplices sy ¢ ¢ defined for all f € F,
e € E¢, and v € V¢ as the convex hull of x,,, x., x¢, and xz. These subsimplices are such that
c=J U U svete (5.3)
feF. eeEf veVe
see Figure 5.1.
Observe that the set V. has cardinality equal to 2 and that Ugep Uecr, represents the

union of 2#E. elements. The choice of the point z; is the only free parameter in a barycentric
subdivision.

15

Figure 5.1 — Left: Elementary subsimplex s, cf¢; Right: The four elementary subsimplices
(Sv,e.f,co Svefcr Svefcr Svrefrc) associated to an edge e € Ee.

Definition 5.10 (Fully barycentric subdivision). If, for each cell ¢ € C, the point x; is the
barycenter of ¢, i.e. xz = x., then the barycentric subdivision is called fully barycentric.

Definition 5.11 (Barycentric dual mesh). A barycentric dual mesh is built from the barycentric
subdivision of the primal mesh such that

v(c) := sq, Ve € C,

&(f) .= | see Vi €T,
ceCy

fle):= U U sete Ve € E, (5.4)
feFe ceCt

¢(v) := U U U Syef,e Vvev,

ecEy feFe ceCy
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Chp. 5. Polyhedral meshes

where sz = 1z, st is the conver hull of z¢ and xz, and so on.

Remark 5.12 (Primal mesh). The primal mesh entities can also be recovered from the barycen-
tric subdivision as follows:

V I= Sy, Vv eV,

e:= | sve Ve € E,
vEVe

f:= U U Sv.e,f vf e F,
ecEf veVe

ci=J U U sverer VeeC.

feF. ecEf vEVe

Therefore, the barycentric subdivision is a common simplicial submesh of both primal and dual
meshes.

Definition 5.13 (Vectors related to primal edges and primal faces). For any edge e € E and

any face f € F, we set
eim [r £ [un (5.5)

€ f

where T, s a unit tangent vector assigned to each edge and v; is a unit normal vector assigned
to each face (cf. Section 3.1.1).

Remark 5.14. Since 1, is a constant vector along each edge e € E, e = |e|r,. If primal faces
are planar, then vg is a constant vector on each face f € F and f = |f|y;.

Local dual mesh entity. The intersection of a dual mesh entity with a primal cell is fre-
quently used in the CDO framework since the discrete Hodge operators and the reconstruction
operators are designed at the level of each primal cell. This intersection is generically defined
for §(x) € {¥(c),&(f), f(e),&(v)} as follows:

(x) Ne, Vx € Xe. (5.6)

<

Ve(x) :=

Definition 5.15 (Intersection of dual mesh entity with a primal cell). The intersection of dual
mesh entities with a cell c € C can be defined from the barycentric subdivision as follows:

{/C(C) = 5S¢,

éc(f) = 5f¢ v € FC,

foe) == U Sefe Ve € E, (5.7)
feFeNF¢

Ce(v) = U U Syefc Vv € V.

ecE,NE; feF.NF.

For a cell ¢ € C, the local dual vertex associated to that cell is unchanged v.(c) = v(c),
a local dual edge & (f) associated to a face f € F. is a straight line, a local dual face f,(e)
associated to an edge e € E, is the union of two triangles, and a local dual cell ¢.(v) associated
to a vertex v € V. is the union of elementary tetrahedra inside the cell ¢ having v as common
vertex.

In the general case where one considers a barycentric dual mesh, a dual edge is a broken
segment and a dual face is a union of triangles, so that a dual face is piecewise planar. An illus-
tration of local dual edges (resp. local dual faces) is depicted in Figure 5.2 (resp. Figure 5.3).
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Lo, @~

J;\

Y]
L

Figure 5.2 — Let c¢; and ca be two primal cells. For the face f € F., N F,,, we represent the
dual edge é(f) (red dashed line) associated to f. &(f) = &, (f) U &, (f).

Figure 5.3 — Let ¢; and ¢z be two primal cells. For an e € E; N Ec,, we represent the
dual face f(e) (red) associated to e. f(e) is composed of f¢, (e) (bright red) and f,(e) (dark
red). Each intersection of the dual face f(e) with a primal cell is composed of two triangles:

fe, (e) = Sefi,c1 U Se,fs,c1 and fc, (e> = Se fo,co U Se,f3,co-
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Chp. 5. Polyhedral meshes

Definition 5.16 (Vectors related to local dual edges and local dual faces). Let ¢ € C. For all
e€ E; and all f € F., we set

D
o
—~
Nas)

Il

[~

/('_D\l
=
st

(e) := /Zf(e), (5.8)

éC(f) fc(e)
where Ty is the unit tangent vector along é.(f) sharing the same orientation as vy for all
f e F. and Vi) 15 the unit normal vector to f.(e) sharing the same orientation as T, for all

e € Ec.

Remark 5.17. Since 7y) is a constant vector along &(f), &(f) = [ec(f)|za,(r). Since vy, is a

piecewise constant vector on f.(e), f.(e) = Y teF.F.|Se.t,c|Vs, . . where vg_ . is the unit normal
vector to stz sharing the same orientation as T, for each face f € Fe N Fe; see Figure 5.5.
Moreover, we readily verify that f(e) = > .cc, fc(e) and &(f) = > cc, &c(f)-

5.2.2 Entity-based partitions of a cell

We now introduce three partitions of a cell ¢ € C hinging on the barycentric subdivision
of c: a vertex-based partition relying on subvolumes p, . attached to each vertex v € V., an
edge-based partition relying on subvolumes p. . attached to each edge e € Ec, and a faced-
based partition relying on subvolumes ps . attached to each face f € F. (see Figure 5.4). These
partitions are used in the definition of discrete functional norms (cf. Section 6.1.1) and in the
definition of the reconstruction operators (cf. Section 7.3).

Sy.ef,c

Figure 5.4 — Hexahedral mesh cell c. Above: Elementary subsimplex s . of the barycentric
subdivision; Below: Example for p¢. (left), pec (center), and py . (right).
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5.2. Barycentric subdivision

Definition 5.18 (Partitions of a primal cell). For each cell c € C, we set:

Py i= U U Sy.efc Vv e Vg, (5'93)
ecE NE: feFNF.

Pec = U U Sv.ef,cs Ve € E; (59b)
feF.NF: vEV,

pre = U U svese Vf € F.. (5.9¢)
ecEf veVe

The vertez-based partition is denoted by Py o = {pv.ctvev., the edge-based partition Py =
{pectec., and the face-based partition Prc = {Pt.c}rer. -

Consider a cell ¢ € C. For each edge e € E. and for each face f € F,, the following identities
hold:

|pe,0’ = Se- fc(e)7 ’pf,c £ : éc(f); (510)

ISR

with d denoting the space dimension (typically d = 3). Moreover, observe that py . = cN¢&(v)
for all v € V.. Therefore, we readily infer from (5.9a) that

Yo D Isvetel =lene)l. (5.11)

feFyNF. eeEyNE¢

Proposition 5.19 (Submesh). Let ¢ € C. The partition Py (resp. Prc, and Pro) forms a
partition of unity of ¢ in the sense that it constitutes a submesh of the cell c. In particular,

> Ipxel = Icl. (5.12)

x€Xc
where X € {V,E,F}.

Remark 5.20 (Links with different schemes). By . is directly related to the dual mesh since
pve = ¢(v)Nec for all c € C and all v € Ve. Pp is directly related to what is called a
diamond mesh in DDFV (see Andreianov et al., 2012, for instance). An equivalent pyramidal
submesh is also considered by Eymard et al. (2010) or by Di Pietro & Lemaire (2015) for the
stabilization of the reconstruction operator. In the DGA reconstruction introduced by (Codecasa
et al., 2010), Py is considered for the reconstruction from edge DoFs, while Py . is considered
for the reconstruction from face DoFs (cf. Section 7.3.1).

5.2.3 Properties of the barycentric subdivision
This section collects useful properties of the barycentric subdivision.

Proposition 5.21 (Triangle tef). Let ¢ € C. For each face f € Fe and each edge e € E¢, we
define ter == Uyev, Sv,ef (see Figure 5.5 left). Then, for any f € F¢ and any vertex v € Vi, the

following identity holds:
1 -
3 E [tet| = [f N E(V)]. (5.13)

ecE,NE;

Proof. By construction, |f N&(V)| = Y e, ng;|5v.e,f| (see Figure 5.5 right). Moreover, for any
edge e € E; with vertices vo and vi € Vi, |tef]| = %|5V0767f’ = %‘5V17e7f| since z, is the barycenter
of e. Thus, [f NE(V)| = Xecr, i, [Sviet| = %ZeeEvnEf|’ﬁef| - O

Proposition 5.22 (Link between p¢ . and ¢(v) Nc.). Consider a barycentric subdivision of a
cell c € C. Then,

s F0EO jenew)! (5.14)

feF.NFy ‘f‘
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Figure 5.5 — Example of a polygonal face f. Left: For e € E¢ and v, vy € V,, the triangle tqf
is highlighted in orange. Right: For vy € V¢, f N &(vy) is highlighted in orange.

Proof. Let ¢ € C. Let by s denote the height of the cone p¢ . for any face f € F, (see Figure 5.6
right) so that |psc| = %[];J’f‘f‘ and %bpi’tef’ = tc|- For any f € F. and any edge e € E¢, we
define pefc 1= Pe,c N pre (see Figure 5.6 left) so that [prc| = D ocp, [Per,c|- Since [f| = > cp,[tet],
the following identity holds:

Pecl = Y Ipete| = hpf2|tef|— hpf|f|

ecEy ecEy

v

Figure 5.6 — Let ¢ be a hexahedron. Left: For a face f € F. and an edge e € E¢, the subvolume
Pef ¢ is highlighted. Right: For f € F¢, p¢ . (in orange), its height by (red dotted line), and the
triangle tof (gray) for an edge e € Ey are highlighted.

Using this identity together with (5.13), we infer that

fne ()\ 1|fﬁ0( )¢
feF,NF. feF,NF.
> f)pf\fef| = > D lswerl=lene)l.
feF,yNF, eEEfﬂEV feF,NF. e€eE(NE,

O

Proposition 5.23 (Properties of z; and z.). Let M be of class (MB). Consider a barycentric
subdivision of a cell c € C. Then, the following identity holds for all f € F.:

Yo lEnEW)l(z, —z) = 0. (5.15)
vEVe
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Moreover, assuming a fully barycentric subdivision, the following identity holds:

Y lenem)|(zy —z.) = 0. (5.16)

VGVC

Proof. We first prove (5.15). Let ter be the triangle with base e € Ef and apex z; (see Figure 5.5
left). Consider the simplicial subdivision {tef}ecr, of the face f induced by the barycentric
subdivision. Denote z.; the barycenter of tor. Since x; is the barycenter of f, we infer that

1
flar = [2= S ltleer =5 3 | 5 lrle + frlar | = 3 3 I 02y + 5ltlar
e€Es e€Es | vEV, VGVf

since 3 ocp, |ter| = [f| and %ZeeEvaf‘tef‘ = |f N ¢&(v)|. We now prove (5.16). Recall that

Pet,c = Pe,c N Pt for each face f € F and each edge e € E¢; see also Figure 7.6. Since z, is the
barycenter of ¢, we infer that

o= [e=2 Y [ 2 >y el (xc+xf+ zxv)

fch ecE; Pete €F. vEV,
C
ufc + - Z |pfc|xf + = Z Z Z ‘5v e,f,c|$v’
feFC feFC ecEf veVe

= ‘pf,C|a Zfefc ZeeEf’pef,c’ = |C| and |pef,c| = %|5v,e,f,c’ for v € V.. Hence,

since ) qep,

3 fﬂ
Z‘C‘QC_ va Z ’ C C’—"_ Z Z Z lﬁvefc‘

VEVC fEF,NF. 20V, teboF. celnE;
n Z |C N C ’xvv
VEVC
using (5.15) and (5.14) for the first term and (5.11) for the second term. O

Proposition 5.24. Let M be of class (MB). Assume that primal faces are planar. Then, the
barycentric subdivision of a cell c € C verifies the two following identities:

> f(e)®e=]c|ld, (5.17a)
ecE.
dY e @f =c|ld, (5.17b)
feF.

where Id is the 3 x 3 identity tensor. An equivalent formulation of (5.17) takes the following

form:

Y (e-a)(fe(e) - b) = Icla-b, Va, b € R?, (5.18a)
ecE.
> (- a)@ () b) =cla-b, Va, b € R®. (5.18b)
feF.

Proof. Proofs of (5.17) have been given by Codecasa & Trevisan (2007) and also by Droniou
& Eymard (2006) for (5.17Db).
(1) Proof of (5.17b). First, observe that (5.17b) is also equivalent to

Y (@ DE(f) = |cla,  Vae R

feF.
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For each cell ¢ € C, we denote by v; . the unit normal to the face f € F. pointing outward
c. Let ' denote the i-th component of the vector . Then, using the Gauss theorem and the
definition of the face barycenter, the following identities hold:

a‘le] = /le (2" — 2 Z/m —al)a-vp, = Zafce (a-ucf) = Z(g-ﬁ)éé(f),

feF. feF. feF.
since v¢ . = uf eV, &(f) = tre(zr — 2.), and L%C =1.

(2) Proof of (5.17a). The proof is presented for the equivalent formulation (5.18a). Let
¢ € C and denote by vy.(z) the unit normal vector pointing outward the cell c. For each edge
e € E¢ and each vertex v € Vg, we consider the pyramid 7y ¢ := Uter.nF.5v.e,f,c Of base fc( )
and apex v (see Figure 5.7).

Figure 5.7 — Illustration of the pyramid 7, .. for an edge e € E. and a vertex v € V..

Its outward unit normal is denoted by vy, ... Using the Gauss-Green formula, we infer
that

cla-b="Y" Z/ a-b=>Y Z/ grad(a - (z —z,)) - b

e€E¢ vEV, " Tviec e€E¢ veV, ” Ve

Z Z/ (z—z,)b- Vo oo

e€Ec veV, Y 9mveec

since div(b) = 0. Then, decomposing Omy e into fc(e), UteFoF.Sv.ef; and Urep,AF. Sv e, We
introduce 11, Ty, T3 such that |cla-b= > ccp > vev, (T1 + T2 + T3) with

T = /f a-(x—xz,)b- Vo, oo
Z .f—(L‘ )b'%m
feFonF, /Sved

T3= ), / a-(z—z)b Vor, .-

fo(e)
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Thus, > ey, T1 = (a-e)(b- f.(e)). For the term T, observe that

ZZTZ Z/ ~z)b- Voo — ZZ/ (@-z,)b- vy

e€Ec vEV, feF. feF. veVe
= > Y ltneW)la- (zr — 2,)b- vy, =0,
feF. veVy

owing to (5.15). Moreover, developing T3 yields

SYn=-Y% ¥ [ a@-2b o, =0
ecE. veEV,e feF. veV; eeE,NE; 5vfc

since Y eep, By Yomy oclsvee = 0. Adding the results for 71, T, and T3 yields (5.18a). O

Corollary 5.25. Let M be of class (MB). Assume that primal faces are planar. Then, the
barycentric subdivision of a cell c € C verifies the two following identities:

S e@f(e) = [clld, (5.19)
ecE.
Y f®é.(f) =|c|id, (5.19b)
feF.

Proof. Take the transposition of (5.17). O

Remark 5.26 (Link with Proposition 5.19). Since tr(a ® b) = a - b for all vectors a, b € R3,
we infer from (5.17) and (5.10) that |c| = ZeEEChJe,C‘ and |c| = ZfeFCth,C].
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Algebraic analysis
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In this chapter, we set the mathematical basis for the algebraic analysis of CDO schemes.
In Section 6.1, we define the discrete norms used in the analysis of CDO schemes along with
their basic properties. In Section 6.2, we state formally the three key properties that a discrete
Hodge operator has to satisfy: symmetry, stability, and Pg-consistency. We also establish
bounds on the consistency error which will be used in Chapters 8 and 9 to derive a priori
error estimates in the case of elliptic and Stokes equations respectively. Section 6.3 closes this
chapter by collecting two results on discrete Sobolev embeddings: the first one related to GRAD

—_—~—

and the second one related to GRAD. As a specific case, the discrete Poincaré inequalities will
be useful (in a Hilbertian setting) to establish the stability of CDO schemes.

6.1 Discrete norms

6.1.1 Discrete functional norms

Definition 6.1 (Local discrete norms on the primal mesh). Let X € {V,E,F,C} and X €
{V,E,F,C}. Let c € C. Recall that X. is defined in (3.19). Then, the local mesh-dependent
norms are generically defined for 1 < p < 4+o00 as follows:
|aX|>p
— 1
(&) (6.1)

vacXe, aljx = D Ipxe
where py . for x € {v,e,f,c} is specified in Definition 5.18. Recall that conventionally |v| = 1.

xEXc

Remark 6.2 (Simpler definition). Observe that under the mesh regularity property (MR),
Ipx.c| s uniformly equivalent to h3, so that it is possible to consider a simpler definition of

the discrete norm as |||a|HZ7Xc = D cex, hi’(%)p. The advantage of Definition 6.1 is that it
simplifies the evaluation of constants in the discrete Holder and Sobolev inequalities presented

below.
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We also introduce a global mesh-dependent norms by summing cellwise the local mesh-
dependent norms defined by (6.1):

lall;

v =2 ITxc@I x., (6.2)
ceC

where the transfer operator Tx . is the (full-rank) map from global to local DoFs previously
introduced in Section 3.4.2. These norms mimic at the discrete level the LP(Q)-norms at the
continuous level.

Remark 6.3 (Case p = +00). The discrete counterpart of the L>(€2) can be defined as

|ax|

(6.3)

k. = ma T

These norms are not needed in what follows.

Discrete Holder inequalities. As a preliminary result, we derive discrete Holder inequali-
ties for all discrete norms related to primal mesh entities. No mesh regularity is demanded to
derive the following inequalities.

Proposition 6.4 (Discrete Holder inequalities on the primal mesh). Let g,r be real numbers
such that 1 < q <r < 4o00. Let X € {V,E,F,C}. Then, the following inequalities hold for all
aecX:

r—q
lallg.x < 12 flafl,x. (6.4)

Proof. The inequalities rely on the discrete Holder inequality

i’akbk! < <§:|ak|"‘>a <i|bk5>ﬂ7 (6.5)

k=1 k=1 k=1

with 1 < o, 8 < +o0o, s.t. é%—% = 1. Take a = ;= and § = {. Set a; = ]px,c\% and

by = ]pxdg('a"‘)q with & = x. Then (6.4) results from (6.5) since Y .cc D oex [Pxcl = [ O

I

Discrete functional norms on dual entities. The definition of the discrete functional
norms on dual entities is somewhat different to those on primal entities. We set

lall? 5 = S lellas vqev, (6.6a)
’ ceC

(o) .
ll? ;= > Iflie) ( <’) Vg el (6.6b)

-e\ ('DI

*—hl

fer
o\’ -
W(b”!i;:: lel[f(e) ( > Vo € F, (6.6¢)
’ ecE
S

7= Yol J)  wed (660

vev

Other definitions are possible, which are equivalent under mesh regularity. The discrete norms
HH”p 3 also mimic the L? (€)-norm at the continuous level.
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6.1. Discrete norms

Discrete Holder inequalities. As a preliminary result, we derive discrete Holder inequal-
ities for all discrete norms related to dual mesh entities. The mesh regularity requirements
(MR) can be weakened to derive the following inequalities. Specifically, instead of (MR), it
suffices to make the two following assumptions: There exists a positive real number 1, > 0
such that, for all c € C and all e € Eg,

el (6.7)

nlellf(e)] < e Ele) (=
9)

where ¢ is defined in (5.5) and f.(e) in (5.
Mvol > 0 such that, for all ¢ € C,

Moreover, there exists a positive real number

Mot Y Iflle(E)] < [cl. (6.8)

feF.

Proposition 6.5 (Discrete Holder inequalities on the dual mesh). Let q,r be real numbers
such that 1 < q <r < +oo. The following inequalities hold for allq € V and all s € C:

r—q
lall,5 < 1@ lal,5  lsl,¢ < 7 sl & (6.92)
q7 k)

Moreover, assuming (6.8), the following inequality holds for all u € E:
_ r—q
ull, 5 < () 7 Jull, (6.9)

and assuming (6.7), the following inequality holds for all ¢ € F:

loll, = < (YR gl 5 (6.9¢)
q, s

Proof. We use (6.5) with o = =~ and § =

(1) Proof of (6.9a). Choosing a, = |c| = and by = ]c|%|q\~,(c)lq with £ = ¢ in (6.5), and
then summing over primal cells leads to the left inequality in (6.9a) for elements of V. The
proof of the right inequality in (6.9a) is similar since |Q| = Y, cv[E(V)].

(2) Proof of (6.9b). Since [&(f)| = > ccc,|€c(f)], we can write by inverting the order of the

summations | | ‘
8a(f
gl &= > > IEllec() «m>

ceCfeF,

Then, we derive inequality (6.9b) by noticing that 3 ccc Spep. [f][8c(£)] < 1541/ owing to (6.8)
and [&.(f)| < [é(f)| for all f € F and all ¢ € Cy.

(3) Proof of (6.9¢). To derive (6.9c), we notice that (6.7) implies that Y ,cp_|e[|fe(e)| <
1’]11|C|, and then proceed similarly to the previous case. O

6.1.2 Discrete norms induced by discrete Hodge operators
Similarly to Definition 3.15, we define local duality products for each cell ¢ € C, as follows:
[a,b], 5, = > axbg.), V(a,b) € XX .. (6.10)
XGXC

The discrete Hodge operators Ha® being SPD for each cell ¢ € C, we can define discrete
norms induced by this operator.

Definition 6.6 (Local discrete Hodge norms). Let ¢ € C. Let a € X, and b € Y.. Then, we
set

Jall? x, = [a, Hy> ()] 5. Ibll? - 5, : = [(HZ¥) "' (b), b] . 5 (6.11)
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Chp. 6. Algebraic analysis

From (3.20), Hgi’ is clearly SPD. Thus, we similarly define discrete norms induced by this
operator.

Definition 6.7 (Global discrete Hodge norms). Leta € X and b € Y. Recalling the Defini-
tion 3.15 of the global duality product, we set
Iol? ., 5 = [(HY*)~'(b), b],5, (6.12)

lallz.~ := [a, H3> () a1y =

]]X)NN

The global norms ||-||o,x are readily obtained by summing cellwise the local norms, i.e.
ax = 2eccl Txc(@)l? x, foralla € X.

Proposition 6.8 (Cauchy—Schwarz inequalities). For each ¢ € C, the following local Cauchy—
Schwarz inequality holds:

lla

[a,b].5. < llalloxlbll, .5,  Va€ X, Vbe e (6.13)
Moreover, the following global Cauchy—Schwarz inequality holds:

[a,b]5 < lla|

la,xbll, .5  VacX, vbey. (6.14)

Whenever the context is unambiguous, we write [|aflo (resp. |afla,c) instead of ||a||q,x
(resp. [|afla,x.) and [[bllo-1 (resp. [[bllo-1c) instead of b ,_, 5 (resp. [[b]] . 5, )-

6.2 Results on discrete Hodge operators

6.2.1 Local design properties

We recast in a more formal way the three local design properties of the discrete Hodge
operator Hae>® previously introduced in Section 3.4.2. In the general case, the material property
is tensor-valued (e.g. an anisotropic conductivity). Whenever it is relevant, we denote this
material property by a. In what follows, we assume that the material property is piecewise
constant on the primgl mesh (our results can be extended to piecewise Lipschitz material
property modulo necessary technicalities), and, in the case of tensor-valued material property,
we assume that the tensor is symmetric. We denote, respectively, by a;, . and ;. the minimal
and maximal eigenvalue of o on each primal cell. These eigenvalues are uniformly bounded
from above and from below:

0<ay. <age < +oo. (6.15)

The corresponding bounds on 2 are denoted by «, and ay respectively.
Definition 6.9 (Broken domain of de Rham maps). For all ¢ € C, we define Sx(c) (resp.
Sy(c)) similarly to Definition 3.5 (resp. eq. (3.13)) by replacing Q with c. We denote by

Sx(C) the space of functions whose restriction to each cell ¢ € C belongs to Sx(c) and 5’37((])
the space of functions whose restriction to each cell ¢ € C belongs to Si(c).

Local de Rham maps. We first introduce local de Rham maps on the primal mesh entities,
Rx. : Sx(c) — X, for all primal cell ¢ € C, acting as follows:

Vp € Sy(c), Ryv.(p)]v == p(v), Vv € Ve, (6.16a)
Vu € Se(c),  Re(u)le = /@ 1, VecE, (6.16D)
Vo€ Sr(c),  Rr() = /f o, VEEF,, (6.16¢)
Vs € Se(c),  Re.(s)]e i= / s (6.164)



6.2. Results on discrete Hodge operators

These definitions are identical to (3.1) but on the local subsets. Local de Rham maps on dual
mesh entities, Rg : S5(¢) = Ve, for all primal cell ¢ € C, act as follows:

y

Vp € S5(c), Ry (P)ls(e) = p(¥(c)), (6.17a)

Vue Sy, RgWlpi= [ tow VEEF. (6.17b)
& (f)

Vu e Sz(c), Rz (D) () = / ¢ Vi)  VeekE, (6.17¢c)
fe(e)

Vu € Sz(c), R@(S)‘éc(v) = S, Vv e Ve. (6.17d)
Ce(v)

These definitions are similar to (3.12), but one has to restrict the domain of integration from
¥ to yc (Jc = y Ne, cf. Section 3.3.1).

Local design properties. The symmetry, stability and consistency properties of the local
discrete Hodge operators Hac”° assert that

(HO) [Symmetry] For all ¢ € C,
[[ab chyc (a2)ﬂ?€c3~7c — [[a27 chyc (al)ﬂ«\fcic’ Vai,as € X.. (6.18)

(H1) [Local stability] There exists 7, > 0 such that, for all ¢ € C,

naoyllall v, < laltx, <na'ozclaliy, — Vae A (6.19)

(H2) [Local Py-consistency] The local commuting operator (attached to the commuting dia-
gram depicted in Figure 6.1)

o, x5.]() 1= HEYe Ry, (8) — Rs; (o) (6.20)

satisfies [, x.3.[(K) = 0 for any field K which is constant in ¢ € C. One considers a constant
scalar-valued field K € Py(c) ir} the case gf HY% and HSYe and a constant vector-valued field
K € [Po(c)]? in the case of Ha"* and Hge®.

. —

Figure 6.1 — Commuting diagram related to the local consistency property.

Observe that (HO) and (H1) readily imply that the local discrete Hodge operators are
SPD.

Remark 6.10 (Link with MFD). The local design properties share the same spirit as those
introduced for MFD schemes by Brezzi et al. (2005, 2009).
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Global properties of discrete Hodge operator. From the cellwise assembly process (3.20),
we readily verify that the global discrete Hodge operator is symmetric. Summing cellwise (H1)
and using (3.20), we infer the global stability property of the discrete Hodge operators

vae X,  naaylallx < llallx < nteglall k. (6.21)

where , := mincec o, . and oy 1= maxeec g .
The global Py-consistency property of the discrete Hodge operator is stated using a global
commuting operator defined from the local commuting operators as follows:

la, x3] ZTXC Lo, xcve|(o]c). (6.22)

ceC

This global commuting operator acts on functions u € Sx(C) such that au € S5;(C). A
straightforward consequence of (H2) is that for any cellwise constant field K

la, +5](K) =0, (6.23)

i.e. a cellwise constant solution is exactly captured by the scheme. This property is directly
related to the patch test condition used in engineering to assess a numerical scheme.

Remark 6.11 (Global de Rham maps). Observe that a function belonging to Sx(C) is not
necessarily in the domain of Ry, while a function belonging to S)~}(C) is in the domain of R3~).

Link between local and global DoFs. Consider local and global DoFs defined from a field
a € Sx(£2) on primal mesh entities. For each cell ¢ € C, the link between the local de Rham
map Ry, and the global de Rham map Ry is the following:

Rx.(ale) = Tx - Rx(a). (6.24)

Consider now local and global DoFs defined from a field b € Sy (©) on dual mesh entities. For
each cell ¢ € C, the link between the local de Rham map R and the global de Rham map R~
is the following:

5(0) =Y Tk Ry (blo)- (6.25)

ceC

Thus, on primal mesh entities, local DoFs correspond to global DoFs, but on dual mesh entities,
this is not the case. One has to collect the local contributions from each primal cell to recover
the global DoFs.

Proposition 6.12 (Alternative formulation of the global commuting operator). Let a € Sx(£2)
such that ava € Sﬁ(Q). Then, the global commuting operator related to the discrete Hodge

operator Hi? can be formulated as follows:

o, +3](a) = HYY - R (a) — Ry

Proof. Starting from (6.22), using (3.20) and then using (6.24) and (6.25) yields

la, 23](a) = D Tk Lo, 23] (alo)

aa). (6.26)

ceC

=" Th HEYe - Ry, (ale) > Tk Ry (aal)
ceC ceC

_ZTXC chyc Tx.-Rx(a ZTXC‘ aa|)
ceC ceC

=H}” Ry(a) — R3~)(a a).
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6.2.2 Bounds on consistency error

In this thesis, we often abbreviate A < B the inequality A < ¢B with positive constant
¢ whose value can change at each occurrence and is independent of any mesh size (but can
depend on mesh regularity parameters and stability constants). We first state an algebraic
result derived by Codecasa & Trevisan (2010a) for operators built from a cellwise assembly
process of local operators algebraically defined by SPD matrices.

Lemma 6.13 (Algebraic inequality). Assume that chg}c satisfies (HO) and (H1) for each cell
c € C. Assume that b € Sx(C) and ab € Sﬁ(C). Then, the following inequality holds:

Lo, x5O, 5 < Dl %3 BlIE . 5, (6.27)
ceC
Proof. For the sake of completeness, we recall the proof given by Codecasa & Trevisan (2010a).
We adopt an algebraic viewpoint. The relation H3Y = 3" cc T . Hae® - Tx.c, corresponds to
H*Y =TT H- T with

T,
H = diag({H*¥< }oec) and  T=|: |,
’]T#C

where T; := Tx, for all j € {1,...,#C}, H is a block diagonal SPD matrix of size #X :=
> cec #X¢ since each block is a SPD matrix of size #X. for all ¢ € C (owing to (HO) and
(H1)). T is a full-rank matrix of size #X x #X. Moreover, the relation b = >cec Txc(be)

with b, € Y, for each ¢ € C corresponds to b = T"(b), where b is a vector of R#X defined as
follows:
b

1

o>
Il

b#c

In this notation, > .cq|/bc H]Q_l ~ corresponds to b H 1 b.

1 A~

Let % € R#X. Then, 7% > 0 Setting x :=H "2 b — H%T(Hgi’)’lTTB yields

THD — 26T (HY) D + bTT (YY) T TR () T
TH'b —b" Tr( i

¥)'b

I
o>

X%

I
o>
U‘>

T

I

o>
>
U‘>

owing to the symmetry of H and Hf;i’, and the identity Hfji’ =T".H-T. Thus, we infer that

bIZ, 5 < SIbel, 5
ceC
Choosing b := [, x.3.](b|c) for each ¢ € C so that by = |, x3.|(b)|y (cf. (6.22)), yields the
stated result. O

In CDO schemes, the discrete errors are bounded by the consistency error introduced by
the lack of commuting property of the discrete Hodge operators with the de Rham maps;
see Bossavit (2000), Hiptmair (2001a), or Codecasa & Trevisan (2010a). We now derive a
first-order estimate relying on the three local design properties (HO), (H1) and (H2) of the
discrete Hodge operators for smooth enough vector fields. Let H'(C) denote the broken Sobolev
space of piecewise H! functions on the primal mesh and H!(C)?3 the corresponding space for
vector-valued functions. We first consider the case of the discrete Hodge operator ng; .
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Lemma 6.14 (Error bound for smooth fields). Assume (MR). Assume that o is piecewise

constant on primal cells. Let b € [H*(C)]® be such that curl(b) € L*(Q)3. Let Hff satisfy (HO),
(H1), and (H2). Then, the following inequality holds:

I, eF 1O 1 7 S b (I8l oo + leurlbl sy ) - (6.28)

Proof. We first observe that the smoothness assumption on b entails that b € Sg(C) and
ab € S%(C). Namely, for each cell c € C, b € H*(c )3 with s > 3 and curl(b) € L9(c)?
with ¢ > 2 (cf. Remark 3.6), while ab € H*(c)® with s > 1 (cf. Definition 3.5) since a is

2
constant in c¢. Using the algebraic result of Lemma 6.13 yields |||«, ¢7](b )\HQ_1 = < Y T?
where T2 := |||, e.7.](b )]HQ e Let B € [Py(C)]® be the L2-orthogonal prOJectlon of b

onto piecewise constant functlons on the primal mesh. Owing to the triangle inequality and
using (H2), we infer, for all ¢ € C, that

72 <2 (IRe.(b— B)lP, + IRz (- B)I”_, ;).
Then, owing to (H1) (lower and upper bounds) and (MR), we infer that
T2 S apehe Y ITel? + g bt D0 | T
ecE. ecE.
where we have set
Ik ::/ b—B) - v; and T::/b—B-Le. 6.29
e = f )(7 B) v (o) o e(’ B) (6.29)

These two terms are estimated using classical FE analysis tools applied on the simplicial
submesh of each primal cell considered in (MR). Consider first T,. Pick a (subsimplex) face
f of ¢ to which e belongs. Since b € [H'(c)]3, we infer that b € [L*(f)]3. We use the result of
Amrouche et al. (1998) (Lemma 4.7 with p = 4). We recall the main steps. Let ¢, or be the

characteristic function of e on df. This function is in W13 (0f) and |pe ot || h2 owing

13 (o) ~
to the mesh regularity (MR). The lifting of @, s from Wi (0f) to whs (f) is denoted by @, -
Then, %, ¢ is extended by zero on dc and we denote by @, . the lifting of the last extension

from W%%(ac) to Wl’%(c). As a result, we infer that

Te - /eSOe(b—E) "Te = /CCLI'I(Q—E) ’ @(ée,c) + /f((b_ E) X Zf) '@h(@e,f)

Then, using the Holder inequality and the stability of the above lifting imply
1
1T2] 0 (10— B)le x velgagoe + leurld )

1
S 2 (18l ey + leurl bl sgeys ) -
The bound on T, ) is simpler since (MR) yields

FAIRNEt
Ty o] < @) 216 — Bllag o S [fele) #hE 1Bl S hE 1ol o
Substituting the two contributions into (6.29), we end up with (6.28). O

Remark 6.15 (Stronger regularity assumption). Simpler arguments can be deployed whenever
b is bounded and Lipschitz (see Codecasa € Trevisan, 2010a). By exploiting this stronger
reqularity assumption, mesh regularity can be formulated in terms of geometrical requirements
without resorting to the simplicial submesh used in (MR). Indeed, the terms To and Ti (o)

in the above proof can be readily estimated as [Te| S |e|heLip(b) and [Ty o] < |f(€)|heLip(D),

yielding [[Re(b — B)lla < na'/*a;/*hlQIZLip(b) (using le*he < lc|) and Rz — B)ll-1 <

17_1/2 _I/QhLlp( ) (using hg|fe(e)? < Ic|).
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We now turn to the discrete Hodge operator Hgg.

Lemma 6.16 (Error bound for smooth fields). Assume (MR). Assume that o is piecewise

constant on primal cells. Let b € [H*(C)]® be such that curl(b) € L*(Q)3. Let Hgg satisfy (HO),
(H1), and (H2). Then, the following inequality holds:

I, s @), g S b (Il o + lewrl bl gaays ) - (6.30)

Proof. The proof follows the same lines as that of Lemma 6.14. O

6.3 Discrete Sobolev embeddings

Discrete functional analysis results presented in this section follow the lines of Eymard et al.
(2010) for FV schemes (see also Di Pietro & Ern, 2012, for discontinuous Galerkin schemes).
To allow for more generality, we consider in this section an arbitrary dimension d > 1.

6.3.1 Case of GRAD

For all p € V, L%(p) is defined as the piecewise constant reconstruction of p on the dual
mesh such that, for all v € V, LY, (P)|¢(v) := Pv. For convenience, this reconstruction is extended
by zero on RY\ UyevE(v). It is clear that LY, (p) € L'(R?). For a function v € LY(R%), its |-|py-
norm is defined as

[v]|sy = sup vdiv(ey). (6.31)
YECE RERY), [ oo mayja <1 )

In what follows, we consider the space Vo := {p € V|py = 0, Vv € V?} where V® is
introduced in Definition 3.3. If p € Vy, then GRAD(p) € & = {g € £|ge = 0, Ve € EP}.
Typically, the spaces Vy and & play a role when one considers vertex-based CDO schemes for
an elliptic equation with strongly enforced homogeneous Dirichlet BCs.

Lemma 6.17 (Bound on |:|gy-norm). Assume (6.7). Then, for all p € Vy, the following
inequality holds:
Vd

L% (P)ley < UTWGRAD(p)IHLs- (6.32)

Proof. Owing to the adjunction property of Proposition 3.16 and the commuting property of
Proposition 3.18 on the DIV operator (since p € V), we infer that

/ Y(p) div(¥) = [p, Ro(div(¥))],z = [P, DIV(Rz(¥))],z = ~[GRAD(P), R(¥)] -
Rd

Since all the components of ¢ are bounded by 1, we infer that [Rz(1)[zo)| < Vdlf(e)| for all
e € E, so that

[GRAD(p), Rx(¥)

¥ ]5%

< Vd Y |(GRAD(p))e[E(e)] = VA Y~ S~ |(GRAD(p))el[fe(e)].

ecE ecE ceCe

Inverting the order of the summations, observing that |pec| = 2[fc(e)||e|T. V5, () and using (6.7)
yield (6.32). O

An important consequence of Lemma 6.17 is the following discrete Sobolev embedding.

Theorem 6.18 (Discrete Sobolev embedding). Let d > 1. Let 1 < p < +oo. Assume (6.7).
Then, for all real number q satisfying

e 1<g<p =FLif1<p<d,

o 1 <g<+ooifd<p<+oo,

65



Chp. 6. Algebraic analysis

there is Cz()?z) such that, for all p € Vg,

Ipllg,y < Cpd IGRAD()lp.c (6.33)
In particular, the choice p = q = 2 leads to the following discrete Poincaré inequality:

Ipl2,y < Ci” [GRAD(p)l2.¢ (6.34)
where CY) = g

Proof. Let a real number 1 < p < 4+00. Let p € Vy and set g := GRAD(p) € &. We first
observe that whenever p < d, it suffices to prove the bound (6.33) for ¢ = p* := dpfdp, since the
bounds for 1 < ¢ < p* then result from the bound for ¢ = p* and the Hoélder inequality (6.4).

(1) The case p=1. Set 1* = d%dl. A classical result (see, e.g., Eymard et al., 2000) states
that, for all v € L'(R?) with bounded |-|y-norm, vl p1x (ray < (2d)"!|v|sy. Hence, using

Lemma 6.17, we infer that
L5 (P 1+ ey < (2d) LY () lev < (2Vdn1) " llglie-

Since ||p[li+y = LS (p) | £1* (may, we infer the desired bound (6.33) for g = 1*.

(2) The case 1 < p < d. Let p := ps%? > 1 and observe that p* = pl*. Let |p|* denote
the element of Vy whose components are, for all v € V, |py|*. Applying the above bound to
|p|# yields

Iplly- » = llpl“llh-y < (2Vdn. ) IGRAD(Ip|*)ll1.e

Let e € E with vertices vi and va; since |GRAD(|p|*)|e < p(|pvy [*71 + |Pval#1)|ge|, we infer

that
IGRAD(pI) e < 113" D7 S Ipecllpl*~ (‘ﬁ’>

ceCe€E; vEV,

Using the Holder inequality (6.5) with o = p, = 1% (so that S(u—1) =p*), ap = |e|
by = ’Pe,c‘%’pv‘“_l, and k = {c,e, v} leads to

@[

IGRAD(|p )],

(Z > D \pe,cllpv\p*)

ceCecE; veVe

Moreover,

SN Y fpecp =23 3 [e(v) nellpul,

ceCecE. veEVe ceCveVe
since Y oep g, [Pe,c| = 2/€(v) Nc| for all v € V. As a result, we obtain

*

s 2
Ipls- y < —=—Ilpl: yllgly.e-
Vidn |

Combining the above bounds with the fact that p = % + 1 yields the desired bound (6.33) for
q = p* with the constant pu(v/dny )™ .

(3) The case d < p. Let ¢ > d and set p; := dcfél. Observe that 1 < p; < d and p} = qi1, so

that ||pllg.v < Corg: llgllp,.e- Since p1 < d < p, the right-hand side can be bounded by ||g||,.e
owing to Holder’s inequality (6.4), whence the desired bound (6.33) for ¢;. O
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6.3.2 Case of C—TR\/:\B

For all p € f), L%(p) is the piecewise constant reconstruction of p on the primal mesh with

L%(p)\C = Py(c)- For convenience, L%(p) is extended by zero outside §2.

Lemma 6.19 (Bound on |-|gy-norm). For all p € V, the following inequality holds:

L% (P) sy < VA|GRAD (D), -

Proof. Owing to the adjunction property between —GRAD and DIV (Proposition 3.16) and the
commuting property of DIV with the de Rham maps (Proposition 3.13), we first infer, for all
y € C(())o(Rded) s.t. ”%” [Loo (R4)]d = 1, that

/ 5(P )dlv = ‘[[g, Rr(y ]]éf

Rd

<Vadd [fllgsn) = ﬂ!llg\\\lg,

fekF
where we have set g := G/R\ATD(p) and used the fact that for all f € F, |Rx(¢)|¢| < V/d|f|, since
all the components of ¢ are bounded by 1. O

Theorem 6.20 (Discrete Sobolev embedding). Let d > 1. Let 1 < p < +oo. Assume (6.8).
Then, for all real number q as in Theorem 6.18, there is C]g? such that, for all p € V,

Ipll, 5 < Cpd IGRAD(D)Il,
In particular, the choice p = q = 2 leads to the following discrete Poincaré inequality:

Ipll, 5 < & IGRAD(p) (6.35)

Pl s
where C == C).

Proof. (1) The case 1 < g < 1*. We infer that H]p|||q 5 < C’f; |||GRAD( )l & using Lemma 6.19,
< (2d) 7ML (P)lbv, the identity HL%( )llLl*(Rd) = lp

the classical result HL%(p)H L1 (R4) .y
and Holder’s inequality (6.9a).

(2) The case 1 < q < p*. We define p as in Theorem 6.18. Owing to Lemma 6.19, we

infer that H|PWZ*;, = llpl“ly. 5 < (2\/@_1\HGRAD(!P|’*)|||175- We set g = GRAD(p). Since
GRAD(|p|*)[a(r) <

1
with @ = p, 8 = =21, aj = (£I[E(E)) 20, b, = (FJE(E))F peco 1, and k = {£,c} that

HEa(f) 2oceC; IPe(c) |"_1 for each f € F, we infer using Hélder’s inequality (6.5)

1
4 1y 2
IGRAD(|p|")], z < §2r lell, z { > > [fIR@Ipsol™ | < umio2> liel, glipll 7 5
feF ceCs
To obtain the last inequality, we have inverted the order of summations and used (6.8). Notice
that p — E-. Using Holder’s inequality (6.9a) yields H\p||| S < ON |||GRAD( )H|p F
(3). The proof of the case d < p follows the same lines as Theorem 6.18. O]

Remark 6.21. Note that in Theorem 6.20, p € V as opposed to Theorem 6.18 where p € Vy

(and not V). The reason is that for all dual edges touching the boundary 02, GRAD(p)|s only
contains one vertex contribution (namely that from the vertex of & in Q).
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operators
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In the previous chapter, an algebraic analysis based on finite-dimensional DoFs spaces has
been developed. The use of reconstruction operators allows us to adopt a new viewpoint on
CDO schemes (in a spirit closer to the FE approach) that extends the algebraic analysis. In
this chapter, we assume that the meshes belong to the class (MB) and that primal faces are
planar. This is a relatively weak assumption which is verified by several meshes (see Fig-
ure 3.9 for examples). In Section 7.1, we detail the principles underpinning the reconstruction
operators. As for the discrete Hodge operator, the design properties are stated locally. In Sec-
tion 7.2, we give simple examples of reconstruction operators for the potential, circulation, and
flux on specific meshes and a simple potential reconstruction operator on polyhedral meshes.
In Section 7.3, we define reconstruction operators on polyhedral meshes. Three families of
reconstructions are successively introduced according to their properties: piecewise constant
reconstructions, piecewise polynomial and conforming (we will precise the meaning in what fol-
lows) reconstructions, and piecewise polynomial and conforming reconstructions which satisfy
a “dual consistency” property. These three families of reconstruction operators are introduced
either to derive further theoretical results or to implement new discrete Hodge operators. We
conclude this chapter by deriving new discrete Poincaré inequalities in Section 7.4.
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7.1 Reconstruction operators

7.1.1 Local reconstruction operators

Loosely speaking, a reconstruction (or lifting) operator generates a field from a set of DoFs
and it acts as an approximate inverse of the de Rham map. A reconstruction operator acting
on the DoFs of the space X is denoted by Ly. Similarly to the discrete Hodge operator, the
reconstruction operator is devised locally on the cells of the primal mesh.

Definition 7.1 (Local reconstruction operator). Let ¢ € C. The local reconstruction opera-
tor Ly, : X; — Px(c) is defined in terms of a family of #X. linearly independent functions
{lx c}xex. spanning the finite-dimensional space Px(c), called the approximation space, so that
the reconstructed field Ly, (a) is defined by

Lx. (a) (@) = Z axgx,c(i), Va € X, Vx € c.
xEXe

Whenever needed, we distinguish the case of scalar-valued reconstruction operators Ly
when & € {V,C} and that of vector-valued reconstruction operators Ly when X € {&,F}.
The space Py(c) is generally a broken polynomial space spanned by scalar-valued polynomials
when X € {V,C} and by vector-valued polynomials when X € {€, F}. In what follows, we focus
on the case X € {V,&, F}. The case X = C, which follows the same lines, is straightforward
(cf. Remark 7.8). We assume that the functions in Py(c) are in the domain of the local de
Rham map Ry, i.e. Py(c) C Sx(c).

Remark 7.2 (Local conformity). The concept of conformity with respect to a functional space
is a key element of distinction between the reconstruction operators. Let S be a functional
space. A reconstruction is said to be S-conforming if the range of the reconstruction operator
is a subspace of S. There are three relevant conformities to consider in our context: H'-
conformity for potentials (i.e. Py(c) C H'(c) for each cell c € C), H(curl)-conformity for
circulations (i.e. Pe(c) C H(curl;c) for each cell c € C), and H(div)-conformity for fluzes (i.e.
Pr(c) C H(div;c) for each cell c € C). We use the superscript conf to indicate the conformity
of a reconstruction operator. Notice that, in general, the reconstruction operators we consider
are non-conforming.

Link with discrete Hodge operators. A local reconstruction operator or equivalently a
set of local reconstruction functions induces a local discrete Hodge operator. Namely, given a

set of functions {/x¢}xex., the local discrete Hodge operator Hac”® is generically defined by

chic‘x,&(x) = /€X7C(g) aly (z), vx,x' € X, (7.1)

so that, owing to Definition 7.1, we infer that

[ar, HEV (a0)] . 5, = / Ly (a1) aly, (as), Vay,ag € X.. (7.2)

C

Here, « is the considered material property which we assume to be piecewise constant on the
primal mesh. As previously noticed by Bossavit (2000) (cf. the concept of Galerkin Hodge when
the Whitney reconstruction functions are used), a discrete Hodge operator defined by (7.1) is
a mass matrix weighted by the material property . The link between the CDO approach and
the FE approach appears naturally in (7.1) since FE basis functions can be considered as CDO
reconstruction functions.

Besides the generic definition (7.2) which allows us to build local discrete Hodge operators,
the reconstruction operator is also useful to derive further theoretical results, for instance,
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the discrete Poincaré inequalities (cf. Lemmata 7.45 and 7.47 below) or the second-order
convergence rate in L2-norm for the potential in elliptic problems (cf. Theorems 8.13 and 8.23
below). Moreover, the reconstruction operators are also of practical interest for postprocessing
the discrete solution.

7.1.2 Local design properties

The design of the reconstruction operators hinges on local properties whose aim is to re-
cover the three properties stated in Section 6.2.1 for the local discrete Hodge operator: sym-
metry (HO), stability (H1), and Py-consistency (H2). Notice that (HO) is readily satisfied
using (7.2). There are two equivalent ways to state these design properties.

Direct approach on reconstruction functions. This approach is considered by Codecasa
& Trevisan (2010a) (except for (R1)). For all ¢ € C, we require that:

(R1) [Stability] There exists a real constant 7y > 0 uniform w.r.t. ¢ such that
nxlallx, < ILx(@)l7ee <ny'laliy, — Vae X
(R2) [Partition of unity] For any constant field K in c, the following identity holds:

Ly.Ry (K) = K.
(R3) [Dual consistency| For any constant field K in ¢, the following identity holds:

/LXC () K = [a,Ry (K),5,. Vacd.

C
(R4) [Unisolvence] Ly, is a right inverse of Ry, i.e.
RXCLXC = IdXC-

Proposition 7.3. Let H;‘°5° be defined by (7.2). Assume (R1)-(R3). Then, (HO), (H1), and
(H2) hold.

Proof. (HO) is readily verified. The stability property (H1) results from (R1) and (7.2). Let
K be a constant field on c. Recall that « is constant in c¢. (H2) results from

Vae X, [a,HEV Ry (K)] 5, = / Ly.(a)-aLyRe (K) by (7.2),

- [Lr@-aK by (R2),
= [a, Rj)vc(aK)}]Xcg,C by (R3).
The conclusion follows since a is arbitrary in A. O

Therefore, every discrete Hodge operator built from (7.2) with a reconstruction operator
verifying the three properties (R1)-(R3) inherits the theoretical results derived in Chapter 6.

Remark 7.4 (Unisolvence). Observe that the unisolvence property (R4) is not needed to satisfy
the design properties of the discrete Hodge operator identified in Chapter 6.
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Chp. 7. Analysis using reconstruction operators

Local design properties on reconstruction functions. We now specify what are the
equivalences in terms of reconstruction functions of the properties (R2)—(R4) for each type of
primal DoFs. We only state the results since the proofs are straightforward. In what follows,
K is a constant scalar-valued field in the case of V. and a constant vector-valued field in the
case of & and F..

Proposition 7.5 (Requirements for ¢ ). Let ¢ € C. The following properties of the recon-
struction functions {ly c}vev, are equivalent to (R2)-(R4) for Ly, :

(R2) LyRy (K)=K = ) lelz) =1, Vz € c, (7.3a)
vEV,

and for all a € V,,

(R3) /ch(a) = Y afiv)nel /zvvc —lene(v), WeV, (7.3D)
¢ vEV, ¢
(R4) Ry.Ly(a)=a = Ay (z,) =6y, Vv, v € V. (7.3¢)

In addition, whenever the linear completeness property

> zlec(z) =z, Vz € c, (7.4)
veV,

holds along with (R2), this induces the Pj-consistency property, i.e. for any affine field A,
Ly Ry.(A) = A. Indeed, in each cell ¢ € C, A can be written as A(z) := A(z,) + G- (z — z,)
with G constant in c, so that

Ly Ry (A(z) = D Az )lve(z) = D (Alze) — G- (zy — z.)) by.c(z)

VGVC VEVC
=A(z.) + G- (z — z,) = A(z).

Proposition 7.6 (Requirements for £, .). Let c € C. The following properties of the recon-
struction functions {£, .}ecE, are equivalent to (R2)—~(R4) for Lg,

(R2) LeRe(K)=K = > L (r)®e=Id, Vzec, (7.5a)

ecE.

where e = [, 7, (cf. Definition 5.13), and for all a € &,

(R3) /L Z af, = /ﬁeﬂ =f.(e), Ve € Eg, (7.5b)

e€k,
where £ ( = Ji.(e) Ui.(e) (¢f- Definition 5.16),
(R4) RglLg(a)=a = /ﬁe’,c “To = O Ve,e' € Ee. (7.5¢)

Proposition 7.7 (Requirements for £ ). Let c € C. The following properties of the recon-
struction functions {{ . }ter, are equivalent to (R2)-(R4) for Ly, :

(R2) LrRr(K)=K = ) b (r)of

f=1d, Vz € c, (7.6a)
feF.

where £ = [; vy (cf. Definition 5.13), and for all a € F,

(R3) / Ly(a) = 3 as(f) / lro = 5.(8) Vf € ., (7.6b)

feF.
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where &.(f) = J5 ) Ta.(r) (¢f- Definition 5.16),

(R4) RrlLy(a)=a — / [ VI € Fe. (7.6¢)
f

Remark 7.8 (Density reconstruction). L¢, is derived from a single reconstruction function £
since #C. = 1. For each ¢ € C, property (R2), corresponding to |c|l.(x) = 1 for all z € ¢,
gives the definition of L.. We easily verify that this definition is in agreement with (R3) (since
J.Le.(a) =ac [, lc = a.) and (R4) (since [ 4. =1).

Remark 7.9 (Physical dimension). Observe that the reconstruction functions ly . are dimen-
sionless, L, . scale as the reciprocal of a length, £; . scale as the reciprocal of a surface, and L.
as the reciprocal of a volume.

Orthogonal decomposition of the reconstruction operator. The second approach op-
erates a decomposition of the reconstruction operator Ly, into a consistent part Cy, and a
stabilization part Sy, so that, for all ¢ € C,

Ly, :=Cx, +8x., (77)

with the consistent part Cx, : X. — Pp(c) and the stabilization part Sy, : X — Px(c). This
kind of decomposition has already been introduced by Brezzi et al. (2005) in the context of
MFD schemes and by Eymard et al. (2010) for the reconstruction of gradients in the context of
HFV schemes. More recently, Di Pietro & Ern (2013) extended this viewpoint to higher-order
gradient reconstructions.

For all ¢ € C, we require, in addition to (R1) and (R4), that:
(R2x) For any constant field K,

CXCRXC(K) =K and SXCRXC(K) =0, (78)
(R3x) For all a € A,

/ Sx.(a) = 0. (7.9)

In the case of lower-order schemes (based on a barycentric subdivision), the consistent part
of the reconstruction is given on each cell ¢ € C for any constant field K by

1 —
H[[a, R)~}C(K)]]XCJ~,C, Va € AL. (7.10)

In the specific case of V, &, and F, this leads to the following expressions:

Cy.(a) K :=

Cy.(p) : Z pv|e(v) N¢l, Vp €V, (7.11a)
VGV
Z u, £ ( Yu € &, (7.11b)
eEEc

Cr.(¢ Z O &, Vo € Fe. (7.11c)
feF

Proposition 7.10. Let ¢ € C. Then, for any constant fields K, K in ¢, the following identity
holds:

[R. (K), Ry ()] 4,5, = lel K - K. (7.12)
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Proof. This property relies on the barycentric subdivision. Namely, (7.12) is readily verified
owing to (5.18a) if X' is &, owing to (5.18b) if X' is F, and owing to (5.12) if X is V. O

A straightforward consequence of Proposition 7.10 is that the definition (7.10) (and, as a
result the definitions (7.11)) automatically ensure that for any constant field K, Cx,Rx, (K) =
K.

Proposition 7.11 (Link between the two sets of properties). Set Ly, = Cx, + Sx, with Cx,
defined according to (7.11). Then, (R2x) and (R3x) are equivalent to (R2) and (R3), respec-
tively.

Proof. (R2) readily results from (R2x%) and (7.7). Moreover, (R3x) yields for any constant
field K,
/ Ly(a)- K = / Cx.(a) - K = [a,Ry; (K)],5,.

so that (R3) holds. The converse statement is proven with similar arguments. O

A straightforward consequence of Proposition 7.11 is that every discrete Hodge operator
built using reconstruction operators satisfying properties (R1), (R2%), and (R3%) along with a
consistent part of the reconstruction defined as in (7.11) inherits the theoretical results derived
in Chapter 6. Owing to property (R3%) and since Cy, maps onto constant fields, the local
discrete Hodge operator can be decomposed as

Vai,as € X, [ar, HYV(az)], 5, = /Cxc(al)acxc(az) +/SXC(al)aSXC(a2)‘ (7.13)

All the schemes based on this decomposition share the same consistent part. The distinction
between two different schemes stems from the stabilization part. From (7.13) and (7.11), we
infer that the entries of the local Hodge operator related to the consistent part are the following:

HEE ooy = [l 4 e(v) ] - afev) Nl W, v € Ve, (7.14a)
HEZe ] (o). = le| T Ee(e) - a(e) ve,¢’ € Ec, (7.14D)
HZ e, 0.0 = el '8 (f) - @ &e(f') Vi, f' € Fe. (7.14c)

7.1.3 Global reconstruction operators

Definition 7.12 (Global reconstruction operator). Let Py (C) be the set of functions whose
restriction to each cell ¢ € C belongs to Px(c). Then, the global reconstruction operator
Ly : X — Px(C) is defined from the local reconstruction operators by collecting the local
contributions on each cell c € C as follows:

L)((a)|C =Ly, (TX’C(a)) Vaec X. (7.15)
Using (7.2), (3.20) along with (7.15), we readily verify that
[a1, Hy¥ @2)],5 = [ Laf@)- alu(as),  Vaias € X. (7.16)
Q

Remark 7.13 (Global density reconstruction). The global reconstruction operator L¢ is simply
defined from (7.15) and Remark 7.8 as follows:
Le(s) =Y =%, vseC. (7.17)
ceC |C’

The discrete Hodge operator built using this global reconstruction operator is diagonal with
entries equal to |c|~1.
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Proposition 7.14 (Global stability). Let Ly be a global reconstruction operator built from local
reconstruction operators Ly, satisfying (R1) in each cellc € C. Then, the following inequalities
hold: There exists a real constant ny > 0 such that

nxlallx < Lx(@)lfzq) <nx'laliy.  Vaex. (7.18)
Proof. Summing cellwise (R1) and owing to (6.2), we infer the global stability property. [

Proposition 7.15 (Global dual consistency). Let Ly be a global reconstruction operator built
from local reconstruction operators Lx, satisfying (R3) in each cell c € C. Then, the following
identity holds for any piecewise constant field K on the primal mesh:

/ Le(a) K = [a,Ry(K)],5.  VacX. (7.19)
Q

Proof. Since a piecewise constant field on the primal mesh belongs to Sj;(C), we infer from
(R3) that

[ L) K = z/LX e K =3 [La(Txla) by (7.15),

ceC ceC

= [Txe(@), R (Ke)] 2.5, by (R3),
ceC

=Y [a, T&,CR;@(:)L;
ceC

= [a,Ry5(K)] 3 by (6.25).

d

Remark 7.16 (Conformity). Observe that the cellwise definition (7.15) of the global recon-
struction operator does not entail any conformity property for Ly. When this property is
actually satisfied, we use the notation ngnf; note that the conformity of Lﬁ?nf requires that of
LSYOC“f in each cell c € C (c¢f. Remark 7.2) as well as suitable matching conditions across interior
mesh faces. Whenever the global reconstruction operators are conforming, it is interesting to
consider the additional property of commutativity with the differential operators in the form

grad (L) = L& (GRAD),  curl(L&™) = LE™(CURL),  div(LE™) = Le(DIV).  (7.20)

This leads to the commuting diagrams of Figure 7.1 where Py(Q) := Py(C)NHY(Q), P:(Q) :=
Pe(C) N H(curl; ), and Pr(Q2) := Pr(C) N H(div; Q).

Lg}onf L‘(éonf Lc}gnf Lc
V% GRAD > £ CURL > F DIV > C

Figure 7.1 — Three commuting diagrams linking the de Rham complex related to the finite-
dimensional approximation spaces (top line) and the discrete de Rham complex (bottom line)
on the primal mesh. These links are operated by conforming reconstruction operators which
commute with differential operators.
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Remark 7.17 (Analogies with MFD). In MFD, the reconstruction operator is mainly used
for theoretical purposes. The properties are stated locally as in CDO schemes. (R2) and (R4)
are required in addition to a commuting property with some differential operator (hence, the
reconstruction operators are locally conforming) and a data locality property (Beirdo da Veiga
et al., 2014).

7.1.4 Approximation maps

Definition 7.18 (Local approximation map). Let ¢ € C. We define the local approximation
map Ax, : Sx(c) = Px(c) by
Ay, :=LxRx,. (7.21)
Combining (7.21) with (7.2), we infer the following property of the local discrete Hodge
operator:

/AXC(U)'QAXC( ) = [Ra.(w), HEYe  Ra ()] 55 Vu,v € Sx(o). (7.22)

C
Proposition 7.19. Let c € C.
(i) Under assumption (R2), Ax.(K) = K for any constant field K.
(ii) Under assumption (R4), Ay, - Ay, = Ax, (i.e. Ax, is a projector).
Proof. (i) is readily verified using (R2) and the definition of Ay.. Concerning (ii), Ay, is a
projector since Ax_Ax, = Lx.(Rx.Lx.)Rx, = Ly.Rx, = Ax, owing to (R4). O

Definition 7.20 (Global approximation map). The global approzimation map Ay : Sx(C) —
Px(C) is defined from the local approzimation maps by collecting their contributions as follows:

Ve e C, Ax(u)|c := Ax,(ulc), YVu € Sx(C). (7.23)

Based on this definition, we infer by summing cellwise (7.22) that the global discrete Hodge
operator verifies

/ Av(u) - ohx(v) = [Ry(u), HY  Ry(0)],5, Y, € Sx(€), (7.24)
Q

owing to Definition 7.20, the fact that Ry, (u|c) = Tx cRx(u), and (3.20).

Proposition 7.21 (Approximation property of Ag). Assume that the mesh sequence is of class
(MR). Consider local reconstruction operators Lg_ verifying the properties (R1) and (R2) in
each cell c € C. Then, for allb € [HY(C)]3 such that curlb € [LY(Q)]?, the following inequality
holds:

lb— 8 (®)l 2y S b (Il (s + leurl bl ps s ) - (7.25)

Proof. Let B be the L?-orthogonal projection of b onto [Py(C)]3. First, observe that b € Sg(C)
since b € [H'(C)]? and curlb € [L*(Q)]3. The bound (7.25) is derived locally. Since

16— Ae(®)IZ2(ps = Db — Ae, (Ble) 72025
ceC
using (R2) in each cell, Ag (B|c) = B|c and the triangle inequality, we infer that
b~ 2320 < 3 (b~ Bl3aep + I, Reu (b~ B)lo)3a(ep) -
ceC

Clearly, |b—B|r2(c)3 S helbl 1 (c)s using (MR) and standard approximation properties. More-
over, owing to the upper bound 1n (R1) and to (MR), we infer that |Lg Re ((b—B)|c )||L2(C)3 <

he Yeck, | Te|?, where T, = [,(b— B)- 1, has been bounded in the proof of Lemma 6.14 by |T¢| <
1
B (1bl i oy + lewrl bl o ). Thus, b= Ae () |22ys S Seec h2 ([b121 (0 + leurlbf2, ). O
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Proposition 7.22 (Approximation property of Ar). Assume that the mesh sequence is of class
(MR). Consider local reconstruction operators Lz, verifying the properties (R1) and (R2) in
each cell c € C. Then, for all b € [H*(C)]?, the following inequality holds:

16— Ax(®) 20z < Plblim (cyps- (7.26)

Proof. Since b € [HY(C)}3, b € Sz(C). The proof follows the same lines as that of Proposi-
tion 7.21. The only difference is that we now use |Lz Rz ((b— ﬁ)\C)H%Q(C)g, S het g, TR,

3
where Tt = [;(b—B)-v; satisfies [T| < hé [b] g1 (cys- This is shown as in the proof of Lemma 6.14
by replacing f by f. O

Remark 7.23 (Conformity). Consider an approzimation map AS™ := LRy built from
a conforming reconstruction operator which has the commuting property (7.20) with the dif-
ferential operators. Then, owing to the Proposition 3.13, the following properties hold (see
Figure 7.2):

Aconf —

grad AL grad, curl A& = A0t cur], div A" = Ac div. (7.27)

div >(L1(Q)

L(\:}onf L(éonf /Lc}_onf Lc

@

A%onf Agonf Aconf ‘ Ac
V% GRAD E CURL F ———DIv C
Ry Re Rr Re
SH(Q) grad > SE() curl div > Sc(Q)

Figure 7.2 — Commuting diagrams linking the de Rham complex related to the finite-
dimensional approximation spaces (top line), the discrete de Rham complex (center line), and
the continuous de Rham complex (bottom line). These links are operated by conforming ap-
proximation operators which commute with differential operators.

Remark 7.24 (Link with FEEC). The approzimation map (also called interpolation or pro-
jection operator) is extensively used in the FE framework. In the FEEC framework (Arnold
et al., 2010), the key concept of bounded cochain projection translates as a conforming ap-
proximation map which commutes with the differential operator and which has the stability
property (R1).

7.2 Simple examples

The discrete Hodge operator is the key ingredient in the design of CDO schemes. Since
the definition (7.2) of the discrete Hodge operator depends on the choice of the reconstruc-
tion operator, choosing a specific reconstruction operator leads to a specific CDO scheme. In
Sections 7.2.1 and 7.2.2, we present two simple examples of reconstruction functions on spe-
cific meshes and, in Section 7.2.3, we present a simple potential reconstruction operator on
polyhedral meshes.
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7.2.1 Simplicial meshes

The Whitney reconstruction functions are a well-known example of conforming FE basis
functions for simplicial meshes. Whitney functions embrace the lowest-order Lagrange FE for
vertex-based DoFs, the lowest-order Nédélec FE for edge-based DoFs, the lowest-order Raviart—
Thomas—Nédélec FE face-based DoFs, and the cellwise constant functions for cell-based DoFs
(cf. Remark 7.8). Let ¢ € C belong to a simplicial mesh. Then, the Whitney reconstruction
operators are given as follows:

Ly (p) = Y p@), VYpeV, (7.28a)
veVe

LY (u) = Y uli(z), Vuekl, (7.28b)
ecEc

LY (0) = D ¢eli (@), Vo eF, (7.28¢)
feF.

where /A9 is the local lowest-order Lagrange FE shape function attached to the vertex v, £5"

the local lowest-order Nédélec edge FE shape function attached to the edge e, and ﬁ?f:N the
local lowest-order Raviart—Thomas—Nédélec FE shape function attached to the face f.

Let ¢ be a tetrahedron. In a tetrahedron, there are as many as faces as vertices (i.e.
#F. = #V,.). Thus, to each face f € F., we can associate a unique vertex v € V. such that
v ¢ Vi. We denote by f(v) this correspondence (see Figure 7.3). Similarly, we denote by
v(f) the converse correspondence. To each edge e € E., we can associate a unique opposite
edge € € E. defined such that Ve N Vo = (). We denote this association by €’ := e(e) (see,
for instance, edges e; and eg in Figure 7.3). We can now turn to the definition of the shape
functions.

Definition 7.25 (Whitney reconstruction functions). Let ¢ be a tetrahedron. For each vertex
v € Ve, we define £ as follows:

(Z —2y) Vi) o

028 () =1 —
7 ( ) (if(v) - gV) "Vi(v),c

; Vz € c, (7.29a)

where we recall that vy . is the unit normal to f(v) pointing outward c. For each edge e € E,
we define Lo, as follows:

- X
Lol (z) == (Z = Zei) X Ze(e) Va € c, (7.29b)

e ((ie — Te(e)) X &(@) ’

where we recall that e = [, 7,. For each face f € F, we define £{" as follows:

x—x,
L0 (z) == *7*@, Vz € c. (7.29¢)
’ dic|
Remark 7.26 (Definition of £7). In the definition (7.29a), the point xyy is not the only
choice. Any point lying inside f is an admissible choice.

Remark 7.27 (Alternative definition of (3 and £f"). Let ¢ be a tetrahedron. Consider an
edge e € E. and its vertices vi and vo. If T, points from vi to va, then we can also define EEECD
as follows:

Lol =LV (050) — LSV (675, (7.30a)
Consider now a face f € Fe and its vertices v, va, and vz such that ((z,, — z,,) X (Z,, — Z,))"

Vio >0 (i.e. we give an orientation to the face f). Then, we can also define (f" as follows:

7fR;£N —9 (ELAGV(ELAG) % V(ELAG) _’_ELAGv(ELAG) % v(ELAG) +£LAGv(£LAG) % v(gLAG)) '

vi,c v2,¢ v3,C v2,C v3,C v1,¢ v3,C v1,C v2,C

(7.30b)
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Proposition 7.28 (Properties of Whitney reconstructions). Let ¢ € C. Assume the mesh
is of class (MR) and (MB). Then, the reconstruction operators LY, , L¥ , and LY. satisfy
the four properties (R1)~(R4). Moreover, the set {£'%}vev, satisfies the linear completeness
property (7.4). In addition, the global reconstruction operators built according to (7.15) are

conforming and commute with the differential operators, i.e.
grad -Li*¢ = L™ - GRAD, curl -L¥* = LY . CURL, div L¥Y =L¢-DIV.  (7.31)

Proof. (R1) is established using (MR). For (R2)-(R4), we refer to Bossavit (2000), no.5
“The Galerkin Hodge” . The linear completeness of (% is straightforward since (% is a

barycentric coordinate. The conformity and the commuting property of the global Whitney

reconstructions are classical results (see, e.g. Ern & Guermond (2004), Chapter 1). O
Loy
eg = e(e1)
Loyg
Ty,
x

Lo

Figure 7.3 — Tetrahedron.

7.2.2 Cartesian meshes

Let ¢ € C belong to a Cartesian mesh. Consider a fully barycentric subdivision of ¢ (cf.
Definition 5.10). Two examples of non-conforming reconstructions on Cartesian meshes are the
following:

(a) For all e € Eq, letting pet™ := Uvev, UereE,nE, UreF, nF Sv,e' f,c (composed of 12 elementary

subsimplices; see Figure 7.4 left), we set

ECAR(QZ:) :: |e|_1Ie if& 6 pg:?;Ra (7.32)
e 0 otherwise.

(b) For all f € Fe, letting pfe" := Uyev; UeeE,nE. U eF.nF Sve fc (see Figure 7.4 right), we set
f|7lyp  if z € pPiaR,
(e = | T2 E PG (7.3
’ 0 otherwise.

In both cases, the local design properties (R1)—(R4) are easily verified. Moreover, the local dis-
crete Hodge operator defined by (7.1) is diagonal for isotropic material property «. Using (7.32)
yields the discrete Hodge operator defined in (3.21), while using (7.33) the one defined in (3.22).
The case (4" for all v € V. is detailed in a more general context (cf. Section 7.2.3 below).

7.2.3 Simple potential reconstruction on polyhedral meshes

For each cell ¢ € C belonging to a polyhedral mesh, the piecewise constant potential
reconstruction operator L?,C is defined as follows:

LY.t Ve = Po(Pue), LY, (P)lev)ne = Pv, Vv € Ve, Vp € V.. (7.34)
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Figure 7.4 — Volume to consider for the definition of the reconstruction functions in MAC

schemes on a Cartesian mesh. Left: pcc"; Right: pfet.

This local potential reconstruction operator verifies (R1)-(R4) and induces a local discrete

Hodge operator H{®"* which is diagonal with entries equal to |¢(v)Nc|. The global reconstruction
operator LY resulting from definition (7.34) is cellwise constant on the dual mesh and verifies

L% (P72 @) = IPlI3- (7.35)

Remark 7.29 (Simple reconstruction operators Lgc and Lofc). Defining Lgc and Lofc following
the same building principle as L?)C leads to

L2 : & — Po(Pue), L2 (1)), = %I Ve € Ee, Yu € &,
é (7.36)
Lg'—c cFe— PU(%F,C)a LO]—'C(¢)|pf,c = Jﬂb vt € Fe, Vo € Fe.

These two reconstruction operators lead to diagonal discrete Hodge operators. However, prop-
erties (R2) and (R3) are not verified by these reconstructions on general meshes.

7.3 Reconstruction operators on polyhedral meshes

The goal of this section is to reconstruct potential (resp. circulation, flux) fields from
vertex-based (resp. edge-based, face-based) DoFs defined on polyhedral meshes. The devised
reconstruction operators have to fulfill a minima properties (R1), (R2), and (R3) (or, equiv-
alently (R1), (R2%), and (R3%)), so that the discrete Hodge operator satisfies the theoretical
results derived in Chapter 6.

In what follows, we detail three classes of reconstruction operators. The first class is in-
troduced in Section 7.3.1. It consists of piecewise constant non-conforming reconstruction
operators Ly, Lg, and Lz. These reconstruction operators embrace as a particular case, the re-
construction operators devised by Codecasa et al. (2010), hereafter called DGA reconstruction,
and the reconstruction proposed by Eymard et al. (2010) for the discrete gradient, hereafter
called SUSHI reconstruction. This class of reconstruction operators is of practical interest since
they are explicitly defined (which is clearly attractive from an implementation viewpoint).

The second class of operators comprising piecewise polynomial conforming reconstruction
operators, is introduced in Section 7.3.2. In contrast to those of Section 7.3.1, these recon-
struction operators are conforming and commute with the differential operators. However, the
dual consistency property (R3) is not proved for these operators. These reconstruction oper-
ators are implicitly defined (their evaluation typically requires solving a local linear system)
and are mainly used for deriving further theoretical results (cf. Section 7.4). Such recon-
struction operators have been addressed in several works: Buffa & Christiansen (2007) in the
two-dimensional case for LCXOCnf, and extended by Christiansen (2008) in the context of FES to
the three-dimensional case; see also Euler (2007) for a similar approach in the context of FIT.
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In all cases, the definition relies on a constrained problem on each polygonal or polyhedral cell
subdivided into subsimplices, so that a preprocessing stage is needed to evaluate numerically
the local reconstruction functions.

The third class of operators comprising piecewise polynomial conforming reconstruction
operators satisfying the dual consistency property (R3), is described in Section 7.3.3. We only
consider Lf,ocnf and Lf;(-)cnf, and not L%‘Cmf (which is not needed in what follows). These reconstruc-
tion operators also commute with differential operators. choc“f is implicitly defined, while L‘{Zﬂf
is explicitly defined using geometrical relation specific to the fully barycentric subdivision. To
our knowledge, the potential reconstruction operator L‘{,‘an is new, while Lﬁ?cnf is inspired from
Vohralik & Wohlmuth (2013) in the context of Mixed FE methods.

Remark 7.30 (Potential reconstruction). Potential reconstructions are extensively treated in
the FE literature for specific elements (tetrahedron, hexahedron, pyramid. .. ). A typical way to
extend these reconstructions to polyhedral meshes is to use the concept of generalized barycen-
tric coordinates; see Wachspress (1975), Floater et al. (2005), Warren et al. (2007), Hormann
€ Sukumar (2008),Gillette & Bajaj (2011); Gillette et al. (2012), and reference therein.

7.3.1 Piecewise constant non-conforming reconstruction

For each primal cell ¢ € C, a simple way to design piecewise constant non-conforming
reconstruction operators Ly, based on the orthogonal decomposition (7.7) is the following.
Recall that the mesh is assumed to be of class (MB) and that the dual barycentric mesh is
considered.

)
X

Figure 7.5 — Example of partition of a hexahedral cell c. Left: p, . for a vertex v € V.; Middle:
Pec for an edge e € E.; Right: p¢. for a face f € F¢. Crosses indicate barycenters of faces and
diamonds barycenters of edges.

Definition 7.31. Let ¢ € C and let X € {V,E,F}. Recall the partitions ‘Bx ¢ = {Px,c}xex.
introduced in Definition 5.18 (see also Figure 7.5). Then, for all a € X, set

Lx,(a) := Cx,(a) + Sx, ((ldx, — Rx.Cx.)(a)),

with Cx, : Xe — Po(c) and Sy, : X, — Po(*Bx,c) (the space of piecewise constant functions in
each Py ) acting as follows for any constant field K in c:

1 — . — R, (K)l5e(x)
—la, Ry (K)], 5, Sy.(a) - K)ly, . =8 Ve
‘C|[[ yc( )]chc ( X ( ) )‘P , |px,c|
where B > 0 is a free-parameter related to the stabilization. Comparing with (7.7), the stabi-
lization part takes the form

Cr.(a) K = -ay, Vx € X.. (7.37)

SXC = éXC o) (|d - CXCRXC) . (738)

Proposition 7.32. Assume that the mesh is of class (MR) and (MB). Assume that primal
faces are planar. Letc € C. Then, the reconstruction operator Ly, from Definition 7.31 satisfies
properties (R1), (R2x), and (R3x).
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Proof. (R1) stems from the regularity of the barycentric subdivision. (R2x) is a straight-
forward consequence of the definition of the consistent and stabilization parts. In particular,
(7.12) implies that Cx,Rx,(K) = K for any constant field K in c.

Let us now verify (R3x%). For any constant field K in ¢, we infer that

Asx: K = }:L/ Sx.(a)lp,. - K = %3(}:(ax—Rxﬁxiaﬂﬂ'Rijﬁﬁbdm)

xeX¢ xeX¢

= 5 ([a.R5, (K)]..5. — [Ra.Cx.(a). Ry; (K)]...5.)
= fle| (Cx.(a) - K —Cx.(a) - K) =0,

owing to (7.37) for the first term and (7.12) for the second term (since Cy,_(a) is constant in
c). O

Potential reconstruction. For each ¢ € C, the reconstruction operator Ly, is constant in
each py . associated to the vertex v € V.. In this case, (7.37) becomes Cy, : V. — Py(c) and
Sy, : Ve = Po(PBv,c) such that for all p € V,,

Cve(p) : Z pvlcNe(v 89, (P)lpy.c == B Py, W € Ve (7.39)
VGV

It turns out that the stabilization part is Sy, (p)|p,, . = Blc| ™t Xvev. [cNE(v)| (pv — py) yielding

LVC( ‘PV < Z |C ne Pv — pv) + pv) . (740)
VGV

The set of local reconstruction functions {¢y ¢ }yev, associated with (7.40) is piecewise constant
on Py and is such that

lcnev)|
[c]

We stress that the value of these functions is not necessarily continuous across the faces of the
submesh (induced by Py ) lying inside c, so that, in general, Ly, does not map into H'(c). In
what follows, we do not use this reconstruction since a conforming potential reconstruction on
polyhedral meshes can be defined explicitly with more properties (cf. Section 7.3.3).

ev,c(@)hﬁ,/’c = ﬂév,v’ + (1 - ﬂ) (741)

Circulation reconstruction. For each ¢ € C, the reconstruction operator Lg_ is constant
in each pe associated to the edge e € Ec. In this case, (7.37) becomes C¢_: & — [Pg(c)]® and
Se. : & — [Po(Pe,c)]® such that for all u € &,

. f
Ce (u Z uf, Se.(u)lp. == ’;(e)‘ Ue, Ve € E. (7.42)
eEE €.

Then, we readily infer that the constant value taken by Lg¢_(u) in each pe, for e € E, is
fo(e) (
[Pec|

The set of local reconstruction functions {£, . }ccE, associated with (7.42) is piecewise constant
on Py and is such that

Le, (0)]pec = Ce. (u) + B7— (ue — e~ Cg (u)) . (7.43)

B - f.()@e) fo(e)
e o(@)lp, = ———fc(€)dee+ (1d— 3 =T (7.44)
’ Pelsc h:'e el [Per ,C‘ |
Recall that |pec| = Ye- f.(e) where d is the space dimension. We stress that the tangential

component of these functions is not necessarily continuous on the edges of the submesh (induced
by Br.c) lying inside c, so that, in general, Lg, does not map into H (curl;c).
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7.3. Reconstruction operators on polyhedral meshes

Flux reconstruction. For each ¢ € C, the reconstruction operator Lz is constant in each
prc associated to the face f € F.. In this case, (7.37) becomes Cr, : F. — [Py(c)]® and
S5 : Fo — [Po(Pec)]® such that for all ¢ € F,

Cr. (¢ Z S, Br (), = 6? D ., vt € F. (7.45)

feF | fic |

Then, we readily infer that the constant value taken by Lz (¢) in each p¢, for f € F, is

& (f)
Pt e

The set of local reconstruction functions {{ . }tcr, associated with (7.45) is piecewise constant
on Py . and is such that

Lr.(®)lps. =Cr.(¢) + ﬁ (¢ —f-Cr. (). (7.46)

e o(2) oy, &.(£)dr e + (Id - BEC(P) ®f’> éT(f). (7.47)

|p c‘ ‘Pf’,c’ C’

We stress that the normal component of these functions is not necessarily continuous accross
the faces of the submesh (induced by By ) lying inside c, so that, in general, Lz does not map
into H(div;c).

Proposition 7.33 (Unisolvence). The reconstruction operators detailed in Definition 7.31
satisfy property (R4) if and only if

° (= é for circulation and flux reconstructions,

e 3 =1 for potential reconstructions.

Proof. In the case of potential reconstructions, the proof is straightforward considering (7.41).
In the case of circulation reconstructions, since |pec| = ég -f.(e) for all cells ¢ € C and for all
edges e € E, (7.44) yields

/Eevc‘lezgfc(e) (1+ 0 —ﬂe'fC(e)> :1+(5d_1)(1—M),

|c| |pe,0| ‘pe,CHC‘ ’C|

and the right-hand side equals 1 if and only if § = é. In the case of flux reconstructions, the
proof follows the same lines; see also Codecasa et al. (2010), Property 1. O

Remark 7.34 (SUSHI vs. DGA). Considering circulation and flux reconstructions, the choice
8= é yields the DGA reconstructions while the choice 8 = ﬁ corresponds to the choice made

in SUSHI schemes. (R4) holds only for the choice B = 1, so that, for allc € C, Ag, and Az, are
projectors (cf. Proposition 7.19) only when one considers the DGA reconstruction. However,
the SUSHI-like reconstructions have the practical advantage to yield a diagonal discrete Hodge

operator when the mesh is superadmissible and the material property is isotropic (see Eymard
et al. (2010), Lemma 2.1).

Remark 7.35 (Comparison with Perot et al.). Perot et al. (2006) have proposed a recon-
struction operator Lg_ (resp. Lz ) on polyhedral meshes with only a consistent part defined
as in (7.11b) (resp. (7.11c)). However, these reconstructions seem to suffer from a lack of
stability.

7.3.2 Piecewise polynomial conforming reconstruction

For the sake of completeness, we recall in this section the construction proposed by Chris-
tiansen (2008) since we consider these reconstruction operators for deriving the theoretical
results of Section 7.4. The construction is cellwise. In each polyhedral cell ¢ € C, the lo-

cal reconstruction functions devised by Christiansen for potentials, ¢S ., circulations, £ ., and

v,C? =e,c)
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fluxes, EEC are built solving mixed FE problems on a simplicial submesh of the cell c. Since
we assume that the mesh is of class (MB), we can consider the simplicial submesh arising
from the barycentric subdivision of each cell in what follows (observe that the barycentric
subdivision is not required in the original construction). Similar to Chapter 5, the simplicial
submesh is denoted by & := {0, &, ¥, €} where U collects the vertices v (including those of
M), & the edges ¢, T the triangles t, and € the subtetrahedra ¢. In what follows, we denote
by € := {¢ € €|e C e} for each edge e € E, Ty := {t € T|t C f} for each face f € F, and
C.:={ce C|cCc} for each cell c € C.

Remark 7.36 (FIT). In the context of FIT schemes, Euler (2007) has proposed a similar
approach to define potential, circulation, and flux reconstruction functions on polyhedral meshes
based on the use of Whitney reconstruction functions on an underlying simplicial submesh.

Potential reconstruction. Let ¢ € C. For each vertex v € V., we proceed as follows:
1. We assign £y .(z,/) = oy, for all v/ € V¢ (0 is the Kronecker symbol).

2. For each e € E., we denote by P{™(&,) := {6 € Ce)|Ve € €&, 0. € Pi(¢)} and
Pc?nf((’f ) the subspace of P{°™(&,) spanned by functions with homogeneous Dirichlet
BCs on de. Then, £y |c is defined by solving the following problem:

/ grad((S,) - grad(6) =0, V6 € PO (C,). (7.48a)

The Dirichlet boundary conditions of £ . on de results from the previous step.

3. For each face f € F, we denote by P{°™(T;) := {0 € COf) |Vt € Ty, 0 € P1(t)} and
Pff’é“f(ff) the subspace of P{°™ (%) spanned by functions with homogeneous Dirichlet BCs
on Of. Then, £ [t is defined by solving the following problem:

/ grad(£S ) - grad(9) =0, VO € P{PH(Ty). (7.48b)
 grad grad

The Dirichlet boundary conditions of EC on Of results from the previous step.

4. In ¢, we denote by P{"(€.) := {6 € C%Cc)|Ve € €, 0]c € Pi(c)} and P§PI(C,) the
subspace of P{°™ (&) spanned by functions with homogeneous Dirichlet BCs on dc. Then,
{5 . is defined by solving the following problem:

/grad(ﬁac) -grad(f) =0, Vo € PigT(C.). (7.48¢)
C
The Dirichlet boundary conditions of £ . on dc results from the previous step.

Circulation reconstruction. Let Ny(t) (resp. Ny(c)) be the lowest-order Nédélec space on

a triangle t (resp. tetrahedron ¢). Let ¢ € C. For each edge e € E, we proceed as follows:
1. We assign [, £¢ .- To = o, for all ¢ € Ee.

2. For each face f € F., we denote by No(%y) := {¢ € L*(f)?|Vt € Ty, ¢ € No(t)}
and Ngo(%¢) the subspace of Ny(%¢) spanned by functions with homogeneous tangential
component on Jf. Then, £§,C|f is defined by solving the following problem:

/ curl(€€,) - curl(y) =0, Vb € Noo(Sp),

(7.49a)
/ (. grad(§ —0, VO e P(E).

The tangential boundary conditions of £; . on Of results from the previous step.
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3. In ¢, we denote by No(€) = {¢ € L?*(c)®|Vc € €, 9]¢ € No(c)} and Nog(€,) the
subspace of Ny(€.) spanned by functions with homogeneous tangential component on Jc.
Then, £S . is defined by solving the following problem:

) Le,c

/curl( o) -curl(y) =0, Vi € Noo(€e),

(7.49b)
/ (.- grad(0 —0, VOePR(e,).

The tangential boundary conditions of £¢ . on dc results from the previous step.

Flux reconstruction. Let RTNy(c) be the lowest-order Raviart—-Thomas—Nédélec space on
a tetrahedron ¢. Let ¢ € C. For each face f € F., we proceed as follows:

1. We assign [ ﬁ?c vy = O p for all ' € F.

2. In ¢, we denote by RTNy(&,) := {¢ € L%(c)®|Ve € €, ¢|c € RTNy(c)} and RTNg(€)
the subspace of RTNy(€,) spanned by functions with homogeneous normal component
on Jdc. Then, ﬁfc’ . is defined by solving the following problem:

/ div(£,) - div(¢) =0, V¢ € RTNgo(Co),
(7.50)
[Gocmlw) =0, Ve Noo(€o)

The normal boundary conditions of £f . on Jc results from the previous step.

Properties. The global reconstruction operators Ly, Lg, and LG are defined as in (7.15) from
the local reconstruction operators.

Proposition 7.37 (Properties of Christiansen’s reconstruction operators). Assume that the
mesh is of class (MR) with planar primal faces. Then, the local reconstruction operators L%}C,
Lg , and L% satisfy (R1), (R2), and (R4). Moreover, the global reconstruction operators LY,
Lg, and LS are conforming and commaute with differential operators.

Proof. See Christiansen (2008). The assumption on planar primal faces is required to represent
exactly constant fields (i.e. to achieve (R2)). O

Remark 7.38 (Potential reconstructions in MFD). In MFD schemes, Beirdo da Veiga et al.
(2014) have proposed an alternative definition of a conforming reconstruction operator having
properties (R2) and (R4) along with the commuting property with differential operators. Brezzi
et al. (2009) have also devised a conforming potential reconstruction operator having properties
(R1), (R2), and (R4). The commuting property with grad is not addressed since only the
potential reconstruction is considered in this work. S

7.3.3 Piecewise polynomial conforming reconstruction with dual consistency

In this section, we devise potential and flux reconstruction operators on polyhedral meshes
which share the same properties as the reconstruction operators of the previous section (cf.
Proposition 7.37), but which are different since the additional property (R3) (dual consistency)
is satisfied. Devising a circulation reconstruction operator with such properties is left to future
work.
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Potential reconstruction. The conforming potential reconstruction L%Onf is built as a con-
tinuous and piecewise affine function on a simplicial submesh of each primal cell. Let ¢ € C. For
the definition of ijinf, we consider a new partition of the cell, denoted by Byr . of c composed
of the set of tetrahedra {pef ¢ }ter. ccr, defined as follows:

Pef,c 1= Pe,c N Pres Vi e Fc: Ve € Eg. (751)

For each face f € F. and each edge e € Eg, perc is a simplex composed of two elementary
subsimplices Pefc = Uyev, Svetc (see Figure 7.6, left).

Figure 7.6 — Let ¢ be a hexahedron. For a face f € F,; and an edge e € E¢, we highlight the
subvolume pef . (left) and the triangle to (right).

In what follows, we consider
PS5O (Prre) 1= {g € COc) | Vf € Fe, Ve € E, qlp,;.. € P1(perc)}s (7.52)

the space spanned by continuous and piecewise affine functions on Pgr . The local conforming
reconstruction operator L™ : V. — P§™(Ppp ) is built by prescribing its values at the
vertices of Pyr . that is, at z, for all v € Vi, at z; for all f € F¢, and at .. Let p € V.. We
set L™ (p)(z,) := pv for all v € V., and prescribe L§?™ (p)(z;) for all f € F. and L§?™ (p)(z.)
as follows:

1

L3 (p) () == D fNe(v)lpy,  VEER,, (7.53a)
’ ’VGVf
con 1 ~
L5 (p) (z) = H 3 e NE)|pe- (7.53b)
vEV,

Definition 7.39 (Local conforming potential reconstruction on polyhedral meshes). Assume
there exists a fully barycentric subdivision of the mesh. Let ¢ € C. Then, we set ijinf(p) =
Y vev, pvﬁf,?glf for all p € V. with the local reconstruction functions {Ef,?é‘f}vevc defined in each

Pefc for all f € Fe and all e € B¢, as follows:

fne)

e+ L e @), s

@) oy = Be (V) (2) + 8t (v) A

where ("¢ are the Lagrange shape functions related to the vertices of pet o located at x.., {Z¢ }ter.

and {z, }vev,. 0e(v) =1 if v € Ve, 0 otherwise, and 0¢(v) =1 if v € Vg, 0 otherwise.

As a consequence, the local potential reconstruction operator is such that for all f € F. and
all e € Eg,

LM (D) lper.e = L™ (P)(2)6c™ () + L™ (P) (20) 66 (2) + D Pl (2). (7.55)
VGVe
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Lemma 7.40 (Properties of Lﬁ’,‘(“:nf). Assume that the mesh is of class (MR) and (MB) with a
fully barycentric subdivision. Assume that primal faces are planar. Then, for each cell c € C,
Ly, satisfies the four properties (R1)—(R4). Moreover, Lﬁ,‘z“f satisfies the following additional
properties:

(i) (Local conformity) L‘{}znf Ve — Hl(c);
(ii) (P1-consistency) For all A € Pi(c), Ly Ry, (A) = A.

Proof. (R1) can be proved using the mesh regularity (MR). Let us now consider (R2). For
any constant field K in ¢, we infer from (7.55) that, for all f € F, and all e € E,

L%:/C;nfRVC(K”pef,c - K |:( Z ’C ﬂ’;(v)\) E(L;AG + (Z ‘f ﬁ‘fé(v)’) EIFAG + Z EI;AG]

vEV, vEVE vEVe

=K (ngG + A Y ngG) =K,

VEVE

since the Lagrange shape functions form a partition of unity.
(R3) corresponds to [, (<% = |c N &(v)| for any vertex v € V. Since oo, G = 1 [pet| for

C
any vertex v of per, we infer for any vertex v € V. that

/Econf 3 Z/ feont = 3 Z <|Cﬁ6(V)I fne)|

+ 6f(v)f + 5e(v))
fEF: ecEy * Pefic feF. eeEf [c] If|

=T+ 15+ Ts.

We readily verify that Ty = +|c N &(v)|. By definition of d¢(v) and owing to Proposition 5.22,
we infer that

1 lfNe(v)| 1
T2 - Z Z T Z ‘pef,c‘ - Z Z

feF,NFe. e€E¢ fEF,NFe

e, 1
’f’ ‘pf,C’ - 4’CDC(V)"

By definition of d.(v) and since z, is the barycenter of e for each edge e € E., we infer that

Z Z |Pef,c| = Z Z |Svetel =5 ’Cﬂc( -

feFvﬂFc e€E(NE, feFvﬂFc e€E;NE,

(RA4) is readily verified using the definition (7.54).

Local conformity (i) holds by construction. Finally, the P1-consistency (ii) results from the
linear completeness property (7.4) since (R2) holds. Indeed, for any face f € F. and any edge
e € E¢, the following property holds in any x € pet.c:

S a5 (@) = (Z b )f (Z £eel )em’(m > e (a)

veEVe veVe veVe veVe
— gcgl(;AG( ) + xfgLAG + Z ELAG =z,
VEVe
owing to Proposition 5.23, and the linear completeness of the Lagrange shape functions. O

Lemma 7.41 (Properties of L]Cjonf). Under the assumptions of Lemma 7.40, the global con-
orming potential reconstruction operator assembled cellwise from ollowing the re-
j tential tructi tor L0t bled cellwi L5t following th

lation (7.15) satisfies the following properties:

(i) (Conformity) L™ : vV — HY(Q);
(ii) (Unisolvence) RyLS™ = Idy;
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(1ii) (Stability) There exists a real number Ny cont > 0 such that, for all p € V,

(7.56)

f
mcont IPII3y < LS ()7 2(q) <

(iv) (Dual consistency) L‘{f’nf and any global potential reconstruction operator Ly built from
a local potential reconstruction operator satisfying (R3) have the same mean value. In
particular, for any p € V, the following identity holds:

|57 ®) = S mlp = [ o). (7.57)

vev

Proof. (i) Conformity holds by construction.

(ii) Unisolvence results from the property (R4) of Lf,‘znf in each cell ¢ € C and the continuity
of the global reconstruction.

(iii) Stability results from Proposition 7.14.

(iv) Dual consistency results from the property (R3) of L$™ and Ly, in each cell ¢ € C.

[ 0@ = 3 Spy [ 627 =30 S fenemlpe = S,

ceCveV ¢ ceCveV, vev

and the same relations hold replacing L%‘mf by Ly. O

Flux reconstruction. We take inspiration from a construction by Vohralik & Wohlmuth
(2013). The reconstruction devised shares similarities with the reconstruction operator L% (cf.
Section 7.3.2) but the present construction is different since an additional property related to
the dual consistency (R3) is satisfied.

The construction is cellwise. Let ¢ € C. For all f € F. and all e € E¢, we consider per c
defined in (7.51) and we define the triangle tef := per Nf (see Figure 7.6 right). Let RTNo (B c)
be the lowest-order Raviart—-Thomas-Nédélec FE space on the submesh PByp . and let P§(Per c)
be spanned by piecewise constant functions with zero mean-value on c.

Definition 7.42 (Local conforming flux reconstruction). Assume that the mesh is of class
(MR) and of class (MB) with a fully barycentric subdivision. Assume that the primal faces
are planar. Let c € C. For all f € F and all e € E¢, we build the function £y . € RTNo(Per,c)
by solving the following mixed FE problem:

/Eef,c : Qh - /7Tef7c dlv(gh) =0, Vﬁh S RTNO,O(%EF,C))
; ‘ (7.58)
/ div(Les o) qn = / dt Q- Van € Po(Per.c)s
with prescribed normal component
/ gef,c CVp = 5e,e’5f,f’a (7.59)

torgr

(observe that vy is constant in f since f is planar). Additionally, we prescribed a (constant)
divergence

dpc = |C|_1Lf’c. (7.60)

n (7.58), RTNy o(Ber,c) s the subspace of RTNo(Per ) spanned by functions with zero normal
component on Oc, and Ter . € P§(Prr,c) is the Lagrange multiplier. Then, for all f € F., we set

7§()cnf = Z ‘tefwef ) (761)
eEEf

and, for all ¢ € Fe, Lconf((b) > teF, ¢f€C°nf.
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Lemma 7.43 (Properties of Lﬁ?cnf). Assume that the mesh is of class (MR) and of class (MB)
with a fully barycentric subdivision. Assume that the primal faces are planar. Then, for each
cell c € C, Lﬁ?c“f s a local conforming flux reconstruction, i.e.

L}f—’cnf : Fe — H(div;c),
and it satisfies the four properties (R1)—(RA4).

Proof. Conformity holds by construction since £ . € RTNg(Bpr,c) C H(div;c).
(R1). Let ¢ € F.. Then, by linearity, Lconf(qb) is in RTNg(Pgr,c) and solves

/ L5 () 9, — / 7 div(y,) =0, v, € RTNg o(Per.c),
[ v @) = [doan  Van € PiPer)
with prescribed normal component [, Lconf(qb) Cyp = |T‘§T|q§f, and prescribed (constant) diver-

gence dy := |c|"IDIV(¢)]|.. Using (MR) and classical stability estimates of mixed FE problems
yield (R1).

(R3). This property is equivalent to [, Econf é.(f) = tfc(zy — z.). Let B be a constant
vector field in c. Since div(£e ) is constant in ¢, £of € RTNo(Bgr,c), and z, is the barycenter
of ¢ (fully barycentric subdivision), integration by parts yields

Jte B= [taemradB@-2)) = 3 [(age (B (2= 20) = 0B+ (2o — 22,

f’eF. £

where z.¢ denotes the barycenter of t,s. For each face f € F¢, summing over e € E¢ and
using (7.61) yields the desired result since Y qcp, [tef|Zer = |f]2s-

(R2). We consider a constant vector field ® in c. First, using (R3) and the property of
the barycentric subdivision (5.17b), we infer that

1
/chinfRfc ggonf — Z s.(Hof|d=2,
| |C’ CfeF el feF.
so that [®]zz( ||LC°nfR Fe(@)|r2(c)3- However, @ is in RTNo(Per) and satisfies the pre-

scriptions on the normal component and (constant) divergence. Since LconfR]-‘ (®) minimizes
the L?-norm in this space under these constraints, we infer that LconfR (<I>) =o.
(R4). Unisolvence is a straightforward consequence of (7.59) and (7.61). O

In what follows, we consider the cellwise constant reconstruction operator Ly defined such
that Le(s)|c := |c|!sc for all c € C and all s € C (cf. Remark 7.13).

Lemma 7.44 (Properties of L}f—mf). Under the assumptions of Lemma 7.43, the global conform-

ing flux reconstruction operator Lﬁ?nf assembled cellwise from Lﬁ?cnf following the relation (7.15)

satisfies the following properties:
(i) (Conformity) L™ : F — H(div; Q);
(ii) (Unisolvence) RrLEL™ = Idf;
(iii) (Compatibility with div) div(Le™ (¢)) = Le(DIV(@)) for all ¢ € F;
(iv) (Stability) There exists a real constant Nr cont > 0 such that, for all ¢ € F,

(7.62)

LD 2() <
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Chp. 7. Analysis using reconstruction operators

(v) (Dual consistency) L%Onf and any global potential reconstruction operator Lx built from

a local potential reconstruction operator satisfying (R3) have the same mean value. In
particular, for any ¢ € F, the following identity holds:

[ 1@ = X 00 = [ Lr(9) (7.63)

feFr

Proof. The conformity (i) of the reconstruction holds by construction. The unisolvence (ii)
results from the property (R4) of Ljé’cnf in each cell ¢ € C and the continuity of the normal
component of the global reconstruction. The compatibility with div (iii) results from (7.61)
and the prescribed value of div £ .. The stability (iv) results from Proposition 7.14. The dual
consistency (v) results from the property (R3) of L‘}f—’cnf and Lz in each cell ¢ € C. Indeed,

/Q Lot (9) = 3° % g () = 3 i),

ceCfeF, feF

conf

and the same relations hold if L™ is replaced by Ly, . O

7.4 Discrete functional analysis

The following two discrete Poincaré inequalities are important tools for the analysis of CDO
schemes (especially when applied to the Stokes equations; cf. Chapter 9). Similar discrete
Poincaré inequalities have been derived by Arnold et al. (2010) in a conforming setting where
the discrete functions belong to the functional spaces where the continuous Poincaré inequalities
hold, e.g., H'(2), H(curl;Q), and so on. The difference is that the present inequalities are
stated on the spaces of DoFs (and not on discrete functions) and, more importantly, that the
orthogonality is stated using a discrete Hodge operator; even if this operator is devised from
local reconstruction functions, the latter need not be conforming. Moreover, these inequalities
hold on polyhedral meshes. To our knowledge, the following two discrete Poincaré inequalities
are new results.

Suitable conforming reconstructions. The proof of the discrete Poincaré inequalities
hinges on the existence of conforming reconstruction operators which are are polynomial-valued
and such that

Loty HY(Q), ¥ €& — H(cwl;Q), LM : F — H(div;Q), (7.64)
with right inverse properties
RyLE™ = Idy, ReLg™ = Idg, (7.65)
commuting properties with the differential operators
grad(LE™) = LI (GRAD),  curl(L™) — L& (CURL), (7.66)
and having the following stability properties:

l2e, L2 (@) 20 < CrlDlr

(7.67)
One possibility is to use the reconstruction operators of Christiansen (2008), detailed in Sec-
tion 7.3.2, hinging on local constrained minimization problems using Whitney FE on a simplicial
submesh of each mesh cell.

Colpllay < L5 () 2y, LE™ (W2 < CElu
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7.4. Discrete functional analysis

7.4.1 Discrete Poincaré—Wirtinger inequality for GRAD

The discrete Hodge operator H‘fE in Lemma 7.45 is diagonal with entries equal to |¢(v)].
1 € V has all its entries equal to 1.

Lemma 7.45 (Discrete Poincaré—Wirtinger inequality). Assume that the mesh is of class
(MR). Then, there exists a constant cY (independent of the mesh size, but dependent on
mesh reqularity and stability constants) such that, for all p € V wverifying [p, H‘fa(l) ve =0,
the following inequality holds:

Ipllzy < Ci” IGRAD(p) 2.6 (7.68)

Proof. Let p € V be such that [p, H‘fa(l)]}vgj = 0. Set z := L (p)— (LS (p)) € HY(2) where
(-)o denotes the mean-value in Q. Owing to the continuous Poincaré-Wirtinger inequality,

|2l r20) < Ciglerad 2| 12 ().
Moreover, owing to the properties of L%,O’“f and Lgonf, we infer that
lgrad 2|2 = |grad (L (p)) [ 22(0): = ILE™ (GRAD(D))|12(): < CEIGRAD(D)[l2.¢,

so that |z|p2q) < C’F(,%C‘ﬂg|||GRAD(p)|||275. Furthermore, since p — Ry(2) = (L™ (p))al, we
infer that

3y = [p. H (D)2 = [, HY(p — Ru(2))]z + [P, HY Ry (2)],5 = [P, HY Ry (2)],z,

so that [[pllay < [Rv(2)ll2y. Finally, since [[Ry(2)llay < (C3) M L$" (Rv(2))] 120 and
L™ (Ry(2)) = z (observe in particular that Ry(1) = 1 and L$™(1) = 1), we infer (7.68)
with CF” = C{,CE(CY) . O

Il

Remark 7.46 (DDFV schemes). Using a similar approach to that developed in Section 6.3,
Bessemoulin-Chatard et al. (2014) have derived a discrete Poincaré-Wirtinger inequality in the
context of DDFV schemes.

7.4.2 Discrete Poincaré inequality for CURL

Lemma 7.47 (Discrete Poincaré inequality for the curl). Assume that Q2 is simply connected
and 02 is connected. Assume that the mesh is of class (MR). Let Hg% satisfy a global stability
property. Then, there exists a constant CL" (independent of the mesh size, but dependent on
mesh reqularity and stability constants) such that, for all u € € such that [u, Hgé}(v)]}g; =0
for all v.€ Ker CURL, the following inequality holds:

lull2e < G5 ICURL(w)l2,7. (7.69)

Proof. Let u € € be such that [u, Hgé}(v)
such that

= 0 for all v € Ker CURL. There is z € H(curl; Q)

ﬂg}

curl(z) = curlLg™ (w)),  in Q,
div(z) =0, in Q,

and z - vgq = 0. Since  is simply connected and 95 is connected, for all v € Ker (curl), there
is ¥ € H'() such that v = grad(?) so that

/Qé-yz/Qdiv(g)ﬁJr/aQ(g.HaQ)ﬁ:O'

Owing to the continuous Poincaré inequality for the curl,

|2l L2(0)s < Clglleurl(2)| 12 q)s-
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Chp. 7. Analysis using reconstruction operators

Moreover, owing to (Amrouche et al., 1998, Prop. 3.7), there is s > % such that
|25 (ys < CrsCylglleurl(z)] L2 oy

This bound implies that z is in the domain of the Nédélec FE interpolation operator on the
simplicial submesh, so that, using (MR), the proof of Proposition 4.6 in the above reference,
and the fact that curl(z) is polynomial-valued, we infer that

IRe(2)ll2. < ONCri=Cylglcurl(2)] L2 ays- (7.70)
Furthermore, we observe that
[[ua H(Sxf(u) eF T [[uv Hgf(u - Rg( ))ﬂg}‘ + [u Hgf(RS( ))ﬂg}‘ - [[u HEF(RFJ( ))]5]—‘7

since CURL(u — Rg(z)) = CURL(Rg(L&™(u) — 2)) = R;(curl(Lconf(u) —2)) = 0. Hence,
lufla < [|Re(2)]la, and owing to the global stability of H” and (7.70), we infer that

Nallullze < ONCrs Gyl lewrl(LE™ ()] L2 (0

Observing that curl(z) = curl(L&" (u)) = L™ (CURL(u)) and using the stability of L™, we
infer (7.69) with Cf" = 0 'ONCys Ol Cl. O

Remark 7.48 (Connectedness). The assumption related to the connectedness of the domain
Q avoids to enter into the technicalities necessary to handle the case of harmonic forms.
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Chapter 8

Elliptic equations
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This chapter is devoted to the analysis of the vertex- and cell-based CDO schemes for elliptic
equations presented in Section 4.1. Two levels of analysis are considered for the two families of
CDO schemes, depending on the positioning of the DoFs associated to the potential (vertex-
based and cell-based). Stability, convergence, and a priori error estimates are established. The
first level of analysis hinges on the theoretical results derived in Chapter 6 based on an algebraic
representation of the discrete Hodge operator (Sections 8.1.1 and 8.2.1 for vertex-based and
cell-based schemes respectively). The main result is an energy error estimate with first-order
convergence rate for smooth enough solutions. The second level of analysis hinges on the
theoretical results derived in Chapter 7 using reconstruction operators for defining the discrete
Hodge operator (Sections 8.1.2 and 8.2.2 for vertex-based and cell-based schemes respectively).
In this case, an optimal L2-error estimate is proved for the potential for smooth solutions
in addition to energy error estimate. Moreover, links with related compatible discretizations
are drawn for both families of CDO schemes. In Section 8.3, the hybridization of CDO cell-
based schemes is detailed. This is an important aspect of cell-based schemes to enhance their
computational efficiency. To conclude this chapter, the results of three test cases run on
polyhedral meshes are presented in Section 8.4, and a comparative study of the computational
effectiveness of CDO schemes is carried out.
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Chp. 8. Elliptic equations

8.1 Vertex-based schemes

The starting point is the elliptic problem (4.1) in primal formulation
—div(s grad(p)) = s, in €, (8.1)
which is detailed in Section 4.1.1.

Boundary conditions. We consider the elliptic equation (8.1) with homogeneous Dirichlet
BCs. Nonhomogeneous Dirichlet/Neumann BCs can be considered as well (cf. the EDF R&D
technical report (Ra) mentioned in Chapter 1). To take into account the homogeneous Dirichlet
BCs, we introduce the DoFs spaces

Vo:={peV|p,=0, VveV’} and & :={gef|g.=0, Ve € E’}. (8.2)

Vo has dimension #V' (the number of interior vertices) and & has dimension #E' (the number
of interior edges). The space of DoFs in duality with Vy is denoted by Co. It collects values for
all dual cells associated to a vertex v € VI. The space of DoFs in duality with & is denoted by
Fo. It collects values for all dual faces associated to an edge e € E'. Thus, the related discrete
gradient becomes GRADg : Vy — &y and the discrete divergence DIVO .7-"0 — Co For simplicity,
we keep the previous notation for the DoFs spaces (i.e. V, &, F , and C) and for the discrete
differential operators (i.e. GRAD and ESK/) since the properties of these operators remain the
same.

8.1.1 Analysis from an algebraic viewpoint

Discrete systems. In this section, we focus on the discrete system (4.5) that we recall for
the sake of completeness: Find p € V such that

~DIV - HE” - GRAD(p) = Rx(s). (8.3)

Owing to the adjunction property (Proposition 3.16), the discrete variational formulation takes
the form: Find p € V such that

[GRAD(p), HS” - GRAD(a)],5 = [a. Rx(s)],z. Vg € V. (8.4)

We recall that we neglect quadrature errors on the source term s. We assume that the lo-
cal discrete Hodge operator satisfies the three properties (HO), (H1), and (H2) stated in
Section 6.2.1, which we recall in the specific case of Hie”*.

(HO) [Symmetry] Hi ZFe i symmetric.

(H1) [Local stability] There exists 7,, > 0 such that, for all c € C,

e 5e. <& He(g)]ez. <y Vg € & (8.5)
(H2) [Local Py-consistency] The local commuting operator
[k, ec7c](8) i= HET< - Re, (o) — R (1) (8.6)

satisfies |k, .7 | (/) = 0 for any vector field K which is constant in ¢ € C.

Following the rationale detailed in Section 6.1.2, the discrete Hodge operator HiC}C induces
for each cell ¢ € C, the following local discrete norms:

lgllc = [g Hi e (@)]ez.  and  Joli-1 . = [(HE7) " (¢), bl 5., (8.7)
and the global discrete norms:
legl? = [g.H (@)l and [l = [(HZ) "' (#), ol.5- (8.8)
Owing to the Cauchy—Schwarz inequality (6.14), we infer that
[g: #].5 < lglx Pl (8.9)
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8.1. Vertex-based schemes

Stability. The global stability property (6.21) of the discrete Hodge operator Hi’g , stemming
from (H1) and (3.20), takes the form:

memslglie < gz <n:'millglle, Ve €€, (8.10)

where k;, := mineec Ky o and Ky 1= maxcec kg e A consequence of the discrete Poincaré inequal-
ity (6.34) is the following stability of the vertex-based scheme.

Lemma 8.1 (Discrete stability). Assume the mesh regularity property (6.7). Let p € V
solve (8.3). Then, the following inequality holds with C = (nk,) 1CY

IGRAD(p)ll2.e < C|slr2(0), (8.11)

where C stems from the discrete Poincaré inequality (6.34).

Proof. Since p € V solves (8.3), setting ¢ = —Hi% - GRAD(p), the identity DIV(¢) = Rz(s)
holds. Hence, using the adjunction property of Proposition 3.16 and the lower bound in (8.10),
we infer that

[p,R5(5)],z = [P, DIV()],;; = [GRAD(p), H* GRAD(p)] .
— [IGRAD(p) || > 15, | GRAD(p)|3.-

Moreover, using two times the Cauchy—Schwarz inequality yields

2\ 1/2
[P, Rs()]vz < lIpllzv | D_le(w)| ™! / s < [[pllzvlslrz@)-
vev 6(V)
We conclude using the discrete Poincaré inequality (6.34). O

Consistency error. The diagram in Figure 8.1 shows that the exact problem (8.1) and
the discrete scheme (8.3) are linked through the de Rham maps. Owing to Propositions 3.13
and 3.18, the diagrams D; and D3 are commutative (for Ds, recall that we only consider
interior dual mesh entities here), but this is (in general) not the case for Dy. This lack of
commutation produces a consistency error. This fact has been recognized in the seminal work
of (Bossavit, 2000, no 3) and Hiptmair (2001a); see also Codecasa & Trevisan (2010a).

p € Syv() grad —| g € S¢(Q) - —K ¢ € Sx(9) div —>| s € 55(Q)
R R R R
pPEV——GRAD —>|g €& R "peF DIV >lseC

Figure 8.1 — Diagram depicting the links between the exact problem (8.1) and the vertex-based
scheme (8.3).

Lemma 8.2 (Basic error bound). Let g be the discrete gradient and ¢ the discrete flux resulting
from (8.3). Let g be the exact gradient and ¢ the exact fluz. Assume that g, ¢ € H*(2)* with
5> % Then, the following inequality holds:

max([|Re(g) — gllx, [Rz(¢) = @ll-1) < [l5, e71(g)ll -1, (8.12)
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Chp. 8. Elliptic equations

where the global commuting operator for diagram Do of Figure 4.1 is defined from (6.26) as
follows:
|k, e7](g) := HSF Re(g) — Rf(/{g). (8.13)

Proof. For completeness, we sketch the proof. We preliminarily observe that the regularity
assumption on ¢ and g entails that ¢ € S=(Q2) and g € Sg(9) since g is curl-free (cf. Defini-
tion 3.5 and Remark 3.6). Therefore, Re(g ) Rx(¢), and the global commuting operator (8.13)
are well-defined. Owing to the commuting properties of Propositions 3.13 and 3.18,

Re(g9) — g = GRAD(Ry(p)) — GRAD(p) = GRAD(Ry(p) — p),
DIV(Rx(¢) — ¢) = Rx(div ¢) — R5(s) = 0.

The adjunction of gradient and divergence of Proposition 3.16 then yields

[Re(g) — 8, Rz(¢) — @]z = 0. (8.14)
Moreover, a direct calculation shows that
Rz(6) — ¢ = ~Rz(g) + H (8) = . £7](9) - H (Re(g) — 8). (8.15)

Applying the discrete duality product [Re(g) — g,-],> to (8.15), using the definition of the
discrete norm ||-||. and (8.14), we obtain

IRe(9) — gliz = [Re(9) — & L5, e#1(g9)].c5-

Using the Cauchy—Schwarz inequality (8.9) yields the bound on the discrete energy error. The
other bound is obtained similarly. O

Recall that the discrete Hodge operator is built in the CDO framework by a cellwise assem-
bly process (cf. Section 3.4) of local discrete Hodge operators attached to primal cells. Using
the local Py-consistency property of these local discrete Hodge operators transforms the result
of Lemma 8.2 into the following error bound.

Lemma 8.3 (Tighter error bound). Let [Po(C)]® be spanned by piecewise constant functions
on the primal mesh. Assume that g, ¢ € H*(Q)3 with s > % Then, the following inequality
holds:

max([IRe(g) = gll: IRz(9) = Pller) < C)]S{ZW K, &7 )Ic)ll\i—l,c} , (8.16)

with the local norm ||@||* defined in (8.7).

k—1c

Proof. Owing to the algebraic result of Lemma 6.13, the following inequality holds:

L5, 7 1@l < DMLk, eem gl -1 o-

ceC

We conclude using the result of Lemma 8.2 together with (H2) for the local discrete Hodge
operator HZ"c in each cell ¢ € C. O

Remark 8.4 (Exact solution for piecewise affine functions). Whenever the exact solution turns
out to be piecewise affine on the primal mesh, it is clear from (8.16) that the solution of the
scheme is the image by the de Rham map of the exact solution. Indeed, since g € [Po(C)]?, the
infimum in (8.16) is zero so that g = Re(g) and ¢ = Rx(¢); moreover, owing to the Poincaré
inequality (6.34), p = Ry(p). This property can be used by practitioners to verify the scheme
on coarse meshes (see, e.qg. Eymard et al., 2012, p. 277).
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Convergence rate for smooth solutions. We now derive from the result of Lemma 8.3 a
first-order convergence result for the discrete energy and complementary energy errors in the
case of smooth solutions.

Definition 8.5 (Energy norms). For all g € L?(Q)3, we define the so-called energy norm and
for all ¢ € L?(2)3, the complementary energy norm as follows:

lof2i= [gomg  and o= [ oon7 (8.17)

For all g € £ and all ¢ € F, the discrete counterparts of (8.17) are ||g]l. and |||,
respectively, defined in (8.8).

Theorem 8.6 (Convergence rate for smooth solutions). Let h denote the maximal diameter
of primal cells. Let g be the discrete gradient and ¢ the discrete flux resulting from (8.3). Let
g be the exact gradient and ¢ the evact flur. Assume that g, ¢ € [H'(C)]®. Assume that the
sequence of meshes is of class (MR). Then, the following inequality holds:

ILs, 57 1@l S b (53 lglar oy + 55 21l e ) - (8.18)

Moreover, assuming that g, ¢ € H*(Q)3 with s > %, then,

max(|[Re(g) = &l IRE(S) = lle—1) S b (5 *lglmr o + 5, el ) - (8:19)

Proof. First, observe that g € Sg(C) and ¢ € Sz(C) since g,¢ € [H1(C)]?. Thus, applying
Lemma 6.14 with b = g and a = & to the bound (8.12) yields the error estimate (8.18). The
second inequality readily results from (8.18) and Lemma 8.2. O

Remark 8.7 (Regularity requirements). In order to ensure that Re(g) and Rz(¢) are well-
defined, we additionally assume in Theorem 8.6 that g and ¢ € H*(2)3 with s > % In fact,
only the assumption g € H*(Q) with s > 3 is needed since ¢ € [H'(C)]® C S=(Q) (cf.
Remark 6.11).

Remark 8.8 (Estimate on the potential). Using the discrete Poincaré inequality (6.35), the
lower bound in (8.10), and the commuting property of Proposition 3.13, we infer that

(C") " HIRv(p) = pll2y < IGRAD(Ry(p) — p)ll2
< (mer) " ?IGRAD(Ry (p) = P)ll = (nrs) ™'/ ?IIRe(9) — &l

Hence, the right-hand side of (8.19) also bounds (1.r,)"2(CS”) " IRy (p) — pll2,y-

Remark 8.9 (First-order error estimate in energy norm). A similar error estimate has been
derived recently by Codecasa & Trevisan (2010a) under the stronger, piecewise Lipschitz as-
sumption on the exact gradient and fluz.

Remark 8.10 (Verifying the regularity assumption). The regularity assumption g, ¢ € [H*(C)J?
is satisfied if, for instance, the exact potential sits in H*(Q) and, more generally, if the potential
is in Sy(Q) and is piecewise H? on a partition of Q to which the primal mesh is conforming.

8.1.2 Analysis using reconstruction operators

In this section, we assume that the primal mesh is of class (MB) (i.e. one can define a
barycentric subdivision) and that primal faces are planar. This section relies on the existence
of suitable local gradient reconstruction operators in each cell ¢ € C which are introduced in
Chapter 7. We only require that the local gradient reconstruction operator Le_ : & — Pge(c)
satisfies the three properties (R1), (R2), and (R3) so that the algebraic analysis of the previous
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section holds (cf. Proposition 7.3). Functions in Pg(c) C [L?(c)]? are typically piecewise
polynomials on a submesh of ¢ composed of elementary subsimplices or aggregations thereof;
we stress that the tangential component of these functions is not necessarily continuous across
the edges of this submesh lying inside c, so that, in general Pc(c) ¢ H(curl;c) (i.e. Lg, is
non-conforming) but functions in Pg(c) are sufficiently smooth to apply the local de Rham
map Rg, on them. Examples and properties of operators Lg_ are detailed in Section 7.3.1.

The starting point for analyzing the vertex-based scheme (8.3) using reconstruction opera-
tors is the following identity for each cell ¢ € C:

[g1, Hi e (82)] 5, = / Le.(81) -kLg (82), V81,82 € & (8.20)

Therefore, the vertex-based scheme (8.4) can be recast into the functional form: Find p € V
such that

[ Le(GRAD(p)) - 5Ls(GRAD(w) = [ sib(a),  Va eV, (8.21)
Q Q

where the operator LY, is defined for all p € V as L%(p)|5(v) = py for each primal vertex v € V
(cf. Section 7.2.3). A straightforward consequence of (8.17) and (8.20) is that for all g € &,
the following identity holds:

gl = ILe ()] (8.22)

Lemma 8.11 (Error estimate in energy norms on reconstructed gradient and flux). Assume
that the mesh sequence is of class (MR) and (MB). Assume that primal faces are planar.
Assume that Lg_ satisfies (R1), (R2), and (R3) for each cellc € C. Let g be the exact gradient
and ¢ the exact fluz. Assume g € [H'(C)]? N Sg(Q) and ¢ € [H'(C)]*. Let g be the discrete
gradient and ¢ the discrete fluz resulting from (8.3). Then, letting Lf(gb) = —kLg(g), the
following inequality holds:

1 _1
lg —Le(@)lx = ¢ —Lz(@)]1 S R (Hﬂz Il cpe + 5, ° ”¢”[H1(C)}3> : (8.23)
Proof. Using the triangle inequality, we infer that

lg = Le(8)lx < g = Ac(@)]s + [Ac(g) — Le(@)ls = T1 + Ta.

Owing to bounds on £ and Proposition 7.21 (and taking into account the fact that g is curl-free),

1
we infer that 71 < ke[ g](m1(c)s- Using (8.22) and then Theorem 8.6 yields

1 _1
Ty S h ('ﬂf lglim s + 5, 212l [Hl(C)P) :

The estimate on the flux is straightforward owing to the definition of L O

L? error estimate. For simplicity, we assume in this paragraph that s is the identity tensor.
Moreover, we assume that the dual mesh is built using a fully barycentricgubdivision. The proof
of our L?-error estimate hinges on the existence of a conforming potential reconstruction Lf,onf
with suitable properties. Such a potential reconstruction has been devised in Section 7.3.3.
This reconstruction verifies the four properties (R1)-(R4) along with conformity and P;-
consistency (cf. Lemmata 7.40 and 7.41). We recall that the potential reconstruction L%onf
defines a continuous and piecewise affine field relying on a set of local reconstruction functions
{£5on} vev, in each cell ¢ € C defined as follows:

fne)l

e+ Lo w, s

B2 (@) 3= 8oV ) + () .
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8.1. Vertex-based schemes

Figure 8.2 — Consider a hexahedral cell ¢. For a face f € F. and an edge e € E¢, we highlight
the subvolume pef . (orange) and the triangle tos (grey).

where (52¢ is the Lagrange shape function on a tetrahedron related to the vertex located at
Zg, 0c(v) = 1if v € Vg, 0 otherwise, d¢(v) = 1 if v € V¢, 0 otherwise, and pefc = Pe,c N Pt for
each face f € F, each edge e € E¢ (see Figure 8.2). We first establish additional properties for
grad L%‘)nf.

Proposition 8.12 (Properties of grad Lﬁ}onf). Assume that the mesh sequence is of class (MR)
and (MB) with a fully barycentric subdivision. Assume that primal faces are planar. Consider
the global conforming potential reconstruction operator L]C}’nf built using (7.15) from the local
reconstruction operators L‘{Z“f in each cell ¢ € C (c¢f. Definition 7.39). Then, the following
properties are satisfied:

(i) Local stability. For all c € C and all p € V.,

lgrad (L2 (p))l 12()s < IGRAD(p)]

2.8+ (8.25)
1) Approximation. Set A =1L y. For a € ,
A Set AS™ = LRy, For all ¢ € H(Q
lgrad(¢) — grad (A" () L2y S RSl a2 (- (8.26)

(i) Mean consistency. For all c € C, for all p € V. and any Lg_ satisfying (R3) (cf. (7.5b)),

[radn(v) = [ e (GRAD(D)). 5.27)

Proof. (i) Local stability. The stability can be proved using the mesh regularity (MR).
(ii) Approzimation. The estimate is proved locally on each primal cell. Adding and sub-
tracting the gradient of the L2-orthogonal projection of ¢ on Pi(c) denoted by Z! yields

lgrad(¢) — grad (A" ()| 2oy < lgrad(¢) — grad(Zg)| L2 (eps + lgrad (L™ Ry (Ze — O))l 2oy,

using the triangle inequality and the Pi-consistency of L%an. Then, applying classical results
from FE approximation theory for the first term and the local stability (i) and the commuting
property (cf. Proposition 3.13) for the second term, we infer that

lgrad(¢) — grad (A" () z2(p S helgrad(Q) s (e + IRe. (grad(¢ — Z7))[lz.e..

The second term is bounded by he|grad(¢)| g1 (c)s as in the proof of Lemma 6.14. We infer (8.26)
by summing cellwise.
(iii) Mean consistency. As a preliminary result, we show that

[ezt=lnew), Ve, we V.
f
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Since [ ("¢ = Sltef| for any vertex a of te (see Figure 8.2), using (8.24), we infer for all
v € Vy that

fne()| Lo el
Jrnt= Y ) [ s R = 0 St + e = 0 E()

. e€E¢ tet e€E,NE;

since Y ocp, [tet| = [f] and > ocp g, [tet| = 2[f NE(V)| (cf. Proposition 5.21).

Moreover, for each v € Vi, the set of faces of the polyhedron ¢ N é&(v) consists of the dual
faces f.(e) for all e € E, N E. and of subfaces f N &(v) for all f € F, N F,. Since vi (the
unit normal to f pointing outward c) is constant (primal faces are planar), we infer from the
divergence theorem that

SooEneMlyre = Y welele). (8.28)

feF NF. ecByNEc
The two last identities imply that
/grad(ﬁﬁ?nf /le éconfg Z fNeW)|yse = Z beofo(e).
¢ feF,NF¢ e€ByNEc

Then, since Lg_ satisfies (R3),

[ erad@ ) = Y py [ gadiet) = 3 pv( > Lv,ef(:(e))

p veEVe c vEV, ecEyNE:
=3 [ 3 wep | Ele) = X (GRAD(p))ek(e) = | L, (GRAD(p).
eeEc VEVe eEEc C

O

We can now turn to the main result of this section. We underline that the next result
applies to all vertex-based schemes based on formulation (8.21) with a reconstruction operator
Le satisfying (R1), (R2), and (R3). L$™ is only used as a postprocessing of the discrete
solution.

Theorem 8.13. Assume that the mesh sequence is of class (MR) and (MB) with a fully
barycentric subdivision. Assume that primal faces are planar. Assume that the model prob-
lem (8.1) with k = Id has elliptic regularity. Assume s € HY(Q). Let p be the exact potential
and let p be the discrete potential resulting from (8.3). Assume that p € H*(Q) Then,

Ip =15 )2 S B2 (Pl + sl @) (8.29)

Proof. Let g be the exact gradient and g := GRAD(p) the discrete gradient. Let ¢ € H*(2) N

HL(9) solve the model problem (8.1) with source p — L§™ (p). Let g¢ be the gradient of (.

Integrating by parts yields |p — L™ (p) ||%2(Q) = [(g—grad(L$™ (p))) - ¢ so that (recalling the
LAC A it 9

approximation operator Ag = L¢Rg)

I~ L5 () ey = [ (g~ Le(®) - (6~ helg) + [ (g~ Le(®)) - Ae(g")
Q
+ [ (Le(e) - grad@§™ (p)) - o =T + To + T

The Cauchy—Schwarz inequality together with the bounds (7.25) and (8.23) yields
T3] < 2lglm @pllg L e
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Moreover, setting ¢ = Ry(¢) and g = GRAD(¢) = Re(g°) so that Ag(g¢) = Lg(gS), we obtain

1o = /g. (Lg(gc) _ @(Lg}onf )+ /g grad( Lconf / )
N Q

Using the variational form for the exact and discrete potentials and setting A%)/ = L%Ry while
recalling that Af,onf = L‘{,OHfRV, we infer that

7= [ g (Le(g) - grad(i™ () + / (A (C) — A (Q)) = To + Tho.
Q

To bound T 1, we use the mean consistency of grad(L$P™t), stated in (8.27), to subtract from
g its mean-value on each primal cell yielding

[ T21] S Plgli (s ILe (8°) — grad (L™ ()] L2(0ys

and the last factor is bounded as

ILe(g) — grad (L™ (€)) | 220 < 1g° — Ae(g)lr2(@ys + [ — grad (L™ ()2
= g — Ae(g*) 120y + lerad(¢) — grad(AF™ ()l 12 (s
S gl oy
owing to the approximation properties of A¢ (Proposition 7.21) and Af,onf (Proposition 8.12).
The term 755 is bounded similarly: owing to the dual consistency property for both Lﬁ}onf

and L?, (cf. Lemma 7.41), the mean-value of s can be subtracted from s on each primal cell,
so that using the regularity of s yields

[ Ta2| S Plsli o)A (C) — A%(O)l 22 ()

We add and subtract ¢ in the last term on the right-hand side, use the triangle inequality
together with the fact that Ag,onf(g ) and A%(¢) both approximate ¢ to first-order in the L?-
norm to infer

o] S 021l ) I€ 2 0)-

Turning to T3, using again the mean consistency of grad Lf,onf to subtract cellwise the mean
value of gC yields

T3] < hlg®la (oL (&) — grad(L§™ (p))] L2y
and by the triangle inequality

ILe () — grad (L5 (P)) 12()s < ILe(8) — gllr2()s + lgrad(p) — grad(A5™ (p)] L2(oys
+ |grad (L™ (Ru(p) — P) L2 (@3-

The first term on the right-hand side is bounded using (8.23), the second using the approxi-
mation property (8.26) of grad A‘{,O“f, and the third using the stability (8.25) of grad Lﬁ,onf, the
commuting property of Proposition 3.13, the lower bound of (8.10), and Theorem 8.6. Fi-
nally, collecting the above bounds and using elliptic regularity so that |(|g2q) + | ¢ HIU(Q)3 S

Ip — LSsonE(p)| 12(q) yields the desired L?-error estimate. O

Remark 8.14 (Conforming gradient reconstruction). It is possible to define a conforming
gradient reconstruction of discrete gradients by setting L™ (GRAD(p)) = grad(Lf,onf(p)) for all
p €V (we only define this operator on the subspace GRAD(V) and not on the whole space £ ).
It is readily seen that LE°™ : GRAD(V) — H(curl; Q) with zero tangential component on the
boundary (conformity), RgLCOJﬂf Ids on GRAD(V) (unisolvence), |L& (g) lz2)3 < lgllz.e for
all g = GRAD(p) (stability), AP™ = LM Re leaves invariant the gradients of piecewise affine
functions on primal cells (restm’cted Po-consistency), and L& (g) has the same mean-value on
primal cells as Lg(g) for all g = GRAD(p) (mean consistency).
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8.1.3 Link with existing schemes

Link with classical schemes on specific meshes. Using the reconstruction functions
{€3""}eer on simplicial meshes defined in Section 7.2.1, the vertex-based scheme (8.3) then
coincides with the classical first-order Lagrange FE approximation (up to a quadrature on the
source term).

Using the reconstruction functions {£{**" }.cp on Cartesian meshes defined in (7.32), the
vertex-based scheme (8.3) then coincides with a vertex-centered TPFA scheme.

Link with nodal MFD schemes. We show that the vertex-based scheme (8.3) belongs to
the family of nodal MFD schemes analyzed by Brezzi et al. (2009). The starting point is the
discrete variational formulation (8.4) of vertex-based schemes.

Similarly to (3.6), we define the local discrete gradient operator GRAD, : V., — &, for all
c € C. Letting Ty : V — V. be the (full-rank) map from global to local DoFs attached to
vertices and recalling the map Tg . from global to local DoFs attached to edges, it is easily
seen that the commuting property GRAD. - Ty = Tg, - GRAD holds on V and for all ¢ € C.
Then, for all p,q € V., we define the following bilinear form:

[p, q]¥"™ := [GRAD,(p), H&"¢ - GRAD.(q)],. 3. (8.30)

which readily inherits the symmetry property of Hi="°. Owing to the cellwise assembly (3.20) of
the discrete Hodge operator HZ” and the above commuting property, the left-hand side of (8.4)
can be rewritten as

[GRAD(p), H” - GRAD(q)],5 = 3 [Tk - GRAD(p), H e - T - GRAD(q)] 5.
ceC

= Z[TVC TVC( ) MFDa

ceC

so that the vertex-based scheme (8.4) fits the general form of nodal MFD schemes. We now
verify that the bilinear form (8.30) satisfies the two abstract properties identified in Brezzi
et al. (2009) for the convergence of nodal MFD schemes.

Proposition 8.15. Let HiC%C satisfy, for all ¢ € C, the design properties (HO), (H1), and
(H2). Then, the two properties (Brezzi et al., 2009, Eqs. (5.14)-(5.15)) hold for the bilinear
form [, ]3P,

Proof. Property (Brezzi et al., 2009, Eq. (5.15)) is a direct consequence of (H1). To ver-
ify (Brezzi et al., 2009, Eq. (5.14)), we consider a cell ¢ € C and r € Py(c) so that x gradr is
constant in ¢. Then, for all q € V,, letting Ry, (r) collect the DoFs of r at local vertices, we
obtain

[a, Ry, (r)]¥*" = [GRAD(q), H7* - GRADC(Ry, ()], 7.

= [GRAD.(q), Hicjrc -Re.(gradr) by Proposition 3.13

]].sc}c

= [GRAD(q), Rz (& gradr)], 5. by (H2)
= Z Z LyeQy(k gradr) - £ (e) by definition of R
e€Ec vEVe N
= Z qv(k gradr) - Z Lv’efc(e) )
VEVC EEEvac

Using (8.28), we infer that

[q, Ry, (r)]F° = Z Z qyv(k gradr) - / Vo= Z Z qv(k gradr) /ﬁ~ Ve

veVe feF,NF. (v) feF, veVs fne(v)
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which is a specific form of (Brezzi et al., 2009, Eq. (5.14)) for a suitable integration formula
on the faces of c. If primal faces are planar, then the weight wy of (5.14) corresponds to
[fNe(v)l. O

Link with Approximate Gradient Schemes. Approximate Gradient Schemes have been
introduced by Eymard et al. (2012). We first observe that (8.21) matches the general form
of (Eymard et al., 2012, Eq. (1.2)) with the potential reconstruction L},(p) € L?(2) and the
gradient reconstruction Le(GRAD(p)) € [L?(€2)]3. The convergence analysis of Approximate
Gradient Schemes hinges on three properties (we adopt the terminology of Eymard et al.
(2012)).

(i) The coercivity, stating that, there is a real constant C' such that, uniformly in h,

1LY (@)l 220
max < (. 8.31
o) TLe (GRAD(Q) oy (8.31)

(ii) The strong consistency, stating that, for all ¢ € Hg (),

. h—0
Sue) = min {119(0) ~ pluzo) + ILe(GRAD(@)) — grad plzap } 225 0. (832
(ili) The dual consistency (or conformity), stating that, for all ¢ € H(div;2),

1
max
aeV\{0} [Le(GRAD(q))| 203

Wan() = g+ 19 (@) div(e) | =5 0.

[ {ze(cRAD(@) -
N (8.33)

Proposition 8.16 (Link with Approximate Gradient Schemes). Let Hi% be defined by (8.20)
with local reconstruction operators satisfying (R1), (R2), and (R3). Then, (8.31), (8.32), and
(8.33) hold with first-order convergence rates:

Sm(p) < el o) and  Wn(¥) S (ka/ry)RIY] s

Proof. To prove (8.31), we use the discrete Poincaré inequality (6.34) and the lower bound
in (R1) yielding, for all q € V,

_1
IL3 (@)l z2() = llally < C27IGRAD(Q)ll2.e < Ci”ng ? |Le(GRAD(@)) | 12 (qys-

To prove (8.32), it suffices by density (Eymard et al., 2012, Lemma 2.5) to consider ¢ €
C§°(9). We take q = Ry(¢p) so that, owing to the commuting property of Proposition 3.13,

Le(GRAD(q)) = Le(GRAD(Ry(¢))) = LeRe(grad o) = Ag(grad o),

whence we infer |[Lg(GRAD(q)) — grad ¢|2(q)3 < bl¢]mr2q) owing to Proposition 7.21. More-
over, the definition of LY, yields |L%Ry () — ¢lr2@) S hlela ), so that the same bound holds
on Sum(y).

To prove (8.33), it suffices by density (Eymard et al., 2012, Lemma 2.5) to consider ¢ €
[CL(2)]3. Weset g := —k 1. Then, for all q € V, we first observe that, owing to the definition
of Lg), and the con;muting and adjunction properties of Propositions 3.13 and 3.16 respectively,
the following identities hold:

/L%)/(Q) div(¢) = [q, Rx(div(¥))],z = [a,DIV(R%(1))],z = —[GRAD(q), R=(¥)]. ;.
Q
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Hence,

[ {Le(GRAD(@) - ¥+ L (@ div(w)} = [ Le(GRAD(@) - 1~ [GRAD (@), Rx(¥)].;
Q Q
Ag

_ / L:(GRAD(q)) - &(

Q

since

D

Le(GRAD(q) - ihe(y) = [ Ls(GRAD(a)) - £Ls(Re(9)) = [GRAD(q), HERe(g) .-
Q

Then,

Ty
|ILs (GRAD(Q))] £2(0)3

< kglg — Ac(Dl 2 S wehlglim oy < (ke/ k) P|Y] ()3

owing to Proposition 7.21. Moreover, (8.22) implies ||g|. = |Le(g)]x < K;/g |Le(g) 23 for
all g € £, so that we obtain

To| < #,"*|Le (GRAD(Q)) 12 (0ysll L. 71(9) -1,

and the last factor has been estimated in Lemma 6.14, yielding the desired bound on Wy (v).

8.2 Cell-based schemes

In this section, we analyze cell-based schemes for elliptic equations from an algebraic view-
point and then using reconstruction operators. Our theoretical results are similar to those
derived for vertex-based schemes. Some proofs are omitted since they hinge on an adaptation
of the previous ones. For the sake of completeness, we recall the discrete system (4.9) for
cell-based schemes: Find (¢, p) € F x V such that

{Hga«p) + GRAD(p) =0, (8.34)
DIV(¢) — Re(s).

We also recall that we neglect quadrature errors on the source term s for simplicity and take
Re(s) on the right-hand side of (8.34). We consider homogeneous Dirichlet BCs. Nonhomoge-
neous Dirichlet/Neumann BCs can be considered as well (cf. the EDF R&D technical report
(Ra) mentioned in Chapter 1). The discrete variational formulation of the system (8.34) is the
following: Find (¢, p) € F x V such that

(8.35)

{ [[0'7 Hﬁgl(d))]]}‘g - [[D|V(0’), pﬂm} =0, Vo € F,
[DIV($), a5 =[Re(s),ales,  Va eV,

where we have used the adjunction property between DIV and —GRAD (cf. Proposition 3.16)
in the first equation.

8.2.1 Analysis from an algebraic viewpoint

The discrete Hodge operator H”: El is designed from a cellwise assembly process of local

discrete Hodge operators Hﬁiﬁc for each cell ¢ € C as detailed in Section 3.4.2. The three
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properties (HO), (H1), and (H2) stated in Section 6.2.1 are recalled in the specific case of
H <%

(HO) [Symmetry] H:"'ff is symmetric.

(H1) [Local stability] There exists 7,-1 > 0 such that, for all ¢ € C,

neiplol s < [0 HEF (B, <nomtI8l3r,  VoEF.  (3.36)

(H2) [Local Py-consistency| The local commuting operator

[, 7E](9) == HIEr Rz (o) —Rg (871 ) (8:37)

13

satisfies [k, 72.](K) = 0 for any vector field K which is constant in ¢ € C.
Following the rationale detailed in Section 6.1.2, the discrete Hodge operator HZ¢ induces
the following discrete norms:

Il2-: = [6, HE1 (0)] 2 and lell? = [(HZ5) " (¢), ¢l (8.38)

and for each cell ¢ € C,

[l7-1 . == (¢, H. 5 (D) 1.z, and lell.c = [(H5) " (e), &l -z, - (8.39)
Owing to the Cauchy—Schwarz inequality (6.14), we infer that
[#, 8]z < lgllx Pl (8.40)

Discrete stability. The global stability property (6.21) of the discrete Hodge operator HZ7¢ e
stemming from (H1) and (3.20), takes the form:

ne-1hy o137 < Molis < ermy) @l F, Vo €F. (8.41)

A consequence of (8.41) and the discrete Poincaré inequality (6.35) is the stability of the
cell-based scheme.

Proposition 8.17 (Discrete stability). Assume the mesh regularity property (6.8). Let (p, @) €
V X F solve (8.34). Then, the two following inequalities hold:

1 @ — 0
ol S (e-185)"2C7 sl 20y, IRy S (e-160) THCE sl 22 (8.42)

where Cff)) stems from the discrete Poincaré inequality (6.35).

Proof. Let q € V and define ¥ € F such that H?l () = —C?R\Af)(q). As a preliminary result,
we prove that

IGRAD(@)ll, 5 < (ms-1r55) 19 ll,-1. (8.43)

First, for each cell ¢ € C and each face f € F., we consider d.¢ € F. such that d.¢|p = d¢ ¢ for
all f' € F. (¢ is the Kronecker symbol). For each face f € F, the following identities hold:

GRAD Z Z HFC_1 f’TFc(’lP = Z[échfc—l (TFC( ))ﬂfcgc

ceCr f'eF, ceCr

Using twice the Cauchy—Schwarz inequality yields

GRAD(q) 3 < #Cr Y [8ct, HL= (Tre ()55, <2 D I0ctllior el Trc(w) -

ceCr ceCt
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since #C¢ < 2. From (H1) and the definition (6.1), we infer that
I0celli-1.c < (Blflme-—1m) ™ Ec(f) - 4.
Moreover, the definition (6.6b) of ||-[|, 7 yields

\f!

IGRAD(q 3 & Z GRAD ey <D0 D0 =) vl Tee ()21
7 le(t fEF ceCy 377”_1/{”8 )
77;{ 1"% ! Z Z mTFC |||/Q le ™ 77/{ 1"% Z Z ’”TF C W/{ le
feF ceCy ceCfeF.
< max(#Fe) (ne-15) " 1l

ceC

since 28,(f) - v;/[8(f)| < 1 for all f € F and all ¢ € C;. Thus, (8.43) holds.
We now prove (8.42). We denote by L% the cellwise constant potential reconstruction such

that L%(p)]C i= Py(c) for all p € V. Since ¢ solves (8.35), we infer that
9121 = [DV(9). Ples = Re(s):ples = X b [ 5= [ 13(0)s < 130Nzl
ceC

using Proposition 3.16) and the Cauchy—Schwarz inequality. Since HL%(p)” = |Ipll, 55, we infer
using the Poincaré inequality (6.35) that

Iollz- < Ipll,5lsl2 o) < C”|GRAD(p P)lly glsl2(0)

Using (8.43) yields the first inequality in (8.42), while applying again (8.43) then the Poincaré
inequality (6.35) yields the second inequality. O

Consistency error. The Tonti diagrams for the exact problem and the discrete scheme (8.34)

are linked through the de Rham maps as shown in Figure 8.3. As in vertex-based schemes, the
diagrams Dy and Dg are commutative, but this is (in general) not the case for Ds.

e q

l l

seC

\4

pE]N) _@\Af)—>g€g( ............. 7H]—'§1 ............... q’)ef‘ DIV

K

Figure 8.3 — Tonti diagrams for the exact problem and the cell-based scheme (8.34).

The counterpart of Lemma 8.2 for cell-based schemes is the following lemma.

Lemma 8.18 (Basic error bound). Let g be the discrete gradient and ¢ be the discrete flux
resulting from (8.34). Let g be the exact gradient and ¢ be the exact flux. Assume that g,
¢ € H*(Q)? with s > 2 Then, the following inequality holds:

max([[R(g) — gllx, IR7(9) = @ll-1) < I, 7E1(&) I« (8.44)

where the global commuting operator related to diagram Dj of Figure 8.3 is defined from (6.26)
as follows:

k7Y, 5%1(6) == HZ%) - RF(¢) — Ra(s~'9). (8.45)
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The counterpart of Lemma 8.3 is the following lemma.

Lemma 8.19 (Tighter error bound). Assume that g, ¢ € H*(Q)> with s > 3. Then, the
following inequality holds:

(NI

max([Rg(g) — gll«, IR7(¢) = Sll-1) < IED(C)P{ZHI (@ - @)l )Hli,c} . (8.46)

As for vertex-based schemes, a consequence of (8.46) is that, if the exact solution is piecewise
affine on the primal mesh, then the solution of the cell-based scheme is the image by the de
Rham map of the exact solution.

Convergence in discrete energy norms.

Theorem 8.20 (Convergence rate for smooth solutions). Let h denote the mazimal diameter
of primal cells. Let g be the exact gradient and ¢ the exact flux. Let g be the discrete gradient
and ¢ the discrete flux resulting from (8.34). Assume that g,¢ € [H'(C)]3. Assume that the
mesh sequence is of class (MR). Then, the following inequality holds:

1
I 1@l S b (s gl o + 5 Ielan s ). (8.47)

Moreover, assuming that g, ¢ € H*(Q)3 with s > %, then

1 _1
max([|Rz(g) — gllx, [R7(¢) — @ll-1) S A </€,f lgl iz e + 5, 219l [Hl(C)]3) : (8.48)

Proof. First, observe that g € Sz(C) and ¢ € Sr(C) since g,¢ € [H'(C)]3. Then, the proof
follows the same lines as the proof of Theorem 8.6 (applying this time, Lemma 6.16 and
Lemma 8.18). O

Remark 8.21 (Regularity requirements). In order to ensure that Rz(g) and Rr(¢) are well-
defined, we additionally assume in Theorem 8.20 that g and ¢ € H*(Q)3 with s > % In fact,
only the assumption ¢ € H*(Q)* with s > 5 is needed since g is curl-free and g € [H'(C)]?,
g € Sz(Q2) (cf. Remark 6.11).

8.2.2 Analysis using reconstruction operators

In this section, we assume that the primal mesh is of class (MB) (i.e. one can define a
barycentric subdivision) and that primal faces are planar. This section relies on the existence
of suitable local flux reconstruction operators in each cell ¢ € C which are introduced in
Chapter 7. We only require that the local reconstruction operator Lz : F. — Pr(c) satisfies
the three properties (R1), (R2), and (R3) so that the algebraic analysis of the previous section
holds (cf. Proposition 7.3). Examples of local flux reconstruction operators Lz are detailed in
Section 7.3.1. Functions in Pr(c) C [L?(c)]? are typically piecewise polynomials on a submesh
of ¢ composed of elementary subsimplices or aggregations thereof; we stress that the normal
component of these functions is not necessarily continuous across the faces of this submesh
lying inside c, so that, in general Pr(c) ¢ H(div;c) (i.e. Lz, is non-conforming), but functions
in Pr(c) are sufficiently smooth to apply the local de Rham map Rz, on them.

The starting point for analyzing the cell-based scheme (8.34) using reconstruction operators
is the following identity for each cell ¢ € C:

60 B @), = [Lr(@) 6 La(dn). oy R (849)
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Lemma 8.22 (Error estimate in energy norms on reconstructed gradient and flux). Assume
that the mesh sequence is of class (MR) and (MB). Assume that primal faces are planar.
Assume that Lz, satisfies (R1), (R2), and (R3) for each cell c € C. Let g be the exact gradient
and ¢ the exact fluz. Assume g € [H'(C)]*, ¢ € [H'(C)]*NSF(2). Let g be the discrete gradient
and ¢ the discrete flux resulting from (8.34). Then, letting Lz(g) = —k 'L (9),

1/2 —1/2
lg — Lg(®)ln = |6 ~ Lp(®) s S ki, lglimoys + 5, Pldlumnop)-  (8:50)
Proof. The proof follows the same lines as the proof of Lemma 8.11 (use Proposition 7.22 and
Theorem 8.20). O

L?-error estimate. For simplicity, we assume in this paragraph that & is the identity tensor.
Moreover, we assume a fully barycentric subdivision. The proof of our L%-error estimate
proceeds somewhat differently than that for the vertex-based scheme; herein, we consider the
conforming flux reconstruction Lﬁ?nf defined in Section 7.3.3 and whose properties are stated
in Lemmata 7.43 and 7.44. Recall that L¢ : C — L?(£2) reconstructs cellwise constant functions
on the primal mesh with L¢(s)|. = |c|~!s. for all ¢ € C and for all s € C; and L% reconstructs
cellwise constant functions on the primal mesh with L%(p)|C = Py(c) forallc € Cand all p € V.
Reconstruction operators L¢ and L% clearly satisfy the four properties (R1)—(R4).

We now turn to the main result of this section; note that the L?-error estimate is established
with respect to the mean-value of the exact potential on primal cells, as is classical in mixed FE
and cell-centered F'V schemes. We also underline that the next result applies to all cell-based
schemes built with a discrete Hodge operator H”¢, defined from a reconstruction operator Lz
satisfying (R1), (R2), and (R3).

Theorem 8.23. Assume that the mesh sequence is of class (MR) and (MB) with a fully
barycentric subdivision. Assume that primal faces are planar. Assume that the model prob-
lem (8.1) with xk = Id has elliptic regularity. Assume s € H'()). Let p be the exact potential
and let p be the discrete potential resulting from (8.34). Assume that p € H?(S). Then,

[LeRe () — LE(P) 2@ S B2 (Iplarze) + Il ey ) - (8.51)
Proof. Let ¢ be the exact flux and ¢ the discrete flux. Let ¢ € H*(2) N H}(€2) solve the model
problem (8.1) with source L¢Re(p) — L%(p). Let ¢¢ be the flux of (. We observe that

ILeRe(p) = LE(P) 2oy = | (LeRe(p) —L(P)) - div(e).

Using the adjunction of _GRAD and DIV (Proposition 3.16), the fact that ﬁ)(p) = —Hffl (o),
and the definition (7.16) of the discrete Hodge operator, we infer that

[ E30) div(e) = [p. Re(div )l = [P, DIVIRA(¢) 5. = [ Lr(9) - Ar(65).

Q Q

Observing that LeRe(p)|e = [c| ™! [ p yields [, LeRe(p) div(¢®) = [o, pLeRe(div(4)). Then, ow-
ing to the commuting property with de Rham maps (cf. Proposition 3.13) and the commuting
property of L (cf. Lemma 7.44(iii)), we infer that

| pLeRe(div(é) = [ pLe(PVRF@) = [ pdivF (Re(e) = [ pdiv(ag ().
Q

so that [ pLe(Re(divg®)) = [ ¢ - A2 (¢°) using integration by parts. As a result,
Q o Q o

ILcRe(p) — LY(P) (0 / 68 (6) — [ Lr(@) - Ax().

Q
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Splitting the last identity into four terms yields
ILeRe () ~ LY(P) 32 / 6 (85 = 4p)(0%) = [0 —Lr(@)- (¢ — a5(6)

Q

N /Lconf L) () - 6 + / 6 —LF" () - o

:T1+T2+T3—|—T4.

T} and T3 are bounded as in the proof of Theorem 8.13. T3 is bounded using (8.50) and (7.26).
Turning to Ty, using integration by parts, Lemma 7.44(iii) and the cell-based scheme (8.34),
yields

7, = / div(o — LE(@)C = [ (dive —Le(DV()¢ = [ (s~ LeRe(s))¢

Q Q

_ / (s = LeRe(5))(¢ — LER3(0),
Q

which is easily bounded since s € H'(€2). We conclude the proof similarly to the proof of
Theorem 8.13. 0

8.2.3 Link with existing schemes

Link with classical schemes on specific meshes. Using the reconstruction functions
{6 }¢cr on simplicial meshes defined in Section 7.2.1, the cell-based scheme (8.34) then co-
incides with the classical lowest-order mixed FE approximation on the primal mesh (up to a
quadrature on the source term).

Link with MFD schemes. We show in this section that the (mixed) cell-based CDO
schemes fit the family of MFD schemes analyzed by Brezzi et al. (2005). We first trans-
late the quantities used in MFD schemes in our notation. In MFD, the space associated to the
flux is denoted by X? and that associated to the potential Q. The relation between the DoFs
related to the flux is

Vo € F, HED ‘f’rf"bf . VeeC, VfePF.. (8.52a)
In MFD schemes, the DoFs related to the potential are defined as follows:
VpecC,  p"™:=H{(p), (8.52D)

where Hf‘j is a diagonal discrete Hodge operator of size #C with entries equal to |c|~'. The
discrete divergence operators used in MFD schemes and CDO schemes are linked as follows:

|Cl|DIV(¢>), Vo€ C, Vo € F. (8.520)

Moreover, the two MFD scalar products [+, -] ya for the DoFs related to the flux and [+, -Joa for
the DoFs related to the potential correspond in our notation to

[pMFDa qMFD] [[pa HCV( )ﬂcva vf)v q € C

[¢MFD7 UMFD]Xd = [[(»b? Hn—l(aﬂ]}'g’ Vo,o € F.

The MFD system defined in (Brezzi et al., 2005, eq. (4.1) and (4.2)) corresponds to: Find
(@™, p"™) € X x Q% such that

[¢MFD’ O_MFD]Xd _ [pMFD7 DIVMFD(O,MFD)]Qd — 07 VUMFD c Xd’
[DIVMFD(Q’)MFD), qMFD]Qd — [SMFD7 qMFD]Qd, quFD c ng7

DIVMFD(¢MFD) |C =

(8.52d)

(8.53)

where s € Q¢ is the discretization of the source term.
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Proposition 8.24 (Link with MFD schemes). Assume that the mesh is of class (MR) and
(MB) with a fully barycentric subdivision. Assume that the discrete Hodge operators H:ﬁgf
satisfy the three properties (HO), (H1), and (H2) for all ¢ € C. Let H{Y be the diagonal
discrete Hodge operator with entries equal to |c|~* for allc € C. Then, the MFD system (8.53) is

equivalent to the CDO system (8.35). Moreover, the stability property (S1) and the consistency
property (S2) of MFD schemes (Brezzi et al., 2005, eq. (3.10) and (5.1)) are verified.

Proof. Using (8.52), (8.53) can be recast as follows: Find (¢, p) € F x C such that

{ﬂa,Hif( N,z —[DIV(e), H (D)]5 = O, ) Vo € F,
[DIV(¢), H§* (&) = [Re(s), H$¥ (@)]5,  Vaec,

with the source term s defined as in the CDO cell-based system (8.35). Then, starting
from (8.54), the equivalence between the MFD and CDO system is straightforward since H{Y
is an isomorphism between C and V.

(S1) is a consequence of the mesh regularity and (H1). In each cell ¢ € C, recalling that we
consider a piecewise constant material property on the primal mesh, (S2) corresponds in our
notation to

(8.54)

[[(b, Hiigf . Rfc(é grad(ql))ﬂfcgc — Z ¢MFDq1 _ /qlDlvMFD(¢MFD)’ (8.55)

feF.

for all ¢* € Py(c). The identity (8.55) holds since

[, 75 - R (s grad(q")] .z, = [, Rg (@rad(q)))] .z, by (H2),

= Z ol / grad(q e Tae(f) by definition,
feF. UNE

= ¢fo¢( ) —¢'(z )) by (5.8),
feF.

Lf c¢f 1 1 1

= L@
fEXFZ/ / erF: e

— ¢MFD 1 DIVMFD ¢MFD
X deme

where we have used that ¢! is linear, z; is the barycenter of f, and z, is the barycenter of ¢ (this
is where the fully barycentric subdivision is needed). The last identity results from (8.52b),
(8.52a), and (8.52c). O

Since (S1) and (S2) are satisfied, we recover the analysis derived in Brezzi et al. (2005). As
a consequence, cell-based schemes fit the HMM framework derived by Droniou et al. (2010).

8.3 Hybridization of cell-based schemes

The hybridization of mixed systems is a classical technique (see, for instance, Arnold &
Brezzi (1985) and Brezzi & Fortin (1991)) to circumvent the saddle-point formulation arising
from the mixed formulation and recover a SPD system which can be solved more efficiently.

8.3.1 Mixed hybrid cell-based schemes

Hybridization consists of an exact algebraic reformulation of the cell-based scheme (8.34)
by using two new discrete linear spaces, one related to the discrete fluxes denoted by F, and
another one related to the discrete potential denoted by £ whose elements act as Lagrange
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multipliers to ensure flux continuity between two adjacent cells. The linear space F collects
the fluxes across faces of the primal mesh as F but, contrary to F, two fluxes are defined for
each interior face f € F' (one for each cell ¢ € Ct¢). Thus, the dimension of the linear space Fis
24F" + #FP. The linear space £ can be viewed as collecting the values of the potential at the
barycenter of each face f € F. Since we consider homogeneous Dirichlet BCs, the value at each
boundary face f € F® of an element of L is set to 0. Thus, £ is a subspace of R#F isomorphic
to R#I.

In what follows, it is useful to localize DoFs to a given cell ¢ € C. For all (b € ]-" qbc € Fe
collects all the components of ¢ attached to the faces f € F., and we denote by gbcf the

component of ¢ attached to the cell ¢ € C and to the face f € Fg, i.e. ¢, = {¢C7f}feFC.

Similarly, A € L collects all the components of A€ L attached to the faces f € F, i.e.
Ac := {Ar}rer,.. We also use the notation C. and V. for the one-dimensional spaces of DoFs
attached to ¢ and ¥(c). Observe that

F=XF and V=XV (8.56)

Figure 8.4 — Positionning of DoFs within the hybrid formulation.

Discrete system. The discrete system related to the hybrid formulation of (8.34) is defined
as follows: Find (¢, p,A\) € F x V x L such that

for all c € C, (8.57a)

{ch (@) + G (pes Ac) = 0
DIVC(d)c) = Re(s)e

and

S treder =0,  VEETF. (8.57b)
ceCs

n (8. 57a) DIV : Fo — Cc is simply defined as the restriction to a cell ¢ € C of DIV and
GHy Ve X Lo — E. is defined as follows:

agy(pv )‘)|éc(f) = Lf,c()‘f - p\?(c))v v € Fc- (858)

The discrete system (8.57) consists of a collection of local discrete problems (8.57a) in each cell
¢ € C and of equations enforcing the flux continuity across each interior face f € F'.

Definition 8.25 (Local face-based product). For each cell ¢ € C, we introduce a local product
defined as follows:

<<a, b>>]_.czC = Z Lf7cafbf, V(a, b) e F. X EC. (8.59)
feF.
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Proposition 8.26 (Adjunction). Let ¢ € C. For all ¢ e F., allp €V, and all X € L, the
following identity holds:

[¢, G (P, M) .z, = —[DIVe(9),Ple.5, + (& A) sz (8.60)
where [-, -]]chc simply denotes the product of two real numbers.

Proof. The result follows from the fact that [¢, G (p, Mrz = Yier. (%Ci%c (Af — Py(e)) and
Dlvc(d)) = ZfeFC Lf,cqbc,f- O

Proposition 8.27 (Variational hybrid scheme). The variational formulation of (8.57) is: Find
(d,p,A\) € F XV x L such that

> 6. Hiiglc((}c)ﬂfcgc = Y [DIVe(6e) Peles, + D (65, A)pz, =0, Vo €F, (8.6la)

c

ceC ceC ceC

> [DIVe(9o), acle,, = [Re(s), a5, VqeV, (8.61b)
ceC

Y (s ) sz, =0, Vuel. (86lc)
ceC

Proof. For each cell ¢ € C, the variational form of (8.57a) is the following system:

[&C7 H:_C—‘ic ((Q)C)ﬂ]‘-cgc + II&C7 G(I;Iy(pC7 AC)II]:CgC = 07 V&C € ﬁC)
[DIVC($C)7qCﬂch;C = HRC(S)‘quﬂc\?v Vqc € f}c'

This is equivalent to (8.61a) and (8.61b) owing to (8.56) and using (8.60) in the first equation.
Furthermore, (8.61c) implies (8.57b) by taking for each face f € F', py = 1 and pp = 0 if £ # f'.
Conversely, (8.57b) implies (8.61c). Indeed, for each p € £, multiply (8.57b) with gy and sum

over interior faces to infer Y .cq Y gepr th,c@c spts = 0 which is equal to 3 e (Pc s Behzz, =0
since pp = 0 if f € F®. O

Lemma 8.28 (Link hybrid — cell-based). Let (é&,p,)\) e FxVxL solve (8.61). Then, for
all £ € F', the value ¢ ¢ is independent of ¢ € Cy. Moreover, denoting ¢¢ this common value

and defining ¢; := écyf for all face £ € F® where c is the unique cell in C¢, (¢, p) € F X %
solves (8.34).

Proof. The flux continuity imposed in (8.61c) on ¢ defines a unique value ¢; for each face
f € F'. Testing (8.61a) with 6 € F such that Vf € ', }° ¢, tf,cF¢,c = 0 (and, thus considering

o € F built from & as ¢ is built from ¢) yields

Z[TF,C(U)7 H;:iglc (TF,C(¢))]]}'CEC - Z[DIVC(TF,C(U))a pcﬂccﬁc =0, Vo € F,
ceC ceC

where we recall that Tr denotes the full-rank map from global to local DoFs from F to F..

—~—

Using (3.20), the fact that DIV := 3" . T¢ .- DIVe - Tp, and the adjunction between —GRAD
and DIV (cf. Proposition 3.16), we infer that

[o, Hii((ﬁ)ﬂfg + [o, &\A/D(p)ﬂ}-g = 0.

Moreover, we readily verify that (8.61b) yields [DIV(¢),q].; = [Re(s),qdl.5, for all q € V.
Hence, (¢, p) solves (8.34). O

Lemma 8.29 (Link cell-based — hybrid). Let (¢,p) € F x V solve (8.34). Then, there exists
A € L such that, setting ¢.¢ = ¢¢ for all c € C and all f € Fe, (¢,p,A) € F xV x L
solves (8.61).
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Proof. By definition of QAS, the flux continuity is readily verified for each interior face f € F'.
Thus, (8.61c) holds. Since (¢, p) solves (8.34), we infer that for each cell ¢ € C, DIV(¢)|c =
Re(s)le. By definition, DIV(@)|c = > ¢, trePr = Dter, te@Pes = DIVe(d.). Thus, (8.61b)
holds. Finally, we show that there is A € £ such that, for each cell ¢ € C,

H% () + G (Pes Ac) = 0z - (8.62)

(8.62) readily defines a collection of (possibly) multi-valued quantities A.¢ for all ¢ € C and all
f € F.. Let us show that A is single-valued on each interior face f € F'. Summing (8.62) over
cells and then considering a face f € F', we infer that

Hifl(d)”é(f) + Z agy(l)m >‘C) =0,
ceCs
owing to (3.20). Since Hﬁgl((b) = —G/R\AI/D(p), Li(e)a(f) = —tre (cf. (3.11)) and owing to the
definition (8.58) of GEY, we infer that }°.cc, tf,cAr,c = 0 so that A is single-valued for all f € F".
For each border face f € F®, we infer that Ay = 0 with the same arguments. Thus, there exists

X € £ such that (8.62) holds in each cell. Since (8.61a) readily results from (8.62), we conclude
that (¢, p,A) € F x V x L solves (8.61). O

Remark 8.30 (Well-posedness of (8.61)). The linear system (8.61) is well-posed (and, hence,
A € L from Lemma 8.29 is unique). We return to this fact in Remark 8.33 below.

8.3.2 Primal hybrid cell-based schemes

We now consider the following discrete system: Find (p,A) € V x £ such that
D IHZE) ™ G (Pes Ac), G (Aes ko) ] sz, = [Re(s)alegs Vla.p) €V x L. (8.63)
ceC
This discrete system is known in the literature as a primal hybrid formulation (Raviart &
Thomas, 1977). We first show that this system is equivalent to the hybrid system (8.61).
Lemma 8.31 (Equivalence between (8.61) and (8.63)). The two following assertions hold:
(i) Let (¢, p,\) € F x V x L solve (8.61). Then, (p,A) €V x L solves (8.63).
(i) Let (p,A) € VX L solve (8.63). Then, setting ¢, := —(H7 %)=t G (pe, Ac) for each cell
ceC, ((Ab,p,)\) e FxV x L solves (8.61).
Proof. (i). Let (¢, p, A) € FxVxL solve (8.61). Then, owing to (8.61b), > .cc[DIVe(e), Aele.s. =

[Re(s),a].y for all q € V. Moreover, applying cellwise (8.60) and using the fact that ¢
verifies (8.61c), we infer that Zcec—ﬂcﬁc,GSY(qc,pc)]ﬁgc = [Re(s),q].;. Finally, since ¢, =

—(H:igf)_l - G (pe, Ae) owing to (8.62), we infer that (p,A) € V x L solves (8.63).

i). Let (p,A) € V x L solve (8.63). Set ¢, := — H7c€e)—1. Gy Pc, Ac) on each cell ¢ € C.
(ii) c w - Ge
Then, (8.63) can be recast as follows:

- Z[[$C’ égy(Qc7Nc)ﬂ;C§c = [[RC(S)7qﬂc\~J7 Vq € f}? Vi e Z
ceC
Owing to (8.60), we infer that
Z[[DIVC((Q)CLCIC]CCT;C - Z <<(Aﬁc7 /J'c>>_7:CZC = [[RC(S)7qﬂc§7
ceC ceC

which corresponds to (8.61b) combined with (8.61c). Since we can choose independently p and
q, the global constraint on the flux continuity and the balance equation hold simultaneously.
Finally, for all & € F, summing cellwise (H?ff)*léc + G&¥(Pes Ac) = 0z tested with 6. € Fe,
and using (8.60) yields (8.61a). We conclude that (¢, p,A) € F x V x L solves (8.61). O
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Proposition 8.32 (Well-posedness). (8.63) is well-posed.

Proof. Existence results from Lemma 8.29 (recall that (8.34) is well-posed) and Lemma 8.31(i).
This also implies uniqueness since (8.63) is a square linear system with arbitrary right-hand
side. Uniqueness can also be proven directly by considering a zero right-hand side. Indeed,
the stability of the discrete Hodge operator implies that, for all cell ¢ € C, é?y(pc, Ac) = 05; .
Then, A\ = p. for all f € F.. This implies that p takes the same value at all dual vertices and,
since A = 0 for all f € F®, we infer that XA = Oz and p = 0 O

Remark 8.33 (Well-posedness of (8.61)). (8.61) is well-posed. Indeed, since this is a square
linear system, it suffices to show uniqueness. Lemma 8.31(i) implies that (p, X) is unique (since
(8.63) is well-posed) and Lemma 8.28 implies that ¢ is unique (since (8.34) is well-posed).

Dual to primal discrete Hodge operator. To recover the solution of the cell-based

scheme (8.34) from (8.63), we have to consider the local inverse operator (Hiigf)_l in each
cell c € C, i.e. to compute the inverse of a small matrix of size #F.. We now want to explore

a second approach where we directly build a local discrete Hodge operator Hie”™® in each cell
¢ € C so as to avoid the local inversions. This approach leads to the following discrete system:
Find (p,A) € V x L such that

S [HETE - G (pe, M), G (Ao )z, = [Re(s).aley: W(ap) €V X L. (8.64)
ceC

Lemma 8.34 (Equivalence between (8.61) and (8.64)). The two following assertions hold:
(i) Let (¢,p,A) € F x V x L solve (8.61). Set HEeRe .= (Hiigf)_l. Then, (p,A) € V x L
solves (8.64).
(i) Let (p,A) € V x L solve (8.64). Set Hf_‘gf = (He™*)"! and ¢ := —HET* - GI¥(pe, Ac)
for each c € C. Then, (q?),p,)\) e FxV x L solves (8.61).

Proof. This is a direct consequence of Lemma 8.31. O

Design of H,‘chc.~ The question we now address is to identify the design properties of Hz¢” so
that H?igf = (Hie™*) ! satisfies the three design properties (HO0), (H1), and (H2) identified
in Section 6.2.1. Indeed, asserting these properties implies that the convergence analysis of the

original cell-based system (8.34) also holds for the primal hybrid system (8.64).

Proposition 8.35 (Design properties of Hicfc). Let c € C. Then, Hiigf = (Hicﬁc)*1 satisfies
(HO), (H1), and (H2), meaning that Hic_‘ic is symmetric, uniformly positive definite, and
Po-consistent, if and only if Hi” is symmetric, uniformly positive definite, and satisfies the

following Py-consistency property:

HEe™ - Rz (G) — Rz (5G) =0, (8.65)

for all constant vector field G in c.

Proof. The equivalence for the symmetry and the uniformly positive definiteness is straight-

forward. The equivalence for the Py-consistency is shown by taking ® = —x G and multiply-
ing (8.65) by H?ﬁc. The converse proof is similar. O

Following the rationale detailed in Section 7.3.1 (in particular the reconstruction of cir-

culations), we define the local discrete Hodge operator Hie”® in each cell ¢ € C as follows:

HHiCFC(bl),bgﬂfcgc = /L&(bl) éLgC(bQ)a Vbbe € gca (866)

C
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and our aim is now to define the local reconstruction operator Lg so that H:e™ defined
from (8.66) satisfies the properties identified in Proposition 8.35.

Definition 8.36 (Piecewise constant reconstruction). Let ¢ € C. Recall the partition Py :=
{ptctter. from Definition 5.18. Then, the local reconstruction operator Ly (constant on each

psc) is defined for all b, € & as follows:
Lz (be) = Cz (be) + 8z ((1dz — Rz Cz)(be)), (8.67a)
where Cg & = [Po(c)]® and Sgc : & — [Po(Pre)]? act as follows:

. £
fgc a ]c\ Z b, (1)t and §§C(b0)‘;3f,c =0

|p ‘ b () vf e F, (8.67b)
feF. fie

and 8 > 0 is a free-parameter related to the stabilization.

Then, we readily infer that the constant value taken by Ly (be) in each pg, for f € F, is

f
L. (bl = G (be) + B (beugn — &(6) G (o)) (8.68)

Proposition 8.37 (Properties of Ly ) Assume that the mesh is of class (MR) and (MB).
Assume that primal faces are planar Let ¢ € C. Then, Lz from Definition 8.36 satisfies for
any value of B > 0 the following properties:

(R1) [Stability] There exists ng > 0 uniform w.r.t. ¢ such that

HeAbI 5 < ILg (0)2a <nz'IbI2;, Vbl

(f{Z) [Partition of unity] For any constant vector field K in c, the following identity holds:

Lz Rz (K) = K.

(R3) [Dual consistency] For all ¢ € C, the following identity holds:

/ = S by, Vbel.
feF.
Moreover, the following property holds if and only if 5 = %:
(R4) [Unisolvence] For all a € X,

Proof. The proof follows the same lines as that of Proposition 7.32. O

Using the local reconstruction operator from Definition 8.36, the discrete system (8.64) is
readily recast as follows: Find (p,A) € V x £ such that

> [La @ (b A - £Lg (62 (@) = Re(). g W) € Vx L (8.60)
ceC’c

Proposition 8.38 (Link with SUSHI schemes). The hybrid SUSHI scheme introduced by Ey-
mard et al. (2010) is equivalent to the primal hybrid CDO scheme (8.69) using a reconstruction
operator Lz defined in (8.67) with the choice B = %.
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Chp. 8. Elliptic equations

Proof. The space of DoFs Xp in the hybrid SUSHI scheme corresponds to V x L since Xp
collects values at the cell centers and at the interfaces of the control volumes, i.e. the faces
f € F in our notation. In what follows, we refer to equations (22), (24) and (25) of the
paper by Eymard et al. (2010). Eymard et al. (2010) consider a discrete gradient of u € Ap,
denoted by Vp(u), which is decomposed into a consistent part, denoted by Vg (u) (K is c in
our notation), and a stabilized part, denoted by Ry «(u)ng (o is f and nk  is ¢f vy in our
notation). The consistent part corresponds to Cs (G (p, A)). The stabilized part is constant
on each cone D , of base o and apex zy (since zx is x., this cone corresponds to p¢ . in our
notation). Choosing 3 = -1 in the definition of Sz (G (p, A)) leads to the same stabilized

Vd
part. The discrete system obtained with the hybrid SUSHI scheme is: Find v € Xp such that

KE@:\/{/}(VD(U) -6Vp(v) = KEG;M VK /KS, Yv € Xp, (8.70)

where M is C in our notation. Since [Re(s),q].5 = >cec Qu(e) Jo 5 by definition, we readily
verify the equivalence between the primal hybrid CDO scheme (8.69) and the hybrid SUSHI
scheme (8.70). O

8.3.3 Static condensation

We adopt an algebraic viewpoint to present the technique of static condensation following
the lines of Brezzi & Fortin (1991). We first recast the system (8.57) as follows:

A BT CT| [¢ 02
B 0 0 |p|=]|-Rels)], (8.71)
C 0 0] | 07

where we identify operators with their algebraic realization as follows:

A:F— F, A::ZT*FC-Hﬁi%C'T@@ (8.72a)
ceC ’
B:F—¢, B:=—> T&.-DIVe-Tp, (8.72b)
ceC
C: F =L, C:=> The lpe Tp (8.72¢)
ceC

Here, Ty ., Tk, and T¢ denote as usual the full-rank map from global to local DoFs, and,

in each cell c € C, Ip : R#Fe 5 R#Fe ig such that lpc(a)ls = trcar for all f € F¢ and all
a € R#Fec,

The operator C ensures the continuity of the discrete flux. Namely, C(¢)|s = D ey Lf’CqAbcyf
for all f € F. B” (resp. C7) is the transpose of the matrix B (resp. C). A has a block diagonal

structure, where each diagonal block is a local discrete Hodge operator Hi‘"’ff:

A = diag (Hj}jc) (8.73)

ceC’

From (8.71), we infer that ¢ = —A~1(B™(p) + C™(\)). Eliminating the discrete flux yields

Re(s)
= l 8~ ] (8.74)

L

p

BA~IBT BA~ICT
A

CA-1BT CA-ICT

which is the algebraic representation of (8.64). The first row states the conservation law and
the second raw states the continuity of the flux across each interior face. The key point is
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to observe that BA™!B” is a _diagonal matrix of rank #C with entry for a cell ¢ equal to
de := Y ter, Yorer. Lf7CLf/7C(H£C_£1C)71|fl7é(f), since for all a € R#Xe (X e {F,F,C}),

ay, ifxe X,
T . Txe(a) := ' ’ 8.75
X Txe(@) {0, otherwise, ( )
and, thus o Txe = 0x if ¢ # ¢/. As a consequence, one can easily eliminate the potential
DoFs by settlng
= (BAT'B") ™! (Re(s) — BATIC"(V)). (8.76)

Using (8.76) in (8.74) yields a discrete system on the sole discrete Lagrange multiplier: Find
A € L such that

[CA—lBT : (BA—lBT)*1 .BATICT — CA—1CT} (A) = CA™'B". (BA—lBTf1 Re(s).  (8.77)

The discrete system (8.77) is SPD and of size #F" since A~! is SPD by construction.

8.4 Numerical results

In this section, we assess and compare the reliability and efficiency of vertex-based, mixed
cell-based, and hybrid cell-based CDO schemes for three-dimensional diffusion problems. We
investigate numerically vertex-based schemes (8.3), mixed cell-based schemes (8.34), and hybrid
cell-based scheme (8.77). For each family of schemes, we examine two different discrete Hodge
operators based on piecewise constant reconstruction operators (cf. Section 7.3.1). We consider
discrete Hodge operators built using either the DGA reconstruction (corresponding to the
choice B = d~1), or the SUSHI-like reconstruction (corresponding to the choice 3 = dfé).
We recall that $ is the multiplicative coeflicient of the stabilization part of the reconstruction
operator in (7.37). In what follows, we denote by Vb-DGA and Vb-SUSHI the two vertex-based
schemes that have been tested, and similarly, by Co-DGA and Cb-SUSHI the two mixed cell-based
schemes, and by HCb-DGA and HCb-SUSHI, the two hybrid cell-based schemes.

We underline that hybrid cell-based schemes and mixed cell-based schemes are different

schemes since mixed cell-based schemes rely on a local discrete Hodge operator H:’igf (K is
the conductivity) for each cell ¢ € C built using the reconstruction operator Lz and hybrid

cell-based schemes rely on a local discrete Hodge operator HZe7 built using the reconstruction

operator Ly . With our choice of Lz, and Lz , Hie”® is not equal to (H7*%¢)~1 .

Three test cases are considered. The ﬁrst test case is an isotropic and heterogeneous dif-
fusion problem having a continuous and piecewise affine solution (cf. Section 8.4.2). The two
other test cases are taken from the FVCA benchmark (Eymard et al., 2011). They respectively
correspond to an anisotropic diffusion problem (cf. Section 8.4.3) and an anistropic and het-
erogeneous diffusion problem (cf. Section 8.4.4) having a solution expressed as a combination
of sine functions.

Computations are run on the unit cube [0, 1]3. The three-dimensional mesh sequences
consist of successive uniform refinements of an initial mesh. These mesh sequences are taken
from the FVCA benchmark (see Figure 8.5). We considered different mesh sequences according
to the test case. There are six mesh sequences respectively defined from Cartesian meshes and
denoted by Hex, from prismatic meshes PrT, from prismatic meshes with polygonal basis PrG,
from Cartesian meshes with locally refined subdomain HLR, from checkerboard meshes CB, and
from hexahedral meshes with a strong non-orthogonality Ker (in reference to Kershaw meshes).
The PrG, HLR and CB mesh sequences are examples of polyhedral meshes. The HLR and CB mesh
sequences constitute a classical example of so-called non-matching meshes (see Figure 8.5). All
these mesh sequences are detailed in Appendix A along with mesh regularity criteria identified
in the analysis.
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Figure 8.5 — Coarsest mesh of each mesh sequence considered for numerical tests. From top
left to bottom right: Hex, PrT, PrG, HLR, CB, and Ker mesh sequences.

8.4.1 Postprocessed quantities

Quantities related to convergence. We compute discrete and continuous error norms
to evaluate the convergence rates of CDO schemes. Two generic discrete error norms are
considered: one based on the discrete functional norms and the other one induced by a discrete
Hodge operator.

Definition 8.39 (Discrete error norms). Let a € Sx(€2) be an exact solution of a diffusion
problem and let a € X be the related discrete solution. Then, we set

_ IRx(a) — alj2,x

IRx(a) — aflq,x
Ery(a) := , = :
(@) = R @l

Er, y(a) =
x@) = R @l

We recall that the discrete norms ||-||2,x and ||-||o,x are defined in Section 6.1.

In what follows, we compute Ery(p) and Er, ¢(g) to evaluate the discrete error on the
potential and its gradient in vertex-based schemes, Erg(p) and Er,-1 z(¢) to evaluate the
discrete error on the potential and its flux in mixed cell-based schemes, and Erg(p) and
Er;g(g) to evaluate the discrete error on the potential and its gradient in hybrid cell-based

(8.78)

schemes. The last discrete error is adapted from (8.78) as follows:

YeeclRz (9) — el &
YeeclRe (@I2 7

* ()2
Er :(g)":=

(8.79)

where || bc |Hi g [[Hicf “(be),be]z forallce Candall b, € &.. Two continuous error norms

b
are also evaluated.

Definition 8.40 (Continuous error norms). Let a € Sx(2) be an ezxact solution of a diffusion
problem and a € X be the related discrete solution. Then, we set

_ e —Lx(a)r2(9

Erja(a) = la—Lx(a)la
e lal L2

lala

, Erq(a) = , (8.80)

where we recall that |a|? = [ a - aa.
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In what follows, we compute Er;2(p) and Er.(g) to evaluate the error on the potential
and its gradient in vertex-based schemes, Er].(p) and Er,-1(¢) to evaluate the error on the
potential and its flux in mixed cell-based schemes, and Er},(p) and Er;(g) to evaluate the
error on the potential and its gradient in hybrid cell-based schemes.

In vertex-based schemes, Err2(p) is computed using the conforming potential reconstruc-
tion Lﬁ,onf in order to verify the second-order convergence rate stated in Theorem 8.13. In mixed
cell-based and hybrid cell-based schemes, Er},(p) is defined somewhat differently. We adapt
the definition so that it corresponds to the quantity used in Theorem 8.23, i.e.

-2
iy o JEERE0) ~ LG0)

8.81
Pl (8:81)

In hybrid cell-based schemes, the definition is different since only the set of local reconstruction

operators {Lz }cec is defined. Thus, we adapt (8.80) as follows:

ZCGC ”Q - L;c‘vc (gc) ”i,c
Yeeclglie

The rate of convergence is computed for any quantity () using the same rationale. We set

Qi
log (Qifl )
#Xi )’
log (#Xi_l)
where @; and Q;_1 are the quantities computed on the i*" and (i — 1)*" meshes of the sequence,

and #X,; and #X,_1 are the numbers of DoFs related to theses quantities and associated to
the 7" and (i — 1)*™® meshes of the sequence.

Eri(g)’ =

K

(8.82)

R:=—3 (8.83)

Quantities related to minimum/maximum principle. We investigate numerically if
CDO schemes ensure a discrete minimum/maximum principle for the potential.

Definition 8.41 (Min./Max. bounds). Let p be an ezact solution of a diffusion problem and
p € X be the related discrete solution (X being any of the DoFs space V, V or L according to
the CDO scheme). Then, we define the two following quantities:

Pumin = Wil Py, Prmax = MAX Px. (8.84)

If Pmin > min_ g p(z), then we consider that the discrete minimum principle is numerically

satisfied. If pmax < maxmeﬁp(g), then we consider that the discrete maximum principle is
numerically satisfied. ;

Quantities related to linear algebra. Linear systems arising in CDO schemes are solved
using iterative solvers. The tolerance of the iterative solver is denoted by e. We denote by nye
the number of iterations performed by the iterative solver to reduce the Euclidean norm of the
residual below the required accuracy. In addition, we denote by ngsys and NNz the size and the
number of non-zeros in the system matrix. We define the stencil of a scheme as the maximal
number of non-zeros in a row of the system matrix. In order to compare the efficiency to solve
the linear systems produced by vertex-based, mixed cell-based, and hybrid cell-based schemes,
we define the following quantity:

X := NNZ X Dyge. (8.85)

X corresponds to an approximation of the computational cost to solve the linear system since
the most costly operation in an iterative solver is the matrix-vector product. The quantity x
is also useful to evaluate the influence of the element shapes on the conditioning of the system
matrix.
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Chp. 8. Elliptic equations

Since the linear system (8.3) for vertex-based schemes or (8.77) for hybrid cell-based schemes
is SPD by construction, a Conjugate Gradient (CG) method preconditioned with a Symmetric
Successive OverRelaxation (SSOR) technique is employed. For mixed cell-based schemes, the
saddle-point problem is solved using an augmented Lagrangian-Uzawa (ALU) algorithm (Fortin
& Glowinski, 1983). Recasting the system (8.34) into the more generic form
e [05] , (8.86)

B 0 p

A BT
S

each iteration of ALU solves the following system:

T (k+1)y — T _ RT( (k)
A+ArBB (p* D)) = rB"(s) — B"(p*)), (8.87)

until the norm of the global residual is below the required tolerance. The real number r > 0 is
the parameter related to the ALU algorithm. Numerical experiments suggest that a convenient
choice of r is the reciprocal of max.cc|c|]. The second step of the ALU algorithm consists of
updating the discrete potential as follows:

p+1) — p®) 4 By _ g (8.88)

To compare mixed cell-based schemes with vertex-based and hybrid cell-based schemes, the
quantity x is computed using nyie equal to the accumulated number of iterations of CG algo-
rithm and NNz corresponds to that of the matrix A,. For meshes with more elements, more
sophisticated techniques like algebraic multigrid could be employed to increase the efficiency
of the resolution of the linear system.

8.4.2 Continuous and piecewise affine solution

We consider the following test case adapted from Perot & Subramanian (2007); see Fig-
ure 8.6. A jump of the value of the conductivity coefficient is located at the plane {x = 0.5}.
We only consider the Hex, PrT, HLR and CB mesh sequences for this test case since the plane
{z = 0.5} is not an interface of the primal mesh for the other mesh sequences. There is no
source term and non-homogeneous Dirichlet BCs are imposed in such a way that the solution
is

r+y+1 z < 0.5,
) = _ 8.89
p(z) ﬂx +y+ (1 _m f<&2> x > 0.5, ( )
K9 2K2

where 1 = 0.1 and k2 = 103. Vertex-based (8.3), mixed cell-based (8.34), and hybrid cell-
based (8.77) schemes capture exactly the solution in the sense that the error norms on potential
and its gradient (or flux) are reduced down to machine precision (= 107!6) for all meshes of
the tested sequences.

122



8.4. Numerical results

'R

Dirichlet

Dirichlet
Dirichlet

Figure 8.6 — Left: Description of the problem; Right: Isovalues of the computed potential.

8.4.3 Anisotropic diffusion problem

We now consider the first test case of the FVCA benchmark. The exact potential and the
conductivity tensor in (8.1) are defined as follows:

p(z,y, z) := 1+ sin(mzx) sin (W (y + ;)) sin (77 (z + ;)) ,

The source term and the Dirichlet boundary condition are set so that (8.90) solves (8.1). The
integral of the source term is computed using the barycentric subdivision of each primal cell.
We simply collect the value at the barycenter of each subtetrahedra weighted by its volume.
This quadrature is of order 1.

1 05 0
0.5 . (8.90)
0 05 1

lI=

I
<
<t
—_

Convergence rates. We summarize the results related to the convergence rates of the po-
tential and its gradient (or flux) by indicating for each CDO scheme the computed convergence
rate between the two finest meshes of each mesh sequence. Table 8.1 collects results for vertex-
based schemes, Table 8.2 for mixed cell-based schemes, and Table 8.3 for hybrid cell-based
schemes.

Numerical results gathered in Table 8.1 are in agreement with the theoretical results derived
in Section 8.1. Namely, expected (or greater) convergence rates are observed for all the mesh
sequences and all the errors except for Err2(p) in the case of the Ker mesh sequence. The
reason is that this mesh sequence does not satisfy (MR) since 1, (cf. (6.7)) is not uniformly
bounded during the successive refinements (cf. Appendix A for more details). Moreover, a
super-convergent behavior is observed for the two discrete errors except for Er, ¢(g) in the
case of the CB mesh sequence. Vb-DGA and Vb-SUSHI deliver close results for all the mesh
sequences except for the Ker mesh sequence, for which a better convergence rate is observed
with Vb-DGA.

Ery(p) Erp2(p) Er,¢(g) Er.(g)
Vb- DGA SUSHI DGA SUSHI DGA SUSHI DGA SUSHI

Hex 2.1 2.1 2.1 2.1 2.1 2.0 1.0 1.0
PrT 2.0 2.0 2.0 2.0 2.0 2.0 1.0 1.0
PrG 2.0 1.9 2.0 2.0 1.8 1.8 1.0 1.0
CB 2.0 2.0 2.0 2.0 1.0 1.0 1.0 1.0
Ker 1.6 1.1 1.6 1.2 1.8 1.4 0.9 0.8

Table 8.1 — Computed convergence rates of the errors on the potential and its gradient be-
tween the two finest meshes of each sequence for vertex-based schemes using either the DGA
reconstruction or the SUSHI-like reconstruction.
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Remark 8.42 (Alternative potential reconstruction). Let L},(p) be piecewise affine on the
submesh Pg o (cf. Chapter 5) such that, for all c € C and all e € E,

1
Ly (P)@)ec =5 D P+Le(GRAD(P) ... - (2 =), VP EV, (8.91)
VGVe

where Lg is a piecewise constant circulation reconstruction operator in each primal cell defined
in Section 7.3.1. Then, our numerical experiments indicate that the discrete error Err2(p)
computed using this potential reconstruction operator also converges to second-order in the L?-
norm.

Numerical results gathered in Table 8.2 are in agreement with the theoretical results derived
in Section 8.2. Comments are similar to those of Table 8.1. Mixed cell-based schemes appear to
be more sensitive to the non-orthogonality criteria than vertex-based schemes. Namely, lower
convergence rates are observed in the case of the Ker mesh sequence for all the errors.

Er;(p) Eri.(p)  Ergiz(o)  Eri(9)
Cb- DGA SUSHI DGA SUSHI DGA SUSHI DGA SUSHI

Hex 2.0 2.0 2.0 2.0 2.0 1.9 1.0 1.0
PrT 1.8 1.9 1.9 1.9 1.1 1.1 1.0 1.0
PrG 1.9 1.9 2.0 2.0 1.6 1.7 1.0 1.0
CB 2.0 2.0 2.0 2.0 1.0 1.0 1.0 1.0
Ker 1.1 0.7 1.1 0.7 1.4 1.1 0.6 0.5

Table 8.2 — Computed convergence rates of the errors on the potential and its flux between
the two finest meshes of each sequence for mixed cell-based schemes using either the DGA
reconstruction or the SUSHI-like reconstruction.

Numerical results gathered in Table 8.3 are in agreement with the theoretical results derived
in Section 8.3. Comments are similar to those of Table 8.1. There are three differences with
respect to vertex-based schemes. Firstly, better convergence rates are observed for the Ker
sequence using hybrid cell-based schemes. Hybrid cell-based schemes seem to be less sensitive
to the regularity criterion 7,. Secondly, no super-convergent behavior is observed for the
discrete error Erﬁ’g(g). Thirdly, HCb-SUSHI and HCb-DGA deliver close results, but HCb-SUSHI
appears to deliver better convergence rates in the case of the Ker mesh sequence (in opposition
to what has been observed in vertex-based schemes).

Ery(p)  Erjap)  Br'sg)  Erilg)
HCb- DGA SUSHI DGA SUSHI DGA SUSHI DGA SUSHI

Hex 2.0 2.0 2.0 2.0 0.9 1.0 1.0 1.0
PrT 1.9 1.9 2.0 1.9 1.0 1.0 1.0 1.0
PrG 2.0 2.0 2.0 2.0 0.9 0.9 1.0 1.0
CB 2.0 2.0 2.0 2.0 1.0 1.0 1.0 1.0
Ker 1.8 1.9 1.8 1.9 0.8 1.1 1.1 1.2

Table 8.3 — Computed convergence rates of the errors on the potential and its gradient between
the two finest meshes of each sequence for hybrid cell-based schemes using either the DGA
reconstruction or the SUSHI reconstruction.
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Discrete min./max. principle. In Table 8.4, we collect results on the discrete min./max.
principle for this test case. The exact minimal and maximal bounds on the potential are 0 and
2 (cf. (8.90)). For each couple (mesh sequence, scheme), Y in the "min" (resp. "max") column
indicates that all the meshes of the sequence satisfy the discrete minimum (resp. maximum)
principle (cf. Definition 8.41), N indicates that at least one mesh of the sequence does not
satisfy the property.

Only vertex-based schemes satisfy the discrete min./max. principle for all the meshes of
the tested sequences. In mixed cell-based schemes, Cb-DGA satisfies the discrete min./max.
principle for all meshes except the Ker mesh sequence, while Cb—SUSHI almost never satisfies
the discrete min./max. principle. The almost converse situation is found for hybrid cell-based
schemes. HCb-DGA never satisfies the discrete min./max. principle, while HCb-SUSHI satisfies
the min./max. principle for the Hex, PrT, and PrG mesh sequences.

Vb-DGA Vb-SUSHI Cb-DGA Cb-SUSHI HCb-DGA  HCb-SUSHI

min max min max min max min max min max min max

Hex Y Y Y Y Y Y N N N N Y Y
PrT Y Y Y Y Y Y N N N N Y Y
PrG Y Y Y Y Y Y Y N N N Y Y
CB Y Y Y Y Y Y N N N N N N
Ker Y Y Y Y N N N N N N N N

Table 8.4 — Synthesis of results related to the discrete min./max. principle.

Remark 8.43 (Non-planar faces). Additional tests show that if the primal faces are non-planar,
then the discrete min./maz. principle is not satisfied by vertez-based schemes.

Remark 8.44 (Face unknowns in hybrid cell-based schemes). If we only consider the face
unknowns to check the min./maz. principle, we observe that HCb-DGA satisfies the property for
the Hex, PrT, and PrG mesh sequences.

Linear algebra. Table 8.5 collects the stencil observed for each scheme according to the mesh
sequence. Hybrid and mixed cell-based schemes yield the same stencil, independently of the
choice of the reconstruction operator. This is not the case of vertex-based schemes. Vb-SUSHI
yields a smaller stencil than Vb-DGA for Cartesian meshes (cf. Remark 7.34). Moreover, vertex-
based schemes yield a stencil two or three times larger than hybrid and mixed cell-based
schemes.

Vb-DGA Vb-SUSHI Cb-DGA Cb-SUSHI HCb-DGA HCb-SUSHI

Hex 25 19 11 11 11 11
PrT 21 21 9 9 9 9
PrG 39 39 15 15 15 15
CB 93 93 29 29 29 29
Ker 27 27 11 11 11 11

Table 8.5 — Stencil of the system matrix of the finest mesh of each sequence and for each CDO
scheme.
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Vb-DGA Vb-SUSHI Cb-DGA Cb-SUSHI HCb-DGA HCb-SUSHI

Hex 1.0 1.1 39.5 31.6 2.3 2.6
PrT 1.0 1.2 125.0 116.7 6.3 6.3
PrG 1.0 1.6 20.0 20.0 0.9 1.0
CB 1.0 1.6 56.7 57.5 1.8 1.9
Ker 1.0 1.3 52.5 45.0 3.0 2.7

Table 8.6 — Values of the relative computational cost x; for each mesh sequence and the
different CDO schemes.

In Table 8.6, we compute the relative computational cost X, of a mesh sequence M for a
given scheme S as follows:

S,M
X(5,H) (8.92)

S,M) i= ———F——,
Xa(S:H) X (Vb-DGA , M)

where x(S,M) is the computational cost associated to the finest mesh of the sequence M for the
scheme S. We observe that mixed cell-based schemes are much more computationally intensive
than hybrid cell-based and vertex-based schemes due to the saddle-point formulation. There-
fore, in what follows, we only detail the comparison between vertex-based and hybrid cell-based
schemes. Additional results related to mixed cell-based schemes are presented in Appendix B.1.
Even if vertex-based schemes yield the largest stencil, they are in most cases less computation-
ally intensive than hybrid cell-based schemes. Furthermore, Vb-DGA (resp. HCb-DGA) appears
to be slightly less computationally-intensive than Vb-SUSHI (resp. HCb-SUSHI).
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Table 8.7 — Labels associated to each mesh sequence.

Analysis of vertex-based and hybrid cell-based schemes. In what follows, we assign
a label to each mesh sequence as depicted in Table 8.7. To analyze the different schemes,
we study the accuracy of the potential and its gradient approximation. We also analyze the
cost-effectiveness of each scheme, that is the ratio error to cost.

For Vb-DGA and Vb-SUSHI schemes, we plot in Figure 8.8 the error on potential in discrete
and continuous norms, the error on its gradient in discrete and continuous energy norms.
In both cases, Vb-DGA is more accurate than Vb-SUSHI. The hierarchy in terms of accuracy
between the different mesh sequences is the following: Ker < CB < PrG < PrT < Hex. In
addition, the computational-effectiveness for the potential and its gradient are depicted in
Figure 8.8 (bottom row). For the two quantities, Vb-DGA turns out to be more cost-effective
than Vb-SUSHI.

Remark 8.45 (Stiffness matrix). We observe that on simplicial meshes, the stiffness matriz
built using the DGA circulation reconstruction operator is identical to that obtained with the
Whitney circulation reconstruction operator.
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Figure 8.7 — Comparison of the cost-effectiveness between Vb-DGA (labels A) and HCb-SUSHI
(labels B) schemes for the continuous error on the potential (left) and the error on the gradient
in continuous energy norm (right).

In Figure 8.9, we plot the error on potential and its gradient in discrete and continuous
norms for HCb-DGA and HCb-SUSHI schemes. Contrary to vertex-based schemes, the SUSHI
reconstruction leads to a more accurate scheme for the potential and its gradient than that
using the DGA reconstruction. The hierarchy in terms of accuracy between the different mesh
sequences remains the same: Ker < CB < PrG < PrT < Hex. The computational-effectiveness
of the two schemes for the potential and its gradient can be assessed from Figure 8.9 (bottom
row). In both cases, HCb-SUSHI turns out to be more cost-effective than HCb-DGA.

Comparison of vertex-based and hybrid cell-based schemes. To compare vertex-based
and hybrid cell-based schemes, we consider Vb-DGA and HCb-SUSHI which are the best (tested)
cost-effective schemes of each family (cf. Figure 8.8 and Figure 8.9). In Figure 8.7, we plot
the accuracy on the potential approximation (in terms of Erj2(p) for Vb-DGA and Er},(p) for
HCb-SUSHI) and the accuracy of the gradient approximation (in terms of Er.(g)) against the
computational cost. For the Hex, PrT, PrG, and CB mesh sequences, Vb-DGA turns out to be
more cost-effective than HCb-SUSHI for this test case. This is the opposite situation for the Ker
mesh sequence.
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8.4.4 Anisotropic and heterogeneous diffusion problem

We now consider the fifth test case of the FVCA benchmark (see Figure 8.10). The unit
cube is subdivided into four partitions

Q= {(2,,2) |y < 05,2 < 0.5}, 0= {(e.,7) |y > 05,2 <05), o
Q3 :={(x,y,2) |y > 0.5,z > 0.5}, Q= {(z,y,2) |y < 0.5,z > 0.5}. '
The exact potential is specified in each partition as follows
p(x,y, 2)|q, == 7isin(2rz) sin(27y) sin(27z), (8.94)

where v; = 0.1, v9 = 10, 3 = 100, and =4 = 0.01 and the conductivity tensor as follows:

(1 0 o0 1 0 0
Kl =0 10 0 Ko, == [0 0.1 0
0 0 0.01 0 0 100
- : - (8.95)
1 0 0 1 0 0
Ko, == [0 0.01 0 Klo, == |0 100 0
0 0 10 0 0 001

The source term and the Dirichlet boundary conditions are set so that (8.94) solves (8.1). The
integral of the source term is computed using the barycentric subdivision of each primal cell.
We simply collect the value at the barycenter of each subtetrahedra weighted by its volume.
This quadrature is of order 1.

We only consider the Hex and HLR mesh sequences for this test case since these sequences
naturally match the inner interfaces induced by the partitioning of €2 into four subdomains.

Convergence rates. Table 8.8 (resp. 8.9 and 8.10) collects the computed convergence rates
between the two finest meshes of each mesh sequence for vertex-based schemes (resp. mixed
cell-based schemes and hybrid cell-based schemes). These convergence rates are in agreement
with the theoretical results derived in this chapter. Moreover, a superconvergent behavior is
observed for the error in discrete energy norm in the case of vertex-based and mixed cell-based
schemes.

Discrete min./max. principle. The exact minimal and maximal bounds are -100 and
100. If at least one mesh of the sequence does not preserve these bounds, we write N otherwise
Y. Table 8.11 collects the results on the discrete min./max. principle. The results are quite
different from the previous test case. All tested mixed and hybrid cell-based schemes respect
the min./max. principle while only the Vb-SUSHI scheme respects the principle.

Dirichlet

QO O3
y4=0.01 | 3= 100

Dirichlet
Dirichlet

0 92

Dirichlet

Figure 8.10 — Description of the problem.
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Ery(p) Err2(p) Er.e(g) Ery(g)
Vb- DGA SUSHI DGA SUSHI DGA SUSHI DGA SUSHI

Hex 2.1 1.7 2.1 2.0 2.1 1.9 1.0 1.0
HLR 2.1 1.7 2.1 2.0 2.1 1.9 1.0 1.0

Table 8.8 — Computed convergence rates of the errors on the potential and its gradient be-
tween the two finest meshes of each sequence for vertex-based schemes using either the DGA

reconstruction or the SUSHI-like reconstruction.

Er;(p) Eri.(p)  Erg-iz(é)  Eri(9)
Cb- DGA SUSHI DGA SUSHI DGA SUSHI DGA SUSHI

Hex 2.0 2.0 2.0 2.0 2.0 2.0 1.0 1.0
HLR 2.0 2.0 2.0 2.0 2.0 2.0 1.0 1.0

Table 8.9 — Computed convergence rates of the errors on the potential and its flux between
the two finest meshes of each sequence for mixed cell-based schemes using either the DGA

reconstruction or the SUSHI-like reconstruction.

Er;;(p) Er}»(p) Er”® ~(g) Eri(g)
HCb- DGA SUSHI DGA SUSHI DGA SUSHI DGA SUSHI

Hex 2.0 2.0 2.0 2.0 1.0 1.0 1.0 1.0
HLR 2.0 2.0 2.0 2.0 1.0 1.0 1.0 1.0

Table 8.10 — Computed convergence rates of the errors on the potential and its gradient between
the two finest meshes of each sequence for hybrid cell-based schemes using either the DGA

reconstruction or the SUSHI reconstruction.

Vb-DGA Vb-SUSHI Cb-DGA Cb-SUSHI HCb-DGA  HCb-SUSHI

min max min max min max min max min max min max

Hex N N Y Y Y Y Y Y Y Y Y Y
HLR N N Y Y Y Y Y Y Y Y Y Y

Table 8.11 — Synthesis of results related to the discrete min./max. principle.
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Computational cost. Table 8.12 collects values of the relative computational cost associated
to each scheme for the two mesh sequences. xj is defined in (8.92) using the Vb-DGA scheme
as reference. Contrary to the previous test case, the less computationally-intensive scheme is
the Vb-SUSHI scheme. The reason is that the stencil of the system matrix is reduced with the
SUSHI-like reconstruction in the case of vertex-based schemes since the conductivity tensor is
diagonal and the Hex meshes super-admissible meshes (HLR meshes benefit also from a reduction
of stencil since they are built as an assembly of super-admissible meshes). Namely, the stencil
for the Hex mesh sequence is equal to 27 in the case of Vb-DGA and to 7 in the case of Vb-SUSHI.

Vb-DGA Vb-SUSHI Cb-DGA Cb-SUSHI HCb-DGA HCb-SUSHI

Hex 1.0 0.3 9.6 8.3 1.3 1.3
HLR 1.0 0.5 52.6 39.5 1.6 1.7

Table 8.12 — Relative computational cost x; for each mesh sequence and for the different
schemes

Comparison of vertex-based and hybrid cell-based schemes. In what follows, we only
consider the vertex-based and hybrid cell-based schemes since the mixed cell-based is much
more computationally-intensive. We assign a generic label to each mesh sequence as depicted
in Table 8.13.

Sequence Hex

|

=

—
——
S
S
S
===

. i
Thumbnail ;'l',’;';';
i
/
Labels A - ——
Labels B -g- -

Table 8.13 — Labels associated to each mesh sequence.

In Figure 8.11, we compare the behavior of Vb-DGA and Vb-SUSHI schemes in terms of
accuracy and cost-effectiveness. We successively plot the error on potential in the discrete and
continuous norms, the error on the gradient in the discrete and continuous energy norms and the
error on potential (resp. gradient) versus the computational cost. We observe that Vb-SUSHI is
more accurate than Vb-DGA in discrete norms and the converse situation in continuous norms.
In terms of computational efficiency, Vbo—-SUSHI scheme appears to be better than Vb-DGA for
this test case.

In Figure 8.12, we compare compare the behavior of HCb-DGA and HCb-SUSHI schemes in
terms of accuracy and cost-effectiveness. We plot the similar quantities as in Figure 8.11.
We observe that HCb-SUSHI is more accurate than HCb-DGA for all quantities. In terms of
computational efficiency, HCb-SUSHI scheme appears to be better than HCb-DGA for this test
case.

In Figure 8.13, we compare the computational efficiency of Vb-SUSHI and HCb-SUSHI. We
conclude that HCb-SUSHI turns out to be more cost-effective than Vb-SUSHI in terms of potential
approximation while this is the converse situation in terms of gradient approximation.
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Stokes equations
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This chapter is devoted to the analysis of CDO schemes for the Stokes equations presented
in Section 4.2. As mentioned in Section 4.2, our starting point are the Stokes equations in the
two-field and three-field curl formulations. Since the pressure is seen as a potential, its DoFs
are located either at primal or at dual mesh vertices. The former case uses the two-field curl
formulation and leads to vertex-based pressure schemes. These CDO schemes are analyzed in
Section 9.1 The latter case uses the three-field curl formulation and leads to cell-based pressure
schemes (since primal cells are in one-to-one correspondence with dual mesh vertices). These
CDO schemes are analyzed in Section 9.2. The vertex-based pressure schemes are, to our
knowledge, the first of this class on polyhedral meshes. The cell-based pressure schemes share
common features with the recent MSE schemes of Kreeft & Gerritsma (2013); however, the
present schemes can be deployed on polyhedral meshes. The two families of CDO schemes
involve two discrete Hodge operators, one linking the velocity (seen as a circulation) to the
mass flux and the other linking the vorticity to the viscous stress. One key feature of the
present schemes is that they ensure local mass and momentum conservation on polyhedral
meshes, while being only first order. The discrete stability hinges on novel discrete Poincaré
inequalities derived in Section 7.4. Moreover, using commutators related to the consistency
error (cf. Section 6.2.2), we derive a priori error estimates and establish first-order error
estimates for smooth solutions. In addition, we show how the present CDO framework can
deal with the practically important issue of discretizing the external load. Namely, we present
two strategies for discretizing the external load so as to deliver tight error estimates when the
external load is expected to have a large curl-free or divergence-free part (see Linke (2014) for
a related work). Finally, we conclude this chapter with numerical results in Section 9.3.

In order to avoid technicalities related to harmonic forms, we often assume in what follows
that Q is simply connected and its boundary 952 is connected. Whenever used, we refer to this
assumption as (Agq).
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9.1 Vertex-based pressure schemes

9.1.1 Discrete systems

For the sake of completeness, we recall the key points of the definition of vertex-based
pressure schemes (cf. Section 4.2 for more details). In vertex-based pressure schemes, the two
unknowns are the pressure potential p* := p~!p and the velocity u. The starting formulation
is the two-field curl formulation (4.12) defined as follows:

curl(pcwrl(u)) + pgrad(p®) = pf*,  in Q, (9.1)
div(pu) = 0, in €, .

where we have introduced the external load density f* := pt f. We recall that the density p

and the viscosity p are actually constant, and that these quantities are written explicitly in

the equations to identify where a discrete Hodge operator is to be used. In what follows, we

also consider the vorticity w := curl(u). In this section, we focus on homogeneous and natural
BCs which are

pU - Voo = CbEC, P X Voo = QEC7 on 94, (9:2)

with data Q};C and wP®. The discrete system is: Find (p*,u) € V11 x & such that

{ CURL - H7® - CURL(u) + HE” - GRAD(p*) = S*(p, /), 03
— DIV Hff(u) = 0z
The space of DoFs for the pressure potential is set such that

Vi1 = {0 € Vs [0,H(1)] = 0}, (9.4)

where H‘fE is a diagonal discrete Hodge operator with entries equal to |¢(v)]| for all v € V and
1 € V has all its entries equal to 1.

Remark 9.1 (Translational invariance). The translational invariance of the pressure potential
[p*, HYC(1)],z = 0 is equivalent to 3,y |E(v)|PE = 0 or also oL, (p*) = 0 where LY, is the
local potential reconstruction operator introduced in Section 7.2.3. This last identity is the
discrete counterpart of the zero mean-value condition on the pressure.

The discrete variational formulation of system (9.3) is: Find (p*,u) € V1 x & such that

{ [CURL(u), H* - CURL(W)] = + [GRAD(p*), HS" (w)].5 = [w,S"°(p, f*)].z  Vw €€,

[GRAD(a), Hy” (w)], > =0 Vq € Vi1,
- (9.5)
where we have used the adjunction property between —GRAD and DIV, and between CURL
and CURL (cf. Proposition 3.16). In addition, we introduce the following operators:

AP & F, B:£—C, BT:V — F,

P ~ — ~ ~ (9.6)
A" := CURL-H®-CURL, B:=-DIV-H",  B":=H:".GRAD.

The operators B and BT are adjoint, and AP is selfadjoint owing to the symmetry of the
two discrete Hodge operators and the discrete adjunction of —GRAD and DIV and that of

CURL and CURL. Using (9.6), vertex-based pressure schemes can be recast as follows: Find
(p*,u) € V11 x € such that

u
*

B 0] |p

[Avb BT
Oz

- [SVb(”’ f*)] . (9.7)
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The right-hand side S®(p, [ e F discretizes the external load pf*. Two expressions are
considered in the analysis, respectively termed discrete primal load and discrete dual load.
They are defined for each edge e € E as follows:

S0, iy = (H7 - Re(S" ) ey (9.80)
S2(0, )iy = R0 i (9.5b)
A sufficient condition for the discrete primal and dual load to be well-defined is f* € Sg(£2) and
pf* € Sz(9) respectively. A possible choice is that f* € H*(Q)? with s > 3 and curl(f*) €

[L4(€2)]? in the primal case (cf. Definition 3.5) and pf* € H*(Q)3 with s > I in the dual case
(cf. Remark 3.6).

Discrete Hodge operators. The two discrete Hodge operators, Hf,% and Hy, € , satisfy the
three local properties (HO), (H1), and (H2). Specifically, the local discrete Hodge operator

Hi 7 satisfies for all ¢ € C:
HO) [Symmetry HEF is symmetric.
p
(H1) [Local stability] There exists 7, > 0 such that, for all ¢ € C,

Yu € &.. (9.9)

nollullze, < lull . <

(H2) [Local Pyp-consistency] The local commuting operator

[p, &) (9) = HEe - Re (8) — R5 (po) (9.10)
satisfies |p, e.7.|(K) = 0 for any vector field K which is constant in ¢ € C.
Similarly, the discrete Hodge operator Hﬁcgc satisfies for all ¢ € C:
(HO) [Symmetry] HHC c
(H1) [Local stability] There exists 7, > 0 such that, for all ¢ € C,

is symmetric.

nullwll 7 < lwllic <ntlwliz, Vo e Fe (9.11)
(H2) [Local Py-consistency| The local commuting operator

L1, 7E.1(8) 1= H% - Ry (o) — R (1) (9.12)

satisfies |, 7.2.](K) = 0 for any vector field K which is constant in ¢ € C.
Similarly to the generic definitions of Section 6.1, we define the following discrete norms
induced by the two discrete Hodge operators H7” and H/*:

fhall} = [, H" (w)].5, Il = [(H5") 7 (8), ¢l (9-13a)
Joll? = [, HEF @)z w120 = [(HH) 7 (w0"), 00"z, (9-13b)

foralueé, ¢ € F,we F,and w* € E. Owing to the Cauchy—Schwarz inequality (6.14), we
infer that

[w, Lz <lullplil,-r,  [w, w0z < llwllyllwo™ -1 (9.14)

Owing to (3.20), we infer from (H1) the corresponding global stability for H;% : There exists
1, such that

vues,  nplulle <flul} < 7l (9.15)
and, that for Hﬁg: There exists 7, such that

Vw e F, 3.7 < lwlli < m el 7 (9.16)
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9.1.2 Stability and well-posedness

Lemma 9.2 (Coercivity). Assume (MR) and (Aq). Then, there exists na > 0 (independent
of the mesh size) such that, for all u € Ker B, the following inequality holds:

[u, A®(W)]5 > nallull}. (9-17)

Proof. Let us verify that u € KerB implies that [u, Hf,}(v)ﬂg} = 0 for all v € Ker CURL.
Owing to (Agq) and Proposition 3.12, there is @ € V such that v = GRAD(0). As a result,

[[uv H;}_(V) F— [[u7 BT(B)HS% = [07 B( )ﬂvc =

]]E}'

Applying Lemma 7.47 and the stability property (6.21), we infer that

nollully < Iul3e < (CEV)2ICURL()II3 » < (C3)*m; HICURL ()]l

whence we infer (9.17) with na = 1,1,(Cs"”)~? since || CURL(u) |||i = [u, A% (u) O

Ie-

Lemma 9.3 (Discrete inf-sup condition). Assume (MR). Then, there exists fg > 0 (inde-
pendent of the mesh size) such that

it sup 1:BO0Lg
o0c¥.1 vt [0l Tul,

> Og. (9.18)

Proof. For all @ € Vi, set u := GRAD(8). Then, [0,B(u)],; = [u,B"(8)].z = |lufl? and
owing to Lemma 7.45 and (9.16), we infer that |02,y < CF” 71/2|||u|||p This yields the inf-sup
condition with g = 771/2(0(0)) O

A classical consequence of Lemmata 9.2 and 9.3 is the following (Brezzi & Fortin, 1991):

Corollary 9.4 (Well-posedness). Assume (MR) and (Aq). Then, the discrete system (9.3)
is well-posed.

9.1.3 Error analysis

Error analysis for discrete dual load. In what follows, we consider a discrete dual load
Sgb(p, ) set according to (9.8b). For simplicity, we assume that there is no quadrature error
when evaluating the discrete load. We assume that f* € [H*(Q)]® with s > % so that f* €

S ];(Q) and SYP(p, f*) is well-defined. Moreover, we consider the following global commuting

operators: )
|p, e7]| (o) := Hzi- Re(e) —Rxz(pe),
L1, 75](9) := HIT - R(e) — Rs(uo).

To ensure that | p, 7] (e) is well-defined when applied to u and grad(p*) (recall that (u, p*) is the
solution of the two-field curl formulation (9.1)), we assume that u, grad(p*) € Sg(2) N S=(9).
To ensure that [, #£](e) is well-defined when applied to w, we assume that w € SF(2)NSz($2).

Let u, p* solve the discrete system (9.3) and recall that w = CURL(u). Then, we define
the following discrete differences:

(9.19)

op” :=Ry(p") —p", du:=Rg(u) —u, dw:=Rr(w) —w. (9.20)
Theorem 9.5 (Error bounds with discrete dual load). Assume (MR) and (Aq). Let u, p*
solve of the two-field curl formulation (9.1) with homogeneous natural BCs. Let u, p* solve the

discrete system (9.3) with the discrete dual load S{(p, f*). Assume that f* € [H*(Q)]® with
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9.1. Vertex-based pressure schemes

s > 3. Assume that u and grad(p*) € Se(©) N S=(), and w € Sr(Q2) N Sz(Q). Then, the

following error bounds hold:

IGRAD(p")ll, < llLp, 71 (grad(p™))ll -1, (9-21a)
0wl < lilps e[ (grad (™)l + 1Lk 721 (@)l -1, (9.21b)
loull, < lLps e71(grad(p™ )l + [ILps 7e1 (@)1 + Loy 71 @)ll-1- (9:21¢)

Moreover, if u,w, grad(p*) € [H'(C)]* and f* € [L*(Q)]3, the following error estimates hold:

IGRAD(6p")ll, < h lgrad(p™) | (1 (e (9.22a)
léwll, < (”grad(p*)”[Hl(C)P + [wlizr oy + 117 [L4(Q)]3) ; (9.22b)
6ull, Sk (llglfad(p*)||[HI(C)]3 + @iz s + 1 ey + ||MH[H1(C)}3) - (9.22¢)

Proof. (1) We first derive the error equations. Applying R 7 to the momentum and R to the
mass balance equation in (9.1) yields

—_~—

CURL(Rz(pw)) + Rxz(pgrad(p*)) = Si°(p, ),
DIV(Rz(pu)) = 05
owing to the commuting property (Proposition 3.18) on the interior dual mesh entities and the
homogeneous BCs (4.15) on the dual mesh entities touching the boundary 9. Subtracting

from the corresponding equation in (9.3) and introducing the global commuting operators leads
to

CURL - H7¥(dw) + HE” - GRAD(8p*) = CURL(p1, 7] (w)) + |p, ¢7](grad(p)),  (9:23a)

DIV - H57 (8u) = DIV(|p, 5] (w), (9.23b)
since Re(grad(p*)) = GRAD(Ry(p*)).

(2) Bound on the pressure gradient. We take the duality product of (9.23a) with GRAD(dp*).

Since [GRAD(8p*), CURL(b)], 5 = [CURL(GRAD(dp*)),b]z = 0 for all b € &, we infer that
IGRAD(8p*)||2 = [GRAD(dp*), | p, £7](grad(p*))]. 5, whence (9.21a) follows from the Cauchy-
Schwarz inequality (9.14).

(3) Bound on the vorticity. We use the discrete Hodge decomposition

LH 1H
£ = ImGRAD & (Ker CURL)*H, (9.24)

where (Ker CURL)™M = {u € & [u,HZ(v)],z

the decomposition & = Im GRAD l@? (Im GRAD)*H and Im GRAD = Ker CURL owing to (Ag)
and Proposition 3.12. Using (9.24), we set du = GRAD(d0) + du,; with 60 € V and du,; €
(Ker CURL)1H. Observe that CURL(du, ) = CURL(du) = dw and that [|du [, < [[6w], owing
to Lemma 7.47 and the global stability (9.15) of H” and (9.16) of H/®. We take the duality

product of (9.23a) with du . Since [du,, Hf)} - GRAD(dp*)

= 0, Vv € Ker CURL}, which results from

l¢z = 0, we infer that

ldwlly, = [0w, [, 2] (w)] 7z + [du, |p, e7] (grad(p"))],5- (9.25)

The estimate (9.21b) results from Cauchy-Schwarz inequalities (9.14) and [|du |, < [|0w] ..
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(4) Bound on the velocity. Since |||5u|||l2) = ||du. |||g + |||GRAD(60)|||/2) and |[éu |, < 6w,
it remains to estimate [[GRAD(86)|,. We take the duality product of (9.23b) with 6. Since

[6uy,HS” - GRAD(80)].z = 0, we infer that
IGRAD(86)|; = [GRAD(88), H;” (du)] .z = [GRAD(86), [p, £7](uw)],3,
and the Cauchy-Schwarz inequality (9.14) yields [|[GRAD(60)||, < [[lp, e7](w)] 2

(5) Finally, the error bounds for smooth solutions result from Lemmata 6.14 and 6.16.
Observe that curl(w) € [L4(Q)]? since curl(uw) = pf* — pgrad(p*) (p and u are constant,
€ [LAQ))?, and grad(p*) € [H'(C)]?), and that curl(u) € [L4(Q)]® since w = curl(u) €
[H(C)]°. O

Error analysis for discrete primal load. In what follows, we consider the discrete primal
load S‘,;b(,o, ) set according to (9.8a). A first consequence is that the regularity requirement on
f* has to be enforced so that f* € Sg(€) and S‘F;b (p, f*) is well-defined. Thus, we assume that
f* e [H¥(Q)]? with s > § and curl(f*) € [L*(Q)]? (cf. Remark 3.6). The regularity require-
ments of u and w are identical to that of the case of a discrete dual load. A second consequence
is that the global commuting operator |p, 7| (grad(p*)) is replaced by |p, e7|(curl(w*)), where
we recall that w* = pw. S

Theorem 9.6 (Error bounds with discrete primal load). Assume (MR) and (Aq). Let u, p*
solve of the two-field curl formulation (9.1) with homogeneous natural BCs. Let u, p* solve
the discrete system (9.3) with the discrete primal load S‘,;b(p,i*). Assume that f* € [H*(Q)]?
with s > % and cwrl(f*) € [LY(Q)]3. Assume that u and curl(w*) € Sg(Q) N S=(), and
w € SF(2) N S(€). Then, the following error bounds hold:

IGRAD(p")l, < llLp, &7 ](curl(w™))]l -1, (9.26a)
0wl < Wlp, e71(curl(@ )l -1 + lLas, 781 (@)l (9.26b)
loull, S iLps e7T(carl(@™)) -1 + w7l (@)1 + Mo, e7 (@)l -1 (9-26¢)

Moreover, if u, w, curl(w*) € [H(C)]3, the following error estimates hold:

IGRAD(8p"), < b (lewrl(w®) a1 (cyp + lewrl(f)] zaay) (9.27a)
l6wl,e < b (lewrl(w) |z ey + lewl(f) lzs@yp + el cye) » (9.27b)
loull, < A (Jewd@*) i oy + lewrl(F) zayp + Il e + Tl e ) -

(9.27¢)

Proof. Since S¥(p, f*) = S{*(p, [*) + |p, £¥](f*), the main difference with the proof of Theo-
rem 9.5 is that the error equation (9.23a) is to be replaced by

CURL - H/* - CURL(du) + H5” - GRAD(dp*) = CURL(|p, 72](w)) — |p, e7](curl(w®)).
The rest of the proof follows the same lines and is skipped for brevity. O

Remark 9.7 (Comparison with Theorem 9.5). When the divergence-free part of the external
load (i.e., curl(w*)) is expected to dominate over the curl-free part (i.e., grad(p*)), using a
discrete dual load is more appropriate since the error bounds do not depend on curl(w*). Al-
ternatively, when the curl-free part is expected to dominate over the divergence-free part, using
a discrete primal load is more appropriate since the error bounds do not depend on grad(p*).
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9.2 Cell-based pressure schemes

9.2.1 Discrete systems

For the sake of completeness, we recall the key points of the definition of cell-based pressure
schemes (cf. Section 4.2.3 for more details). Cell-based pressure schemes rely on the three-field
curl formulation (4.13) defined as follows:

K 1 * + Curl( ¢) = Qa in Q:
p‘1M(@ ) +grad(p*) = f*,  inQ, (9.28)
div(¢) =0, in Q,

where the mass flux ¢ = pu and the auxiliary field w* = pw (to which we loosely refer as
viscous stress circulation) have been introduced. We recall that p* = p~'p and f*:=p~!f. In
what follows, we focus on homogeneous and natural BCs which are

U X v = 2207 p* = pr’ on aQ: (929)
with data uP® and p°. The discrete system is: Find (p*, ¢, w*) € V x F x € such that
HZ¢, - CURL(w*) + GRAD(p") = S(p, f*), (9.30)
— DIV(9¢) = Oc.

The discrete variational formulation of (9.30) is: Find (p*, ¢,w*) € V x F x £ such that

—[w,HZ (w)].;  + [CURL(w), HZE ()], = 0, Yw € €,
[CURL(w*), HZ%, (3)] .z — [DIV(), p*].5 = [%,5%(, )]z, Vi eF, (931)
— [DIV(¢),dl.5 =0, Vq e V.

We introduce the following operators:

AP & F, C:E—E, CT: F— F, D:F—=C, D':V—=E, 932
= — (9.32
A®:= _H7,, C:=H’%, .CURL, C":=CURL-HZ%, D:=-DIV, D":=GRAD.

The operators C (resp. D) and C" (resp. D') are adjoint owing to the discrete adjunction
property (cf. Proposition (3.16)) and to the symmetry of H” ,1; moreover, A% is selfadjoint
and negative definite. Using (9.32), cell-based pressure schemes can be recast as follows: Find
(p*, P, w™) € V x F x € such that

AP CT 0] |w 0z
C 0 D" |¢ |=]SP0f]- (9.33)
0 D 0 p>k OC

The right-hand side S (p, f*) € & discretizes the external load f*. Two expressions are con-
sidered in the analysis, respectively termed discrete primal load and discrete dual load, and
defined for each face f € F as follows:

S0, £ ey = (HIE2 - Re(of ) leqoys (9.34)
S (o, [ ey = Ra(f*)leo)- (9.34b)

A sufficient condition for the discrete primal (resp. dual) load to be well-defined is to require
that pf* € H*(Q)? with s > 3 (resp. f* € H*(Q)3 with s > £ and curl(f*) € [LY(Q)]?).
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Discrete Hodge operators. The two discrete Hodge operators Hz%l and H;T _gl satisfy the
three local properties (HO), (H1), and (H2). Specifically, the local discrete Hodge operator

HZC_ff satisfies for all ¢ € C:

(HO) [Symmetry] Hicic is symmetric.
(H1) [Local stability] There exists 7,-1 > 0 such that, for all ¢ € C,

nu-lw l3e, < o™ lp-1 o <mhlwBe, Yo' €& (9.35)
(H2) [Local Py-consistency] The local commuting operator

17", 27 (#) = HETE - Re () = Rz (" o) (9.36)
satisfies |, e.7. | (K) = 0 for any vector field K which is constant in ¢ € C.
Specifically, the local discrete Hodge operator H;ﬁgf satisfies for all ¢ € C:

(HO) [Symmetry] HZE%C is symmetric.
(H1) [Local stability] There exists 1,-1 > 0 such that, for all ¢ € C,

no-1llBl3 7 < Ndll5- o <m i ldls 7, Vo€ Fe (9.37)
(H2) [Local Py-consistency] The local commuting operator

[, 7] (8) == HI5 - R (8) — Rz (o) (9.38)

satisfies |, 2. | (&) = 0 for any vector field K which is constant in ¢ € C.
Similarly to the generic definitions of Section 6.1, we define the following discrete norms
induced by the two discrete Hodge operators Hl‘ifl and /f £

)" (w),u] (9.39a)

) Hw), @]z, (9.39b)

lpl2-: = [, HZE ()2, J[ull?

o ll7-s = [w HZ (@ )]z, -

[(
[(
forall € F,u € &, w* € & and w € F. Note that these norms differ from those defined

in (9.13) for vertex-based pressure schemes. Owing to the Cauchy-Schwarz inequality (6.14),
we infer that

FE
Hp_l

eF
H;rl

[®,ulz < ll@ll-2 llullp, [ w]ez < w1 Il - (9.40)

Owing to (3.20), we infer from (H1) the corresponding global stability related to Hfilz
There exists 7,,-1 such that

vwr e, maflwBe < ol < m b llwt 3 e (9.41)
and, that related to H/fi?l: There exists 7,-1 such that

voeF,  nldliy <llel- < nlillell F (9-42)

9.2.2 Stability and well-posedness

Lemma 9.8 (Discrete inf-sup conditions). Assume (MR) and (Aq). Then, there exist fc > 0
and Bp > 0 (independent of the mesh size) such that

inf sup M > Bp, inf sup [¢, C(¥)]

TN T TR o
pevver [Pl slvil,-— peKerD yeg [l 9]l
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Proof. To prove the inf-sup condition on D, let p € V and set v := (H['f_gl)_l(a?\ATD(p)). Then,
v € F and [[D(V) Ples = |Hv\”2,1 = |HG/R\A6( )[I2. Moreover, owing to (MR) and (H1), we
infer that WGR/—\D( )
Iplly 5 < Ivllo-r-

To prove the inf-sup condition on C, let ¢ € Ker D. Owing to the exact sequence property
(Proposition 3.12) and (Ag), there is ¢ € & s.t. ¢ = CURL(%); moreover, we can take
b € (Ker CURL)M, the orthogonality being with respect to HEZ1. Then, ol = [¢, C(¥)] -2
and [|[¢¥)2.e S ||@ll2,7 owing to the discrete Poincaré mequahty on CURL (z:f Lemma 7.47).

~

The norm equivalences on € (9.41) and F (9.42) conclude the proof. O

I, & &S < vl ,-1; hence, using the discrete Poincaré inequality (6.35) yields

Corollary 9.9 (Well-posedness). Assume (MR) and (Aq). Then, the discrete system (9.30)
s well-posed.

Proof. This a classical consequence of Lemma 9.8 and the fact that A is selfadjoint and
negative definite (cf. (Dubois, 2002, Theorem 1)). O

9.2.3 Error analysis

Error analysis for discrete dual load. In what follows, we consider a discrete dual load
S (p, f*) set according to (9.34b). For simplicity, we assume that there is no quadrature error
when evaluating the external load. Remarks on the regularity requirements are similar to
those of vertex-based pressure schemes in the case of a discrete primal load. We consider the
following global commuting operators:

[, e7](#) = Hi7s Re(0) =R o),
lp~", 7E](e) := Hffl ‘Rr(e) —Rz(p™" ).

Let (p*, ¢, w*) solve the three-field curl formulation (9.28). To ensure that [p~', 72|(e) is well-
defined when applied to ¢ and curl(w®), we assume that ¢ and curl(w*) € SF(22) N Sz(52). To
ensure that |u~", e7](e) is well-defined when applied to w*, we assume that w* € Sg(2)NS%().

Let (p*, ¢,w™) solve the discrete system (9.30). Then, we define the following discrete
differences:

(9.43)

op" :=Ry;(p") =P, 09 :=Rr(¢) — ¢, Ow" :=Rg(w")—w" (9.44)

Theorem 9.10 (Error bounds with discrete dual load). Assume (MR) and (Agq). Let
(p*, ¢, w*) solve the three-field curl formulation (9.28) with homogeneous natural BCs. Let
(p*, @, w™) solve the discrete system (9.30) with the discrete dual load SP(p, f*). Assume that
f* € H5(Q)3 with s > § and curl(f*) € [L*(Q)]3. Assume that ¢ and curl(w ) € SF(E)NS(€Y).
Assume that w* € Sg(€2) N S%=(2). Then, the following error bounds hold:

IGRAD(8p")ll, < Lo, ##](curlw?)l,. (0.450)
16w s S Ml =] (carlw”)ll, + Il 51wl (9.45D)
I6¢ll,+ S Mo, #81curlw), + ULas a5l @l + I~ 1@l (9450)

Moreover, if ¢, w*, curl(w*) € [H'(C)]?, the following error estimates hold:

|GRAD(6p")], < b (lewrd (@) i ey + lewd(£F) zaayp ) (9.46a)
6w, < A (lewrl(w") ] oy + lewrl(F) izaye + l*lim o) (9.46b)
1661, < b (lewrd@") iz cyp + lewrl(F) zsyp + Il ey + 18l e ) -

(9.46¢)
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Proof. (1) We first derive the error equations. Applying R # to the vorticity definition, Rg to
the momentum balance, and R¢ to the mass balance in (9.28) yields

—R]?( “'w*) + CURL(Rz(p ') =

Rz(p™" curl(w ))+GRAD(Rg(p ))ZSSb(p,f)’
DIV(R#(9)) = 0c,

owing to the commuting property (Proposition 3.18) on the interior dual mesh entities and the
homogeneous BCs (4.25) on the dual mesh entities touching the boundary 9. Subtracting from
the corresponding equation in (9.30) and introducing the global commuting operators (9.43)
leads to

— HEZ, (6w*) + CURL - HI%1(8¢p) = — [, e7](w) + CURL- [p", 55](¢),  (9.47a)
H7%, - CURL(6w") + GRAD(p*) = [p", #&] (curlw®), (9.47D)
DIV(8¢) = 0c. (9.47¢)

(2) Bound on the pressure gradient. We take the duality product of (9.47b) with (Hﬁgl)_l .
G/R\A/D((Sp*). Proceeding as in Step (2) of the proof of Theorem 9.5 yields (9.45a).

(3) Bound on the viscous stress circulation. We use the discrete Hodge decomposition (9.24)
based on the discrete Hodge operator H/ifl. We set dw* = GRAD(06) + dw” with 60 € V and
dw* € (Ker CURL)H. We take the duality product of (9.47a) with GRAD(59). Observing that
[[GRAD(JH),E[F{T_(b) .z = 0 for all b € € and [GRAD(46), Hi%l(éw ).z = IGRAD(0 )H|2_1,
we infer that [|[GRAD(O)|,-+ < [[lp"s e7](w*)|l- Then, we take the duahty product of (9. 47b)
with CURL(dw*). This yields [|[CURL(6w™)||,-1 < [I[p~", #&](curlw®)]|,. Since CURL(dw*) =
CURL(dw* ) and dw* € (Ker CURL)M, we infer from the discrete Poincaré inequality on CURL
(cf. Lemma 7.47) that

10 =2 < L™, &l (curlw) |l

Finally, since H\Ew*\”i,l = \HGRAD(G)H\i,l + |H5w*L|Hi,1, we infer (9.45b).

(4) Bound on the mass flur. Owing to (9.47¢), (Ag), and Proposition 3.12, there is 1) € £
s.t. 8¢ = CURL(d7)), and we can take 61 € (Ker CURL)*H. We take the duality product
of (9.47a) with dv. For the two terms on the left-hand side, we obtain [d, H‘Sfl(éw*)]]g; <

I6¢1l,,-1 16w* ], and [84, CURL - H7, (66)],; = ICURL(8%)[|>-. Using Lemma 7.47, the
Cauchy—Schwarz inequalities (9.40), and the previous error bounds lead to (9.45c¢).

(5) Finally, the error bounds for smooth solutions result from Lemmata 6.14 and 6.16. [

Error analysis for discrete primal load. In what follows, we consider a discrete primal
load S$(p, f*) set according to (9.34a). Remarks on the regularity requirements are similar to
those of vertex-based pressure schemes in the case of a discrete dual load (i.e. less regularity
is required compared to the previous case).

Theorem 9.11 (Error bounds with discrete primal load). Assume (MR) and (Agq). Let
(p*, ¢,w*) solve the three-field curl formulation (9.28) with homogeneous natural BCs. Let
(p*, ¢, w™) solve the discrete system (9.30) with the discrete primal load S;b(p, f7). Assume
that f* € H*(Q)3 with s > 1. Assume that ¢ and pgrad(p*) € Sr(Q) N Sz(2). Assume that
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w* € Seg(2) N S%z(2). Then, the following error bounds hold:

IGRAD(8p*)l, < I ", 78] (p grad(»*)) ], (9.484)
I8, S Lo &1 (pgrad (™), + DLy e#] (@)l (9.48D)
15601, S Lo, 71 (pgrad(p™ ), + ILu~", &7 @)l + Lo, 721D, (9.48¢)

Moreover, if ¢, grad(p*), w* € [H*(C)]® and f* € [L*(Q)]3, the following error estimates hold:

IGRAD(6p")ll, < 1 lpgrad(p") s e (9.49a)
16wl S b (lograd (e e cops + Il oo + 1 lipsps) (9.49b)

ol < h (”P grad(p®) g cys + 1wl ey + 15 lzays + 141 [Hl(C)}?’) . (9:49¢)

Proof. Since S (p, f*) = SP(p, f*) + Lp™%, 7] (pf*), the main difference with the proof of
Theorem 9.10 is that the error equation (9.47b) is to be replaced by

H7%\ - CURL(w") + GRAD(dp") = [p", #&](pgrad(p")).
The rest of the proof follows the same lines and is skipped for brevity. O

Remark 9.12 (Comparison with Theorem 9.10). When the divergence-free part of the external
load (i.e., curl(w*)) is expected to dominate over the curl-free part (i.e., grad(p*)), using a
discrete primal load is more appropriate since the error bounds do not depend on curl(w®).
Alternatively, when the curl-free part is expected to dominate over the divergence-free part,
using a discrete dual load is more appropriate since the error bounds do not depend on grad(p*).

9.3 Numerical results

In this section, we focus on the vertex-based pressure scheme (9.3). Numerical results for
the cell-based pressure scheme (9.30) are left for future works.

9.3.1 Linear algebra aspects

The strategy for solving the linear system (9.3) takes advantage of the CDO framework,
which allows us to solve only two SPD systems, since it is possible to operate an exact splitting
between pressure and velocity. Applying DIV to the momentum equation yields the following
SPD system for the pressure:

DIV - H5” - GRAD(p*) = DIV - S®(p, f*), (9.50)

A
of size #V which is independent of u. Then, the velocity u is solved by an augmented La-

grangian (AL) approach yielding the following SPD system of size #E, where the right-hand
side takes into account the pressure computed in (9.50):

(A + BT - B)(u) = S*®(p, f*) — B"(p*). (9.51)
N———
A

Applying DIV to this system readily shows that the discrete velocity exactly satisfies both mo-
mentum and mass balance in (9.3). Numerical experiments suggest that a convenient value of
the Lagrange multiplier r is the reciprocal of maxeeg|pe| With pe := Ucec, Pe,c (cf. Section 5.2.2).
Since the two systems (9.50) and (9.51) are SPD, we apply a CG algorithm preconditioned with
a SSOR technique to invert the linear systems (as for elliptic problems). More sophisticated
techniques like algebraic multigrid can be employed to improve the efficiency of the iterative
solver.
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9.3.2 Vortex test case

We first consider an adaptation of the Taylor—Green vortex test case on the unit cube
Q = [0,1)®. Mass density and viscosity are set to 1. We consider the system (9.1) with the
following exact pressure and exact velocity fields:

p(z,y, z) = sin(27z) sin(27y) sin(27z),

% sin(27z) cos(2my) cos(272) (9.52)
u(z,y,2) = | 5 cos(2mz) sin(2my) cos(272)
— cos(2mz) cos(2my) sin(272)

The external load f* and the non-homogeneous BCs are determined from (9.52) in order to
satisfy (9.1).

Pressure

: 1.0e+00
Rl A Y N
/ % 4
[ ! HALEA V)
/ ¢ /)

5.0e-01

1.2e-07

-5.0e-01

-1.0e+00

Figure 9.1 — Pressure isolines at z = 0.75 obtained on a PrT mesh corresponding to the exact
solution (9.52).

We investigate numerically the vertex-based pressure scheme (9.3) on the five mesh se-
quences: Hex, PrT, PrG, CB, and Ker, previously introduced in Section 8.4. Illustrations of
these meshes and quantitative information on the features of the mesh sequences are provided
in Appendix A. The two discrete Hodge operators H,if and Hﬁg of the discrete system (9.3)
are built using local reconstruction operators which are piecewise constant (cf. Section 7.3.1).
Specifically, we consider two strategies. When the two discrete Hodge operators are built using
the DGA reconstruction operators, we refer to the scheme as DGA and, when the SUSHI-like
reconstruction operators are used, we refer to the scheme as SUSHI.

In what follows, we consider either natural BCs defined in (9.1) or essential BCs corre-
sponding to (9.29) in the case of vertex-based pressure schemes. The essential BCs are strongly
enforced, i.e. we remove DoFs associated to the pressure and attached to primal vertices v € V®
as well as DoFs associated to the velocity and attached to primal edges e € EP. In addition,
we consider either a discrete primal or dual load. So, four combinations are studied for each
scheme: natural BCs with a discrete primal load, denoted by NPL, essential BCs with a discrete
primal load EPL, natural BCs with a discrete dual load NDL, and essential BCs with a discrete
dual load EDL.

Convergence rates. To study the convergence rates of CDO schemes for the vortex test
case, we define similar quantities as for the elliptic problems. Recalling the definitions of
Section 8.4.1 where the discrete errors are generically defined as follows:

_ IIRx(a) — afla.x

IRx(a) — all2,x
= ’ Er ’X(a) = ,
“ IRx(a)lla,x

Ery(a) := IRx(a)llzx

(9.53)
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where a € X is a generic discrete solution and a a generic exact solution. We consider the
following discrete errors for the pressure Ery(p*), its gradient Er, ¢(g), the velocity Er, ¢(u),
and the vorticity Er,, 7(w). We recall the definition of the convergence rate

R = —3% (9.54)

log (#@fl) ’

where @; and Q;_1 are the computed errors on the i** and (i — 1)*" meshes of the sequence,
and #X; and #X,_1 are the numbers of DoFs related to theses errors and associated to the 3"
and (7 — 1)'" meshes of the sequence.

Synthesis

Convergence rates of the discrete errors observed on the finest meshes of each mesh sequence
are reported in Table 9.1 for the pressure and its gradient, and in Table 9.2 for the velocity
and the vorticity.

Error Scheme Case Hex PrT PrG CB Ker
DGA 23 20 21 22 1.2
NDL
SUSHI 2.0 2.1 1.9 21 0.9
DGA 4.2 1.8 1.7 1.8 1.5
NPL
N SUSHI 4.2 1.7 16 1.7 1.1
Ery(p*)
EDL DGA 21 21 21 20 1.3
SUSHI 2.1 2.0 20 20 0.9
DGA 42 20 21 19 1.3
EPL
SUSHI 4.2 20 19 21 0.9
DGA 21 20 19 1.1 1.5
NDL
SUSHI 19 19 1.8 1.1 1.0
DGA 41 20 18 10 14
NPL
Er, ¢(g) SUSHI 4.1 19 1.8 13 1.0
8 . DGA 21 20 20 11 15
SUSHI 2.1 20 19 10 1.0
DGA 41 20 19 09 14
EPL

SUSHI 41 19 19 1.0 0.9

Table 9.1 — Convergence rates of the discrete errors on the pressure and its gradient between
the two finest meshes of each sequence for the four cases (NDL, NPL, EDL, and EPL) and the two
schemes (DGA and SUSHI).

The results on the pressure gradient, vorticity, and velocity are in agreement with the the-
oretical results derived in Section 9.1., Similar convergence rates are observed with the four
tested cases between DGA and SUSHI reconstruction operators for the Hex, PrT, and PrG mesh
sequences. Concerning the CB mesh sequence, SUSHI reconstruction operators obtain a better
convergence rates of the discrete errors for the velocity and the vorticity. Concerning the Ker
mesh sequence, DGA reconstruction operators shows a better convergence rates of the discrete
errors for all the computed variables. In the case of the Hex, PrT, and PrG mesh sequences, some
super-convergent behavior is observed for the pressure gradient, the velocity, and the vorticity.
The pressure error appears to converge at second-order for most of the cases considered herein.
The exception is the Ker sequence, as for elliptic equations (cf. Section 8.4.3). This is a con-
sequence of the variation of the values of the mesh regularity parameters during the successive
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Chp. 9. Stokes equations

Error Scheme Case Hex PrT PrG CB Ker

DGA 21 20 18 11 1.3
SUSHI 21 19 18 14 1.0
DGA 20 20 18 11 14

NDL

NPL

Er, () SUSHI 21 20 1.8 14 12
r u

p€ o DGA 21 20 20 1.0 13
SUSHI 21 20 19 13 1.1
DGA 20 20 20 1.0 14

EPL
SUSHI 21 20 19 13 1.1
DGA 20 19 1.7 1.0 1.3

NDL
SUSHI 20 1.9 1.6 09 1.0
DGA 20 19 17 10 14

NPL
Er, »(w) SUSHI 20 19 1.6 1.0 1.1
wF . DGA 20 20 19 09 1.3
SUSHI 2.0 20 1.8 09 1.0
DGA 20 20 19 10 14

EPL

SUSHI 20 19 1.8 1.0 1.1

Table 9.2 — Convergence rates of the discrete errors on the velocity and the vorticity between
the two finest meshes of each sequence for the four cases (NDL, NPL, EDL, and EPL) and the two
schemes (DGA and SUSHI).

mesh refinements (in particular, the criteria related to the orthogonality; cf. Appendix A). A
noticeable difference appears in the case of the Hex sequence with a discrete primal load (cases
NPL and EPL). Namely, the pressure and its gradient are captured up to the accuracy of the
quadrature rule used to compute the discrete primal load. Specifically, we consider the Gauss
quadrature on edges with two points which is of order 3.

Computational effectiveness. To study the computational effectiveness of CDO schemes,
we introduce NNZ(AYW) and NNZ(AY?) which are the number of non-zeros of the system matrices
to solve for the pressure (cf. (9.50)) and for the velocity (cf. (9.51)) respectively. nye(A%W) and
nyie(AYP) are the corresponding number of iterations required to achieve the convergence. The
convergence criterion set a tolerance of € = 10~'2 on the norm of the residual. Following the
same rationale as in the elliptic case, we define the computational cost as follows:

X = Nite(AR) X NNZ(AW) + nyge(AL2) x NNZ(AYP). (9.55)

Since conclusion are similar in the case of natural or essential BCs. We restrict our com-
parison of the computational effectiveness between DGA and SUSHI reconstruction operators
to natural BCs in the case of a discrete dual load in Figure 9.2 and in the case of a discrete
primal load in Figure 9.3. No general conclusion can be drawn. Namely, for the Hex mesh
sequence, the vertex-based pressure scheme using the SUSHI reconstruction operators turns out
to be more cost-effective than that using the DGA reconstruction operators (cf. Remark 7.34).
For the other mesh sequences, the vertex-based pressure scheme using the DGA reconstruction
operators turns out to have a similar or better cost-effectiveness than that using the SUSHI
reconstruction operators (at the exception of the CB mesh sequence for the discrete pressure
error in the case of a discrete primal load).

We assign a label to each mesh sequence as depicted in Table 9.3. In what follows, we focus
on the results obtained with natural BCs since the conclusions are similar with essential BCs
(cf. Appendix B.2 for more details on essential BCs).
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9.3. Numerical results
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Table 9.3 — Labels associated to each mesh sequence.
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Figure 9.2 — Comparison of the cost-effectiveness between DGA (labels A) and SUSHI (labels B)
reconstruction operators for the discrete error on the pressure (left) and the discrete error on

the velocity (right) in the case NDL.
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Chp. 9. Stokes equations

Results with DGA reconstruction operators

We now detail the results obtained with a vertex-based scheme using the DGA reconstruction
operators. We compare the two strategies of discretization of the external load with natural
BCs, i.e. the cases NDL and NPL. In Figure 9.4, we plot the discrete errors on the pressure, its
gradient, the velocity and the vorticity. Except for the Hex mesh sequence, using a discrete dual
load yields more accurate results on the pressure than using a discrete primal load. Concerning
the accuracy on the velocity, nearly the same level of accuracy is obtained using the two
strategies (except for the Hex mesh sequence). Similar results are plotted in Figure 9.5 for the
vertex-based pressure scheme using the SUSHI reconstruction operators. The same conclusions
hold. Results concerning the cases EDL and EPL are collected in Appendix B.2.
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Figure 9.4 — Discrete error on the pressure (upper left), on the pressure gradient (upper right),
on the velocity (lower left), and on the vorticity (lower right) for the vertex-based pressure
scheme using the DGA reconstruction operators. Natural BCs are considered: NDL with labels
A and NPL with labels B.

Results with SUSHI reconstruction operators
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9.3. Numerical results
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Figure 9.5 — Discrete error on the pressure (upper left), on the pressure gradient (upper right),
on the velocity (lower left), and on the vorticity (lower right) for the vertex-based pressure
scheme using the SUSHI reconstruction operators. Natural BCs are considered: NDL with labels
A and NPL with labels B.

9.3.3 External load

Finally, we illustrate the practical advantage of the primal and dual load discretizations.
We consider the vector potential ¥ = curl(u) and the scalar potential © = p with u and p
defined in (9.52) with natural BCs, and we take for the external load

pf" = xucurl(¥) + xp grad(O), (9.56)

with real numbers x, and yx,, so that pf* has a large curl-free part when y, > 1 and a
large divergence-free part when x, > 1. “We observe from Figure 9.6, left, that the discrete
pressure error is not affected by the large divergence-free part of the load when choosing a dual
discretization. Similarly, we observe from Figure 9.6, right, that the discrete velocity error is
not affected by the large curl-free part of the load when choosing a primal discretization. These
numerical results are in agreement with the theoretical results derived in Theorems 9.5 and 9.6.
We stress that the Hodge-Helmholtz decomposition of the external load is not used explicitly
in the scheme. Similar results are obtained with the other mesh sequences.

Remark 9.13 (Quadrature effect). When the magnitude of x., or X, is large, a particular care

153



Chp. 9. Stokes equations

Xp = 1 and variable x, Variable x;, and x, =1

4* T 1 T T 1] L A | H E\\\\‘ T T 1T E

107 E S ]

10° | -\-\-\_ . 10' e E

F 1 & TTm 1

10° ¢ E i -

=z 0 s |
[ L ] L ]
= 10° a = I 1
k ] 107! E
107w = r ]

B T -we § - 1

1072? \-I~__;" £ 10722 1

L [ | [ ; :\\H\ (| ]

10* 10° 10* 10°
#V #E

Figure 9.6 — Effect of a primal (blue solid lines) and dual (red dashed lines) discretization
of the external load on the sequence of PrG meshes when one considers a large divergence-
free part (left) or a large curl-free part (right). Left: Error on the pressure for yx, €
{1 (circle), 10? (diamond), 10 (square)} and x, = 1; Right: Error on the velocity for y, = 1
and , € {1 (circle), 10? (diamond), 10* (square)}.

has to be taken to the computation of the external load. Namely, quadrature rules of order 5
have to be used so as to recover the theoretical results for the PrG, CB, and Ker mesh sequences.
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Conclusions & Perspectives

L’approche CDO (Compatible Discrete Operator) développée dans le cadre de cette these
constitue une nouvelle approche de discrétisation des problemes elliptiques et de Stokes sur
maillages polyédriques. La premiére partie de cette thése rassemble les principes constitutifs
des schémas CDO. La définition des degrés de liberté, celle des opérateurs différentiels discrets
sur le maillage primal et le maillage dual, ainsi que les opérateurs de Hodge discrets reliant les
degrés de liberté en dualité ont été successivement explicités. La considération conjointe d’un
maillage primal et d’'un maillage dual a permis de regrouper sur la méme base théorique deux
familles de schémas CDO se différenciant par le positionnement des degrés de liberté associés
au potentiel. Un positionnement aux sommets du maillage primal correspond aux schémas
vertez-based et un positionnement aux sommets du maillage dual (i.e. au centre des cellules du
maillage primal) aux schémas cell-based. Deux familles de schémas CDO ont ainsi été proposées
pour discrétiser les équations elliptiques et de Stokes.

La seconde partie de ce mémoire pose les bases théoriques de 'analyse des schémas CDO
sur maillages polyédriques. Deux niveaux d’analyse ont été proposés. Le premier niveau adopte
une vision algébrique. Les propriétés qu'un opérateur de Hodge doit satisfaire sont la clé de
voute de 'analyse des schémas CDO. Les trois propriétés identifiées sont : la symétrie, la sta-
bilité et la Pg-consistance. Le second niveau d’analyse repose sur l'utilisation d’opérateurs de
reconstruction. Les propriétés relatives a ces opérateurs ont été identifiées en cohérence avec
I’analyse algébrique. Plusieurs exemples d’opérateurs de reconstruction ont été proposés et ana-
lysés. L’utilisation d’opérateurs de reconstruction permet de définir génériquement ’opérateur
de Hodge discret d’une part et d’étendre les résultats théoriques d’autre part. Pour chaque
niveau d’analyse, des inégalités de Poincaré discrétes sur les opérateurs différentiels discrets
ont été également établies.

La derniere partie de ce mémoire rassemble I’analyse et les tests numériques relatifs aux
schémas CDO proposés pour les équations elliptiques et de Stokes. Concernant les équations
elliptiques, la stabilité et des estimations d’erreur en norme d’énergie a l'ordre 1 du gradient
et du flux ont été démontrées ainsi qu'une estimation d’erreur en norme L? & lordre 2 du
potentiel. Des liens avec les schémas mimétiques (MFD) et les récentes évolutions des schémas
Volumes Finis (VF) ont également été établis. Concernant les équations de Stokes, la stabilité
et des estimations d’erreur & 'ordre 1 du gradient de pression, de la vitesse et de la vorticité
ont été démontrées. Par ailleurs, un traitement robuste des termes source ayant une forte
composante solénoidale ou irrotationnelle a été proposé. Ces schémas ont été implémentés
dans un prototype basé sur Code_Saturne et ont été validés et comparés sur des cas tests a
I’aide de plusieurs séries de maillages. Au regard des résultats obtenus en termes de robustesse,
d’efficacité et de précision, 'approche CDO s’avere étre une méthode de choix parmi les schémas
de discrétisation d’ordre 1 sur maillages polyédriques.

Plusieurs développements complémentaires et extensions du champ d’application des sché-
mas CDO ont été identifiés. A court terme, les travaux de recherche développés dans cette these
seront capitalisés via 'intégration des schémas CDO dans Code_Saturne, en traitant d’abord
les schémas discrétisant les équations elliptiques, puis ceux discrétisant les équations de Stokes.
Cette intégration donnera lieu a la parallélisation des schémas CDO. Des développements sup-
plémentaires, notamment relatifs a ’algebre linéaire, seront a effectuer pour adapter les tech-
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niques actuelles aux exigences du calcul "Hautes Performances'. Le cas échéant, les conclusions
portant sur efficacité des différents schémas CDO pourront étre ré-évaluées.

Concernant les problemes elliptiques, les développements supplémentaires identifiés re-
groupent I’étude du principe du maximum et ’analyse d’erreur a posteriori. I’adaptation des
travaux de Lipnikov et al. (2011) dans le cadre des schémas MFD, ou ceux de Droniou & Le Po-
tier (2011) dans le cadre des schémas VF, constitueront un point de départ pour 1’étude du
principe du maximum. L’analyse d’erreur a posteriori pourra s’appuyer sur les travaux de Ern
& Vohralik (2013) en tirant profit des opérateurs de reconstruction du flux disponibles dans les
schémas CDO. Les estimations d’erreur a posteriori ont vocation a étre couplées a des tech-
niques de raffinement/dé-raffinement automatique de maillage. La capacité des schémas CDO
a traiter les polyedres prendra a cette occasion toute son importance puisque des polyedres
apparaissent naturellement dans les zones d’agglomération de mailles ou a I'interface des zones
raffinées.

Concernant le probleme de Stokes, le traitement des formes harmoniques (liées a la formu-
lation rotationnelle) et I’ajout de nouvelles conditions aux limites sont deux axes de dévelop-
pements identifiés. Le calcul efficace des formes harmoniques pourra s’appuyer sur les travaux
récents de Dlotko & Specogna (2013). L’ajout de nouvelles conditions aux limites pourra étre
effectué a ’aide de techniques de pénalisation d la Nitsche.

Enfin, & moyen terme, ’objectif est le développement de schémas CDO pour la discrétisation
des équations de Navier-Stokes. La premiere étape consistera a prendre en compte les termes de
convection pour un champ scalaire, puis pour un champ vectoriel, afin de traiter ensuite le terme
convectif des équations de Navier-Stokes. Ces travaux font actuellement I’'objet d’une these au
sein A’EDF R&D. Le développement des schémas CDO basés sur une formulation tensorielle
du terme visqueux est une autre évolution envisageable. Les choix de discrétisation effectués
dans les travaux de Droniou & Eymard (2009) avec les schémas MFV, ceux de Beirdo da
Veiga et al. (2010) avec les schémas MFD ou ceux de Krell & Manzini (2012) avec les schémas
DDFV, pourront étre une source d’inspiration. L’adaptation des modeles de turbulence de type
'Simulation des Grandes Echelles" sera un autre axe de développement afin d’étre en mesure de
répondre aux enjeux industriels ’EDF R&D. Les travaux de Verstappen & Veldman (2003) ou
ceux de la theése de Dardalhon (2012) pourront servir de point de départ, en lien avec I’expertise
des équipes d’EDF R&D dans ce domaine.
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Appendix A

Properties of the mesh sequences

In this appendix, we collect the main features of the mesh sequences used to assess CDO
schemes. We recall that these mesh sequences are taken from the FVCA benchmark:

— Hex: Cartesian meshes,

— HLR: Cartesian meshes with a locally refined subdomain (polyhedral meshes),

— PrT: prismatic meshes,

— PrG: prismatic meshes with polygonal basis (polyhedral meshes),

— CB: checkerboard meshes (polyhedral meshes),

— Ker: Kershaw meshes corresponding to hexahedral meshes with a strong non-orthogonality.

A.1 Definition of mesh quality criteria

Taking inspiration of (6.7) and (6.8), we define for each mesh the following quantities:

E._ - . o E
N = min (?é%l Te Vfc(e)) : 0<ny <1, (A.la)
f
7, := mind (ZQEEC‘G” C(e)‘> 0<nb <1, (A.1b)
ceC |C’
F._ . . F
nL = min <§I€11FrclTéC(f> 'Vf) : 0<ny <1, (A.lc)
f][ec (f
nb, = mind (W) , 0<nh, <1. (A.1d)
ceC ’C‘

These four quantities allow us to evaluate the mesh quality. Namely, T]E and nf_ measure the
non-orthogonality of a mesh. For an orthogonal mesh, nE = nE = 1. The bigger the non-
orthogonality is, the lower nE and nE are. 77501 and 77501 measure the non-uniformity of a mesh.
A good quality mesh is near from 1. In addition to these criteria, we define the aspect ratio of
the barycentric subdivision as follows:

at := vdmin (mmeeelel> . 0<ar<l, (A.2)

€ \ maXce,|¢|

where € is the set of all tetrahedra constituting the simplicial submesh produced by the barycen-
tric subdivision and ¢ is an edge of the simplicial submesh (cf. Chapter 5). For a uniform
Cartesian mesh, av = 1. A poor-quality mesh has an aspect ratio av near from 0. Moreover,
for the sake of completeness, we collect the max number of entities in each cell (max.cc # Ve,
maxcec #E¢, and maxccc #F.) as these quantities appear in the stability constants. We recall
that the number of subsimplices of the barycentric subdivision of a cell ¢ € C is equal to 4#E..
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A.2 Mesh sequences

The Hex mesh sequence is detailed in Figure A.1, the HLR mesh sequence in Figure A.2, the
PrT mesh sequence in Figure A.3, the PrG mesh sequence in Figure A.4, the CB mesh sequence in
Figure A.5, and the Ker mesh sequence in Figure A.6. As depicted in these figures, all the mesh
sequences have constant mesh regularity criteria excepted for the Ker mesh sequence. Thus,
the Ker mesh sequence is not really suited to study the convergence of a scheme. However, we
keep this mesh sequence to evaluate the robustness of CDO schemes. As detailed in Table A.1,
the mesh regularity criteria of the Ker mesh sequence are the worst among the tested mesh
sequences.

Mesh sequence Hex HLR PrT PrG CB Ker
nE 1.0e+00 8.9e-01 3.1e-01 1.8e-01 8.9e-01 4.2e-02
77501 1.0e+00 9.6e-01 5.3e-01 5.2e-01 8.2e-01 1.1e-01
at 1.0e+00 5.0e-01 1.5e-01 1.5e-01 5.0e-01 2.1e-02

Table A.1 — Selected mesh quality criteria for the finest mesh of each sequence.

Mesh — #V #E #F  #C

H4 125 300 240 64
H8 729 1944 1728 012
H16 4913 13872 13056 4096
H32 35937 104544 101376 32768

Mesh Y nt Mool ol
HA  1.0e400 1.0e400 1.0e4-00 1.0e--00
H8  1.0e4+00 1.0e400 1.0e+00 1.0e--00
H16  1.0e+00 1.0e+00 1.0e+00 1.0e-+00
H32  1.0e+00 1.0e+00 1.0e+00 1.0e-+00
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Figure A.1 — Left: Successive refinement of the Hex mesh sequence. Right: Tables collecting
the cardinality of primal sets, mesh quality criteria, and the regularity of the barycentric
subdivision for the meshes of the Hex mesh sequence.
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A.2. Mesh sequences

Mesh #V #E #F  #C

HLR2 46 96 66 15
HLR4 223 546 444 120
HLR8 1333 3588 3216 960
HLR16 9097 25800 24384 7680
HLR32 66961 195216 189696 61440

Mesh nt ny ol Mol

HLR2  8.9e-01 8.2e-01 9.6e-01 9.6e-01
HLR4  8.9e-01 8.2¢-01 9.6e-01 9.6e-01
HLR8  8.9e-01 8.2e-01 9.6e-01 9.6e-01
HLR16 8.9e-01 8.2e-01 9.6e-01 9.6e-01
HLR32 8.9e-01 8.2e-01 9.6e-01 9.6e-01

Mesh at max#V. max#E. max#F,
ceC ceC ceC
HLR2  5.0e-01 13 20 9
HLR4  5.0e-01 13 20 9
HLR8  5.0e-01 13 20 9
HLR16 5.0e-01 13 20 9
HLR32 5.0e-01 13 20 9

Figure A.2 — Left: Successive refinement of the HLR mesh sequence. Right: Tables collecting
the cardinality of primal sets, mesh quality criteria, and the regularity of the barycentric
subdivision for the meshes of the HLR mesh sequence.
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Mesh #V #E #F #C
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Figure A.3 — Left: Successive refinement of the PrT mesh sequence. Right: Tables collecting
the cardinality of primal sets, mesh quality criteria, and the regularity of the barycentric
subdivision for the meshes of the PrT mesh sequence.
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A.2. Mesh sequences

Mesh #V #E #F  #C

PrG10 3080 7200 5331 1210
PrG20 20160 48600 37261 8820
PrG30 63240 154200 119791 28830
PrG40 144320 354000 276921 67240
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S

——
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~=S-uo=

Mesh nt nt Mool Mol

PrG10 2.1e-01 2.1e-01 5.9e-01 5.9e-01
PrG20 1.9e-01 1.9e-01 5.3e-01 5.3e-01
PrG30 1.8e-01 1.8e-01 5.2e-01 5.2e-01
PrG40 1.8e-01 1.8e-01 5.2e-01 5.2e-01

e
S
Mesh at max#V. max#E. max#F.
ceC ceC ceC
PrG10 1.8e-01 12 18 8
PrG20 1.5e-01 12 18 8
PrG30 1.5e-01 12 18 8
PrG40 1.5e-01 12 18 8

Figure A.4 — Left: Successive refinement of the PrG mesh sequence. Right: Tables collecting
the cardinality of primal sets, mesh quality criteria, and the regularity of the barycentric
subdivision for the meshes of the PrG mesh sequence.
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Chp. A. Properties of the mesh sequences

Mesh #V #E #F #C
CB2 97 216 156 36
CB4 625 1536 1200 288
CB8 4417 11520 9408 2304
CB16 33025 89088 74496 18432
CB32 254977 700416 592896 147456
Mesh UE 775 77501 77501
CB2 8.9e-01 8.2e-01 9.2e-01 9.0e-01
CB4 8.9e-01 8.2¢-01 9.1e-01 8.2¢-01
CB8 8.9e-01 8.2e-01 9.1e-01 8.2e-01
CB16 8.9e-01 8.2e-01 9.1e-01 8.2e-01
CB32 8.9e-01 8.2e-01 9.1e-01 8.2e-01
Mesh at max#V. max#E. max#F,
ceC ceC ceC
CB2 5.0e-01 20 33 15
CB4 5.0e-01 26 48 24
CB8 5.0e-01 26 48 24
CB16  5.0e-01 26 48 24
CB32 5.0e-01 26 48 24

Figure A.5b — Left: Successive refinement of the CB mesh sequence. Right: Tables collecting
the cardinality of primal sets, mesh quality criteria, and the regularity of the barycentric
subdivision for the meshes of the CB mesh sequence.
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A.2. Mesh sequences

““ Mesh — #V  #E  #F  #C
%\\%E\Tm-\-“ K8 729 1944 1728 512
l”.\‘W K16 4913 13872 13056 4096
WA 2]
vy,,'..l.."’/’“ K32 35037 104544 101376 32768
\\\?\’Q.."ﬁlﬁg Kea 274625 811200 798720 262144
\\\\1////31111
N
i
Mesh Ui il Mol ol

K8 6.1e-02 1.0e-01 1.4e-01 1.2e-01
K16 4.6e-02 7.3e-02 1.3e-01 1.2¢-01
K32 3.9e-02 6.8e-02 1.2e-01 1.1e-01
K64 4.2e-02 7.8e-02 1.3e-01 1.1e-01

77// Mesh ar  max #V. max #E. max #F.
,///%1’
(;g':gzz‘z',,'#,,ﬂ,ﬁ%;,;,’;g K8  5.0e-02 8 12 6
\WEM%H K16  4.3¢-02 8 12 6
N\ / I
= K32  3.60-02 8 12 6
K64  2.1e-02 8 12 6

Figure A.6 — Left: Successive refinement of the Ker mesh sequence. Right: Tables collecting the
cardinality of primal sets, mesh quality criteria and the regularity of the barycentric subdivision

for the meshes of the Ker mesh sequence.
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Appendix B

Additional numerical results

B.1 Elliptic problem

In this section, we collect results on mixed cell-based schemes related to the FVCA problem
introduced in Section 8.4.3. Results plotted in Figures B.1, B.2, and B.3 show that mixed
cell-based schemes built using the DGA reconstruction are more accurate and that their cost-
effectiveness is better than cell-based schemes built using the SUSHI-like reconstruction. Labels

used in the following figures are that of Table 8.7.

Discrete error on potential Continuous error on potential
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Figure B.1 — Discrete (left) and continuous (right) error on the potential for mixed cell-based

schemes: Cb-DGA with labels A and Cb-SUSHI with labels B.
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Chp. B. Additional numerical results

Discrete error on flux Continuous error on flux
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Figure B.2 — Discrete (left) and continuous (right) error on the flux for mixed cell-based scheme:
Cb-DGA with labels A and Cb-SUSHI with labels B.
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Figure B.3 — Comparison of the cost-effectiveness between Cb-DGA (labels A) and Cb-SUSHI
(labels B) schemes for the continuous error on the potential (left) and the error on the flux in
continuous energy norm (right).
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B.2. Stokes problem

B.2 Stokes problem

In this section, we detail the results obtained on the vortex test case (cf. Section 9.3.2)
with essential BCs for vertex-based pressure schemes built using either the DGA reconstruction
operators or the SUSHI-like reconstruction operators. For each tested scheme, we consider the
primal and dual discretization of the external load. Labels are that of Table 9.3. Conclusions
drawn from Figures B.4 (resp. B.5) are similar to those with natural BCs. The main observation
is that essential BCs lead to more accurate results than natural BCs.

B.2.1 Vertex-based pressure scheme with DGA reconstruction operators

Error on pressure Error on pressure gradient
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Figure B.4 — Discrete error on the pressure (upper left), on the pressure gradient (upper right),
on the velocity (lower left), and on the vorticity (lower right) for the vertex-based pressure
scheme using the DGA reconstruction operators. Essential BCs are considered: EDL with labels
A and EPL with labels B.
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Chp. B. Additional numerical results

B.2.2 Vertex-based pressure scheme with SUSHI

Error on pressure
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Figure B.5 — Discrete error on the pressure (upper left), on the pressure gradient (upper right),
on the velocity (lower left), and on the vorticity (lower right) for the vertex-based pressure
scheme using the SUSHI-like reconstruction operators. Essential BCs are considered: EDL with

labels A and EPL with labels B.
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List of symbols

Abbreviations

ALU Augmented Lagrangian Uzawa
BC(s) Boundary Condition(s)

CDO Compatible Discrete Operator
CG Conjugate gradient

DDFV Discrete Duality Finite Volume
DEC Discrete Exterior Calculus

DGA Discrete Geometric Approach
DoF(s) Degree(s) of freedom

FD Finite Differences

FE Finite Elements

FEEC Finite Element Exterior Calculus
FES Finite Element System

FIT Finite Integration Technique

FV Finite Volumes

HFV Hybrid Finite Volume

HHO Hybrid High Order

HMM Hybrid Mixed Mimetic

MFD Mimetic Finite Difference

MFV Mixed Finite Volume

MHO Mixed High Order

MPFA Multi-Point Flux Approximation
MSE Mimetic Spectral Element

PDEs Partial Differential Equations
SPD Symmetric Definite Positive
SSOR Symmetric Successive OverRelaxation
TPFA Two-Point Flux Approximation
VEM Virtual Element Method
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List of symbols

Operators
Ax

Cx

HxY

Txe

Lx

Ry

Sx
GRAD/GRAD
CURL/CURL
DIV/DIV

approximation operator for the DoFs space denoted by X
consistent part of a reconstruction operator from X’
discrete Hodge operator from X to Y related to the material property «

projection operator from global to local DoFs spaces which are isomorphic
to R”X (global) and R#X< (local)

lifting or reconstruction operator from X

reduction operator or de Rham’s map on X DoF space
stabilization part of a reconstruction operator from X
discrete gradient operator on primal/dual mesh
discrete curl operator on primal/dual mesh

discrete divergence operator on primal/dual mesh

Sets and spaces

v/v
e/e
f/f
c/c

x/y

V/V
E/E
F/F
C/C
X/Y

V/V
E/E
F|F
c/C
Xy

primal/dual vertex
primal/dual edge
primal/dual face
primal/dual cell

generic primal/dual entities.
x € {v,e,f,c} and y € {v,8&,{,¢}

set of primal/dual vertices
set of primal/dual edges
set of primal/dual faces
set of primal/dual cells

generic set of primal/dual entities.

X € {V,E,F,C}and Y € {V,E,F,C}

space of DoF related to primal/dual vertices
space of DoF related to primal/dual edges
space of DoF related to primal/dual faces
space of DoF related to primal/dual cells

generic space of DoF related to pgirgal/ dual entities.
Xe{V,E,F,Ctand Y € {V,&, F,C}

vector space of piecewise polynomials in z := (zo,...,xq) of degree at
most k; the decomposition of €2 on which the space is broken is related to
entity space X

(Hilbert) space of functions whose derivatives up to order s are in L?(2),
i.e. W2(Q)
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List of symbols

LP(Q) (Lebesgue) space of functions whose p-th power is Lebesgue integrable on
Q
W#P(Q2) (Sobolev) space of functions whose derivatives up to order s are in LP(£)

Parameters and coefficients

d space dimension

«o generic material property
K conductivity

0 viscosity

mass density
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Résumé

Cette these présente une nouvelle classe de schémas de discrétisation spatiale sur maillages poly-
édriques, nommée Compatible Discrete Operator (CDO) et en étudie I'application aux équations
elliptiques et de Stokes. La préservation au niveau discret des caractéristiques essentielles du
systeme continu sert de fil conducteur a la construction des opérateurs. Les opérateurs de de
Rham définissent les degrés de liberté en accord avec la nature physique des champs a discré-
tiser. Les équations sont décomposées de maniere a différencier les relations topologiques (lois
de conservation) des relations constitutives (lois de fermeture). Les relations topologiques sont
associées a des opérateurs différentiels discrets et les relations constitutives a des opérateurs
de Hodge discrets. Une particularité de 'approche CDO est I'utilisation explicite d’un second
maillage, dit dual, pour batir 'opérateur de Hodge discret. Deux familles de schémas CDO sont
ainsi considérées : les schémas vertex-based lorsque le potentiel est discrétisé aux sommets du
maillage (primal), et les schémas cell-based lorsque le potentiel est discrétisé aux sommets du
maillage dual (les sommets duaux étant en bijection avec les cellules primales). Les schémas
CDO associés a ces deux familles sont présentés et leur convergence est analysée. Une premiere
analyse s’appuie sur une définition algébrique de I'opérateur de Hodge discret et permet d’iden-
tifier trois propriétés clés : symétrie, stabilité et Py-consistance. Une seconde analyse s’appuie
sur une définition de 'opérateur de Hodge discret a l'aide d’opérateurs de reconstruction pour
lesquels sont identifiées les propriétés a satisfaire. Par ailleurs, les schémas CDO fournissent
une vision unifiée d’une large gamme de schémas de la littérature (éléments finis, volumes finis,
schémas mimétiques. .. ). Enfin, la validité et Defficacité de I'approche CDO sont illustrées sur
divers cas tests et plusieurs maillages polyédriques.

Mot-clés. discrétisation compatible, discrétisation mimétique, elliptique, Stokes, opérateur de
Hodge discret, maillage polyédrique.

Abstract

This thesis presents a new class of spatial discretization schemes on polyhedral meshes, called
Compatible Discrete Operator (CDO) schemes and their application to elliptic and Stokes equa-
tions In CDO schemes, preserving the structural properties of the continuous equations is the
leading principle to design the discrete operators. De Rham maps define the degrees of freedom
according to the physical nature of fields to discretize. CDO schemes operate a clear separa-
tion between topological relations (balance equations) and constitutive relations (closure laws).
Topological relations are related to discrete differential operators, and constitutive relations to
discrete Hodge operators. A feature of CDO schemes is the explicit use of a second mesh, called
dual mesh, to build the discrete Hodge operator. Two families of CDO schemes are considered:
vertex-based schemes where the potential is located at (primal) mesh vertices, and cell-based
schemes where the potential is located at dual mesh vertices (dual vertices being in one-to-one
correspondence with primal cells). The CDO schemes related to these two families are presented
and their convergence is analyzed. A first analysis hinges on an algebraic definition of the dis-
crete Hodge operator and allows one to identify three key properties: symmetry, stability, and
Pg-consistency. A second analysis hinges on a definition of the discrete Hodge operator using
reconstruction operators, and the requirements on these reconstruction operators are identified.
In addition, CDO schemes provide a unified vision on a broad class of schemes proposed in the
literature (finite element, finite element, mimetic schemes...). Finally, the reliability and the
efficiency of CDO schemes are assessed on various test cases and several polyhedral meshes.

Keywords. compatible discretization, mimetic discretization, elliptic, Stokes, discrete Hodge
operator, polyhedral mesh

q
& D
‘ ‘ e D F Ecole des Ponts
ParisTech






	Introduction
	Contexte et objectifs
	Contributions de la thèse
	Organisation du document

	I Compatible Discrete Operator framework
	Compatible spatial discretizations
	Compatible Discrete Operator schemes
	State of the art

	Discrete setting
	Degrees of freedom
	Discrete differential operators
	Duality concepts
	Discrete Hodge operators
	Synthesis: fully discrete setting

	CDO schemes
	Elliptic equations
	Stokes equations


	II Theoretical framework
	Polyhedral meshes
	Mesh regularity
	Barycentric subdivision

	Algebraic analysis
	Discrete norms
	Results on discrete Hodge operators
	Discrete Sobolev embeddings

	Analysis using reconstruction operators
	Reconstruction operators
	Simple examples
	Reconstruction operators on polyhedral meshes
	Discrete functional analysis


	III Applications
	Elliptic equations
	Vertex-based schemes
	Cell-based schemes
	Hybridization of cell-based schemes
	Numerical results

	Stokes equations
	Vertex-based pressure schemes
	Cell-based pressure schemes
	Numerical results


	Conclusions & Perspectives
	IV Appendix
	Properties of the mesh sequences
	Definition of mesh quality criteria
	Mesh sequences

	Additional numerical results
	Elliptic problem
	Stokes problem


	List of Symbols
	Bibliographie

