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ABSTRACT

In this work we investigate the stability and approximation properties of the cell-vertex
finite volume method applied to an elliptic partial differential equation discretized on
quadrilateral or cuboid meshes in two or three dimensions respectively. The Helmholtz
type equation of interest originates from the projection step in the semi-discretisation of a
second order semi-implicit finite volume scheme, which is capable of resolving the pseudo-
incompressible and compressible regime of the Euler equations in a unified numerical
framework.

Consequently, we investigate the mixed saddle point problem determined by the pseudo-
incompressible divergence constraint and include the source terms responsible for com-
pressible effects. We provide stability and an a-priori error estimate for the projection step
in the pseudo-incompressible case, as well as stability for the compressible situation. To
this end we leverage an interpretation of the discrete flux variables in terms of discon-
tinuous Galerkin method and introduce the Raviart-Thomas interpolation operator on
the dual control volumes surrounding each vertex of the primary grid. This choice is
motivated by the natural divergence defined via the integral normal flux passing through
the boundary of a dual control volume.
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]_ INTRODUCTION

In the following, we give a brief introduction to the mathematical models used to predict
the time evolution of fluid flow in Earth’s atmosphere. We focus on continuum models
described by partial differential equations, which are derived by conservation laws and
the Newtonian axioms. Furthermore, we point out some technical and practical difficulties
arising in these models. Subsequently, we outline and position the contribution of this
work in the context of numerical methods for the Euler equations.

1.1 BACKGROUND

1.1.1 FLUID FLOW IN EARTH’S ATMOSPHERE

The mathematical description of one of the most common phenomena tangible to hu-
mankind, the airflow in the atmosphere, gives rise to models that pose severe analytical
and numerical challenges. Although there was some progress on the matter of Hilbert’s
6th problem [63] we mainly have to rely upon experimentally validated continuum models
from meteorology and physics derived by the conservation of mass, momentum and
(some) energy.

The title of this chapter might suggest there is a unified model to describe the whole
atmosphere, but it comes as no surprise that this is not the case. If we restrict ourselves
to the homosphere i.e., the atmosphere up to approximately 80 km height, then we can at
least assume the chemical components of air to be well mixed and, therefore, treat it as
one Newtonian fluid described by its thermodynamic quantities” density p, temperature
T, and pressure p as well as its velocity field v. More specifically, we assume dry air to be
a perfect gas i.e., to satisfy the ideal gas equation

p = pRT, (L1)

where R = 287m?s 2K~ denotes the specific gas constant for dry air. Furthermore, a

perfect gas can be described by constant heat capacities cy and cp, where R = cp — cy.



1 Introduction

Therefore, the internal energy ¢ satisfies
e=cyT. (1.2)

The isentropic exponent is given by y = E—g and, as the air consists mainly of diatomic

nitrogen, = £ is a reasonable assumption for temperature ranges occurring in the
homosphere.
Let Q C R? be a domain. Then the conservation of mass, momentum and energy on ()

delivers the Navier-Stokes equations (see e.g., Chorin and Marsden [35])

dip + div(pv) =0, (1.3a)
di(pv) +div(pv ®@v +pl-1)=f, (1.3b)
dre +div(ev +pv —kgradT —71-v)=q+ f - v. (1.3¢)

Here f and g describe external volume forces and heating, respectively. Furthermore,
7(grad u) denotes the (Newtonian) viscous stress tensor and k > 0 the thermal conductivity.
The total energy per unit volume e collects the internal and kinetic energy i.e.,

2 2
e=pe+ p% =pceyT + p%. (1.4)

For sufficiently smooth solutions, we can equivalently state Eq. (1.3c) in non-conservative

form and in terms of the pressure p:
dp +v-gradp + ypdive = y (grad(v): T + div(kgrad T) + pq) . (1.5)

Remark 1.1.1. Henceforth, we only consider adiabatic motion and, therefore, assume g = 0.

Remark 1.1.2. For convenience, we do not discuss physically plausible boundary conditions
to supplement Eq. (1.3). As the choice of boundary conditions is a delicate matter and
rely on the specific modifications of Eq. (1.3) as well as the concrete physical scenario, we,
henceforth, ignore physical boundaries and assume periodic boundary conditions except

when mentioned differently.

GRAVITY AND FICTITIOUS FORCES

To model the atmosphere and determine the relevant volume forces we assume the earth
to be a rotating sphere with homogeneous mass distribution. More realistic models are

available [69], but not meteorologically relevant. As the atmosphere is shallow we assume
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gravity as constant force characterized by ¢ ~ 9.81 ms™2 and pointing towards the centre
of the earth. We, furthermore, consider a rotating Cartesian frame of reference with its
origin located at earth’s surface at a certain longitude and latitude and the x3-axis being

aligned with the gravitational force i.e.,

fq = —pges. (1.6)

In the rotating frame of reference we have to consider the fictitious centripetal and Coriolis
forces. The first one is of minor importance as opposed to the second [99]. Given the

angular velocity @ € R3, the Coriolis force reads

fc(p,v) = 2pw X v. (1.7)

Due to the rotated frame of reference, the angular speed w depends on the latitude, but we
will ignore the Coriolis component orthogonal to the surface from now on i.e., project onto
the tangent plane. The magnitude of the components in the tangent plane (the horizontal

components) then depends on the latitude ¢ and e.g., in [99] the force is given by

felp,v) = =2psin($)|Qles X v. (1.8)

We, furthermore, assume the change in latitude sin(¢) to be negligible in Q i.e., we fix a
certain Coriolis parameter fy = 2|w|sin(¢). This then gives the so called f-plane approxi-
mation.

The total volume forces in the rotating coordinate frame now read

f=fo+fe (1.9)

INnvIscID FLow

The Navier-Stokes equations in the presented form Eq. (1.3) still are far from a complete
model for atmosphere. Several important quantities and processes e.g., temperature, radi-
ation, and moisture transport are not included and the treatment of boundary conditions
is not determined at all so far. Nevertheless, instead of incorporating these effects, we on
the contrary, ignore the viscosity present in the Navier-Stokes equations as justified by
the following reasoning. First we rewrite the system as presented in [93] in terms of the
non-dimensional variables from Table 1.1 and choose Sr = 1. This gives

dip + div(pv) =0, (1.10a)
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Parameter Sr Ma Re Ro Fr Pr

2 2
B lref PrefUres  PrefUreflret Uref Vet CpH
Deflnltlon trefUref Pref u fO lref ]refg k

Table 1.1: Summarizing the definitions of the non-dimensional parameters depending on the refer-
ence and physical quantities.

1 1 1
di(pv) + div (pv ® v) + o gradp = R Eeg - %peg XU, (1.10b)
Y
dip +vgradp + ypdivo = PrRe div(gradT). (1.10c)

Here the Reynolds number Re determines the amount of viscosity in the fluid flow
compared to the non-linear advection term. To compute concrete exemplary values of the
non-dimensional parameters which occur on earth, we have to fix the reference variables.
Meteorologically plausible reference values are derived by Klein [80]. Choosing the
smallest reference length I, = 11 km and reference velocity v,ef = 12 ms~! as well as the
reference density p,er = 1.25 kgm ™ we are left to determine the dynamical viscosity u of
dry air. For this, as well as the heat conductivity k, we obtain values from [72]. Using
these reference values, we roughly assume p ~ 107 kgms™ and k ~ 1072 Wm™ 'K~ for a
temperature range of +10? K around 273.15K i.e., the freezing point of water. Therefore,
we obtain the lowest plausible Reynolds number with Re ~ 10! and assume a specific
heat capacity ¢, ~ 1 x 103 Jkg7'K1. This leads to Pr ~ 1.

Since the viscous and conductivity terms seem to nearly vanish, one might suggest to

approximate solutions of Eq. (1.10) by solutions of the compressible Euler equations

dip + div(pv) =0, (1.11a)

. 1 1 1
Srdi(pv) + div (pv ® v) + N gradp = — Eeg - %peg XD, (1.11b)
dp +vgradp + ypdive = 0. (1.11c)

Indeed, Swann [114] and Kato [75] rigorously prove that solutions of the Navier-Stokes
equations approach solutions of the Euler equations as the viscosity vanishes for the
incompressible div(v) = 0 case and in the absence of boundaries. In presence of boundaries
even flows with very little viscosity may substantially differ from an inviscid flow. This
is due the to emergence of boundary layers [100] which lead for example, to the non-

symmetric flow configuration known as Karman-Vortex street [74], although the data is
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initially symmetric.

Large Reynolds number flows also exhibit turbulence, a complex motion dissipating
energy across different eddy length scales [82]. The occurrence of turbulence was the
original motivation to study flows depending on the Reynolds number by Reynolds [104]
and still counts as one of the great open problems in physics [95].

Both phenomena play important roles in the time evolution of the atmosphere, but
inherently are driven or triggered by processes on the molecular scale. These still cannot
be resolved by current methods and computational capabilities in simulations of the atmo-
sphere on planetary scales. This results in the unsatisfactory situation that the artificial
viscosity introduced by the numerical method might be magnitudes larger than the actual
physical one. As Re — oo, we therefore consider inviscid fluids governed by the compress-
ible Euler equations Eq. (1.11) only. Finally, we point out that in practical applications the
boundary effects and turbulence from the sub grid scales require additional modelling
assumptions to be tractable numerically.

To adopt the notation of the numerical method in the following chapter, we introduce
the potential temperature (see e.g., [45])

R/cy
0:=T (%) (1.12)

given a reference pressure po, as well as the Exner pressure

y—

R/cp 5=
- (ﬂ) - (ﬁ) " (1.13)
Po Po

Furthermore, we introduce the additional pressure variable
Pi=n7T o plly (1.14)

The preceding definitions imply 70 = T and P = ;;R. Therefore, the equation of state,
Eq. (1.1), now becomes
P = po. (1.15)

We follow Klein et al. [81] and recast the Euler equations in these new variables to obtain

dip + div(pv) =0, (1.16a)
di(pv) + div (pv ® v) + ¢, P grad 1 = — foez X pv — pges, (1.16b)
P + div (Pv) = 0. (1.16¢)
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1.1.2 ANALYTICAL RESULTS

Before discussing the specific numerical method proposed for the solution of Eq. (1.16), we
recall that the question of well-posedness of the Euler equations cannot be answered satis-
factorily until now. For short times the local existence and uniqueness of smooth solutions
is positively answered in e.g., [88]. As pointed out by Feireisl, Lukd¢ovd-Medvidova, and
Mizerova [58], the textbook of Benzoni-Gavage and Serre [18] provides a state-of-the-art
overview about the theory of systems of hyperbolic conservation laws.

Nevertheless, classical solutions might lose regularity (blow up) and, therefore, one
has to consider a more general functional framework i.e., weak solutions. Unfortunately
the issue of uniqueness is negatively answered in such class of solutions. Recent work
by Chiodaroli, De Lellis, and Kreml [33] proves that there are infinitely many weak solutions
to the Cauchy problem for the Euler equations. As usual for conservation laws, one might
nevertheless find physical selection principles to identify a unique physically plausible
solution [14].

Following this line of a selection principle, the functional analytic framework of dissi-
pative measure valued solutions provided in [26] is suitable to investigate convergence
of numerical methods to smooth solutions for the compressible Euler equations [58] as
well as the Navier-Stokes equations [59]. The general class of measure valued solutions
for hyperbolic conservation laws originates from the seminal work by DiPerna [50] in the
context of scalar hyperbolic conservation laws. For details on the historic development,
we refer to the excellent introduction of the matter in Feireisl, Lukac¢ova-Medvidova, and
Mizerova [58].

As already hinted, one key ingredient of this framework is the concept of weak-strong
uniqueness [64] to assure pointwise convergence to classical solutions if they exist.

1.1.3 THE PSEUDO-INCOMPRESSIBLE MODEL

The Euler equations including source terms as given in Eq. (1.11) or equivalently in Eq. (1.16)
allow for a multitude of phenomena. Many of them occur on different time and spatial
scales. Ignoring the Coriolis term in the equations for a moment, the equations give rise to
three different time scales as argued by Klein [80]. Given parameters as valid for Earth’s
atmosphere (see again [80]) the slowest phenomenon modelled by Eq. (1.16) is advection
Uret = 12ms™1, followed by the internal gravity waves cit ~ 110 ms™t. The fastest waves
described by the Euler equations are acoustic waves c,. = 330 ms~! which are usually
negligible in context of the weather system [80]. Although the use of an overly complicated
model, including sound, might seem acceptable at this point, the infamous condition
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named after Courant, Friedrichs, and Lewy [44], short CFL stability condition, does imply
severe practical limitations in terms of spatial resolution for numerical approximations of
solutions for the discussed system of non-linear partial differential equations. Depending
on the approximation algorithm and the specific equation the CFL condition bounds the
ratio of temporal resolution At and spatial resolution Ax by a constant over the (fastest)

characteristic speed c;c.
At < const.

Ax T Cac

(1.17)

As mentioned the fastest characteristic speed in the Euler system is the speed of sound,
which now leads to the unsatisfactory situation of the need to pay huge computational
effort to the resolution of a phenomenon which does not need to be resolved for the required
numerical prediction.

One remedy widely adopted in meteorological simulations is the use of reduced mod-
els [99, 117, 89] as opposed to the integration of the full Euler system Eq. (1.16). A certain
class of those are the so called soundproof models which aim to include only advection and
internal gravity waves.

One of these models is the pseudo incompressible model introduced by Durran [53] and

Klein et al. [81]. Following Klein et al. [81], we assume J;P = 0 and the equations are then

given by
dip + div(pv) =0, (1.18a)
di(pv) + div (pv ® v) + ¢, P grad 1 = — foez X pv — pges, (1.18b)
div (Pv) = 0. (1.18¢)

In line with the seminal works of Klainerman and Majda [76, 77], which address the
low Mach number limit for the compressible Euler equations, we might ask in which
sense solutions to Eq. (1.18) exist and under which conditions they can be obtained by an
asymptotic limit of Eq. (1.16). In contrast to a somewhat similar anelastic approximation [90,
31] and to the knowledge of the author this question is not yet rigorously answered as
long as we assume physically plausible distinguished asymptotic limits. In comparison to
previously mentioned works [76, 77] the stratification plays a crucial role, when passing
to the limit. This issue as well as the validity of Eq. (1.18) as reduced model for (1.16)
is discussed in [81] in terms of an Eigenmode analysis. A different formal reasoning
presented in [79] identifies the zero Mach limit of the Euler equations including variable
density with the small scale limit of the pseudo incompressible model. This is beneficial,
in comparison to the anelastic model, as the corresponding limit thereof is the Boussinesq
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approximation, which does not allow for large density variations. Furthermore, the use
of the pseudo incompressible model for the investigation of gravity wave breaking with
arbitrary background stratification is justified in [1].

In comparison to the anelastic model, which would give the Boussinesq equations as
corresponding limit, this is beneficial, as the pseudo incompressible model is valid over a
wider range of For the latter, one obtains the (see again [79]), which does only allow for
small density variations.

The small spatial scale limit of the anelastic model on the other hand allows for large
Despite some lack of rigorous understanding, the pseudo incompressible model has
favourable properties as the . in the asymptotic limit of small spatial scales allows for large
density in comparison with the anelastic model is a surprisingly sufficient soundproof

model for numerical weather forecasting [80, 81].

1.1.4 UNIFORM NUMERICAL TREATMENT

In the following, we introduce a state of the art numerical method provided by Benac-
chio and Klein [16]. It allows the numerical integration of both previously introduced
models, the Euler equations as given in Eq. (1.16) and Durran’s pseudo incompressible
model Eq. (1.18). It is a second order semi-implicit finite volume method which leverages
two structurally identical projections to ensure the discrete solution complies with the
divergence constraint on Pv and furthermore allow us to treat the gravity source term
implicitly. This not only enables the method to overcome step size restrictions caused
by acoustic, but also gravity waves (see e.g. [117]). In this chapter we merely introduce
the temporal semi-discretisation. This falls short on the careful bespoke design of the
spatial discretization provided in [16]. On the other hand we will elaborate on details of
the spatial discretization, whenever it will serve the purpose of this work in subsequent
chapters.

Considering the Euler equations as given in Eq. (1.16) we first introduce fast and slow
version of the inverse potential temperature y and the Exner pressure 7 via

X=x+Xx, =1 +T. (1.19)

Here we assume the slow background states to depend only on the vertical axis i.e.,
X(t, x) =x(t, x3) and 7T(t, x) = 7(t, x3) and to satisfy

doT=-% WO =1 (1.20)
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The time evolution of fast variables x’, 7’ follow the transport equations

d(Px’) + div(Pvx’) = —Pv3dy, X (1.21)
ot + 3—; div(Pv) = 0, (1.22)

respectively.

Remark 1.1.3. The necessity to consider the time evolution of the fast auxiliary variables

originates in their implicit treatment in the projection step in Eq. (1.28b) at time t"*1.

Subsequently, we consider an abstract formulation as suggested in [110]. For this purpose
we collect the transported variables

W= (x, xv, xX') (1.23)
and realize that we can express Eq. (1.16) in the following abstract form

0:(PW) + Ap, (W) = S(P, W) (1.24a)
;P + div(Pv) = 0, (1.24b)

where we denote the non-linear advection by Ap,(¥) and by S(P, W) the source terms on
the right-hand side of Eq. (1.16). In the context of the advection operator A, (g) we refer
to the subscript index u, as advecting vector field and to g as the advected quantities.

In this notation the update for one step of time integration is given by the following

semi-discrete update formulas

t

(PW)" 1 = ﬂ(APtU)M o (\y + A% S (P", ‘If”)) +A3S (P, prt) (1.25a)
P = P — At div(Po) 2, (1.25b)

or\° . Po"l 4 Po"
n"t = — At (8—2) div % (1.25¢)

Next, we either solve implicitly c.f. Remark 1.1.4 and Remark 1.1.5 via
on\° mttl - g

) e 120

or estimate the (dp7)° from previously computed quantities.

Remark 1.1.4. The redundant integration of Eq. (1.24b) by the means of Eq. (1.25b) and
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Eq. (1.25c) might seem superfluous at first sight. This, however, conveniently allows us
to evaluate the fluxes by the means of P and at the same time solve implicitly for the stiff
pressure perturbation 7’. To this end the pressure variables P and 7, differ in their spatial
discretization. In [16] the degrees of freedom of P are cell centred as opposed to the node
centred values of 7. Considering Eq. (1.26) the authors of [16] propose the use of a spatial

average via linear interpolation K and to compute

(1.27)

o ° g
(a_P) "~ KPml—Kpr

For the first set of equations i.e., Eq. (1.25a) we can interpret this discretization as
trapezoidal rule along the advecting field Pv. Indeed, Smolarkiewicz and Margolin [111]
provide a proof for second order consistency for this strategy and propose the use of
a multidimensional positive definite advection transport algorithm, MPDATA [109] as
advection operator A. Benacchio and Klein [16] adopt this idea to the extent as their
proposed algorithm solves the linear advection equation and chooses the advecting velocity
field to be (Pv)"*1/2. Their advection method, however, differs and leverages a MUSCL-
type finite volume method for spatial discretization.

Apart from the specific discretization of A two questions arise. Firstly, how do we obtain
the advecting velocity field (Pv)"*!/? and secondly, how do we solve Eq. (1.25)?

The first question can be answered by restating a slightly modified version of Eq. (1.25).
More specifically we have to shorten the time step to Af/2 and choose the advecting field
at the old time level t". This leaves us to discuss the solution of Eq. (1.25).

Projection

To address the question on how to solve Eq. (1.25), Benacchio and Klein [16] suggest using
an auxiliary implicit Euler discretization of Eq. (1.16c). After division of the momentum

n+1

equations in Eq. (1.25a) by x"™" = x* and in combination with the equation for the fast

inverse potential temperature and Eq. (1.25c) we obtain

(PY) =AY ., (W+AL/25(P", W), (1.28a)
(Pv)
n+1
c
(Pv)"*! = (Pv) - % (%) Xnil grad i’ "+t (1.28b)
At P n+l At P n+1 X/n+1
- ? (E) f€3 X Un+1 - 7 ; g X”+1 es,
’ I\ * At —_
(PX)y™ = (Px') - 78X3X(Pv3)"+1, (1.28¢)

10



1.1 Background

P ’ n+l _ dJP ’ * At : n+1
(87‘() "t = (871) T 5 div(Po)""". (1.28d)

These equations already provide a framework to enforce the hydrostatic balance and
the pseudo compressible divergence constraint. More concretely we can realize those
limit regimes by eliminating terms via scalar prefactors ap € {0,1} and aw € {0, 1}. For

notational convenience we additionally introduce
ZW = diag(l, 1, a’w). (129)

We now put those prefactors in front of the terms in Eq. (1.28) which originate from the
time derivative. The modified version of Eq. (1.28) reads

n+1
ZW(PU)H+1 — ZW(PU)* _ (%) g Cp

3 ot &rad ", (1.30a)

n+1 n+1
At m+1
(o] -5 e

X X 2 Xn+1
(Px)"* = (Px') - %(va)”ﬂaxﬁ, (1.30b)
apr™tt (g—i) = apn” (g—i) — % div(Pov)"*. (1.30¢)

In this form we already can observe that ap = 0 enforces the pseudo incompressible

balance at the new time level i.e.,
div(Pv)"™t = 0. (1.31)
In the case of aw = 0 the update equations Eq. (1.30) enforce the hydrostatic balance

Cp n+1

Wgz - 8= 0. (132)

Remark 1.1.5. The system stated in Eq. (1.30) indeed provides a second order update for the
momentum. For the Exner pressure the authors of [16] also provide a second order update
(c.f. Remark 1.1.4) to non-linearly correct the potential mismatch between the two pressure
variables. Furthermore, they point out that in many situations it is not necessary to do
so and the mismatch of Eq. (1.14) between the nodal Exner pressure 7t and cell centred
variable P is negligible.

In the following we mostly consider the case ap = 0 and henceforth use the linear

11



1 Introduction

formulation i.e., assume d; P to be given prior to the resolution of Eq. (1.30).

Remark 1.1.6. Let ay, > 0 or dy, x # 0. Then the system of equations Eq. (1.30) constitutes
a quasilinear Helmholtz equation as provided in [16]. To this end Benacchio and Klein
inverted the rotation operator responsible for the Coriolis term in Eq. (1.30a).

1.1.5 NUMERICAL METHODS
SEMI-IMPLICIT (PROJECTION) METHODS

The idea of solving a Poisson equation in the pressure variable to obtain a velocity field
obeying the divergence constraint originates from the seminal works of Harlow and Welch
[66] and Chorin [34]. Bell, Colella, and Glaz [15] provides a second order version of this
discrete projection onto the divergence free manifold.

All preceding references consider viscous fluid flow, and we remark that the choice of
boundary conditions in the pressure variable that ensure optimal (second order) conver-
gence is non-trivial and the issue is discussed e.g., in [30]. Nevertheless, for the case of
inviscid flow the issue vanishes as does viscosity and there is a natural choice of homoge-
neous Neumann boundary conditions for the pressure.

Numerical solutions for the close low-Mach regime i.e., 0 < Ma < 1 on the other hand
are non-trivial to obtain [119]. This difficulty is caused by the pressure term which becomes
stiff in the low-Mach regime. In his seminal work [78], Klein resolves the issue in one spatial
dimension by splitting the pressure variable using reasoning from asymptotic analysis.
Subsequently, the fast pressure variable is treated implicitly in contrast to the slow one
which is treated explicitly. This idea is also fundamental for the previously discussed
numerical method developed in [16] and is extended to the multidimensional situation
in [106].

The question if one can numerically pass to the limit (without loss of stability and
consistency) coined the term asymptotic preserving. Recent works in context of incompress-
ible/compressible Euler equations are e.g., [41, 24].

In contrast to the classical numerical treatment of the Poisson equation, where one is
not necessarily interested in the gradient of the solution, the momentum correction and
therefore some variant of the gradient of the pressure is the main concern. This leads
to the question, how the degrees of freedom of the velocity field are located in relation
to the ones of the discrete pressure. In the context of finite difference methods for the
shallow water equations the location of the variable relative to each other was classified
by Arakawa and Lamb [4]. In the same year Raviart and Thomas [101] and Raviart and
Thomas [102] introduced their mixed finite elements on triangular grids for second order

12



1.1 Background

elliptic problems. More recently, Cotter and Shipton [42] discuss the connection between
C-grid finite differences and mixed finite elements. (Un)surprisingly it turns out that if we
define the elements via nodal values, the position of those coincides with the corresponding
finite difference grid staggering. In context of discontinuous or hybrid methods, where
the jump across the individual element is a degree of freedom on its own (see e.g., [27]),
this suggests that we might provide at least some parts of the analysis locally on each

element/cell.

1.1.6 DisconTiNuOUS PETROV (GALERKIN AND FINITE VOLUME METHODS

Historically, discontinuous Galerkin methods originate from the seminal work by Reed
and Hill [103] in the context of neutron transport. According to the introduction of [70],
however, the idea to use such in the context of second order elliptic problems originates to
Nitsche [98], Wheeler [121], and Arnold [5].

In contrast to the continuous finite element methods, the discontinuous approximation
and test functions allow for the same favourable conservation properties as finite volumes
methods do. Both are closely related and for the low order methods we can indeed restate
the same discretization in each of both frameworks. For high order approximation the local
nature of the discontinuous functions also gives the computational advantage of block
diagonal mass matrices. Nevertheless, in this work we consider only piecewise (bi)linear
functions and do not investigate the possibility of a high order version. In general, we need
to introduce some kind of stabilization for the application of a discontinuous Galerkin
method to second order partial differential equations. For a review and unified analytical
framework of common discontinuous Galerkin methods applicable to the mixed Poisson
problem we refer to [9]. A quite recent textbook on Discontinuous Galerkin methods
applied to different scenarios is [49].

The famous pair of mixed finite elements by [102] is a convenient choice to discretize the
flux conservatively, however suboptimal convergence rates are observed on quadrilateral
grids in [7]. For low order elements, where these suboptimal convergence rates would
be catastrophic, this can be avoided by using the correct natural divergence defined by
integration along the boundary, instead of the classical distributional divergence [25]. This
might seem undesirable when considering the goal of a H(div, Q) conforming situation,
nevertheless from the perspective of finite volume methods (c.f. [87, 57]), this choice
appears to be quite natural.

Although closely related, a pure finite volume approach demands the (re)construction of

a consistent gradient to be discretized by integration of the relevant variable, multiplied by

13
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the outwards normal of the control volume (c.f. [57]). The choice on how to do so depends
on the grid geometry and is non-trivial in general. One rather recent suggestion by authors
of [56] is the use of a variational formulation to recover an approximate gradient similar to
the one, one would expect considering the mixed problem in the sense of [102].

A way to avoid the reconstruction, is provided by the finite volume element method. The
analysis of this method dates back to [65, 32]. The latter suggests the use of a (continuous)
finite element approximation space, but poses the equation in form of boundary integrals.
Along this line Siili [113] proves optimal convergence of the cell centre (a node centred)
scheme for the Poisson problem on Cartesian grids. The work of [115] discuss discretization
and error estimates for a mixed Poisson problem in the H(div, (2) conforming setting on
triangular and rectangular grids. Finally, the work of Angermann [3] and Vater and Klein
[118] extended this work to a non-conforming approximation of the fluxes on triangular
and Cartesian grids respectively. Another line of work for cell centred finite volume
methods is presented in [13, 51, 52].

1.2 OUTLINE AND ScoPE OF THIS WORK

1.2.1 MoOTIVATION

Given the preceding introduction the presented work aims to refine and develop numerical
analysis for semi-implicit numerical methods based on finite volume approximations
specifically developed for the compressible Euler equations and variants thereof.

The overarching theme is the question if a semi-implicit finite volume method [87] in the
spirit of the work of Benacchio and Klein [16] is converging in some sense to solutions of the
Euler equations. Gallouét et al. [61], Feireisl, Lukd¢ova-Medvidovd, and Mizerova [58], and
Feireisl et al. [59] show that convergence proofs for numerical methods for Navier-Stokes
and Euler equations are possible in principle, but they leverage either a fully implicit
and therefore dissipative time discretization or consider the semi-discretisation in space
obtained by entropy stable finite volume methods.

In the linear case the seminal work by Lax and Richtmyer [84] answered the question of
convergence for finite differences. In the case of non-linear systems of partial differential
equations the situation is less straight forward, nevertheless in analogy to the linear case
we expect two necessary conditions. The first one is consistency to ensure the numerical
method indeed approximates its analytical counterpart. The second one is stability which
in the non-linear case essentially is covered by discrete a priori estimates. In this work we

concentrate on the latter.
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For our concrete situation one step towards the goal of stability is to establish a bound
on the discrete in time evolution of Pv in an appropriate norm. We ask for a constant
C > 0 independent of the computational effort i.e., the number of time steps n = T /At
such that the (Pv)" as approximation of (Pv)(T) is bound by

IPo™|Ix < ClIPo°||x +O(T) (1.33)

for some appropriate norm || - ||x. The constant C, however, depends on time and the other
physical parameters in the model.

Given half-time fluxes Pv"*1/2

we can decompose the algorithm proposed in [16] con-

ceptionally into two steps. First we advect Pip. Subsequently, we solve for the divergence

corrected field Pv. For the latter we utilize the implicit update for the Exner pressure 7.
One way of establishing Eq. (1.33) is to provide an individual stability estimate for every

stepof At =T /nbye.g.,
I(Pv)"llx < Caull(Pv)"lIx + AtD, (1.34)

where D,, > 0. Implicitly we assumed the norm does not change for every time step, this
however, might not be a useful assumption. Considering this simplification, nevertheless,

we resolve the recursion i.e.,

n n n—1
IPo"lIx < | [ CillPo)°llx + At Y Di| | ¢ (1.35)
=1 i=1 j=i
and ask for a uniform bound ,
e
D[ [ci<k (1.36)
j=i

for every i € {1...n}. Subsequently, we consider the non-negative sequence C, € R and

observe that convergence of its product

n
C:= lim n C; (1.37)

i=1

is sufficient to ensure some ¢ > 0 and ng € N with

IPv"|| < (C + &)||(Pv)°||x + At%K =(C + o)||(Pv)°||x + KT (1.38)

15
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for every n > ny.

The concrete problem of interest, is the question, if in the pseudo incompressible case
ap = 0 the implicit projection step in Eq. (1.30), is almost a contraction mapping i.e., it
satisfies

[P0 lx < (1+O(A)[IPo*||x + O(At) (1.39)

for some appropriate norm || - ||x and step size parameter At > 0.

So far we have not discussed what discrete solutions to Eq. (1.30) look like. Although Be-
nacchio and Klein [16] use a five point finite-difference stencil for the two-dimensional
case, they mention the projection proposed in [118] as potential alternative.

The advantage of the latter is its proven inf-sup stability. This, however, comes at the
expense of a mixed discontinuous Petrov—Galerkin framework which utilizes a piecewise
linear approximation space for the momenta and piecewise linear H!(Q) conforming finite
elements for the pressure. Different from a classical finite difference stencil, this framework
allows the use of more sophisticated, but computationally more expensive stencils derived
from a well-posed finite volume approach by Siili [113]. Vater and Klein [118] build upon
the mentioned result as well as on [115, 3] and provide well-posedness for the mentioned
discrete mixed formulation.

As the original goal of the additional degrees of freedom in form of the gradient in-
formation is stabilization only, the work in [118] does not emphasize the details of the
connections between the underlying finite volume discretization and a formulation in
terms of finite elements. As a consequence they neither relate their result to the underlying
analytical saddle point problem nor do they provide a compatible interpolation operator

to obtain the discrete functions.

1.2.2 GoaLs

In this work we aim to provide a more complete picture on the functional analytic frame-
work for the implicit part of finite volume method provided in [16]. With future prospects in
mind this might be considered helpful, when establishing a priori bounds on the complete
step of the aforementioned scheme.

However, as we do consider the implicit part only at this point, we remark that it is
not necessary to adopt exactly the same functional framework in the advection and the
projection (ap = 0) steps as the work of Lehrenfeld and Schoberl [85] illustrates in the
case of a hybrid discontinuous method for the incompressible Navier—Stokes equations.
Having that in mind we concentrate on the above-mentioned questions and additionally

prove the resulting discretization to satisfy an estimate in the spirit of Eq. (1.39).
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We aim to provide finite elements which result in the same discretization as presented
in [118]. One of the key aspects of the aforementioned work is the absence of any additional
stabilization mechanism as used in e.g., [91] in the case of Darcy flow. In this sense,
the proposed method also differs conceptionally from discontinuous Galerkin methods
reviewed in [9].

For the definition of such elements we leverage ideas borrowed by from the H(div, ()
and H (curl, Q) conforming finite elements introduced by the seminal works of Raviart
and Thomas in [102] and Nédélec in [94] respectively. The former work provides a mixed
formulation for the Poisson equation leveraging discontinuous pressure elements. These
elements are a formidable choice for the discretization of conservation laws as they are
H(div, Q) conforming and therefore allow for Gauss’ theorem in the discrete setting. The
authors of [22], however, provide a counter example for the discrete inf — sup stability of
the mixed formulation of the Poisson problem. In contrast to the classical situation the
finite elements provided in this work are non-conforming and depend on piecewise linear

but completely discontinuous functions and contour integrals on a dual grid.

1.2.3 CONTRIBUTION

This work extends the method provided in [118] and applicable to two-dimensional Carte-
sian grids in the following ways.

* We provide a compatible interpolation operator for the discontinuous momentum
variable. Using this interpolation, the interpolant of a divergence free field is diver-
gence free in the discrete sense.

* We rephrase and extend the existing methodology in terms of finite element theory
in the sense of Ciarlet [38]. Together with the careful modification of the classical
theory we present a line of reasoning, which not only follows the guiding principle
of the discrete de Rham complex for H(div, 2), but also generalizes the method to

three spatial dimensions as well as to unstructured quadrilateral and cuboid grids.

* Applied to the projection in the pseudo-incompressible case, we prove the resulting
numerical method to be stable and consistent in a mesh dependent norm. Further-

more, we prove stability of the projection in the compressible case.

* Another consequence of the presented refined analysis is the identification of the
null spaces associated with the dual gradient operator and the discrete divergence

operator. This in turn allows us to establish an analogue to integration by parts
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and the required a priori bound on the solution in the pseudo-incompressible case,
c.f. Eq. (1.39).
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2 DUAL GRID FINITE ELEMENTS

In the following we introduce some basic notation and assumptions as, e.g., the polynomial
spaces and the grid. We follow the textbook strategy [54] to introduce the proposed pair of
elements. Therefore, we employ the definitions and properties first on a reference element
and subsequently use bilinear or trilinear images of such a reference element to cover the
whole grid. In this global picture we aim to use these elements to recover the inf-sup stable
discontinuous Galerkin discretization provided in [118].

2.1 PRELIMINARIES

2.1.1 GriD

In this work we consider grids, consisting of quadrilaterals and cubiods, which are diffeo-
morphic and positively oriented images of a reference element. An exemplary situation
for n = 2 is depicted in Fig. 2.1. We denote the vertices, edges, and faces of any entity K
in the grid by Nk, Ekx and Fx respectively. Furthermore, we define the diameter of any
compact set K C R" by

hg = diam(K) = llx1 = x2]I. 2.1)

max
x1,x2€K
Now we define a grid as follows.

Definition 2.1.1 (Grid). Let n = 3 (n = 2) and let Q C R” be a bounded Lipschitz
domain with piecewise bilinear (linear) boundary dQ). A collection of trilinear (bilinear)
images K ¢ Q of K = [~1,1]" with diameter hx < h is a grid and denoted by 73, if all
Ki, Kj € 7j, are connected by a path not intersecting any edge (node) and they only overlap
at their boundary i.e., fQ 1k, nk, dx = 0. Furthermore, a grid has to cover the domain i.e.,
Ukes; K = Q. A part of such a grid is illustrated in Fig. 2.1.

Remark 2.1.2. Let K = [-1,1]? and let K be a non-degenerate quadrangle, then there is
a unique bilinear map Tk : K — K with Tx(K) = K and det Tx(x) > 0 for every x € K. If
K = [-1, 1]3 and K is a non-degenerate cuboid, then Tk is trilinear.
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2 Dual grid finite elements

Figure 2.1: The figure depict parts of a grid of quadrilaterals and one of its dual shapes (c.f. also
[112])

Definition 2.1.3 (Quasi-uniform). A family of grids (7y,);oy is called quasi-uniform, if
there is a constant ¢ > 0 satisfying ch; < hk for every K € 7y, for every i € N.

Definition 2.1.4 (Shape-regular). Let Tk: K — K denote the map from the reference
element K to some element K and let A j(DTk) denote the j — th eigenvalue of the Jacobian
matrix for j € {1...n}.

A family of grids (7y,);cy is called shape-regular if there is a constant ¢ > 0 satisfying

|A;(DTx)|
— <c

- (2.2)

foreveryje{l...n},Ke 7y, andi € N.

Remark 2.1.5. Henceforth, we consider only shape-regular and quasi-uniform families of
grids. In abuse of notation we denote such family by 7, and omit the index for 5.

Remark 2.1.6. The dual grid is denoted by 7,” and constructed around the nodes & € Ng;.
To be more precise, consider the case of n = 2. For every & € Ng; there is at least one
K = Tx(K) containing &. Two of the edges of K have images containing &, labelled by, say,
a,b € Fx. Denot the center of these edges by m,, m;,. To construct the boundary of the
dual shape K" we connect Tx(1m,), Tx(0) and Tk (). The geometries of dual grids obtained
by this strategy are non-trivial and depend on the connectivity of the shapes K, as one can
readily see in Fig. 2.1.

Remark 2.1.7. The boundary of every dual cell JK} is composed of the interior faces of the
neighbouring cells K € 7, with K N & # 0 (c.f. Definition 2.2.3). We denote the interior
faces around & by Fk <.
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Remark 2.1.8. As we map from certain reference configurations to the dual grid, we only
allow shapes that lead to a closed control volume. This requirement is always satisfied by
a bilinear (trilinear) transformation for n = 2 (n = 3).
Remark 2.1.9. Every element K of a Cartesian grid is given by a linear map by
S Ax;
Tx(x) = Z Sixi+D, (2.3)

, 2
=1

where Ax; > 0 denotes the cell size in coordinate direction e; fori € {1...n}and b € R" is
some offset.

Remark 2.1.10. For notational convenience, we introduce the following set
Ky ={K € Tp: &n e Nk} (2.4)
of shapes K containing two nodes &, n € Ng;. This set satisfies
Ken = Ke,e 0Ky - (2.5)

Furthermore, we introduce the matrices transforming a element local index to a global

one. For cell based degrees of freedom we use Gi € {0, 1}|I||77’|><|I| with
T T
GL "G = bk, iy Tan, (Gil Ge, )ij = 51,10k, Ko (2.6)

forevery K1, Ks € T, and i, ] € {1...|I||7x|. The indices of node based degrees of freedom
are transformed by Gk € {0, 1}|N'Th|><2n. As the nodal degrees of freedom interact with
all neighbouring elements, G, Gk,  as well as Gk, Gk, do not vanish for K; # Ky € 7.
Nevertheless, the matrices satisfy

Gk Gk =Izor, (GkGk'),

i = 0ij (2.7)

forevery K € 7, and i,j € {1...|Ng|}.

2.1.2 SPACES OF POLYNOMIALS

As usual for finite element methods we introduce approximation function spaces for the
discrete versions of the unknowns i.e., the velocity and the pressure variable. The classical
approach to do so, is to utilize polynomial spaces [54]. In multiple dimensions there are

different ways to restrict ourselves to certain subspaces of all multivariate polynomials, as
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2 Dual grid finite elements

presented in the following.

Remark 2.1.11. Wherever multiple indices are required, and it serves readability, we employ
multi-index notation i.e., for every n-tuple & € N"” we have

fa = fOZl,DtQ ,,,,, Ay (2-8)

In abuse of notation we additionally allow scalar operands to be applied to multi-indices,
these then are applied component wise. Furthermore, we define

la] = Z Q. (2.9)
k=1

Definition 2.1.12 (Multivariate polynomials). Henceforth, we denote the multivariate
polynomials in R” up to degree k by

Pr={feC®: JceR": f(x) = Z cal_le” . (2.10)

la|<k i=1

Additionally, we define the polynomials which have degree up to k in each coordinate

Q= {feC“’:HceRkn:f(x): Z c“nx?i}. (2.11)

max a<k i=1

The vectorial versions are constructed by the Cartesian product, but allow for inter-
mediate spaces which are e.g., linear in one of the local coordinates x; and constant in
another.

Remark 2.1.13. Let a € N" be a multi index. The polynomials with degree in i coordinate
of at most «; are denoted by
Py = X[ (Py, o 7;), (2.12)

where 71;: R" — R"~! denotes the projection onto the plane defined by x; = 0.

Example 2.1.14. A monomial basis for Py ; X P ¢ is given by

(o} B2
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2.1.3 SOME GEOMETRIC PROPERTIES

In the subsequent chapters, we repeatedly leverage integral transformations to transfer
results established on a reference shape to a mesh of more general shapes. To this end, we
introduce the appropriate maps between the function spaces defined on different shapes
in the mesh. Consider a regular C*-diffeomorphism f: Q - Q. Let p € [1, o], then one
transformation appropriate for a scalar field (c.f. Theorem 37.1 in [36]) is given by

LP(Q) — LP(O
Vs ©) ) . (2.14)

g—qof

This transformation is motivated by the existence of ¢ > 0 depending on the derivatives of
fand 0 < k < s such that

19llkp,0 < cliglly, - (2.15)

For the case of affine mappings one obtains stronger results in terms of semi-norms (c.f. [36]
again). As the construction of Lagrangian finite elements is classical, we do not further
elaborate on 1) at this point.

The vector valued case does need more care if we consider the function spaces H (div, Q)
and H (curl, Q). For this sake we introduce the covariant and contravariant Piola trans-
formation and recall some classical results as presented e.g., in [38, 54] with some minor
modifications. Let f be a regular C!-diffeomorphism as before, then we introduce con-

travariant and covariant Piola transformation as

LP(K) — LF(K)
v (delfg;?l)) ° f
LP(K) — LP(K)

" 2.17
#}f U (DfTU) of ( )

and (2.16)

respectively. The superscripts ¢ and " hint at the invariance of div and rot under the
respective transformation.

All the previously mentioned transformations satisfy the following basic properties.

Remark 2.1.15. Letn € N and let Q,Q, Q c R" be bounded domains. Furthermore, let
¢:Q — Qand f: O — Qbe Cl-diffeomorphisms with |det Dg| > 0 and |det D f| > 0.
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Thenv — gb} (v) is a bijective linear map and via the multivariate chain rule we have

Yiou =¥ 18)
Y =g (2.19)

Here, we denote the transformations ¢, " and ¢ by ¢*.

Remark 2.1.16. On uniform Cartesian grids with grid spacing (Ax); = h > 0 for every
i € {1,...,n}, the transformations are linearly dependent. For arbitrary Cartesian grid we
still observe

vi (0) = (]‘[(Ax») diag(L/(Ax)s, ., 1/(AX) )7, (0) (2.20)
i=1
V1. (0) = diag((Ax)s, ... ., (Ax)n)Pr(0) (2.21)

We now establish bounds on the transformations introduced in Egs. (2.16) and (2.17). To

this end, we recall some basic estimates first [55].

Lemma 2.1.17. Let n € N and let Q, Q c R" be bounded domains. Furthermore let g:Q— Q
be a C*-diffeomorphism with |det Dg| > 0 and f € WP (5)n. If a is a multi-index with s = |a|,
then there is a constant ¢ > 0 independent of f and g such that

a - Boll” 0 _
ID(f e &llop.a < cllldet(DG 7 llo,0,0 151,%?55”1) gl wn DL IOy, 5 (222

1<6<s

Let h € C5(Q, R"™ ") then the derivative of the product is bound by

ID* Pl ,pa< D, IDPflly, D g . 5 (2.23)
pty=a

Proof. We find an explicit form of high order partial differentials in [40]. More specifically

we find

D= ) Gup(e)(D'f)og, (2.24)

1<p<|al

where G, g is a polynomial of partial derivatives. The order of this polynomial is at most s
as well as the maximal order of partial derivatives. Changing variables we obtain

ID(f o gllopa < Z 1Ga,5(&)llo,0,0ll(DP ) © gllop0 (2.25)

1<B<|al
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_1
< D 1Gap@llowellldet D7 lloeal (DI , (2.26)
1<B<]al
_1
< clldetDR)| 7 oma 1 IDP81 DIl , 5 (227)
== 1<6<]al

For the second observation we consider the classical product rule which also applies to
a smooth function multiplied by a distribution. We therefore obtain

|4
D (hf)i = 35y ) hikfi = D (O hir) gk + hix (9 fo) (228)
k k=1
= (h(dx, f) + O, h)f), Vie{l,...,d}. (2.29)

We repeat this line of reasoning iteratively to conclude
ID (Pl =1 D DERDYfllg 5 < > ID fliy, alDPHI, . 5 (2.30)
p+y=a B+y=a
m]

Remark 2.1.18. The same statement is true for s = 1 and a locally Lipschitz homeomorphism
g, which is diffeomorphic on () except on a set of Lebesgue measure zero.

Lemma 2.1.19. Let Q, Q C R" be two bounded domains. Let g:Q— Qbea C*-diffeomorphism
with |det Dg(x)| > 0 for every x € Q. Then gbg and Yy are homeomorphisms W*'P (ﬁ)n —
WP (Q)". More specifically there are constants cq 4 > 0 with

193 @0 < ¢ ollolly, 5 2.31)
|¢;(’0)|1,p,0 < C(;llvll,p,ﬁ/ (232)
W@l < coyllell, (233)

for every v € WP Q)" and q €{0,...,s}. Furthermore, there is ¢ > 0 is independent of f and
g allowing the explicit characterization of the lower order constants as

¢, = lladj Dgllo.c0llldet(Dg) 7 llo, 0, (2.34)
¢ | = clladj Dgllo,,0llDglloollldet(Dg) 7 o0, (2.35)
¢l o = [IDgllo.cllldet(DE) 7 llo,m0/ (2.36)
¢l = cIDgI2 o o llldet(DE)I 7 llo w0 (2.37)
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2 Dual grid finite elements

Proof. As discussed in Remark 2.1.15, both transformations are linear bijections from
WeP (ﬁ)n to WP (Q)". Next, we prove continuity and consider the contravariant Piola
transformation first. After applying the implicit function theorem and recalling Cramer’s

rule we see .
(Dg)~

Vo) = TipgrT

(wog)=adj(Dg)(wog), (2.38)

where adj(D g) denotes the adjugate matrix (i.e., the transposed cofactor matrix).
Let @ be a multi index with 1 < |a| < s and let v € W*?P (ﬁ). Changing variables we
obtain

_1
lYg@)llop0 < lladi(Dg)llo,e0llldet(Dg)| ™ llo,.oll?lly , &- (2.39)

Subsequently we use Lemma 2.1.17 to establish

ID* @ @)llopa s Y. IDFadi(Dg)llowallD’ @ o g)llop0 (2.40)
a=p+y
-1 .
< cllacDg) Hnwn 3 (IDPadiDglwsr, o
¥ <r,J5|<lyl
D8l s Y, D), 5] (2.41)
1<n<lyl

Similarly we obtain

_1
ID* @5 @)llop0 < cllldet(DZ) Flloea Y (IDPDG lloem0 max
oZFty 1<r, |61y

D8Il . D™y, 5] (2.42)
1<n=lyl

Collecting these estimates, we find that there is ¢ > 0 independent of w with
Wy @)llsp.0 < cllwll, 5 Yo € W(Q). (2.43)

Exchanging the role of Q and Q and replacing g by its inverse delivers the analogous
estimate for l,bg_l and l,bf,_l. As the Piola transformation and its inverse are linear they
both are continuous. From Egs. (2.39) and (2.42) we see the constants only depending

on derivatives of ¢ or g~!. Therefore, they are invariant under translations of g, and we
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conclude the statement. m]

Remark 2.1.20. Furthermore, there are constants ¢y, c2 > 0 such that

194 a@iv,) < c1llolly gy 5 (2.44)

195 @)l eurn ey < callwly o) (2.45)

for every v € H(div, £~)), w € H(curl, ﬁ). The first, and in our case more important result,
is a direct consequence of
div (o) = det(Dg) divg, (2.46)

which in turn can be proven [38, Thm. 1.7.1.] via the Piola identity
div(Dg " det Dg) = divadjDg". (2.47)

Remark 2.1.21. Subsequently, one can conclude

d _
/aQ gbg(v) du = /mv du (2.48)

by change of variables and Gaufs’ theorem. Unfortunately this does not provide a similar
result for only some part of the boundary in H(div, Q). One could use this only for a
subspace of H(div, Q2) where the trace vanishes on parts of the complement of the part
of interest. On the other hand, one can restrict the trace operator, but obtaining a trace
theorem including a continuous lifting Lemma A.4.3, is not completely straightforward, as
one needs to consider the extension of the fractional Sobolev trace space from parts to the
whole boundary. This is, however, possible [48].

Following Remark 2.1.21, we avoid using the trace on the whole boundary as well as
the use of Gaufy’ theorem and characterize the surface integral over different domains,
by the means of transformed normal vectors only. For convenience, we consider only

continuously differentiable surfaces as we do not need less regular structures.

Lemma 2.1.22. Let Q,Q ¢ R3 such that § = [0,1]"' x {0} ¢ Q. Let f : Q — Qbea
C'-diffeomorphism with det D f(x) > 0 for every x € S and denote the image of S by S = f(S).
Then the surface integral over S is characterized by

[ s@du= [ oo da (2.49)
S

S
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2 Dual grid finite elements

for every v € H'(Q)".

Proof. We first remark that S is a compact simply connected subset of a smooth manifold

and the trace operator 7,,,: H'(Q)" — S is well-defined. The latter we can conclude

constructing a Lipschitz domain Q ¢ Q such that S ¢ dQ and subsequently applying The-

orem A.3.12. Therefore, the surface integral is well-defined.

As next step we observe

JDfJTez
(e;Df)x (e3Df)

adj(Df)e2

for n € {2, 3} respectively. This allows to express the unit normal as

_ _adi(Df)es
5~ Jadj(Df)enll

We then argue per definition of the surface measure [73] and direct verification

dS = \/det Df'D f dx = ||adj(Df)e,|| dx.

Using this and Eq. (2.52) the surface integral becomes

/v-nst: / vo f-nglladj(Df)e,| dx

S [0,11"

= / vo f-adj(Df)e,dx

[0,1]"*

- / adj(Df)vo f-e,dx

[0,1]1’1—1

= [ adi©fvof nsda

$
= / gbjf(v) “ngdu
$

for every v € C*(Q)".

adj(Df)es = adj(Df)(e1 X e2),

(2.50)
(2.51)

(2.52)

(2.53)

(2.54)

(2.55)

(2.56)

(2.57)

(2.58)

Considering Lemma 2.1.19 and Theorem A.3.12 we find both integrals in Eq. (2.49) to be
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in (HY(Q)") by

|/ Tns(v)dy| < /lTnS(v)Idy (2.59)

S S
< VIS111Tus (@)llos (2.60)
< cylslllvll, g (2.61)
< cvlSlllvlle (2.62)

and

| / (g 0 $)(0) | < / (T 0 ¥5)(0) dn 2.63)
\f 1l (W5 @Dl 4 2.64)
< eI @), e (265)
<eyl8liloll, ¢ (2.66)

for every v € H'(Q)". As the integrals are linear, continuous and coincide on the dense
subset C(Q)" ¢ H(Q)" they already coincide on H'(Q)". m]

Corollary 2.1.23. Let g: Q — R" Cl-diffeomorphism with det Dg(x) > 0 for every x € S. Let
T = g(S) denote the image of S C Q. Then the surface integral satisfies
[ @i = [ @0 uordu 2.67)
T S
for every v € H'(g(Q))".

Proof. g o f is a C'-diffeomorphism with det D(g o f)(x) > 0 for every x € §. Using Re-
mark 2.1.15 we see

[ @i = [ @ ovi pord 2.69)
S

T

= [ ot oyt oy 269

S
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- / (Tas © 94)(0) dy. (2:70)
S

O

The results in Corollary 2.1.23 can be extended to H(div, Q) in terms of the trace space.
Corollary 2.1.24. The map T, o gbg is continuous i.e., B(H (div, g(Q)), H™/%(S)) and we have

(Tur (1), 0) = (Tus (P (1)), v 0 g) (2.71)

for every u € H(div, g(Q)) and v € HY/*(T).

Proof. We apply the classical result on the divergence of the contravariant Piola transfor-
mation presented e.g., in [38, Thm. 1.7.1.]. This allows us to conclude tpg(v) € H(div, Q)
and

||1P§(U)||H(div,0) < cllolla(iv,g@)- (2.72)

This implies continuity of l,bg :H_ . (div, Q) — H(div, Q) due to its linearity. As composi-

8(Q)
tion of continuous functions, 7,4 © l,bg is then continuous too.

If me multiply v by some arbitrary ¢ € C*(g(Q2)), Corollary 2.1.23 now reads

(a(0), ) = (T (P§(0)), @ © g). (2.73)

Since g is a diffeomorphism and the space C* and therefore C' is dense in H! we conclude
the statement. O

Remark 2.1.25. Modifying the proof of Lemma 2.1.22 only slightly we obtain a similar
statement for the tangential component. Together with Stokes theorem we realize

[ = [ @ ovpe @.74)
S

T
for every v € H'(g(Q)".
Finally, we present another version of Corollary 2.1.23 applied to the L?(T)-product.

Lemma 2.1.26. Let ¢: Q — R" C'-diffeomorphism with det Dg(x) > 0 for every x € S. Let
T = g(S) denote the image of S C Q. Then

/ u-gradpdx = / wg(u) -grad(p o g) dx (2.75)
S

T
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orall p € HY(T) and u € HY(T)".
p

Proof.

/ u-gradpdx = /(gradp) 0g-(uog)detDgdx (2.76)

T S

_ 1

= / grad(p o g)TDg Yuo g)Wg_l dx (2.77)

S
= / grad(p o g) - ¥ (u) dx (2.78)

s
m]

2.1.4 DiscreTE DERHAM COMPLEX

For the H(Q), H(curl, Q) and H (div, Q)-conforming finite elements on affine simplicial
grids we recall the famous discrete de Rham complex illustrated by the following com-
muting diagram Fig. 2.2. W] denotes the global approximation space of piecewise linear

HY(Q) &Y% H(curl, Q) - H(div, Q) —4¥s 12(Q)

I I L= I

grad curl div
W > RN > Dff ——— W)

Figure 2.2: Illustration of the discrete de Rham complex using global Approximations spaces.

and continuous functions, RL\’ the global approximation space spaced spanned by the
transformed basis of the Nédélec element [94] and DI;RT the same but spanned by the
transformed basis of the Raviart-Thomas elements and finally W;? the space of piecewise
constant functions. The transformation for a single Nédélec element on K = Ti(K) is
given by the covariant Piola transformation ¢7. whereas the transformation for a Raviart-
Thomas element on K is given by the contravariant version 1,[}%( c.f. Egs. (2.16) and (2.17).
Furthermore, 7°%, 7V and 7*" denote the corresponding interpolation operators.

For the mixed Poisson problem and, therefore, the compatible discretization of Theo-
rem A.5.1 mostly the left and right parts of the commuting diagram are relevant, as we do

not compute the vector potential for curl, but aim to compute the velocity field directly.

Remark 2.1.27. On one hand, the above stated properties help to satisfy conservation
properties and resemble qualitative features of the exact solution of the above-mentioned
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partial differential equations even in the case of low resolution. This might be especially
importantin large scale weather simulations, where the grid size is bound due to limitations
of computational resources [97, 42, 43]. On the other hand, these properties are valuable
when proving stability estimates for the discrete problem. The idea of transferring the
geometric properties from the analytical setting into the discrete one, leads to the notion

of finite element exterior calculus as presented e.g., in [8].

2.2 A COMPATIBLE PAIR OF REFERENCE ELEMENTS

We present a pair of reference elements for the velocity and pressure variables.

For the pressure element, we use classical bilinear or trilinear Lagrangian finite elements
for n = 2 or n = 3, respectively. The velocity element is strongly inspired by the Raviart—-
Thomas elements [101], but living on the dual grid. More specifically, we use the functionals
developed in [101] and polynomial basis functions akin to the ones proposed in [94]. Our
choice leads to bounds on both interpolation errors of equal (first) order in corresponding
mesh dependent norms.

2.2.1 PRESSURE ELEMENT

Let n € {2, 3}. For the pressure reference element we consider Lagrangian finite elements
of first order. See e.g., [36, 54] for an overview and [6] for question of approximation order
on quadrilateral grids. We define the reference element on a reference shape K := [~1,1]"
and choose the local polynomial space to be Q;. The functionals are given by the point

evaluation

ag:q—q(8) (2.79)

for every & € Ny. We denote the family of functionals on one element by rl= {aé : &€
N }. The finite element in the sense of Ciarlet [36] then is given by the triple {K, Py, X1}
We recall the shape functions 0; € Qy, to be uniquely determined by

G%j(eéi) =0i; Vi, & € Ny (2.80)

and collected in the family ®112' Subsequently, we introduce the local interpolation operator

Ws?(K) — span 6112

1,
Tt s 0! (2.81)
éENK
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where s > n/p. This interpolation operator is well-defined due to the Sobolev embedding
theorem [2, Chapter 4]. For s > n/p this theorem guarantees a continuous representative
for every f € W*?(K) and therefore pointwise evaluation of f is well defined.

2.2.2 VELOCITY ELEMENT

Having established the pressure element, we introduce a version of the (lowest order)
Raviart-Thomas [101] elements defined by curve or surface integrals on the dual grid.
The construction of the presented elements therefore shares strong resemblance with
these classical elements of the H(div, Q) conforming situation. In contrast to the classical
situation the polynomial space is changed. Additionally, we do not aim to impose normal
continuity conditions in our approximation spaces as the underlying finite volume method
does not expose such properties.

The shift to the dual grid is responsible for an exchange of the role of the primal element-
wise differential operators div and curl in the sense that they act on exchanged polynomial
spaces. Therefore, one needs to introduce discrete analogues to the divergence operator on
the dual grid. This approach shares conceptually some ideas of [116], where the authors
consider continuous finite elements on the dual grid, but differ in the sense that we do
not introduce the finite element spaces on the dual grid itself and act in a discontinuous
context.

Raviart-Thomas elements on quadrilaterals do have some caveats their simplicial coun-
terparts do not possess. The approximation of the (distributional) divergence on bilinear
transformations might converge suboptimally [7]. In our case of low order elements this
essentially leads to loss of convergence (c.f. [7, Table 2]). The remedy presented in [25] is
proposed by the means of the natural divergence, defined via boundary integrals. In the
resulting norm, one can achieve optimal convergence rates and additionally this definition
is insensitive to the discontinuous nature of our method.

Remark 2.2.1. The following notation allows us to state subsequent results for n = 3 and
still recover the appropriate results for n = 2 with relative ease.

Let 1, : R" — R"1: x > 3771 x;¢; be the orthogonal projection onto the plane defined
by x, = 0. Next, let ¢, : R"1 — R": x — x @ Oe,, be the canonical embedding into the
same plane defined by x,, = 0.

Finally, let f: R" — R", ¢: R""! — R"™ then 71, f o 1, is a vector field R"~! — R"*~1

and t, g o i, is a vector field R" — R".
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Remark 2.2.2. The matrices

1 0 O 0 01 0
Ji=1o0 0 1| Jo=({0 1 0| J3=[-1 0 O (2.82)
0 -1 0 -1 0 0 0 0

are 7t/2-rotations around the coordinate axis e; and satisfy JIT = Ji‘l and det(J;) = 1 for
i€{0,1,2,3}.

The following definition of interior faces allows us to use the element wise construction of
a classical finite element method without necessarily involving the dual grid. However, the
sole use of these geometric objects is their composition to assemble parts of the boundary
of a dual grid cell.

Definition 2.2.3 (Interior faces). Let n = 3 we first consider
I,y 1<i<4

Ri: 4I5MJ; 5<i<8 (2.83)

It 9<i<12

and subsequently define the interior faces as rotations of the unit square embedded in R"
ie., Fi == Ri([0,1]* x {0}).

Lemma 2.2.4. Let Iy = {1...4}, I = {5...8}and I3 = {9...12}. Then R?Rj satisfies the
following identity:

iNj| & L Iy
IPRIRTY T = b L LIl Bl (2.84)
L |, 10 5r
I3 J1J2 Jadh I
Furthermore, R;es is orthogonal to Rjes if and only if (i, j) € {1...12}* \ (I U2 U I2).
Proof. We first realize Jgﬂ;ﬂlﬂgﬂg = Jgﬂ{ﬂgﬂlﬂg =J3, and for (i, ) € If we have
RTR; = ISI00, /10,0y = (T00,oT5) " = 317 (2.85)

Via the same reasoning this holds true for Ig and I§ too. Now leti € I; and j € I, then
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factoring the powers gives

RTR; = II0TT T 15713, 7
= (0TI 0o0s) 2 (LI T 0o 3g) (I 00y J5) 2 (2.86)
= I T T,0,)T
Similarly, for we obtain
RTR; = IIoIT 0t = (TL000T00s) (LTI = TN (2.87)
for (i,j) € I; X I3 and
ri-1 ri-1

RTR; = W00 0t = (0L0T 000, 3e) 200t = 1 ()T (2.88)

for (i, j) € Io xI3. The other cases follow from transposition as (R} R;)" = R]T.Ri. To conclude
the second statement, we first observe Jzes = J geg = e3. Subsequently, we conclude

(Ries) - (Rjes) = elRTRjes = elJs 'RTR; T} 'es. (2.89)
As e3J1Jzes = 0,e5]2J1e3 = 0 and e3]]J5J1J2e3 = 0 this already concludes the proof. O

Remark 2.2.5. Henceforth, we denote the polynomial space of interest, by
P = Qo1,1 X Q01 X Qu0,1- (2.90)
Let6: x — 1/4+ x1/2 + x2/2 + x1x2 and let 63: x - 0(x)es, then
09 x > R;O4((R))x) (2.91)

fori e {1,...,12}, form a basis of P7.

Example 2.2.6. Let n = 3, then the basis constructed in Remark 2.2.5 of P is determined
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by the rows of

1_X2_ X3
1773 5 tX2X3 0 0
1_X2 %3 _
175 + 5 —X2X3 0 0
1,X2 X3
It+5+5 +xaxs 0 0
1,X2 X3 _
Z+T 5 —X2X3 0 0
X X
0 1+ + 8 txyxs 0
1,X1 X3
Gd _ 0 Z+7—7—X1X3 0 (2 92)
— 1_X1 X3 . .
0 1" 5 tX1Xx3 0
X Xs
0 %—71+73—X1X3 0
0 0 %+%1+%2+x1x2
X X
0 0 %+71—72—X1XQ
1_X1_X2
0 0 i) 3 +X1X9
X X
0 0 %—Tl+72—X1XQ

Remark 2.2.7. The projection of the polynomial space P onto the e3-plane gives 3P0 13 =
PO,l X Pl,O- Therefore, dim(TC:),Pd o l3) =4.
To obtain a basis for Py 1 X P; o one can choose 273 6? otz fori €{1,3,5,7}. The elements

of this basis are given as rows of the following matrix.

—XQ+§ 0
0 X1+ %
02 = 1 10 2 (2.93)
—xy— 3
0 X1—§

The geometric objects introduced in Definition 2.2.3 constitute the boundary of an
intersecting dual grid element. We now use this to define degrees of freedoms akin to
those introduced by Raviart and Thomas in their seminal work [101].

Lemma 2.2.8. Let n = 3 and choose the domain as V¥(K) = C*(K)" c H(div, K). Consider
the functionals
Viav(R) - R
¥ v|—>fv-np. o foreveryie{1,...,12}. (2.94)
F;
Then the family of af’ forms a basis of the algebraic dual space (P?)". More specifically, we have
depdy — 5. .
o (6].) =0i,.
Proof. Let
x (JT)i_lx n=2
Ji: . (2.95)
X Rix n=3

Each of the functionals is linear as they are integrals. By change of variables and Defini-
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tion 2.2.3 we identify
af(v) = / v-np,ds = / Rf(v oR;)-np, ds = Gd,l(Rf(U o Rj)). (2.96)
F1
F;

Since R} = R;' and by virtue of Remark 2.2.5 we conclude
oi(6%) = of (Rijel o (R]T.RZ-)) . (2.97)
Due to Lemma 2.2.4 and Remark 2.2.5 we know

af(@f) = / e3RiRje3(6 o RiR;)(x1,x2,0)dx = 0 (2.98)
[0,1]2
forall (i,7]) ¢ If U IS U Ig. Furthermore, we have
a;fl(e;l) = / (60T ) dx = / CERY (2.99)
[0,1]2 [0,1]2

for every (i, j) € I UI3 UIZ. As the 7t/2-rotations around the e3 generate a finite group of
only four elements, we are left to prove

af(ef) = jj (2.100)

for every i — j € I;. This we do by the following verification. 0 o J¥ is an odd function
with respect to either one of the axis or both for k € {1...3}. 6 oI is positive, therefore the

integral does not vanish and one can compute the value to be 1. m]

Lemma 2.2.9. Let n = 2, then the family of functionals defined by v ofl(Lgv o 7t3) for
i € {1,3,5,7} forms a basis of the algebraic dual space (13 o 13)". More specifically, we have
2(0?)(137139]4 o (13m3)) = 0;,j for every i,j € {1,3,5,7}.

Proof. For convenience, we denote I; o = 137m3.
(o9)(t3730¢ 0 (133)) = ot (RZT L2 Ri61 0 (R1 Ty 5 RZ-)) . (2.101)

Consulting Lemma 2.2.4 for the above-mentioned indices i,j € {1...4} shows Rief(x) =
R;0(x)es ¢ span e3. Additionally, 09 does not depend on x3 and ¢ only integrates with
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respect to x1, xo we therefore have

(U?)(I[I,Q 6]4 o(I12)) = Gii (RZT Ii 2 R]‘Qii o (R]T Lo Ri)) (2.102)
= of (R?Rjesé o (Rf Ih,2 Ri)) (2.103)
= of (RiRjes0 0 (L2 RT3, Ry T ) (2.104)
= e3RIRje30 o (I1 2 R]T. I3 , Ri L1 0) dx (2.105)
[0,1]2
We check
1+l i=je{1,3},
1+ixy i=je{57},
OoMaRiT,Rilig) =14~ 1x1 (1,)) € {(1,3),(3,1)}, (2.106)
%1 - %XQ (l/ ]) € {(5/ 7)1 (7r 5)}/
}1 else
as well as
1 (i,j)€{1,3Y2u{5,7}?
esR;Rjes = Gl 3 U T (2.107)
0 else

to subsequently evaluate the integral and obtain a positive, odd (with respect to 1/2) or
constant integrand multiplied by the corresponding constant scalar.
O

Proposition 2.2.10. Let K = [~1,1]" be a reference shape. For n = 3 the triple {K, P, od} isa
finite element as defined by Ciarlet in [36]. Furthermore, the corresponding shape functions are
given by 0.

In the case of n = 2 the triple {K,Po1 X P19, 0%} is a finite element as defined by Ciarlet in
[36]. Where o2 denotes the family of 7130? o3 fori € {1,3,5,7}. The corresponding shape
functions are given by 02

Remark 2.2.11. Whenever the statements are independent of n € {2,3} and in abuse of
notation we refer to 092,092 and 13P% o 13 by 4,04 and P? respectively. For convenience,
we also define] = {1...4} and I = {1...12} for n = 2 and n = 3 respectively. The family
of functionals 02 is depicted in Fig. 2.3. The shape functions 0% we can see in Fig. 2.4.

Remark 2.2.12. One arguably could have found a more straightforward definition, different

from the projection onto the es-plane for the case of n = 2. Nevertheless, this way the unit
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F3»>
| A | e
(a) a‘f (b) ag (0 og (d) afll

Figure 2.3: The degrees of freedom are depicted reference over the reference element K = [-1,1]%.
Hereby the dashed lines show the domain of the corresponding integral and the arrows
indicate the unit normal vector.

A A
K < < < < YAAT { < < < < ¢:VA
- > > > > 3 VA*T { <« « « <« < \L*YA
> > > > > VA*T £ < < < < 1 ¢yVA
> —> —> —> —> VAAT > > > > > ¢yVA
VAAT *,..

(a) 6 (b) 05 () 05 (d) of

Figure 2.4: Above the shape functions 6 for n = 2, are depicted as vector field over the reference
element K = [-1,1]2.

normals are consistent with the three-dimensional case and the definition of the surface

integral.

Lemma 2.2.13. Let n € {2, 3} Then the functionals o4 can be uniquely extended to H (div, IZ)/.
Furthermore, the local interpolation operator

H(div, K) — 4
K)o 3 od(0)0f

iel

(2.108)

is well-defined, a projection onto P? and bounded i.e., T Ig € B(H(div, K), LQ(K)H).

Proof. The extensions of the functionals are well-defined and continuous as discussed in

Lemma A4.31i.e., afl € H(div, K)I. The same line of reasoning allows us to establish

2 . 2 ,
IZE0117, ¢, < ¢ D (ol @) NI67IE < )" (ofO) <’ Y lI6l?, . (2.109)
iel iel iel
which already provides the statement. O

Lemma 2.2.14. Let v € HY(K)" ¢ H(div, K), then we have

|w—zgm%ﬁ3cwhﬁ (2.110)
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2 Dual grid finite elements

Proof. The proof follows a standard strategy, c.f. [54]. Lemma 2.2.13 implies the continuity
of the error i.e.,
F:vmv-I(v) e BH'K)", L2K)"). (2.111)

As next step we prove, Pj C ker F. To this end let k = |dim 4| /n, we then observe

jk
ej= > of 2.112)
i=(j—1)k+1

Letv = Z?:l cie; € Pfj, then by linearity of II? we see ]Igv = v. Convinced of P C ker F, we
apply the Deny-Lions lemma Lemma B.0.3 for each component to establish the following

bound
llo = Ifolly ¢ = IF@)ll & (2.113)
= inf |[F(v + p)llo g (2.114)
pePy ¢
< WFll gy 2y ;gggﬂv +plly g (2.115)
<ol ¢ (2.116)
m|

Remark 2.2.15. Although constructed via the normal of curve integrals too, the polynomial
approximation spaces change their role in comparison to the classical Raviart-Thomas
elements. To convince ourselves that the present elements indeed are different from the
original Raviart-Thomas elements we consider s(x1, x2) = axze; + bxjea where a, b € R.
We denote edges of K = [-1,1]2 by &g The Raviart-Thomas degrees of freedom o5 © then

are given by the curve integrals

ol 9 / 70, (0)du Ve € E. (2.117)
e

By the means of Lemma 2.2.13 we observe 7/(s) = s first. Subsequently, we realize
I II}T(S) =0 due to 65¥(s) = 0 for every e € &Eg. Therefore, the two elements differ.

Lemma 2.2.16. Let p € Q, then gradp € P*.

Proof. For n € {2,3} this is straightforward to verify when p is expressed by the means of

a monomial basis. O
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2.3 Transformed elements

Remark 2.2.17. Let p € H'(K), then classical vector analysis gives curl grad p = 0.

2.3 TRANSFORMED ELEMENTS

To transfer the results from the reference elements on K to more general geometries K C
R", we introduce a diffeomorphism on some bounded domain QO C R" containing the
compact reference element K. More specifically we assume Tk : K - KwithK = TK(K),
det DTk (x) > 0 for every x € K. In abuse of notation, we do not mention the surrounding
Q and only consider the restriction of such a diffeomorphism to K. Subsequently, we use
suitable transformations to map the degrees of freedom as well as the shape functions. In
the case of the Lagrangian pressure elements, this transformation is given by Eq. (2.14).

The degrees of freedom and shape functions on K are then obtained by (see e.g., [36, 54])

OK,i = 0; 0 Pty (2.118)
Ok,i = ¢;K1 0 6;. (2.119)

Similarly, we use the contravariant Piola transformation from Eq. (2.16) to define degrees
of freedom and shape functions for the velocity component on K via

of =0l o], (2.120)
oL, = (Yd ) 0oL, (2.121)

They obviously guarantee al‘i’i(Gl‘i’j) = (7Id<,z.(6]‘.77 ) = 0;,j c.f. Lemmas 2.2.8 and 2.2.9.

In principle, we can choose xp%( differently. However, some restrictions occur. On one
hand, we have to ensure to obtain a finite element in the sense of Ciarlet [36]. On the other
hand it is desirable for the analysis as well as the implementation, to not structurally change
the degrees of freedom i.e., preserve their form in terms of boundary integrals. Given
these requirements, the transformation is essentially determined to be Eq. (2.16). This
is well established (see e.g., the textbook of Ern and Guermond [54]) and, subsequently,
we follow the classical strategy with some modifications, to employ the corresponding

interpolation results on general (smooth) surfaces and on potentially curved geometries.

Proposition 2.3.1 (Parametric finite element). Let {K,P?, 64} be the reference finite element
introduced in Proposition 2.2.10. Let Ty : K — K be a C'-diffeomorphism, with K = Tx(K) and
det DT (x) > 0 for x € K. Furthermore, denote the family of functionals and shape functions trans-
formed according to Egs. (2.16) and (2.120) by ol’i and Qld< respectively. Then {K, span 6, 01d<} is
a finite element in the sense of Ciarlet [36].
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2 Dual grid finite elements

Proof. K is compact with Lipschitz boundary. span Gﬁ is a vector space and al‘i( a basis of
its algebraic dual space by construction of Egs. (2.120) and (2.121). ]

We aim to characterize the transformed functionals 04 by surface integrals.

Lemma 2.3.2. Let Tx : K — K bea C*-diffeomorphism with K = Tx(K) and det DTk(x) > 0 for

every x € K. Then for i € I the structure of af is preserved under the transformation via IP%K ie.,

d

Ok

; satisfies

(0% (©), ) = (! (W] (v)), P 0 Tk) (2.122)

for every v € H(div, K) and ¢ € H'/?(K). More specifically

ot /(v) = of oyl (v) (2.123)
for every v € HY(K).
Proof. This is an immediate consequence of Corollaries 2.1.23 and 2.1.24. m]

Our next step is to introduce the local interpolation operators analogously to the ones
on the reference element (c.f. again [54]).

Definition 2.3.3 (Local interpolation). Let Tk : K - KbeaC 1-diffeomorphism with
K = Tx(K) and det DTk(x) > 0 for every x € K. Letw € H(K)", then the local interpolation

operator is given by

Iw) =) of (w)oy, (2.124)

iel

Lemma 2.3.4. Let Ty : K — K be a C'-diffeomorphism with det DTx(x) > 0 for every x € K
and let g: K — Kbea C!-diffeomorphism with K= g(K) and det Dg > 0 for every x € K. Then
interpolation and transformation commute i.e.,

YeI%(0) = I3 i) (2.125)
for every v € H(div, K).

Proof. Letv € H(div, K) be arbitrary. We use Remark 2.1.15 and Definition 2.3.3 to obtain

Pire) =yl >, 02 (0)0F (2.126)

iel
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2.3 Transformed elements

= ¢4 Z;(O'? oy )@)(h ) o 0f 2.127)
= 2l g 4O (1) o ] @128
=§io§ﬁ%am¢gxa) (2.129)
= ;?I (). (2.130)

.

In the following, we adopt the strategy presented in [7]. This allows us to use rather
arbitrary geometries without considering their shape explicitly. To this end, we first

establish a bound for elements of diameter /1 = 1 and scale accordingly afterwards.

Remark 2.3.5. Given any C!-diffeomorphism Tx : K — K with K = Tg(K) and det DTk (x) >
0 for every x € K. Let Sk : x — hkx, then diam((SI‘<1 o TK)(K)) = 1. Furthermore, we have
the following estimates

. _ _ _ 1 _1— [
”adJ(DSKl)HO,OO,K = h[n< 1/ ||DSK1||0,00,K = Ei |||det DSKll 1/2||0,c><:,1< = h; (2.131)

and

) 1 _ 1
ladi(DS Mook = ——,  IDSkllgeg =k, lldet DSk 2]y g = —=. (2.132)

i R

Lemma 2.3.6. Let Tx: K — K bea C'-diffeomorphism with K = Tx(K), det DTk(x) > 0 for
every x € K and hy = 1. Then there is ¢ such that

lo—T%0llox < clvlik (2.133)

holds true for every v € H(K).

Proof. Letw = gb}'l((v) then we apply Lemmas 2.1.19 and 2.2.14 as well as the construction
of I i to conclude

lo = T vllox < enllgf, (@ = T%0)llo ¢ (2.134)
= cr|lvd (0) = 94, (5 0)lo ¢ (2.135)
= crllw - T§wlly ¢ (2.136)
< creelwl ¢ (2.137)
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2 Dual grid finite elements
< cp crec|oly k- (2.138)

O

Proposition 2.3.7. Let Ty : K — K be a C'-diffeomorphism with K = Tg(K) and det DTk (x) > 0
for every x € K. Then there is ¢ > 0 depending only on the shape of K such that

lo = Zfvllox < chklvlk (2.139)

holds true for every w € H'(K).

Proof. LetK = (SlzloTK)(IZ). Furthermore, for every v € H!(K) thereis w = l,ng (v) € HY(K).
Leveraging Remarks 2.1.15 and 2.3.5 and Lemmas 2.1.19 and 2.3.4 we have

lo = L@ ok = 195 @) = 95 F@Dlox (2.140)
< h;—l\/@nw — I @)lly (2.141)
< h;—l\/@awhﬁ (2.142)
= 1t el @)l (2.143)
< chilvl k, (2.144)

where Eq. (2.141) follows from Eq. (2.131) as well as Eq. (2.144) follows from Eq. (2.132). O

Having established the approximation properties of the interpolation operator, we aim

to investigate the polynomial spaces spanned by 0x and Ql‘i.

Lemma 2.3.8. Let Ty : K — K be a C'-diffeomorphism with K = Tx(K) and det DT (x) > 0 for
every x € K. Let p € span ¥7.(0) then

grad p € span (gb;K)_l(Gd). (2.145)

Furthermore, there is a L?(K)-isomorphism d : span((gbrTK)‘l(Gd)) — Span((ll)%( )~1(0%)) with
constants c1, ca > 0 independent of diam K such that

cillollo,x < lldkollox < callvllox (2.146)

Proof. For every p € span xp;Kl(e) thereis p = p o Tx. As p € Q, we apply Lemma 2.2.16, to
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2.3 Transformed elements

conclude grad p € P9. The chain rule gives
grad p = grad(p o Tx) = DTIZ(grad p)o Tk = 1,[1%( (grad p), (2.147)

which in turn implies gb;K (grad p) € Q, and therefore Eq. (2.145).

Obviously gb%(_l © 7. is an isomorphism with span gbrTK(Gd) — span gb%((@d), as both
transformations are bijective and the spaces are finite dimensional. For the constants, we
use the same strategy as discussed for the proof of Proposition 2.3.7 (c.f. also Remark 2.3.5
and Lemma 2.3.6). We split Tx = Sk o Tz where diam TK(IZ) = land Sk: x — hgx. As
1)[1%2_1 o I,D;K does not depend on diam K, we then have

14, o 9h ) @llox = 1$%ar, © Wheor )@l (2.148)
=W, ovh " oyt o vE )@l (2:149)
< H e e vh vl )@log  (2150)
< gt el @)l & (2.151)
= cal[vllo,x (2.152)

by Lemma 2.1.19. The second estimates follow by the same strategy and the choice

v= ((Ilf?K_l%K)_l(w?K_l%)) (0). (2.153)
O

Remark 2.3.9. In comparison to Fig. 2.2, the polynomial space induced by the covariant
and contravariant transformation originates from the same basis 6. In this regard the
Eq. (2.145) might appear confusing, but actually hints that 69 is closely related to the basis
functions of the Nédélec element [94] on a cube, rather than the Raviart-Thomas analogues
(c.f. Remark 2.2.15 and [3]). Furthermore, it is straightforward to verify that the Nédélec
basis functions span a subspace of span 0.

For the case of Cartesian grids, we additionally identify the polynomial space induced

by the corresponding transformation and their counterparts on the reference element.

Remark 2.3.10. Let 7} be a Cartesian grid. Let C € 7, and T¢: K — C denote the transfor-

d

mation discussed in Remark 2.1.9 then 62 and 1p;c_1 o 0% is a basis of P*.

Proof. The Jacobian matrix D¢ is constant and of diagonal form. Next we observe that in
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2 Dual grid finite elements

this case 9;’1 oT ' e P? as we simply scale and shift the coordinates. Multiplication by a
constant diagonal matrix obviously does not change the polynomial degree too. Therefore,

we find
-1 1 -
0L ,(x) = (Wf. 07)(x) = DT DTc(0% o TZ1)(x) € P (2.154)
The second part of the proof follows the same reasoning. m]

Remark 2.3.11. There is an affine transformation Tg and i € I such that Qé ; or 6, ; are not
element of P*.

Remark 2.3.12. Without additional restriction, we obtain similar results as presented in
Proposition 2.3.7 for the pressure element. Unfortunately this is a suboptimal result in the
sense that we only bound the L?(K)-norm. The classical result indeed gives

lg =Tk qlli,x < chkllgllz,x (2.155)

even in the isoparametric case [37, 62], which therefore is also applicable to the pressure
variable in our situation.

The fact that we bound the interpolation error of the pressure to a higher degree, then the
velocity variable seems undesirable at this point. As it will turn out in Proposition 2.4.17,
we indeed can improve the error estimate of the velocity variable in a mesh dependent
analogue to the H(div, K) norm.

2.4 A PAIR OF FINITE ELEMENT SPACES

Having established the local construction on the reference element and as well as elements
induced by smooth transforms thereof, we conveniently are able to construct the global
interpolation operators via their local counterparts. For the sake of notation, we introduce

the following approximation spaces.

Definition 2.4.1 (Approximation spaces). Let 7} be a grid as introduced in Definition 2.1.1.
Then the parametric finite element spaces for the velocity and pressure variable are defined
as

D, = {v c QxR": 47 (0] € span 0%, VK € 77,} ) (2.156)
W) = {q € H(Q): ¥¢'(qlg) € span 6k, VK € T}, (2.157)
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2.4 A pair of finite element spaces

W), = {q e W, / qdx = o} : (2.158)
' Q
Here, elements of D), are possibly multivalued. Additionally, we define

Ry = {0 € QxR": 9, ™ (0lg) € span 0%, VK € Ty, (2.159)

WO = {q c QxR: Y7} (ql) € span{1}, VK € 7;1} . (2.160)

Considering Remark 2.3.10 we observe the following

Remark 2.4.2. If 7y, is a Cartesian grid as introduced in Remark 2.1.9, then Dj, and R, can
be identified by

Dy =Ry ={feLNQ)": flc eP!VCeT}. (2.161)

Analogue simplifications occur in the Cartesian case for the other approximation spaces as
well.

Remark 2.4.3. Ry, and Dy, are not necessarily subspaces of H'(Q2)" or H(div, Q). This is an
immediate consequence of the discontinuous (normal and tangential) traces across the
element boundary.

2.4.1 DIFFERENTIAL OPERATORS

For our discretization, we aim to use the coordinate free representation of the divergence
div. On one hand, this choice fits the conservation property to the finite volume type
discretization discussed in this work. On the other hand, we avoid the issue of deterio-
rated convergence rates. In the context of low order methods based on Raviart-Thomas
interpolation the mimetic divergence [108, 116] does achieve convergence [7, 25]. This will
also hold true for our method.

In line with [10] we recall the definition as

DIV(w)(x) = ll_r)% Bl
.

/ Tigg, ) (W) dS. (2.162)

JB,(x)

Remark 2.4.4. Let Q C R" be a bounded Lipschitz domain. Then the differential operator
in Eq. (2.162) is well-defined on W11(U) N WL *(Q). This is more restrictive than the
previously used space H'(Q). Nevertheless, any piecewise polynomial function on Q
satisfies this additional requirement.
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2 Dual grid finite elements

Remark 2.4.5. Let Q C R" be a bounded Lipschitz domain. Let w € C'(Q)". Then DIV(w)
and div(w) coincide.

Proof. This is an immediate consequence of Gaufy’ and Stokes” theorem as well as the mean
value theorem i.e., for every open ball B,(x) C Q there is £ € B,(x) C Q with

f TnaBr(x)(w) ds
9B, (x)

DIV(w)(x) = }1_1)1(1] ] (2.163)

f div(w) dx

. By
f dx

. . By
= }g% dlv(w)(é)m (2.165)
= div(w)(x) (2.166)
O

Definition 2.4.6. Let 7j, be a grid as introduced in Definition 2.1.1 and let 7, denote its
dual. Let w € H(7},), the broken Sobolev space introduced in Definition A.6.1. Then we
define the discrete analogue (c.f. [25]) to DIV as

HY(Tp) — W;°

1
> ﬁ f Tpyp (W) ds.
K'G(];ll IK’

DIV, : (2.167)

The unique extension of this operator (c.f. Lemma A.4.3) to B(H (div, 73), (W}:O) is denoted
by DIV}, too.

As next step, we introduce a mesh dependent semi-norm based on DIV},. The following
result is a generalization of the work in [3, 118].

Proposition 2.4.7. Let 7, be a grid as defined in Definition 2.1.1, then
[olpry, = [IDIV, 0|20 (2.168)

is a semi-norm on H(div, 7y).

Proof. DIV(w) is well-defined and determined by integrals i.e. linear operators. We, there-
fore, obtain homogeneity, and by applying the triangle inequality, we obtain subadditivity
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2.4 A pair of finite element spaces

too, since || - [|r2(r(q)) is already a norm. O
Remark 2.4.8. In line with [3, 118] and again due to the fact that || - ||;2(q) is a norm on L*(Q)
we can introduce a norm on H (div, 7) by

. 2
||w||2D[v = ||w||3 + |w|DIV . (2.169)
h h

2.4.2 GLOBAL INTERPOLATION

In line with standard finite element theory [54], we construct the global interpolation

operators by their local counterparts.

Definition 2.4.9 (Global interpolation). Let 7, be a grid as given in Definition 2.1.1 and let

s > n/2. Then we define the global interpolation operators via

, H(div, T) = Dy, H*(Q) —» W/
74, . I 2.170
P loe Y 1xIlo "o Y 1k Ixo. (2.170)
KeTy, KeTy,

Additionally, we introduce the lowest order Clement quasi interpolation operator [39, 20,

19] onto the piecewise constant functions W/ ?

LY(Q) — W,

1) (2.171)

h qt= Z ]lK/ avggr .
K’eT,/

Remark 2.4.10. The global approximation space for the pressure variable is conforming to
HY(Q)ie., W} c H{(Q).

Remark 2.4.11. The family of tent functions is a basis of (W; In abuse of notation we denote
the basis functions by 0; for every & € Ny;, since each basis function is composed by the

shape functions 0¢ x for K € K ¢. Their support of 0¢ is included in the union of all
elements K € K; - and 0:(&) = 1.

Remark 2.4.12. One readily observes the following element wise commuting property
I aveg: q = avgg 1o.q (2.172)

for every g € L'(Q) and K’ € 7,

The following result delivers convergence in the mesh dependent norm || - ||pry, and

follows the idea of [25] in the conforming setting.
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Lemma 2.4.13. Let 7j, be as given in Definition 2.1.1 and let 7,” denote its dual. Then we have

DIV, (Z4(v)) = I%, DIV, (v),
for every v € H(div, 7). If we assume v € H(div, Q), we additionally have

DIV, (Z4(v)) = I%, div(v).

(2.173)

(2.174)

Proof. Using Lemma 2.3.2 we establish the statement for elements of H!(K) first. To this

end we see

DIV), Tj(w) =DIV > " of ()0 ,

KeTy, i€l
111«
= Y Y k) [ el )du
KeTy, KﬂK'?ﬁ(o i€l oK’
1y p
=2, 2, Ry, 2 oki®)
K|
KeT,; KNK’#0 Tk (F;)CoK’
nK,
DI / T () i
KeTy KﬂK’i(Z) aK’ﬂK
T
=> > T / Ty (W) ds
K’eT,] KNK'#0 IK'NK
= I%,(DIVh w).

If additionally w € H*(Q), we are able to use Gauf8’ theorem on K’ such that

]]_ ’
oW = Y & Y [ o)

’
K'e7; KK #0550

1x
i | et

JK’

div(w) d
& |1<'|/ )y

= 7;1, div(w).

K’eT’

(2.175)

(2.176)

(2.177)

(2.178)

(2.179)

(2.180)

(2.181)

(2.182)

(2.183)

(2.184)

By density of H!(K) in H(div, K), H}(Q2) in H(div, Q) and Corollary 2.1.24 we obtain the

statements.
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Remark 2.4.14. Although not stated in the form of DIV, and not done locally on a reference
element, the interpolation operator provided in [3] is constructed by requiring exactly the

aforementioned commuting property.

Corollary 2.4.15. Let 7, be a shape-regular and quasi-uniform family of grids, each one of the
form as defined in Definition 2.1.1 and with diam(K) < h for every K € Tj,. Then the interpolation
error satisfies

lw =I5 wliory,, < chylwliir) (2.185)
for every w € H(Q).
Proof. For every h > 0 we have

lw = TFwldy, = llw=Tfwll} o+ DIV, w -DIV, I wlf} (2.186)
= llw - I wlli o + 125, DIV w — I3, DIV, T wl[g o (2.187)

= lw - T wl} o+ ||10h, DIV, w — Ioh, DIV, w|l3 (2.188)

= |lw - I wll} (2.189)
2

< chlwlf o (2.190)

where the last bound follows by Lemma 2.2.14, shape-regularity and quasi-uniformity. O

Remark 2.4.16. One helpful conclusion we can gain from Eq. (2.174) is that interpolants of
u € H(div, Q) with divu = 0 are divergence free in the discrete sense of DIV/,.

Using Corollary 2.4.15 we now are able to state a bound on the global interpolation
error. Having Remark 2.3.12 in mind we avoid the question of explicit characterizations of
sufficiently shape regular grids and use the implicit definition using the constants of the
local interpolation operators. Besides the obvious candidates of sufficiently shape regular
families of affine grids also grids consisting of quadrilaterals [37] or cuboids can satisfy

the assumptions of the following.

Proposition 2.4.17. Let 7}, be a shape-reqular, quasi-uniform family of grids, each one of the form
as defined in Definition 2.1.1 and with diam(K) < h for every K € ;. Let v € HY(Q) and
g € H*(Q), then the global interpolation error is bound by

lo = T4 ollpwv, + 1 = I qllua < chk(jol,a + 1gl2,0)- (2.191)
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Proof. We simply sum the squares of the element wise estimates Proposition 2.3.7 and Re-
mark 2.3.12 and apply Corollary 2.4.15 obtained by the commuting property of DIV, and
7 O

Lemma 2.4.18. Let 7j, be a grid as given in Definition 2.1.1, then there is a linear isomorphism
L™ independent of h such that

. Ry, — Dy
L. -1 (2.192)
v KZT vi oyl (vly).
€7n

Furthermore, L' is bounded by a constant ¢ > 0 independent of h such that

L0 lo < ch®™||9]lo (2.193)

for every v € Ry,.

Proof. This map is an isomorphism due to Remark 2.1.15. Every transformation Tx can be
decomposed in a scaling Sk and a deformation Dg which does not change the diameter and
a constant offset. Without loss of generality, we ignore the offset and assume Tx = Sk o Dk.

For the scaling Sk : x — hg(x — avgg(x)) we obtain

-1
Pi o uh =yl gl Loyl oyl (2.194)
= g oYy oY, o (hkT) (2.195)

=y 1 oYh,. (2.196)

.. 4 -1 d
and as Dy is independent of /g therefore gl}TK o #J;K and L"%.
The continuity constant can be determined by

Lol = 3 [ (vh e peno) v o piods 2197)

KeTy, X

vdx (2.198)

_ Z /vT (DTxDTyDTxDTy) o T

—1
i) det(DTx o Ty *)?

Splitting the transformation into a pure scaling by / and a transformation to Ty with
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2.4 A pair of finite element spaces

diam K = 1 the last expression can be bound from above by

Z h?‘(_anK/UTU dx (2.199)

KeT, X

where cx > 0 does not depend on h. Subsequently, quasi-uniformity and shape-regularity
deliver the statement. m]

Remark 2.4.19. grad: ‘W] — Ry, and the classical identity
curlgradg =0 (2.200)

. . . 1
is satisfied for every g € ‘W, .
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3 ANALYSIS OF THE PROJECTION STEP

Henceforth, we investigate the mixed saddle point formulation of the projection step by the
means of the approximation spaces and interpolation operators introduced in the previous
chapter.

3.1 VARIATIONAL FORMULATION

As first step we introduce the exact formulation and appropriate function spaces for the
analytical problem.

3.1.1 ANALYTICAL PROBLEM

Consider the Hilbert spaces U = H(div, Q), H = {q € H}(Q): fQ g = 0}. We aim to state

)n+1

Eq. (1.30) in variational form. To this end we first divide by c,(P0)"*", which we assume to

be positive almost everywhere. Subsequently, we search for 7'"*! € H and (Pv)"*' € U
such that

a(Po)"™™, w) + by (7™, w) = f(w), (3.1a)
bo((Po)"™, q) + c(m' ™, q) = g(q) (3.1b)

for every w € L%(Q)" and g € L%(Q). Here we substitute Eq. (1.28¢) into Eq. (1.28b) to
obtain

T n+1
n+1 _ w Zw(PU) At fO T n+1
a((Pv)" ™, w) —/ ., (POY dx + 5 J 2, 0m (w xe3) (Pv)"" dx (3.2a)
At? —
- wTC§8x3)( es ® e3(Po)" ! dx
a p
by (', w) = / wT% grad /" dx (3.2b)
Q
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bo((Pv)"*, q) = / %div(Pv)"Jrl gdx (3.2¢)
Q
c(p,q) = / ap (3—i) gr’ " dx (3.2d)
o)
_ [ wEw@Po) AL e
f(w) = / o, POy 2 ¢ (Px')yw esdx (3.2e)

a o
g(q):/ap (%) g’ dx. (3.2)
Q

Remark 3.1.1. In Eq. (3.2a) there is some (Pv)"*! € H(div, Q) such that e3 x (Pv)""" ¢
H(div, Q3). Although not necessary at this point we rotate the test function w instead, using
(wxe3)T (Pv)"™ = wT (e3x (Pv)"™), to avoid any confusion and make continuity of 2 more

obvious.

To simplify notation, we henceforth will only investigate the following system. Let
5, w € L*(Q)”" such that 6 is a symmetric positive definite matrix almost everywhere.
Let T = At/2 > 0 represent the time step parameter, ap > 0 and let C € L*(Q) with

essinf C > 0. Ignoring the physical meaning of u, v, p, we introduce the following bilinear

forms
a(u,v) = / v (6 + Tw)u dx (3.3a)
Q
bi(p,v) = / v' grad p dx (3.3b)
Q
ba(u,q) = [ qgdiv(u)dx (3.30)
/
c(p,q) = / Cqp dx. (3.3d)
Q

Given two continuous linear functionals f € U’, ¢ € H’, we now search for u € U and
p € H such that Eq. (3.1) is true for every v € U and g € H.

DISCRETE PROBLEM

For the discretization we aim to generalize a discrete approximation of Eq. (3.1) originally
developed by the means of the cell centre finite volume method [113]. For this purpose
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3.1 Variational formulation

we use the discontinuous Petrov Galerkin finite element proposed by Vater and Klein in
[118]. They suggest replacing the divergence operator acting on u by boundary integrals
around dual cells. More specifically they propose to replace b>(v, ) by the mesh dependent

bilinear form

ba(v,q) = / gDIV,()dx = > avex(q) / T (0) di (3.4)

Q Ke7) oK’

where &g is the node inside the dual cell K’.

Remark 3.1.2. In contrast to the discontinuous Petrov Galerkin methods introduced by [46,
47] the scheme introduced by [118] is not based on an ultra weak formulation, where all

differential operators act only on test functions.

Remark 3.1.3. Henceforth, assume the functions 6, @ and C to be piecewise constant on
the reference element. In case of the general setting one can extend the following error
analysis by introducing additional linear- and bilinear forms ay,c;, g» and f;,. Under
suitable assumptions the error between those and their analytical counterparts can be

bound by terms of O(h). This however is out of scope for the present work.

3.1.2 BOUNDARY CONDITIONS

As we have not yet discussed any boundary conditions, we will do so for two important
cases. The first one is determined by an impermeable wall i.e., u - 159 = 0 on d,Q.
This is similar to the Neumann boundary condition in the pressure, which are so-called
natural boundary conditions. Therefore, we do not impose this boundary condition on
the functions u € Dy, directly, but instead apply it to the bilinear form b, j,. This is in
contrast to the essential Dirichlet boundary conditions on the pressure variable p € ‘W}}
Therefore, we restrict ‘W to a subspace of functions satisfying the boundary condition at
the corresponding part of the boundary. Although we do not consider a Dirichlet boundary
explicitly, concerning the second case of periodic boundary conditions, it might help to
illustrate that they are a combination of natural and essential boundary conditions. To
this end, we consider d;,;() C d7} containing an even number of nodes and identify each
node & € N, ..o with a single other node &’ € N, . o. This identification is done in such a
way that for every continuous function g € C(Q) the periodic extension defined by this
identification is continuous. Consequently, the approximation space for the pressure with
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3 Analysis of the projection step

periodic boundary conditions reads

Wi one =10 € Wy /Q qdx =0:q(&) =q(&) VEe Ny, .} (3.5)

Remark 3.1.4. The continuity of the periodic extension is important, as we discretize the
pressure by a continuous variable and do not want to have any additional side constraints.
Another way of expressing this requirement is that

ING,..Ql

dim W, = dim W, - 5 (3.6)

The velocity space, however, does not obtain any further restrictions as it is discontinuous

across element boundaries.

Similarly to the pressure space we introduce the periodic version of ‘W, via

Wil ={ae W% q(&) =q(&) YEeN, 0}, (3.7)
Wite = 10 € W /qux =0: q(&) = q(&) V&€ Ny.a}- (3.8)

Finally, we observe the mesh dependent bilinear form respecting the boundary conditions
to be

ban: Dy X(Wé,%’bcz (u;9) — Z q(&)t Z Z /TnF(u) dau. (3.9)
EENE KeK: ¢ FeFx ¢ F
F¢d,Q
The proposed discrete problem then is to find u € Dy, and p € W) | such that
a(u,v) +tbi(p,v) = f(v) (3.10a)
tho,n(u, q) + apc(p, q) = g(q) (3.10b)

foreveryv € Dy and g € "W;;O as well as arbitrary continuous linear f: (Dy, || - |lo)) = R
and g: (W%, ]+ [lo) = R.

In the following chapters we prove the existence of a unique solution of the approximate
solutions provided by Eq. (3.10). In the case of ap = 0, we also prove convergence towards

solutions of Eq. (3.1).
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3.2 Stability

3.2 STABILITY

We aim to prove existence of a unique solution to Eq. (3.10). Since for the case ap = 0,
Eq. (3.10) becomes a generalized saddle point problem, we follow the approach presented
in [96, 21, 118] which is a generalization of the theory developed by Babuska and Brezzi in
[11, 12, 28] and briefly summarized in Section A.7.

As it turns out, we have to investigate the properties and relations of the approximation
spaces in some detail to prove well-posedness. As far as possible, we use functional analytic
arguments instead of relying on concrete discrete reasoning. This, however, is not possible
for every bilinear form. Especially in the case of ¢ we need to use the coordinate form.
The structure of the following chapter, aligns with the approach to prove each individual
LBB-condition Definition A.7.4.

Remark 3.2.1. We denote the associated operators (c.f. Section A.7) for the bilinear forms
a,by and by, by A, By and B», each mapping the approximation space into the topological
dual of the test function space. Due to our definition of by, by and the order of their argu-
ments, we will give hints on the domain and range of the associated operators whenever
there is cause of confusion.

Consulting Section A.7 again, we first identify the following null spaces
K1 = {v €Dy:bi(q,v)=0 Vge ‘W;’bc} (3.11)

Ko = {U €Dp:byp(v,q)=0 Vge (Wﬁo}. (3.12)
3.2.1 PROPERTIES OF THE NULL SPACES
Remark 3.2.2. Both null spaces are already determined by a smaller set of test functions i.e.,

Ky = {v € Dy:bi(g,0)=0 Vqe (Whl,o,bc}’

ke ={oeDiibao,q) =0 vgew;s, | (3.13b)

(3.13a)

. 1 1
is clear as (WM]/bC C ‘Wh/bc. On the

such that p — avgn p = g and

Proof. x1 C {v € Dy: bi(q,v) =0 Vq € (Whlobc}

1 - 1
other hand we know for each p € W) | thereisqge W,

therefore grad p = grad(p — avgq p) = grad q. This provides the other inclusion.

Again we obtain kg C {v €Dy:by(v,q)=0 Vge “Wh’% bc} due to (W,;% e © WO, Let
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3 Analysis of the projection step

gc = ¢ € R a constant function, then by continuity of v (on every element K) we obtain

ba(v, qc) = Z c / Ty (V) du =0 (3.14)
K'eTi" yxn\on

forevery v € Dy,. As g € (Wlio if and only if g — avgn q € "W;;%bc

avgn q) = ba(v, q) for every v € Dy, and every g € (WI;O. Therefore, the remaining inclusion
Ko 2 {v €Dyp:by(v,q)=0 Vqe g% } holds true.

we conclude bs(v, g —

1,0,be
O
A slightly richer approximation space for velocity variable is given by
Uy = fo c QxR": 9f ™ (0lx) € Qfy 1, VK € 7,;} . (3.15)
Lemma 3.2.3. Let u € Uy, /Dy, then
bi(p,u)=0, byp(u,q)=0 (3.16)

for every p € W} and q € W)°.

Proof. After transformation, using Ip%(, we consider the reference element K only. Let
ue Q?l}n/Pd, then thereisi,j, k € {1...n} withk #i # jand u = e;x; f(x;j, xx). For every
interior face F; we then have

/ nr, - eixif(xj, xx)dy =0 (3.17)

F

as either the normal nf, is orthogonal to e; or x € F; implies x; = 0.
n

{1}
function shape grad 0¢, each term of u - grad 0; is odd in at least one component. Therefore,

It is straightforward to verify that for every u € Q" |, /P and every gradient of a shape

its integral over K vanishes i.e.,
/u grad 0 =0 (3.18)
R
for every & € Ng. m]

Remark 3.2.4. As the additional degrees of freedom are included in x1, k2 the stability of
Eq. (3.10) posed on U), can be discussed by revisiting the proof of the in f —sup conditions
of a. However, this out of the scope of this work.
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3.2 Stability

3.2.2 INTEGRATION BY PARTS

Before being able to state a stability result for the compressible regimes (i.e., ap # 0), we
have to investigate a connection between DIV, and the classical gradient grad defined by
integration by parts. We start by identification of the ‘W;" and ‘W via a (mass) lumping
operator treated e.g., in [71, Chapter 2].

Lemma 3.2.5. Let 7}, a shape-regular and quasi-uniform family grids as given in Definition 2.1.1.
Then

W) - w0
A 3.19
1= % qoce % g1 (3.19)
§€N1771 EENTh ’

is a linear isomorphism with constants c, ¢!y > 0 and

A Yp),
B0 gl Vg e W (320)
peW,\{0} lIpllo
A (p), ,
sup Mchnpno Vp e W) (3.21)

geW;°\{0} llqllo

Furthermore, there are constants c¢; > 0 independent of h for i = {1...4} satisfying

IApllo < cillpllo (3.22)

for every p € W} and
1A gllo < c2llqllo (3.23)

or ever e W’ and more specificall
y4q I p Y

1A gllo < cs [y | " ¢ (3.24)
éENfTh

IApllo < cayfh! Z p2. (3.25)
éeNTh

Proof. First we observe dim ‘W, ? = dim ‘W as both spaces contain only nodal degrees of

freedom and therefore are isomorphic to R™, where m = [Nz, | — [N;__ |. The map is linear

per
by construction and as it is finite dimensional ker A = {0} already provides the existence
of a unique inverse. Since A changes only the basis vectors the former and therefore the

latter is true. A being a linear isomorphism provides existence of two constants cx, ¢, in
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3 Analysis of the projection step

Egs. (3.20) and (3.21).
We denote the dual control volume around the node & by K’ and observe

IIAPII3=/( D pelig)dx (3.26)
Q N
=), / pi dx (3.27)
SENT, k-
= Z K |p? (3.28)
EEN{]’h

= > > IKnKlp? (3.29)

éEN{Th KE?Q,,S

and therefore there are constants c1, c2 > 0 such that

ah’ ) pE<IApll < ek ) pl (3.30)

56Nq71 EENE

Next we express the norm in terms of the element-wise mass matrix 1z € R?"*?" satisfying

T?ZK,Z',]' = / 91'9]' det DTy dx (3.31)

K

foreveryi,je {1...2"}.

9l = [ (Y peoe ax (332)
Q &M,

= / (D) 1k D peb:)dx (333)

o) KeTy, EeNk

=> / (D pebe)? dx (3.34)

KeTy, X EeNk

= (Z pe,6:)? det DT dx (3.35)
Keﬁk &ieNk

- Z Z P&iMK,i jPg; (3.36)

KeTy &i,&€NK

as usual we split the transformation Tk into a scaling Sk and T such that Tx = SxT; and
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3.2 Stability

diam K = 1. Then we observe mg = hiymg. This enables us to provide bounds in terms of
smallest and largest eigenvalues i.e.,

M i iDe, < 2
le{nlm;n A(mg) Z pél Z pemK,iips; < g K, ?11802{” A(mg) Z ps. (3.37)
Ei€NK éuéjGNK Ei€NK

It is straightforward to verify that m is symmetric and has only positive eigenvalues and
therefore this applies equally to mg. Considering shape-regularity and quasi-uniformity,
we collect the contributions of neighbouring cells to each node and obtain two constants

c1,c2 > 0 independent of i such that

cih” Z pz <lipllg < ey Z pi. (3.38)

CENT, eNT,

Together with Eq. (3.30) we obtain

cillApllo < llpllo < e2llApllo (3.39)
and therefore the statement. O
Remark 3.2.6. The linear map
w0
AO . h,0,bc h,0,bc (340)

p = Ap —avea(Ap)
is an isomorphism and its inverse is given by Ajt = A~ —avgg A7

Proof. The map is linear since it is a linear combination composed of linear operators. Ag
is well-defined as Agp € ‘W, and

avgo Aop = avgg Ap — avgg avgg Ap = 0. (3.41)

Next we remark that for every constant function k, Ak = k = A~'k. Subsequently, we
conclude by

Ayt Aop = AT Ap — A avgg Ap — avgg AT Ap + avgg AT aveg Ap (3.42)
=p —avgg Ap —avggp +avgn Ap (3.43)
=p (3.44)
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3 Analysis of the projection step

1
for every p € W, and

AOAalq = AA‘lq - Aavgn A‘lq —avgn AA‘lq + avgn Aavgg A‘lq (3.45)

=q—avgo A7'p —avgg g —avgg AT'g (3.46)
=q (3.47)
for every g € W)9 | . m

Remark 3.2.7. We can express the By by

~ T
(B10s;, 0% ) = > (GkBi(GE) )i (3.48)
Ke‘Kéj,éj

forie {1...]7,||P9}and j € {1...|Ng|}. For By this holds true by an analogous sum.

Lemma 3.2.8. Let 7}, be a grid as defined by in Definition 2.1.1. Consider the map

Dy — Dy,
L: 3.49
2 oglg = 3 1gLk(vk) G4
KeTy, KeTy,
where Lx = %(‘1 oLo gb%( and Ly(v) = v o (x +— 2x). Then we have an analogue for integration
by parts by
<B1A_1EI/U> + <B2LU, 5]) =0 (350)

for every v € Dy and g € W), .

inverse of L is determined element wise by L' (v) = vo(x 3x). Finally, the continuity constants
of L,L' and L™ are independent of h.

Furthermore, the operator L € B(Dy,) is invertible and the

Proof. We first observe the linearity of L due to its construction via linear maps. Subse-
quently, we observe the transformed monomial basis being invariant under L i.e., for every
v =1k 1,[1%( (0) € Dy, where 0 is a monomial vector, we have Lv € spanv. As this implies,
that the image of a basis under L is a basis again, we conclude L: D;, — Dy, is bijective.
Besides the fact that every finite dimensional linear mapping is continuous, we have

to establish the independence of & for the continuity bounds. Letv = }} vx1x € Dy.
KeT,

Furthermore, consider Sx: K — K: x — (hx/hg)x. Then diam K = diam K which together
with the constant shape and position of K implies that Tx: K = K: x> (Tx o Sil)(x) is
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independent of hg. Subsequently, we realize

W, Lewd @) = %(Lk(%(v o 5x))) o S¢! (351)
= (Lg(v 0 S)) o S¢! (3.52)
= U(Z—:gX) (3.53)
= Lg(0). (3.54)

The element-wise operator now also is independent of hx due to
—pd1fgd — gpd Lyd pd gd _d TLpod
Lk =y, Ly = l/’fK Vs LIPSKleK - IPTK Llpr' (3.55)
Finally, we therefore have constants [x > 0 independent of / satisfying

2 2 2 2 2 2
ILolls = > ILxoklli g < D Rlloxllf < max(R)loxlls (3.56)
KeTj, KeT;, g

The statement L~'(v) = Y 1 L1_<1 (vk) follows directly by
KeTy,

LL@) = ) 1L Lk(@x) = ) Txox) = o (3.57)

KeTy, KeTy,

and L(L™1(v)) = v. By completely analogous reasoning as in the case of L we argue the
continuity constant of L™! to be independent of . The dual operator of L with regard to

(-, - )ois given in terms of the element-wise inverse too i.e.,

(Lu,v) = Z /(LM)TZJ dx = g Z /uTlelv dx = (u,L'v) (3.58)

KeTy, X KeTy 3
§K

where the latter expression is independent of i again. Therefore, the continuity constant
of L’ is too.

Finally, we prove the statement with regard to integration by parts. As in Remark 3.2.7
we use the element wise representation of By, B and L, the latter given by

Ei,j _ Z (Vi,j (2/3)deg(9/‘ )V]Tkl) (359)
jel

where V is the transformation from 69 to the monomial basis 0" and i, j € I. Now we
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3 Analysis of the projection step

have for every global index i,j € {1...|I||7x|}

~ T
Lij= > (GRLGL), ;. (3.60)
Ke7;,
Due to the properties of Gld< the composition of B, and L then reads
~ ~ T
(BoLui I, )= D (GkBsLGY ), (3.61)

KE'}Q}.,.{].

for every node & j € N7, and global basis u; € O;. Via direct verification, we observe
BoLyx + By = 0. Subsequently, we establish

~ ~ T
(BoLui 1x, )= ) (GkBaLGY ), (3.62)
! .
KE?(g./,g.
1]
~ T
=- > (GxBiGY),, (3.63)
KE(ng,(gj
= —(B.0g,, u7) (3.64)
and therefore the missing statement. m|

Corollary 3.2.9. There are constants cy, co satisfying

, (Bi1A g, v)|
c1lIBgllo < sup T2

< co||B5qllo (3.65)
veD), lollo

for every g € W)9 | .

Proof. We first establish

|<B1A_1QI’0>| _ |<5]/BQLU>|

(3.66)
veDy lollo vep, 7o
[{(B%q,0)|
= sup ~—21" /1 (3.67)
ven, IIL710]lo
Blg,v
> —qu )| (3.68)
ven, IIL7H[I[v]lo
1B5gllo
=~ (3.69)
IL=|

and recall the continuity constant of L™! being independent of k. The other direction
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follows by
Blg,v L’Blg,v
1< 361/ )| e |{L’'B3q, )| (3.70)
vep, IL7Y|lo  wven, 7l
= |IL'B5qllo (3.71)
< IL’IIB5qllo (3.72)
and the same observation. O

Lemma 3.2.10. The operator L is self-adjoint on Dy, positive definite and the Eigenvalues are
independent of h.

Proof. - For each shape K C 7, DTKT DTk € C®(K,R%?) has only symmetric positive
definite images on whole K. Let Pk, =1 K((l/)%()_l o 01") be a transformed monomial
basis function of £ and degree n. Then Ak, = (%)" is an eigenvalue of L and ¢k ; the
corresponding eigenfunction.

In case of d = 3 the algebraic multiplicity of the eigenvalues is 3,6 and 3 for the eigen-
functions originating from the constant, linear and bilinear basis functions respectively.
Similarly, for d = 2 we conclude the algebraic multiplicity of both eigenvalues to be 2. As all
Eigenfunctions ¢k,; are linearly independent we conclude that the geometric multiplicity
is the same. Furthermore, the ¢x,; are a (non-orthogonal) Eigenbasis. Therefore, L has

only real positive Eigenvalues and is a self-adjoint operator. m|

Lemma 3.2.11. The element wise operators Lx and 1,0%( commute in the following sense i.e.,

Y Lo = L v (3.73)
for every v € Dy,.
Proof. L v € Dy, then we have
Wf Lo = (@ 9], " Lewd Yo = (Lgpf, o (3.74)
by definition of L. m]

This property now allows us to establish the following interpolation property of L.

Lemma 3.2.12. Let 7}, be a shape-regqular and quasi-uniform family of grids as given in Defini-
tion 2.1.1. Then there is a constant ¢ > 0 independent of h satisfying

ILv —ollo < challvllg1(7;) (3.75)
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for every v € H'(Ty,)".

Proof. We first observe Lyv = v for every constant v. Next we apply Lemma B.0.3 on the

reference element K i.e.,

ILgo —vllg g = IT-L)@)l, & (3.76)
= inf A-L)(® - ), ¢ (3.77)
u€ePy
< ”]I_LIZ”B(Hl(I%)n,LQ(IZ)n) uiel%(f)nﬂv - u”l,[% (3.78)
< 5|U|1,Iz (3.79)

Using this result and Lemma 3.2.11 we obtain a local estimate
ILv — vllo,x < chlv|yk (3.80)

if we follow the proofs of Lemma 2.3.6 and Proposition 2.3.7 line by line, but replace 7 i
by L. In resemblance of Proposition 2.4.17 we subsequently conclude the result

|ILv —o||2 = Z ILo = v]|? < Z cZh2lol? = 2h?[of? (3.81)
KeTy, KeTy,
for every v € D, due to quasi-uniformity and shape-regularity. m]

3.2.3 COERCIVITY ON THE NULL SPACE

Remark 3.2.13. Let 6 = ZKE(E 1,[}%K‘16K1,b%<]11< then M;, i.e. multiplication by 6, and L
commute. This also holds true if 6 is matrix valued.

Proof. We first observe
— 4 =1ag. 4,4
Myt -toxyt = V1 Mot
and Ly M, = MLy as 6k is constant. Therefore,
— 4,4 -1 d jd-1 d
My -15gt Lk = ¥ Mo g, L,

= w%K_lMéKLKIIbYd“K

_ ,,d-1,d

= Vg Y

| d d-1 d
- LPTK LKI/}TKI/}TK M(SKIPTK
=LxM

d -1 d
¢TK 6K[’DTK
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for every K € 7j,. Summing over all elements gives the desired result. m|

Lemma 3.2.14. Let (7},),,cpy quasi-uniform and shape-regqular family of grids as defined in Defini-
tion 2.1.1. Let 6, w € L®(Q)"™" be piecewise constant and assume & is symmetric and positive
definite almost everywhere. Then a: (Dy, || - |I§) X (D, || - II) — R is a continuous bilinear form.
Additionally, there exists to > 0 such that the bilinear form is coercive on whole Dy, i.e., there is a

constant ¢, > 0 independent of h,, satisfying

a(u,v)

sup ——— > cql|vllo Yo € k1 \ {0}, (3.82a)
uexo\{0} ||u||DIVh
a(u,v

sup 0D S ullow, Ve o\ {0) (3.82b)

veri\foy 7llo
and for all T € [0, 7).

Proof. a is bilinear as the real inner product is bilinear. Continuity follows directly from

the Cauchy-Schwarz inequality and
la(u, 0)] < (16 + twllsllullollvllo = 16 + TwllwllullollvllDrv, (3.83)

for every u,v € Dy,. As L is symmetric, positive definite and commutes with 6, the positive
definite and symmetric square root VL exists and commutes with & too. Therefore, the

first condition follows by

a(u,v) S a(Lv,v)

w0y Tellorv, — TLolly o
_ (6Lo,0)o + 1(wLv, v)o (3.85)
ILolo
_ (6VLv, VLv)o + 1(wLv, v)g (3.86)
Lol |
S (cs min A; — 7||[[wLl[[|e) l2]l5 (3.87)
ILolo
5 (cs minA; — 7||[[wL]|l|eo) ||U||(2) (3.88)
ILIHIollo
> calloll 58)

for every v € k1 \ {0}. The other condition follows by the same reasoning using L™! and

the fact that ||u||lo = ||u||prv for every u € «a. O
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3.2.4 STABILITY OF THE GRADIENT

Lemma 3.2.15. Let 7}, denote a shape-regular and quasi-uniform family of grids. Then

1: (W, h 0,bc” |- 1l1) X (D, |l - llo) = R is a continuous bilinear form and there is cp, > 0
mdependent of h such that
bi(p,v)
sup — 22 > ¢y, [l (3.90)
v lollo

VEKT

foreveryp e Wy | .

Proof. b, is a bilinear form by construction via linear operators and a real inner product.

We conclude continuity by Cauchy-Schwarz and

[b1(p, v)| < llgrad pllollollo < llpllilivllo (3.91)

Applying the isomorphism L': R, — Dj, introduced in Lemma 2.4.18 we can choose
v = L" grad p and obtain

bi(p,0) _ bip, L™ (grad p))

= 3.92
ven, lI7llo ||IL74(grad p)|lo (3.92)
%I[ (‘/’%K_llprTK(grad p)) - grad p dx
- ¥y (3.93)
||U (grad p)llo
/ det(DT dot(DTxoT 1) gradp” (DTgDTy) o T ! grad p dx
== : (3.94)

IL"(grad p)llo

We observe (DTxDT, ) being symmetric and positive definite almost everywhere, as all
scalar fields are positive almost everywhere and DTk is regular due the assumption
det DTk > 0. Furthermore, by splitting Tx into a pure scaling and Ty with diam K =1we
have a constant ¢, > 0 independent of / (c.f. Lemma 2.4.18) such that

Z/ gradp’ (DTgDTy) o T ! grad p i
x

det(DTk o T b (3.95)

> min ¢y, 27" ||erad p||?
i o, " llgrad pl

Subsequently, we apply the Poincaré inequality to obtain a constant c¢;, > 0 independent
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3.2 Stability
of h such that

min ¢y, css inf lgrad pI2 > co, 1" llgradpllollpl.  (3.96)
h

1
det(DTx o T

In combination with Eq. (3.94) and Eq. (2.193) we obtain

Z/ gradp” (DTkDTy) o T ' gradpdx &, h* " [lgrad plloliplls 397
det(DTg o T H||IL" grad pllo h2="|grad pllo '

S (3.99)

O

Remark 3.2.16. As subspace of L*(Q)), we can equip (Whl with || - ||p instead of || - ||1. The
inner product space (’VVhl, (-, -)o) is a Hilbert space, as it is finite dimensional and therefore
closed. This allows us to still apply the framework of abstract saddle point problems,
despite the wrong inner product. This choice, however comes at the expense of a stability

constant depending on some negative power of /.

Lemma 3.2. 17 Let Ty, a quasi-uniform shape-reqular family of grids as given in Definition 2.1.1.

Then by: (‘W
such that

h 0.be” Il - llo) X (Dn, || - llo) = R is a continuous bilinear form and there is ¢, > 0

bl(sz)

vEKT || “0

> o, [l (3.99)

for every p € W}

h,0,bc’

Proof. See proof of Lemma 3.2.15, but bound b; by an inverse inequality Lemma B.0.4 and

c
b1(p, 0)l < llgrad plioliollo < llpliiliollo < #llpllollvlo. (3.100)

Furthermore, use the Poincaré inequality to apply

lgrad pll2 = ey, > "llgrad plollpll:, (3.101)

min cp, , essinf

1
Ke7, det(DTk o T ')

instead of Eq. (3.96) and finally conclude

Z/ B1gradp’ ( DTKDTT) o 121 grad p dx . Cp, W2 |grad pllollpllo (3.102)
det(DTx o TH||IL"A grad pllo B h2=1|grad p|lo ’
> Cp, |Ipllo- (3.103)
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3 Analysis of the projection step

3.2.5 STABILITY OF THE DIVERGENCE

Lemma 3.2.18 (c.f. Bochev and Ridzal [25, Lemma 3.2]). The operator DIV}, : D), — ’VV];O is
surjective and with continuous lifting from ‘WI;O into Dy, i.e., for every q € (W,;O there is u; € Dy,
satisfying q = DIV (ug) and ¢ > 0 independent of ug,q such that

llugllprv, < cliqllo. (3.104)

Proof. We follow the proof of [25, Lemma 3.2] line by line. We simply exchange the
respective function spaces and interpolation operators. We first observe the surjectivity of
div : U — L*(Q) by solving a Poisson problem (c.f. [27, pp. 135-137]). Now g" € W/ c
L?(Q) and therefore there is ug € U such that

div(ug) = q". (3.105)
The map qh — u, is continuous (c.f. [27, §IV, Remark 1.1]), i.e. u,; additionally satisfies
lugllaiv < Ellg"lo- (3.106)

Furthermore, thereis u :? =1, hduq € Dy, and using the commuting property in Lemma 2.4.13,
it satisfies
DIV, (u}!) = DIV (I 1) = I div(ug) =10, 4" =¢". (3.107)

To establish continuity of the lifting, we consider the analytical property Eq. (3.105), conti-
nuity of the interpolation established in Lemma 2.2.13 and Eq. (3.106). We then see

Il 12, = [ 12 + DIV, )2 (3.108)
= 175 ugllg + 19" 13 (3.109)

< ellugllZ, + 9" 113 (3.110)
<cllg"lIg + " 113 (3.111)

= (c + Dllg" 13- (3.112)

O

Lemma 3.2.19. Let 7}, a quasi-uniform and shape-reqular family of grids as given in Definition 2.1.1.
The bilinear form ba = (Dp: || - llp1v,) X (‘W];O; Il - llo) = R is continuous and there is a constant
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3.2 Stability

Cp, > 0 independent of h satisfying

bQ h(l’[/ Q) 0
——— > cpllgllo Yq e W, . (3.113)
uexé ”u”DIVh 211 1 h,0,b
sup  bop(u,q) >0 Yu € k3 \ {0}. (3.114)
qE(WI':,%,bc

Proof. Continuity follows by Cauchy-Schwarz and

|b2,n (1, @) < [(DIVy 1, g)] < DIV ullollgllo < llullprv, lIqllo- (3.115)

The statement is trivially satisfied for g = 0. Let g # 0, then using Lemma 3.2.18 we have
ug € xy C Dy, with DIV(uy) = g. This enables us to establish

bo,n(u,q) . ba,n(ug,q)

> (3.116)
ueKy ”u”DIVh ”uq”DIVh
DIV u,,
> M (3.117)
”uq”DIVh
2
> ol G.118)
Il llD1V),
2
> lllo (3.119)
cllqllo
1
2 —ligllo- (3.120)
The second bound follows by
sup  bo(u,q) = by p(u, DIV, u) = |DIV, ullj > 0 (3.121)
qe(W},L,%,bc
for every u € x5 \ {0}. m]
Corollary 3.2.20. There is a constant ¢ = 1/cp, > 0 independent of h such that
lullo < clulprv, (3.122)

for every u € xy.

Proof. Let t denote the isometric Riesz isomorphism of L?(Q) as discussed in Remark A.7.2.

The dual operator B;, i.e. the negative gradient induced by DIV, is a linear functional on
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3 Analysis of the projection step

Dy, € L%(Q). Therefore, LB;, € Dy and using the estimate from Lemma 3.2.19 we obtain

(BYq,v) S (Byq,v)

[ltB5qllo = sup 2 Cpylqllo- (3.123)

vext  ollo 7 vert lI9llDIv,

Combining Lemma 3.2.19 and Theorem A.7.5 we realize there is exactly one q, € W} %C

for every v € k5 with v = (B),q,. Using the aforementioned estimate we therefore have

1 1ltBygoll?
lollo = [[tB5gollo £ ————— (3.124)
2000 = o TTgallo
_ L <B,2‘70/ lBéﬂv> (3.125)
Chy ||%||o
_ L<B?LB,2‘70/ o) (3.126)
Cby llgo1lo '
_ 1 (B2v,q0) (3.127)
Chy ”‘70”0
B
qefvi/,;(g)bC Cby ”an
1
= —||tB2v]lo (3.129)
Cb2
1
= —|IDIVy, v|fo. (3.130)
Cb2
O

Corollary 3.2.21. Under the assumptions of Lemma 3.2.19 there is a constant ¢ > 0 independent
of h satisfying

b2,h(vl 11)

gew;o - lallo

> cl|v|lptv, (3.131)

for every v € k3.
Proof.

b2,h(v/ ‘7) > b2,h(v/ DIVh M)

sup >
gewro —lqllo DIV, vllo

= ||IDIVy v|lo > cllv|lprv, (3.132)
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3.2 Stability

3.2.6 THE PSEUDO-INCOMPRESSIBLE REGIME

Proposition 3.2.22 (c.f. Siili [113]). The Poisson problem DIV gradp = —g with Neumann

and periodic boundary conditions in the sense of b1, by has unique solution p € ‘W 0be

right-hand side g € (WP,l,(l)ac/' More specifically there is exactly one (u;p) € Dy X (Whl,o,bc for every

g € WO " such that

for every

(u,v) +(B1p,v) =0, (3.133)
(Bau, q) =g 9 (3.134)

forevery g € WO . and v € Dy,

h,0,bc
Proof. Due to Lemmas 3.2.14, 3.2.15 and 3.2.19 and the fact that I commutes with L we can
apply the stability result in [21, Thm. 2.1]. ]

Proposition 3.2.23 (c.f. Vater and Klein [118]). Let ap = 0, then the mixed saddle point
problem Eq. (3.10) with Neumann and periodic boundary conditions in the sense of a, by, by has

unique solution p € (Whlo v Jor every right-hand side. More specifically there is exactly one
(u;p) € Dy x Wy for every (f; 8) € (Dps Il - llo) X (W i Ml - llo) such that

h,0,bc?
(Au,v) +(B1p,v) = (f,v) (3.135a)
7(Bau, q) =(g, 7 (3.135Db)
for every q € ‘W}:/%,bc and v € Dy,. Furthermore, this solution satisfies
lellor, < -l + o (1 220 gl (3.136)
i < = (14 20 i+l (1 L g )

Proof. Due to Lemmas 3.2.14, 3.2.15 and 3.2.19, we can apply the stability result in [21,
Thm. 2.1]. m]

Corollary 3.2.24. Let ¢ = 0, then the solution obtain in Proposition 3.2.23 and denoted by (u; p)
satisfies u € xo and therefore (grad p, L™ u)o = 0.

3.2.7 ERROR ESTIMATES

After establishing existence and uniqueness of the discrete solution, we aim to prove
consistency.
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3 Analysis of the projection step

Remark 3.2.25. As consequence of Theorem A.3.12 and the Cauchy-Schwarz inequality,

bon: UNHYQ)" x L2(Q) — R: (u; q) = ba(u, q) is well-defined and continuous.
Although the following results can be generalized to u € U we avoid doing so, as in

this case we do not have an upper bound in terms of a positive power of & on the best

approximation inf,, ep, |4 — vy ||o available.

Proposition 3.2.26. The operator ByA: ‘W,! — D; is a consistent approximation to B : ‘W; —
D, i.e., there is a constant ¢ > 0 independent of h satisfying
[(B1p + ByAp, )|

sup < chl[v]|lg1(q;) (3.138)
veD, llollo

for every p € W}

Proof.
BiA™lq + Blgq,v
[{B1A™"q + Byq,v)| (3.139)
veD), 71l
BiA™lqg+ (I-L'+L")Blq,v
. [{B1A™ q +( )B5q,0) (3.140)
veD, 171l
BiA™'qg+ L'Blgq,v I[-L")Blg,v
< sup BAT A LB 0 HELBog,0)) (3.141)
veD, 71l veD, 17llo
BiA™Yq,v) + (g, BoL Blq,(I-L)v
_ [(BiA™"q,0) +{q, By v>|+sup (B34, (I-L)v)| (3.142)
veD, llollo veD, 71l
I-L
< 0+ ||Byqll sup I =L)ollo (3.143)
ven, vl
Therefore, there is a constant ¢ > 0 independent of / satisfying
(B1A™'q + Bjg, )]
sup 2 < chllollps)- (3.144)
veDy, ||7)||0
We conclude by substitution g = Ap. m]
We observe the following straightforward, but crucial consistency results in
Lemma 3.2.27. Let u € U N HY(Q)" with by(u, q) = 0 for every q € L*(Q) then
bou(u, qn) =0 Vg € Wy, . (3.145)
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3.2 Stability

Proof. By assumption, we have
ba(u, qn) =0 Vg, € W5 . (3.146)

As every element g, € W% is a linear combination of indicator functions 1y with

h,0,bc
support K’ € 7" and by is linear in the second argument we only need to prove

bon(u,1x) =0 VK €75 . (3.147)

For this sake we first realize u|y, € H'(K’)". Subsequently, we apply Gauf’ theorem (c.f.
Theorem A.3.15 and [62, (2.17)] for the extension to H(div, Q2)) to conclude

bon(u,1g) = / Tpye (1) dX (3.148)
oK’

= / divu dx (3.149)
¥

=bo(u,1g) = 0. (3.150)

m]

Corollary 3.2.28. Let u € U N H'(Q)" such that by(u, q) = 0 for every q € L*(Q), then

inf ||1/l — uh||D1Vh = inf ”Ll - Uh”o. (3151)
Up€Ka v, €Dy

Proof. We first realize u € xo N'U N H(Q)" by virtue of Lemma 3.2.27. Next we recall that
v, € Dy, as element of L%(Q) can be uniquely decomposed into two parts. One element of

k2 and the other element of the orthogonal complement x5 . Subsequently, we see

inf ||u —uyllprv, = inf |lu —upllo (3.152)
UpEK UpEK
= inf - — 1 1
nf = 1 = 2l (.153)
< inf (Jlu —opllo + llog, .z llo) (3.154)
v €Dy, 2
= inf ||u—ovillo (3.155)
thDh
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3 Analysis of the projection step

The lower bound follows by

inf |lu-o = inf |lu—-(v +v 3.156
Jof [l = onllo Z)WEMH (Vn,xt + Vnes)llo (3.156)
vi@ €Ky
< i _
< vh,};{m l9n s llo + Il = Vh ez llo (3.157)
vﬁkzer\'ﬁ
= mf ||u —upllo. (3.158)
up€
O

Proposition 3.2.29. Let 7}, be a quasi-uniform and shape-reqular family of grids as given in
Definition 2.1.1. Let (u;p) € (U N H'(Q)") x H%(Q) be a solution to the analytical problem
Eq. (3.1). Then the approximate solution of Proposition 3.2.23, denoted by (uy; py) satisfies

||u—uh||mvhs( la ”)chn I (3.159)

a a b
lp = pulls < I ”( I ”) c—|u ||1+(1+ I 1”)chnpnl (3.160)
Cp C Cp

1 a 1
for a constant ¢ > 0 independent of a,by,bo,h and T.

Proof. We follow the standard procedure presented in [27, p. I1.2.2]. The following holds
true for every vj, € k3 uniformly due to Eq. (3.82) as well as for every g, € W}

h,0,bc’
llu = unllprv, < llu = onllprv, + llon = unllpry, (3.161)

1 a(uy — oy, wy

< |lu = vpllprv, + — sup ath — Ohs Wh) (3.162)
cawperr  l[wnllo
1 a(=vy, wy) + f(wp)

= |lu = vpllprv, + — sup f (3.163)
a WpEK] ”whllo
1 a(u —op, wy) + thi(p — pn, wn)

= |lu = vullprv, + — sup P_P (3.164)
Ca wyexy llwnllo
1 a(u —op, wy) + Ti(p — qn, wi)

= |lu = vpllprv, + — sup (3.165)
a WhEK] ”wh”O
|| || lIb 1||

< [lu = vpllprv, + = vnllory, + T=—Ilp = qulh. (3.166)
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3.2 Stability

Consulting Corollary 3.2.28 we therefore obtain

a b
= whllpy, < (1 4] ”) inf [l = oullor, + Tl e gl G167)
Ca | vheDy a quEW, .
By assumption we have
a(u —up,vp) +7h1(p —pn,on) =0 (3.168)
for every vy, € Dy. Let gy € (Whlo be? then by Lemma 3.2.15
lp —pully < llp = qully + llgn — prllx (3.169)
1 bi(gn = pn,on)
<llp—qunlli + — sup JLGh — Phs Oh) (3.170)
Cb1 pyext lonllo
1 a(u —up,vp) + th1(p = qn, vn)
=llp—qull + sup : | (3.171)
oy orem: Toallo
a b
< lp = aully + 22— iy, + 22— g, (3172)
TCphy Chy
Thus, we obtain
lp = pully + llu — unllprv,
b b
< (1+ lall ”””) inf (1 —opliory, + (1412 B0y e 3.a73)
Cg TCbl vLEDy Cb1 Cq qhe(whl,o,bc

and by Proposition 2.4.17 we conclude the statement bounding the best approximation
error from above by the specific choice of the interpolated solution in the sense of Proposi-
tion 2.4.17. O

3.2.8 THE COMPRESSIBLE REGIMES

Remark 3.2.30. As the finite dimension of ‘W/° and ‘W coincide, they are obviously
isomorphic. This fact, however, does not give any hint how the two subspaces of L%(Q) are
oriented in the terms of the inner product ( -, - )o. The following lemma implies that the
L?*(Q) projection
W — w,°
(3.174)
P Zeeng, (PrLxg Jo L
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3 Analysis of the projection step

already provides such an isomorphism and therefore the spaces are not orthogonal to each
other.

Lemma 3.2.31. Let C € L*(Q) positive almost everywhere. The matrix c; j = (CO¢;, 1 Ké,)o is
]
symmetric and positive definite. More specifically there is c. > 0 independent of h such that

Z riricij = cellr])? (3.175)
i, EjeNT,

forevery r € RN,
Proof. Letr,s € r € RNl be arbitrary. We transform to the reference element by

Z T’Z'S]'(Cegi,]l[(éj)g: Z Z riSj/CQ&' ]lKéj dx (3.176)
K

i, EjENT, KeTy &i,&jeNK

= Z Z 1iSj /(C@gi ]leg/.) o Tx det DTk dx. (3.177)

KeTy &i,&j€NK 7

As both basis functions are positive almost everywhere, we can use the mean value theorem

to find constants cx for each element K with

0 < essinf C < cg < esssup C (3.178)
such that
Z Z risj/(cegi 1y, ) o T det DTi dx (3.179)
KeTy &i,&eNK 2 !
= Z CK]’ln Z TZ'S]'/ 951. o TK ]lK’é, OTK dx (3.180)
KeTy i SjENK % !
| Nkl ~
- Z cxh" Z risi(GkCGY), (3.181)
KeTy, ij=1

where Gx € R™i*2" transforms from a local index to a global one and

2

[\

WHOWOWI©
N

3.182
51 (3.182)

[\
OWJOWHOW

\V)
OJWOWOHW

(@]

1]
HWWOWOO
WO WOTWO

[NV
OWWHJOOW

[NV
WOOI—HWW©
[\V)
~NOOWOWWH
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This element-wise matrix is symmetric and therefore the assembled one is so too. Further-
more, the element-wise matrix has only positive eigenvalues, the smallest of them being

1/8 and when choosing r = s we have

[Nkl [Nkl

~ C
D ekh™ Y riri(GrCGR), = Y <" D" r4(GkGy); (3.183)
KeT;, i,j=1 KeT;, i=1
>y %Kh” > (3.184)
KeTy EieNk

As the square of every coefficient appears in the sum at least once, there is a constant ¢ > 0
independent of & such that

N7, |
(Cp,q)o > cessinf(Q) h" Z q2. (3.185)
i=1
m|
Corollary 3.2.32. The identity
c(p, q) = c(A™'q, Ap) (3.186)
as well as
c(p,q)* < c(p, Ap)e(A™"q,9) (3.187)

holds for every q € W) and p € W/

Proof. The first statement follows from the symmetry established in Lemma 3.2.31. Follow-
ing an idea of [27, Thm. 1.2], we establish the estimate by considering Lemma 3.2.31 and

the non-negative

0<c(p+sA g, Ap +sq) (3.188)
for every s € R. This implies
0<c(p+sAltq,Ap+sq) (3.189)
=c(p,Ap) + sc(A‘lq, Ap) +sc(p,q) + s2c(A_1q, q) (3.190)
= c(p, Ap) + 2sc(p, q) + s*c(A™'q, q) (3.191)

for every s € R. Considering Lemma 3.2.31 again we additionally realize c(A™q,q) > 0
and c(p, Ap) for every g € ‘W,? and p € ‘W Therefore, c(p, q) = 0 trivially satisfies the
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3 Analysis of the projection step

required statement. Now let ¢(p, ) # 0 then the choice

_ v A (3.192)
cp,q)
gives
c(p,q) < c(p, Ap)e(A™q,q) (3.193)
after simple algebraic manipulation. m]

Proposition 3.2.33. Let C € R, ap > 0and let h > 0 be sufficiently small, then problem
Eq. (3.10) with Neumann and (potentially) periodic boundary conditions in the sense of a, by, ba, c
has unique solution p € (Whl,o,bc for every right-hand side. More specifically there is exactly one
(;p) € Dy x W for every (f:8) € (Dps |l - llo) X (W0 | sl - llo) such that

h,0,bc
(Au,v) + 1(B1p,v) = (f, ) (3.194)
©(Bou, )+ (Cp,q) =8, 7 (3.195)
forevery g € W, | and v € Dy,

Proof. For convenience, we denote
B((u;p), (v5q)) = a(u,v) + tb1(p,v) + Tha(u, ) + c(p, 9). (3.196)
We aim to apply Theorem A.7.5 to the combined problem
B((u; p), (v; 7)) = f(0) + g(4)- (3.197)

The linear forms f, g are continuous functionals by definition and 8 due to Lemmas 3.2.14,
3.2.15and 3.2.19 i.e., there is a constant ||B|| > 0 obeying

|B((u;p), (v;q))| < ||B||\/||P||? +llullBpy, VlglE + ol (3.198)
forevery u,v € Dy, pe W) , andge W .
Next we observe A™'q —avgg g € W) || and realize by(A™'q —avgqg 9,v) = bi(A7'q,0)

as the gradient of every constant function vanishes. As C € R we also have

c(avgn A‘lq, q)=C ang(A_lq)(l, q)o = 0. (3.199)
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Now we can choose a specific pair (u; p) = (Lv; A 1) and consider Lemma 3.2.8 to find

sup B((u;p), (v;:9)) (3.200)
(u,p)eDy, ><(|/Vhl’0,bc
>a(Lv,v) + thy(A™'q,0) + tba(Lv, q) + c(A™ g — avgn A™'q, q) (3.201)
=a(Lv,v) — a(Lv,v) + a(v,v) + 0+ c(A™'q, q) — clavgna A™'q,q) = (3.202)
=a(v,v) +c(A™'q,q) - |a(Lv —v,v)| - 0 (3.203)

70
forevery v € Dy and g € Wy |

|la|| independent of i such that |a(w,v)| < ||all||lw]o]|v]lo. This in turn allows another
lower bound of Eq. (3.202) by the means of Lemma 3.2.12 and

. Similarly to the proof of Lemma 3.2.14 there is a bound

a(v,v) +c(A'q,q) - |a(Lv —v,0)| (3.204)
> cqllvll5 + Cecllqlls = lallliLo = ollollvllo (3.205)
> cqll0ll§ + cellgllg = llallllollocaf (3.206)
> cqllollo(lILollo = [ILollo = [[vllo]) + ccllqllo* = llallllolloc: (3.207)
> callollo(lILollo = csh) + ccllqllo® = llallllvllocs (3.208)

Therefore there is hy > 0 such that

sup B((u;p), (v;:9)) 2 Eallvllollullo + cllplloligllo (3.209)

1
(,p)EDRXW e

for every h € (0, hol, v € Dy and g € W) |

are equivalent we obtain a constant, depending on & (c.f. Lemma B.0.4) and satisfying

- Buwip), @q) ol12 + 14112, (3.210)

D W e [y, + 113

. As in finite dimensional spaces all norms

for every It < ho,v € Dy and g € W)9 | .

Our last step is to prove the second condition of Definition A.7.4. To this end we recall
L: Dy — Dy, is bijective and therefore.

B((u;p), (v;9) B((u;p), (0;9))
sup = sup _

@NDXWone \Jllolg+Ngllf  @DLPWoone JlIBNG + g1

(3.211)
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3 Analysis of the projection step

_ sup B((u;p), (Lv; q)) (3.212)

0D Wore Lol + gl

Choosing g = Ap — avgn Ap, v = u we deduce

sup B((u; p), (Lv; q)) (3.213)

0D Wo e JILollZ + l1g112

> a(v, Lu) + bi(p, Lu) + ba(u, Ap) + c(p, Ap — avgg Ap) (3.214)
> cqllull§ + ccllpllf = lallllLu — ulloflullo (3.215)
> Eallullg + Eclipllg (3.216)

as before forevery u € Dy and p € (Whl 0be"

¢’ > 0, depending on h and such that

sp  2Wp) @) \/”u”mvh +Ipl2. (3.217)

(urp)EDhX(Whlobc ||U||2 + ”q |0

Also, along the same lines we obtain a constant

O

Proposition 3.2.34. Let (u;p) the solution provided by Proposition 3.2.33 and let hg > 0 be
sufficiently small, then there is ¢ > 0 independent of h € (0, ho] with

Il + llullo < cllfllo (3.218)

Proof. Let (u; p) be the solution to Eq. (3.10). We follow the ideas of [27, Thm. 1.2] and
decompose the solution 1 = ., + u,.;. Lemma 3.2.15 gives

1 bl(sz)

< — su 3.219
WPl < 20 5o ol (3:219)
1 ’ - 7
_ L Y mawo) (3.220)
Chy veD, lollo

1 (f,v)
< L lallluliony, + sup L2 (3.221)

C, ven, lollo

Due to Lemma 3.2.8 we have

a(u, L™ u) +c(p, Ap —avg Ap) = f(L™ u) + g(Ap — avg Ap) (3.222)
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by summing both equations Eq. (3.10) and choosing the test functions appropriately. This

additionally implies
a(u, L™'u) + c(p, Ap — avg Ap) (3.223)
(v) - (q)
< sup f—||L Yullo+  sup ﬂ”/\p—avg/\pﬂo (3.224)
ety Il sewin Tl
(©) -~ (9)
< sup P+ sup B A+ favgAD el (6229
ey, Il wewin Tl

Now consider the orthogonal decomposition of u. We apply Corollary 3.2.21 and see

b (Ll L )
Cp 2,h /q
s lipry, < = sup  ———2— (3.226)
T gew, Nl
_Y gy D -CPd) (3.227)
T gewio  lall
’ ’ ’ C ,
<Y 8. DI cw sup le(p, 9l (3.228)
T gew)o . lIlo T gew)o lIqllo
, , , c(p, Ap)c(A~1g,
g KDl e Velp, Ap)e(A~q, q) (3.229)

T gews 91l T gew)s .. 91l

i sup M+cQ,/c(p,Ap)\/w (3.230)

©qews,, 9l

for some constants c; > 0 determined by Eq. (3.23). On the orthogonal complement of «2
we leverage Eq. (3.82) such that

1 a(uy.,,v)
[ty DIV, < — sup ——=— (3.231)
Cavex;  |[9llo
1 a(u — L, 0)
= — sup ——— 2 (3.232)
Ca vexy Iollo
1 f(v)—a(u l/v)
= — sup e (3.233)
Ca vexy ”UHO
a (v)
< gllu@llmvh +sup / (3.234)
a

vex |70

Combining Egs. (3.219) and (3.223) and the recently established bound on u = u,, + Upes
we find some constant € > 0 which is bound only by the constants in the aforementioned
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3 Analysis of the projection step
estimates and satisfying
a(u, L™ u) + c(p, Ap — avg Ap) < C({Jc(p, Ap) + 1). (3.235)

For sufficiently small i € (0, ho] we know a(u,L™'u) > 0 as a(u,u) > 0 and due to

Lemma 3.2.12 therefore we also have
c(p, Ap) = c(p, Ap —avg Ap) < C({fc(p, Ap) +1) (3.236)

such that c(p, Ap) is bounded uniformly (with respect to /1) by a constant. Subsequently,
we find a bound on u by combining Egs. (3.226) and (3.231) which ultimately gives the
bound on p. m]

Remark 3.2.35. Given the a-priori estimate, an error estimate [27, Prop. 2.11] is in reach,

however out of scope of this work.

Remark 3.2.36. To avoid the rather restrictive assumption on C and still be able to follow
the presented strategy of proof, we would have to find a lower bound c.(h) for c(p, Aop) >
cc, which is either non-negative or limy_,g cc(h) = 0. The latter can be achieved by the
approximation properties of 7 7 in ||-||o and continuity of avgq: L?(Q) — R. Furthermore,
we would have to refine estlmate Corollary 3.2.32 to be applicable to A instead of A.
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4 CONCLUSION AND FUTURE PLANS

In summary, we provided a refined analysis of the ideas developed by Vater and Klein
[118], an appropriate interpolation operator and extend the method to quadrilateral and
cuboid meshes in two and three spatial dimensions respectively. We prove stability and
a bound on the approximation error in suitable mesh dependent norms for the pseudo-
incompressible case, but only stability for the compressible scenario. This analysis does
apply to the hydrostatic situation as well as to the general case. Furthermore, we established
orthogonality of the projection in the incompressible case.

In the following the author would like to point out future plans and context of the
presented results.

¢ Currently, a reference implementation for the presented general grid geometries is
still under development and should supplement the presented work by numerical
experiments.

¢ The missing error estimate in the compressible situation is somewhat unsatisfying.
However, as our method is non-conforming the a priori estimate Proposition 3.2.34
alone is not sufficient to provide an estimate in line with [27] and therefore further

work is required to resolve this issue.

¢ So far we provide only lowest order elements. Despite the fact that for Cartesian
grids we expect second order convergence in the pressure variable (c.f. [113]), the
estimate for the momentum variable does require further investigation. Furthermore,
the question arises if the current numerical method can be extended to a higher
order setting. To the knowledge of the author a positive answer to this question
requires at least the restriction to affine grids, as one cannot establish the interpolation
error in the required higher order semi-norms otherwise. The issue can be pinned
to Lemma 2.1.19, which in our case is only stated for the full Sobolev norms or the
concrete case of | - |15, 0. When considering quadrilaterals and cuboids, affine grids
are, however, rather restrictive with respect to domain geometry. Nevertheless, this

might be a worthwhile pursuit in context of the next open question.
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4 Conclusion and future plans

* In context of the original goals and motivation, the arguably most intriguing ques-
tion concerns the interplay between the bespoke advection method of [16] and the
projection established in the work at hand. Here, the goal is to obtain a bound on
the advected momentum variable in terms of the original state and the discrete
divergence of the advecting field. Initial research hints at the averaging operator,

which the authors of the aforementioned work apply to the advecting field.
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A FuUNCTION SPACES

Throughout this chapter we denote a bounded domain Q2 € R" and its boundary I'. The
outer normal vector onto the boundary is denoted by v|r and for n = 2 the tangential
vector of the boundary is denoted by ¢|r.

Borrowing the function spaces from the treatment of the Stokes equation

vAu+gradp = f

, (A1)
divu =0

we follow [62] and introduce the (classical) Lebesgue and Sobolev spaces.

A.1 LEBESGUE SPACES

Let QO C R” be open and bounded and let p € [1, o). Then the space of p-integrable
functions is given by equivalence classes of Lebesgue measurable functions 2 — R that
satisfy

1/p
fllr ) = (/Q Vil dx) < oo. (A2)

Here, the equivalence classes are given by the identification of functions that coincide
almost everywhere. The map (A.2) is a norm on these functions and the resulting normed
space, denoted by L”(Q) is a Banach space. In the special case of p = 2 on can equip the
space with the classical L?(Q) inner product

(f,8) = /Q fgdx (A.3)

to obtain a Hilbert space.

Remark A.1.1. For the vector valued case f,g € L?(Q)" it is common to use the same

symbols to denote the inner product

(f 8= /Qf - gdx, (A.4)
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A Function spaces

which then naturally induces the norm

Ifllziay = F ) =y D MfillZay (A5)
i=1

Lemma A.1.2. Let w € L*(Q) with essinf w > 0, then L?(Q) equipped with the inner product
(f, 8w = (wf,8) (A.6)

is a Hilbert space. Furthermore, the norms induced by (-, - )and (-, - ), are equivalent i.e.,
essinf(Vo)llfllo < [Ifllw,o < esssup(Vo)l fllo  Vf € L*(Q) (A7)

Definition A.1.3. Let f € L1(Q) and let C c Q then the average of f over C given by

1
fC - m/(;fdxl (AS)

where |C| denotes the Lebesgue measure of C.

Lemma A.1.4. Let p € [1,0) and let f € LF(Q), then

llavg fllo < cllf1lo- (A9)

Remark A.1.5. As we only consider bounded domains we have
L1(Q) c LF(Q), (A.10)

for every combination 1 < p < g < co. Therefore, the average is well-defined on L ((2), for
every p € [0, o].

A.1.1 SURFACE MEASURE

Let M C R" be a (n — 1) dimensional C! manifold. In the following we introduce the
notion of the surface measure and the corresponding space L¥(M).

As we only require to discuss relatively simple manifolds we present the result only
for the case where M can be covered by one diffeomorphic chart ¢: B,(0) — M for
some radius » > 0. In this case the surface measure of a set A, element of the mapped
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n — 1-dimensional Borel sigma algebra on M, is given [73] by

U(A) = / \/det D(s) Dp(s) dA(s). (A11)

p~1(A)

Therefore, the surface integral of f: M — R over compatible set S C M (see before) is
given by

/ Fdu = / fo gb(s)\/det D(s)"Dep(s) dA(s). (A12)
5 PHS)
This surface integral gives rise to the definition of L”(S) which consists of all the Borel-

measurable functions with / |fIP du < oo.
S

Remark A.1.6. As Eq. (A.12) relates the surface integral with usual Lebesgue integral these
spaces behave exactly as their previously defined counterparts.
A.2 DISTRIBUTIONS

Let Q) Cc R" be open and bounded, then the space of compactly supported infinitely often

differentiable functions from Q into the real numbers is denoted by
DQ) = {qb € C*(Q) : supp ¢ C Q A supp ¢ = supp (p} . (A.13)
As it turns out, we can approximate every member of L”(Q) by a sequence of such functions.

Lemma A.2.1. Let p € [1, o), then D(Q) is dense in LF (Q).

The dual space of D(Q) i.e., the space of all linear continuous functionals D(QQ) — R
are the distributions' D’(Q2). Some distributions Ay € D’(Q) allow for a locally integrable
representation f € LY(Q),,. via

Af(p) = /quf dx. (A.14)

If applicable, we henceforth identify the distribution Ay and f.

A concise, but rigorous introduction on the matter of distributions is presented in the excellent textbook by
Rudin [105].

105



A Function spaces

Definition A.2.2 (Distributional derivative). One defines the distributional derivative
g € D'(Q) of f € D'(Q) via the duality pairing (f, ¢) := f(¢) such that

(D*f,¢) = (-1)lI(f,D*¢) V¢ € D(Q) (A.15)

If additionally f € C!, then this coincides with the well known integration by parts

(D*f, ¢) = (-1)*I(f, D*¢) V¢ € D(Q) (A.16)

As e.g., shown in [105], one can do calculus with the distributional derivative. Therefore,
we can define the vector calculus operators by just replacing the classical differential by
the distributional derivative.

Definition A.2.3 (Distributional vector calculus). Let f € D’(Q) and g € D’(Q)", then the
distributional gradient, and divergence are given by

grad f = Z e:Dt f (A.17)
i=1
n

divg = > Dg:. (A.18)
i=1

For n = 2, n = 3 we additionally define

D82g3 - De?’gg
curlg := D¢y — D¢y, curlg :=[D®g; — D% g5 |respectively. (A.19)
D€1g2 - DEle

The following Lemma is a direct consequence of the definition of the distributional
derivative.

Lemma A.2.4. Let f € D'(Q)", then distributional divergence is characterized by g € D’(Q)
such that

(8,0) == > (fi(erad@))) V¢ € D(Q). (A.20)
i=0

A.3 SOBOLEV SPACES

In this section we introduce Sobolev spaces. Each of them is the subspace of L7 (Q), whose

elements distributional derivatives are again in L”(Q).
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Definition A.3.1 (Sobolev spaces). Let Q C R" be a domain and let k € Nand p € [1, o),

then we define the norm

1/p
fllkp = D IDFIE, 0| (A.21)
la|<k
and introduce the following spaces
WEP(Q) == {f e LP(Q) : D*f € LP(Q), Va : |a| < k}, (A.22)
HEP(Q) = ORI (A.23)
[

HY(Q) = D(Q) (A.24)

Lemma A.3.2 (Poincare [55]). Let v € Hé’p (Q) then there is a constant C; > 0 depending only
on the domain Q and p € [1, oo) such that

lo = vallr) < cillgrad ||y (). (A.25)

Letv € Hé’p (Q) then there is another constant Co > 0 depending only on the domain () and
p € [1, c0) such that
9llr) < callgrad vl 1p().- (A.26)

Remark A.3.3. Using the preceding Poincare inequality one concludes that the semi-norm

1/p

Flup = D ID* | (A27)

|a|=k

. 1,
isanorm on H, P(Q).

Theorem A.3.4 ([2, Theorem 3.3]). Let k € N and p € [1, 00), then WX (Q) equipped with the
norm || - ||k, is a Banach space.

Theorem A.3.5 (H = W [92]). Let Q € R”" be a domain, k € N and p € [1,00), then the

definitions introduced above coincide i.e.,
H*?(Q) = WEP(Q). (A.28)

Remark A.3.6. In the special case p = 2 we denote the Sobolev spaces by H¥(Q) and
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introduce a shortened notation by

Il = 1 f k- (A.29)

Additionally, we obtain a similar result to Theorem A.3.5 for smooth functions on the
closure of Lipschitz domains.

Theorem A.3.7 ([2, Thereom 3.22]). Let QO € R" be a Lipschitz domain, k € Nand p € [1, c0)
then D(ﬁ) is dense in WhP (Q).

Definition A.3.8 (Fractional Sobolev Spaces). Let s < 0 and ¢ € (0, 1) with k = |s] and
s = k + 0 then we generalize the notion of a Sobolev space using the norm

1/p
_ p |D?f(x) - D* f(y)IF A30
”f”sp ||f||kp + |;k aJo “x _ y||n+ap ( ’ )
and define
WP (Q) = {f € LP(Q) : lIflls,p < oo} (A31)

Remark A.3.9. Lets > 0, then one again can define appropriate spaces H*(Q) via the Fourier
transformation on the whole space and subsequent restriction to (. On Lipschitz domains

we can conclude the equivalence W52(Q) = H*(Q).

Remark A.3.10. Let s > 0). We denote the dual space of H*(Q2) by H™*(Q)). The operator
norm on H~*(Q)) is given as

Il lg-s@ = sup {, f) (A32)
1f 1 s =1

Remark A.3.11. Generally elements of H*(Q2) are only in D’(Q). If f* € H~*(Q)) additionally
satisfies f € L?(Q) then we have

f,r=(, ") (A.33)

The preceding Definition A.3.8 and Theorem A.3.7 enables us to define a trace operator
which allows the evaluation at the boundary. A priori, the elements of W7 (Q) c LF(Q)
do not allow a well-defined point evaluation. Nevertheless, we can evaluate in the sense
of some dual space.

Theorem A.3.12 (Trace theorem [60]). Let p € (1,00). Let QO € R" be a Lipschitz domain then
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the trace operator

D(ﬁ) s W-Urp(T)

Tr (A.34)

v 0l
can be uniquely extended to B(W#(Q), W=1/P.P(T)). Furthermore, for every fW'~1/PP(T) there
is at least one v € WL P(Q) with t(v) = f and

”U”WLP(Q) < C”f”Wl*l/P:P(Q)/ (A.35)
where ¢ > 0 is independent of f and v.
In the following we adapt this result to the situation in the presented work.

Corollary A.3.13. Assume the situation of Theorem A.3.12. Consider a Borel measurable set
(cf. Eq. (A.12)) S C T then the restricted trace

z)(ﬁ) — HY(S)

Ts (A.36)

v Ulg

can be uniquely extended to B(H'(Q), H'/%(S)). Furthermore, there is at least one v € H'(Q)
with ts(v) = f and
ol @) < cllf vz, (A37)

where ¢ > 0 is independent of f and v.

Proof. We first observe
r(0)ls = 15(0) (A.38)

by density i.e., by
(tr(@), v)s = (15(9), v)s (A.39)

for every v € HY?(S), and ¢ € Z)(g). We also have [|v||jj1/2(5) < [[0]lg1/2(ry for every

v € HY2(T'). Therefore, we conclude

ITs@)lIgzs) < ltr@ligee < cllvllao.- (A.40)

Minor modifications of [48, Lem.5.1, Lem.5.2 and Thm 5.4] show the continuous em-
bedding of W*”(S) in W*#(T') for s € (0,1), p € [1,00). Therefore, we have for every
v € W*P(S) some w, € W*?(I') such that w,|s = v and there is ¢ > 0 independent of v
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with
lollwsrr) < cllollwses)- (A.41)

In combination with Theorem A.3.12 we obtain some u, € W2(Q) with

Ts(Uy) = Tr(to)|s = Wyls =0 (A42)

and
luollwiz) < Ellvllwirzze) (A43)
for every v € W/22(S). The constant & > 0 is independent of v. m]

Remark A.3.14. Every bounded smooth manifold is part of the boundary of a Lipschitz

domain.

Theorem A.3.15 (Gaufi-Green-Ostrogradski). Let n € N, Q C R" be a Lipschitz domain and
let T denote its boundary. Let p € [1,00) and u € H'P(Q)" then

/divudx:/fcr(u)-nrdx. (A.44)
Q T

Proof. AsQisbounded, the continuous differentiable functions C!(Q) are dense in H?((2).
For every sequence (1 )ken with ux € C1(Q) and

klim llug —ull1 =0 (A.45)
the classical result
/ div uy dx = / Ug - nrdx (A.46)
Q T

is true. Applying Holder’s inequality we obtain

|/ divu — divug dx| < cllu — ugl|1,p (A.47)
Q
as well as we obtain
|| (uxtr(w)) - nrdx| < cllu = ukllwirq) (A.48)
r
Passing to the limit delivers the desired result. m]
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Lemma A.3.16.
ker v = Hj(Q) (A.49)

For the treatment of the following Neumann boundary value problem of the weighted

Poisson equation i.e.,

—div(pgradu(x)) = f(x) x€Q (A.50a)

g—Z(x) =g xel (A.50b)
one considers the weak formulation
(grad u, gradv), = (f,v) Vo € H'(Q). (A.51)

As it turns out, the standard space H!(Q) is not the right choice to obtain well-posedness
of Eq. (A.51). The crucial ingredient to apply the Lax-Milgram theorem is the coercivity of
the bilinear form on the left-hand side. This property in our case requires an estimate of
the type

l[ullo < cllgrad ullo, (A.52)

which is not true on H'(Q), but on the subspace Hj(Q). As we do want to allow for
non-zero boundary values, this is not the correct choice either. The remedy is the use of

the subspace

H!\(Q) = {v e H(Q): / vdx = 0} . (A.53)
Q

Remark A.3.17. As null space of a bounded linear map, H},O(Q) is closed and as closed
subspace of the Hilbert space H'(Q) again a Hilbert space equipped with the same inner
product and norm. Furthermore, for every element v € H'(Q2) we find a real number
r = avggv € Rand vy € H] ((Q) such that [|v — (vg + 7)|lo = 0. In other words H; (Q) is
the factor space containing the equivalence classes of functions in H!(Q2) which differ only
by a real number i.e., which have the same gradient almost everywhere or equivalently

lgrad(v) - grad(vo)llo = 0. (A.54)
Theorem A.3.18. Let f € L%(Q) such that /Q f dx =0 then Eq. (A.51) has a unique solution u

with
lullr < cllfllo (A.55)

Proof. This is a classical result therefore we omit some details. We first restate the problem
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by
(grad u, grad v), = (f,v) Vo € HY(Q) (A.56)
& (gradu, grad(v — vq)), = (f, (v —vq)) Yo € H'(Q) (A57)
© (gradu, gradw), = (f, w) Yw € H},O(Q) (A.58)

As both sides are bounded, Eq. (A.7) and by the virtue of the Poincaré inequality Eq. (A.25),
we can now apply the Lax-Milgram theorem to obtain a unique u € H}/O(Q) satisfy-
ing Eq. (A.58) and

lulls < cllfllo (A59)

Since H}/O(Q) C H(Q) the equivalence of Eq. (A.51) and Eq. (A.58) concludes the proof. O

Remark A.3.19. The condition /Q f dx is necessary as one can easily see by v = 1, which is
in H'(Q) on bounded domains.

Remark A.3.20. For the vector valued case we again use the straightforward construction
from Remark A.1.1.

A.4 SOBOLEV SPACES FOR DIVERGENCE AND ROTATION

It turns out that for use of the vector calculus operators div and curl one does not need the
full regularity of H(Q) to stay in L%(Q2). In resemblance of Definition A.3.1 we introduce
the following spaces.

Definition A.4.1. Let n € N and QO C R" be a Lipschitz domain. We introduce the Hilbert
spaces

H(div, Q) = {f € L%(Q)" : div f € L(Q)} (A.60)

—— H(div,Q
H,(div, Q) = D(Q)" (v (A.61)

and their inner product
(1, 9)H(div,0) = (4,0) + (divu, divo) (A.62)

As in the case of classical Sobolev spaces we can characterize the elements of H(div, Q)
by functions smooth up to the boundary.
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Lemma A.4.2. Let QO C R" be a Lipschitz domain, then

H(div, Q) = Z)(Q) . (A.63)

Using a minor modification to the classical result (see e.g., [62]) we can evaluate an
element from H (div, Q) at some sufficiently smooth surface inside the domain.
Lemma A.4.3. Let Q) C R" be a bounded Lipschitz domain and let S smooth n — 1-manifold inside

a compact set K C Q. Then we can extend the normal trace on S

D(ﬁ)" — D(S)

Ty (A.64)
v+ 0|5 ng
to B(H (div, Q), H"1/2(S)).
Proof. Let
QP ={yeR":3xeS,&e[-a,bl:y=x+Ens(x)}. (A.65)
As S is a compact set inside the open set (), there is ¢ > 0 such that
Qp cQ; cQ. (A.66)

Obviously S is contained in the boundary of this new setie., S € JQf. For every v €
H(div, Q) and Lipschitz domain Q ¢ Q we have v € Hé(div, Q) and ||v]| H, (div,Q) <

191l (aiv,)- After integration by parts and the use of the Cauchy-Schwarz inequality we

therefore obtain

‘/cpv-ngds‘:‘/ (j)v-nst—/(j)v-nst‘ (A.67)
5 90 90
< )/ qbdiv(v)dx‘ + /v-grad(j)dx‘
Qg Qg
+‘ / qbdiv(v)dx‘+‘ / v-gradqbdx‘ (A.68)
Q5 Q
< [P llr2@eyldiv(o)||2e) + llgrad @llr2e)llollL2 s (A.69)
+ | PllL2 g 1div(o)llzg) + llgrad @Iz o]z (A.70)
< 2llvllz@ivoll¢lla @ (A71)
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for every v € D(ﬁ)n and ¢ € D (ﬁ) Since the D(ﬁ) is dense in H'(Q), we obtain the
same result for every ¢ € H1(Q).

Next we use Corollary A.3.13 (c.f. also [62]) to conclude there is ¢ € H 12(8) with
15(¢) = ¢ and

| / po- 115 d3| < clollua o9l < delbavaleleg. (A7)
S

Therefore, we have

(ts(0), ¢)
les@llgovagy = sup —®? (A73)
PpeH/2(S) ||¢||H1/2(5)
75(v),
= sup M (A74)
perzs)  1Pllme)
< ¢llollH@iv,0) (A.75)

i.e., the 75 is continuous. The trace is furthermore linear and therefore there is a unique
extension of 75 to B(H (div, Q), H~Y/%(5)). o

Lemma A.4.4. Let Q) C R" be Lipschitz domain, then we can identify the elements with vanishing
trace by
Hy(div,Q) = {f € H(div,Q): f - n|r = 0}. (A.76)

Remark A.4.5. We denote the closed subspace of divergence free elements of H(div, Q) by
Hyo(div, Q) := {f € Hy(div, Q): f € kerdiv}. (A.77)

Lemma A.4.6 (Gauss). For every v € H(div, Q) and every q € H'(Q) we have
(p,divo) + (grad p, v) = (Trp, Tv0)r2().- (A.78)

Corollary A.4.7. Let w € Qand let u € H(div, Q) then

/divu dx = / Ty, (1) dx. (A.79)
@ dw

Lemma A.4.8. The orthogonal complement of H, ,(div, Q)" are exactly the gradient fields of
L2(Q)" ie.,
H, o(div, Q)" = {g € L*(Q): 3p € H'(Q): q = grad p} (A.80)
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H, ,(div, Q) is closed and for every v € H, ((div, Q) there is a sequence of ¢ € D(Q) N
Ho,o(di"/ Q) such that limy_,0||v — ¢k |lo. Furthermore, for every v € Ho,o(di"/ Q)* there is a
sequence of ¢x € D(Q) N HO,O(div, Q)" such that limy_,e||v — Okllo-

Definition A.4.9. Let n € {2,3}, and QO C R" be a Lipschitz domain. We introduce the

spaces

H(curl, Q) = {f € L*(Q)" : cwrl f € L*(Q)"} (A.81)
———H(curl, Q)
Hy(curl, Q) = D(Q)" (A.82)
and their norm by
f ey = (IF112 + lewrl £112.) (A.83)

Again we can characterize the elements of H(curl, Q) by functions smooth up to the
boundary.

Lemma A.4.10. Let n € {2,3} and QO C R" be a Lipschitz domain, then

— H (curl, Q)
H(curl, Q) = Z)(Q) : (A.84)

Lemma A.4.11. Let n € {2,3} and let O C R" be a Lipschitz domain, then we can extend the
tangential derivative

DQ)? — H(T DQ)? — H VAT
. Q) (T) . Q) T) (A85)
v — vt v — v XV|r

uniquely to B(H (curl, Q), H/2(T)).
Lemma A.4.12. Under the assumptions of the preceding lemma we have

ker 7; = Hy(curl, Q). (A.86)

A.5 HELMHOLTZ DECOMPOSITION

Helmholtz [67] introduces the decomposition of a smooth three-dimensional vector field
into an irrotational component governed by a potential and a solenoidal part. This decom-
position, also known as the Helmholtz decomposition, is crucial for the analysis of the
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incompressible Navier-Stokes and Euler equations [86] as well as for numerical approxi-
mation of their solutions [62, 34]. On compact domains, the decomposition is generalized
by Weyl [120] based on the work of Hodge [68]. In the introductory part in [107] one can
find a more detailed overview over the historical development and [23] provides a rather
recent review on the Helmholtz decomposition focused on perspective of applications.
On bounded connected Lipschitz domains, one can state the result for Sobolev spaces as

presented in [62]. Henceforth, we refer to the latter version which is stated in the following.

Theorem A.5.1 (Helmholtz-Hodge-Weyl decomposition). Let Q) be a bounded, connected,
but not necessarily simply connected, Lipschitz domain. Then for every v € L2(Q)? there is the
orthogonal decomposition

v =curl +gradg, (A.87)

where g € HY(Q)/R is the only solution of
(grad g, grad u) = (v, grad u) Yy e Hl(Q)3 (A.88)

and ¢ € HY(Q)’ with curl ¢ € {v € Hy(div, Q) : divo = 0}. If Q is additionally simply con-
nected, then ¢ is uniquely determined in H(curl, Q).

A.6 BROKEN SOBOLEV SPACES

As this work considers discontinuous functions, the classical Sobolev spaces are not nec-
essarily an appropriate analytical framework. As usual in discontinuous Galerkin meth-
ods [49], we consider these spaces element wise. For this purpose we recall the following
broken Sobolev spaces.

Definition A.6.1. Let 7, be a grid as given in Definition 2.1.1 and let n € {2, 3}, then

HY(Th) = {f € L%(Q): grad f|; € L*(K)" VK e K} (A.89)
H(div, 7) = {f € L*(Q)": div f|g € L*(K) VK e K} (A.90)
H(curl, 75) = {f € LA(Q)": curl f|g € L*(K) V cutl fl € LA(K)" VK e K}  (A91)

Remark A.6.2. Equipped with the norms

iy = Nfllo+ D llgrad flillo, (A.92)
KeTy,

1 Ny = Ifllo + D lldiv Flgllo, (A.93)
KeT},
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1 lieur 7y = Ifllo+ > llewnl flllo, (A.94)

KeTy,

HY(73), H(div, K) and H (curl, K) are Banach spaces (see e.g., [49]).

The question when a Sobolev space contains its broken counterpart can be characterized

by the question of the continuity properties across the element boundaries.

Remark A.6.3. Let Q = |Jgeq, K the domain and denote its boundary by I'. Every f €
H(div, K) N HY(K) is in H(div, Q) if and only if the normal jump across the elements
vanishes (see e.g., [49]). This we can readily see by

(divu,qb)z—/ugradqf)

Q
= /(j)divudx—/ ¢u - vdx
K IK

€7

KT (A.95)
= Z/¢divudx—/¢>u-vrdx—Z/IIu]]E-vKde

KeT;, YK r Feg YE

= Z/K(pdivudx—Z/E[[u]]E-vKbdx Vo € D(Q).

Ke7y, Ee&

For the spaces H!(7}) and H (curl, 7;) one obtains similar conditions for jumps in every
and tangential direction respectively.
A.7 ABSTRACT FRAMEWORK: SADDLE POINT PROBLEM

Let (X, (-, -)x, (Y, (-, -)y) be Hilbert spaces. Let furthermorebe b: X XY — R a continuous

bilinear form i.e., linear in both arguments and

[b(x, )| < IblllIx[lllyll Vxe X,y €Y, (A.96)
where
bl = sup  blx,y). (A.97)
xeX: ||xllx=1
yeY: |lylly=1

Remark A.7.1. Each bounded bilinear form b: X XY — R uniquely determines a bounded
operator B € B8(X,Y’) by
X->Y

B = (A.98)
x> b(x,-)
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B is linear due to the linearity of b in the first argument. The bound on b implies continuity
of B as

|Bx[ly» = sup b(x,y) < [|blll|x]|x (A.99)
yeYy
lylly=1

Using the same construction on the other variable one obtains the transpose operator
B!: Y — X’ which is uniquely determined by

(Bx, Y)yxy = (x,B'y)xxxr VxeX,yeY. (A.100)

Remark A.7.2. The Riesz representation theorem allows identification the dual of L?(Q) by
itself. In light of a Hilbert space Z c L?(Q) it is important to distinguish between the dual
operator, defined by the duality product and the adjoint operator defined by the respective
inner product. In general both do not coincide. However, L?(Q) is contained in Z’ in the
sense of the Riesz representation theorem. Therefore, sufficiently regular elements allow
for the following identification

(x', Vzxz = (2, o (A.101)

Remark A.7.3. Let X, Y, Z be finite dimensional Hilbert spaces, with basis elements a;, b;, c;
respectively. Let T: X — Y7,5: Y — Z’ be linear operators, with matrix representations

T;j = (Tai, bj)y'xy, Sjkx={(Sbj,ck)z'xz (A.102)

foreveryi € {1...dimX},j e {l...dimY}and k € {1...dim Z}. Then we can express
the composition of S and T by

dim X dimY dim Z

(SLTJC,Z)Z/Z = Z Z Z ykciSj,kTi,jaiai (A.103)

i=1 j=1 k=1
for every x = Y™ X g0, € X and y = Z?f{‘z yyjci € Z, where 1 denotes the Riesz
isomorphism.

If T~ exists then its matrix representation is T;"".

Let f € X', g € Y and a: X X X — R be a continuous symmetric positive semi definite

bilinear form i.e., as before, but additionally we assume

a(x,y)=a(y,x)and a(x,x) >0 Vx,y e X. (A.104)
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The critical points of the Lagrangian functional

1
Lx,y)= §a(x, x)— f(x)+b(x,y) - g(y) (A.105)
are given by the solution (x*; y*) of the problem

a(x*, x)+b(x,y") = f(x) VxeX, (A.106a)
b(x*,y)=gly) Vyey. (A.106b)

Each of the critical points (x*; y*) is a saddle point i.e., satisfies
L(x*y) < LIx",y) < Lx,y) VxeX,yeY. (A.107)

The first inequality in Eq. (A.107) is trivially fulfilled as we obtain even equality by
Eq. (A.106b). The second inequality follows by the first variation of Eq. (A.106a) with re-
spect to x and the fact that A is positive semi definite. For this reason the system Eq. (A.106)
is called a saddle point problem. One can also state the problem on the level of operators,
which becomes especially useful if one considers a finite dimensional setting, where the
operators A, B, B’ become matrices and directly tell the structure of the system matrix one

) e

In both cases, the infinite dimensional and the finite dimensional setting, we would like

has to invert numerically as
A B
B 0

to learn about solvability of the linear system at hand. Well-posedness of the abstract
problem Eq. (A.106) is proven in the seminal work by Brezzi [28]. Similarly, Nicolaides [96]
provides criteria for the well-posedness of generalized saddle point problems Eq. (A.116).

In both cases, the classical Eq. (A.106) and the generalized saddle point problems
Eq. (A.116), the famous Ladyzenskaja-Babuska—-Brezzi (LBB) inf-sup condition® turns

out to be the crucial criterion to determine if the problem is well-posedness.

Definition A.7.4 (Ladyzenskaja—Babuska-Brezzi). Let X, Y be Hilbert spaces and let c: X x
Y — R a continuous bilinear form then c satisfies the LBB condition if there is a positive

2Babuska used inf-sup conditions in [11, 12] to generalize the Lax-Milgram theorem. Brezzi applied these
techniques to the abstract saddle point structure in [28]. Ladyzenskaja stated and proved the inf-sup
somewhat hidden condition to be true for the Stokes problem [83].
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constant y. > 0 such that

sup S 5 xllx Ve e X\ {0}, (A.109)
yey lylly

supc(x,y) >0 VyeY)\{0}. (A.109Db)
xeX

Theorem A.7.5 (Babuska [12]). Let the assumptions be as in Definition A.7.4 and let f € X’
and c fulfil the LBB condition then the problem

c(x*,y)=fly) Vyey (A.110)
can be solved uniquely, and the solution can be bound by
I llx < v NI (A.111)

Proof. We follow the reasoning presented in [29]. Let C € B(X, Y’) denote the associated
operator. Condition Eq. (A.109a) implies

ICxlly = sup )
yey lylly

2 yellxllx. (A.112)

Therefore, any Cauchy sequence (y,)xen in ran(C) implies the sequence of preimages
(xn)nen with Cx,, = y, to be a Cauchy sequence too. Since X is complete there exists a
limit x* € X and which gives y = Cx € ran(C). Therefore, the range of C is closed i.e.,
ran(C) = ran(C), and we can apply Banach'’s closed range theorem.

Additionally, Eq. (A.112) implies ker C = {0} i.e., C is injective. Due to the closed range
theorem this is equivalent to ran(C’) = X i.e., C’ is surjective.

Condition Eq. (A.109b) implies injectivity of C’: Y — X’ and applying the closed range
theorem again this gives surjectivity of C and therefore the existence of C™!.

Using Eq. (A.112) again we obtain

ICyllx < vellCCylly = llylly (A.113)

for every y € Y’. The solution to Eq. (A.110) now is given by x* = Cf. O

Remark A.7.6. The proof of Theorem A.7.5 allows us to highlight the reasons for the two
parts of Eq. (A.109). The first i.e., Eq. (A.109a) provides injectivity and the bound on the
inverse. The second i.e., Eq. (A.109b) surjectivity.
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Instead of Eq. (A.109) one can equivalently ask for two inf — sup conditions, but often it

is not necessary to have the second constant available.

Remark A.7.7. The converse of Theorem A.7.5 is also true. Let C: X — Y’ be a linear
isomorphism with
I lIx <y Iy (A.114)

for every y’ € Y'. Therefore, we also have
Ixllx = IC~"Cxllx < ylICx|ly (A.115)

for every x’ € X’, which in turn implies Eq. (A.109a). Now we apply the closed range
theorem and the surjectivity of C gives the injectivity of C’, hence Eq. (A.109b).

Definition A.7.8 (Generalized saddle point problem). Leti € {1,2} and let X;, Y; be Hilbert
spacesand f € X] aswellas ¢ € YJ. Furthermore, leta: XoxX; — R, b1: X;XY; — Rand
ba: X2 X Yo — R bounded bilinear forms. (x*, y*) € (X2, Y1) is a solution to the generalized

saddle point problem if it satisfies

a(x*, x)+bi(x,p) = f(x) VxeX, (A.116a)
ba(x",y) = g(y) Yy €Ya. (A.116b)

The associated null spaces are
ki ={x e X;: bi(x,y) =0, Vy € Y;} (A.117)

fori e {1,2}.

Theorem A.7.9 (Well-posedness [28, 96, 21]). Let a,by,bs, f and g be given as in Definition A.7.8.
If by and by satisfy Eq. (A.109a) and a|,.,.., satisfy Eq. (A.109), then the generalized saddle point
problem Eq. (A.116) has unique solution (x*; y*) € Xo X Y1. This solution is bounded by

1 c
llxllx, < %Ilfllx; + Ellgllg, (A.118)
c cllall
< — ;+ ., A119
lylly, - fllx; — 181l ( )

where ¢ = (||a||/ya + 1).

The framework partly introduced above, proved to be useful [17] and especially in
the context of partial differential equations related to the Stokes equation it forms the

foundation for the analytical and numerical treatment [62].
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B FiniTE ELEMENT METHOD

Definition B.0.1 (Finite Elements in the sense of Ciarlet). Besides a compact set with
Lipschitz boundary K C R", a finite element as defined by Ciarlet [36] contains additionally
a function space P containing elements p: K — R™ and the local degrees of freedom X~ a
basis of B(P, R). For each finite element one can obtain the so-called shape functions ©
determined by 0;(0;) = 0;j. Given the shape functions © as well as L we are able to map

them via T to an arbitrary grid cell. For every C € C, 0 € ©® and ¢ € X we therefore define

oc,t f o o(f oTi) (B.1)
Oc, =0T "

Remark B.0.2. For arbitrary meshes the transformed shape function is not always a polyno-
mial again.[54]

The following useful and classical lemma is presented as in [54, Lemma B.67].

Lemma B.0.3 (Deny-Lions). Let Q) be a Lipschitz domain. Let | > 0 and 1 < p < oo, then there

exists ¢ > 0 such that

qlélg;””() + [ﬂlwlﬂ,p(g) < Clvlwlﬂ,p(g). (B3)

Lemma B.0.4. Let Ty, )nen be a family of shape reqular quasi uniform grids with hy, > 0 for every
n € N. Then there is ¢ > 0 independent of hy, satisfying

1
lgrad gllo < e5=ligllo (B.4)

for every g € W
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/. USAMMENFASSUNG

Diese Arbeit untersucht die Stabilitdts und Approximationseigenschaften der Anwendung
des Zell-Knoten Finite Volumen Verfahrens auf eine elliptische partielle Differentialgle-
ichung zweiter Ordnung welche auf Gittern diskretisiert wird, welche aus bilinearen
Bildern von Quadraten oder trilinearen Bildern von Wiirfel bestehen. Diese Gleichung
entsteht aus der Semi-Diskretisierung des Projektionsschrittes einer semi-impliziten Finiten
Volumen Methode zweiter Ordnung, welche sowohl das pseudo-inkompressible als auch
das kompressible Regime der Euler Gleichungen auflsen kann.

Infolgedessen wird das gemischte Sattelpunktsproblem untersucht, das durch die
pseudo inkompressible Divergenzbedingung und die fiir die kompressiblen Effekte ve-
rantwortlichen Quellterme bestimmt wird untersucht. Im pseudo-inkompressiblen Fall
wird Stabilitdt und eine a-priori Fehlerabschédtzung fiir den Projektionsschritt bewiesen,
im kompressiblen Fall zumindest Stabiltdt. Zu diesem Zweck wird eine Interpretation der
diskreten Flussvariablen im Sinne einer unstetige Galerkin Methode und fiihren einen
Raviart-Thomas Interpolationsoperator auf den dualen Kontrollvolumina, welche die
Knoten des primédren Gitters umschliefien, eingefiihrt. Hierbei wird die natiirliche Diver-
genz iiber das Integral des Flusses durch den Rand der dualen Kontrollvolumina definiert.
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