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Kurzfassung

Diese Arbeit befasst sich mit der Einfiihrung und der Analyse einer neuen Finite Elemente
Methode zur Berechnung von inkompressiblen Stromungen. Im Wesentlichen liegt hierbei
der Fokus auf den linearen inkompressiblen Stokesgleichungen, welche die physikalischen
Zusammenhénge — hergeleitet aus den grundlegenden Newtonschen Gesetzten — zwischen
der Geschwindigkeit des Fluids und dem vorherrschenden Druck(gradienten) wiedergibt.
Wahrend die zugehorige Standard-Varitionsformulierung den Sobolevraum erster Ordnung
als Funktionenraum fiir die Geschwindigkeit in Betracht zieht, zeigen wir in dieser Arbeit,
dass es auch moglich ist, eine Variationsformulierung zu definieren, die weniger Regularitét
an die Geschwindigkeit fordert.

Dazu wird eine formal dquivalente Formulierung der Stokesgleichungen in Betracht gezo-
gen und ein neuer Funktionenraum fiir den Gradienten der Geschwindigkeit definiert. Die
resultierende Variationsformulierung ist nun wohldefiniert fiir den Fall, dass die (schwache)
Divergenz der Geschwindigkeit quadratisch integrierbar ist, und nicht, wie es die Standard-
Formulierung verlangt, alle partielle Ableitungen. Wir préisentieren wichtige Eigenschaften
des neu definierten Funktionenraums, wie zum Beispiel die Definition eines stetigen Spur-
operators und die Dichtheit von glatten Funktionen.

Motiviert durch diese neue Formulierung befasst sich der Rest der Arbeit mit der Herlei-
tung und der Analyse einer neuen zugehorigen Finite Elemente Methode. Fiir die Appro-
ximation der Geschwindigkeit kann nun ein passender konformer Raum gewé#hlt werden,
welcher zur exakten (physikalisch korrekten) Einhaltung der Inkompressibilitéitsbedingung
fithrt. Fiir die Diskretisierung des Geschwindigkeitsgradienten definieren wir neue ma-
trixwertige Finite Elemente-Basisfunktionen, deren Normal-Tangentialkomponenten stetig
iiber Elementgrenzen hinweg ist. Wir présentieren eine ausfiihrliche Stabilitédtsanalyse und
beweisen optimale Konvergenzraten des Diskretisierungsfehlers.



Abstract

This work deals with the introduction and the analysis of a new finite element method for
the discretization of incompressible flows. The main focus essentially lies on the discus-
sion of the linear incompressible Stokes equations. These equations describe the physical
behaviour and the relation — derived from the fundamental Newtonian laws — between the
fluid velocity and the pressure (-gradient). Where the standard variational formulation of
the Stokes equations demand a Sobolev regularity of order one for the velocity, we give
an answer to the question if it is possible to define a variational formulation demanding a
weaker regularity property of the velocity.

With respect to a formally equivalent representation of the Stokes equations, we answer
this question by the introduction of a new function space used for the definition of the
gradient of the velocity. The resulting variational formulation is well-posed if we assume
that the divergence of the velocity is square integrable. Thereby, with respect to the
standard formulation, where all partial derivatives have to be square integrable, this is a
reduced regularity property. We present certain properties of the new defined function
space and discuss a proper continuous trace operator and the density of smooth functions.

Motivated by this new variational formulation, we present and analyse a new finite
element method in the rest of this work. For the approximation of the velocity we can now
choose a conforming discrete space. This results in a (physically correct) incompressibility
of the velocity field, thus exact mass conservation is provided. For the approximation of
the gradient of the velocity we define new matrix-valued finite element shape functions,
which are normal-tangential continuous across element interfaces. We present a detailed
stability analysis and prove optimal convergence order of the discretization error.
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1 Introduction

Computational fluid dynamics (CFD) is an ongoing research topic and is widely used in
modern industry. Whereas the principles of fluid motion are well known — in the sense of
the governing equations — a numerical approximation of these equations is needed in order
to satisfy the demands of modern applications. The aim of this thesis is to contribute to
the CFD-community by presenting a new method for the descritization of flow fields. In
particular, the presented results not only provide a new numerical scheme but also allow a
new insight on the mathematical structure of the basic equations.

This thesis considers the unsteady incompressible Stokes equations given by the following
set of partial differential equations

—div(yVu) +Vp = f in Q,
div(u) =0 in ©, (1.1)
u=20 on 0f),

where u and p are the velocity and the pressure respectively, @ C R% d = 2 or 3, is
the computational domain, f is an external force and v is the kinematic viscosity. Note
that we also discuss other types of boundary conditions in this thesis, but for the ease we
now only discuss the simplest case of homogeneous Dirichlet values for the velocity. The
question of solvability and well-posedness of the Stokes equations is well analyzed. In this
work we particularly aim to discuss the existence of solutions only in a weak sense, thus we
seek solutions of variational formulations. With respect to the standard velocity-pressure
setting of the Stokes equations as denoted above, a weak formulation now demands the
spaces as follows. Whereas the pressure only needs to be an element of the space of square
integrable functions with a zero meanvalue, denoted by L2(2,R), the appropriate velocity
space is given by the (vector-valued) Sobolev space H} (€, R?). Assuming f € L?(Q,RY),
the resulting weak formulation is thus given by: find u € H} (€2, R?) and p € L3(Q,R) s.t.

/Z/Vu:Vvdar—/div(u)pdx—/f-vda: Yo € H}(Q,RY),
—/ div(v)gdz =0 Vg € L3(Q, R).
Q

This formulation has — especially from the mathematical point of view — a very interesting
structure: it is a saddle point problem. In contrast to standard symmetric and coercive
variational formulations, this makes the solvability analysis very challenging. In particular,
one has to show that the inf-sup condition for the divergence constraint is fulfilled. This
was proven in the famous work of Necas, see [88], and many subsequent works [18, 19, 15].
To be precise, in the work [88] the author presented a proof for the estimate

Iflz2y < 1 fla-1) + IV fllg-1) forall fe L*(Q,R),
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which was later realized to be equivalent to the inf-sup condition of the divergence con-
straint.

Scientists of different fields developed various numerical schemes to approximate the exact
solutions of equations (1.1). The finite element method, which is based on the variational
formulation of the Stokes equations given by (1.2), has shown to be especially well suited for
this problem. Similarly as in the continuous setting, the saddle point structure makes things
complicated: the finite dimensional velocity and pressure spaces need to be compatible, by
means that the corresponding discrete inf-sup condition for the divergence constraint can
not be inherited from the continuous setting and needs to be proven for each method
separately. However, many different stable pairs were found, as for example the famous
Taylor-Hood element, see [116, 53, 85] and its high order extension [20], or the Scott-
Vogelius element, [119]. Beside these conforming methods, many other conforming and
also non-conforming (with respect to the velocity space Hg (2, R?%)) finite element pairs can
be found, for example in [11, 53, 72, 40].

Talking of non-conforming schemes, we shall particularly discuss discontinuous Galerkin
(DG) methods. Since their introduction by Reed and Hill in [100], DG schemes got popular
for parabolic and second-order elliptic equations, see for example [7, 67, 103], and particu-
larly also for the discretization of flow problems, see for example [113, 108, 54, 29, 31, 30,
35, 71, 8]. Where continuity with respect to H'(£2,R) is only imposed in a weak sense, it
is this discontinuity that allows to use certain stabilization techniques, which are needed
to attain stable methods in the case of dominating convective forces. For flow fields this
is specifically of interest if we not only consider the Stokes setting, but the Navier-Stokes
case, as it includes the non-linear convection term (u-V)u. In recent years, there has been
a growing body of literature particularly discussing DG methods (and also their hybridized
versions), where the discrete velocity space V}, is chosen to be conforming with respect to
H(div, ), see for example in the works [30, 31, 29, 80, 81, 76, 77, 49, 51, 101, 109, 74, 73,
38]. In this case, weak conformity with respect to H'(€,R%) only needs to be imposed for
the tangential component of the velocity field as the normal component is continuous. The
motivation of this choice is given by the incompressibility constraint div(u) = 0. Obviously,
H (div)-conformity is tailored to approximate this constraint in a proper sense. To be pre-
cise, using standard (well known) H(div)-conforming finite elements for the approximation
of the velocity, the discrete pressure space can be chosen as @ = div(V}). This implies
that weakly divergence free velocity fields are exactly divergence free:

/ diV(Uh)qh dr=0 Vg€ Qh = diV(Uh) = 0. (1.3)
Q

This exact mass conservation property of discrete velocity solutions was identified as a cru-
cial advantage compared to other methods, as it leads to energy stability of discretizations
of the Navier-Stokes equations (using for example an upwind-stabilization for the convec-
tion term), and to pressure robust error estimates in the Stokes setting. The latter property
was first discussed in the literature in [83] and lead to several subsequent works [79, 70, 16,
82, 75] and more. Standard finite element methods for the velocity pressure formulation of
the Stokes equations usually provide a priori estimates for the discrete velocity uyp, which
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read as
lu—un| <C( inf [lu—vp|n L inf |p— | )
u u 1mn u ( 1mn 5
o) = CL Wy nlla@) + oL P = dnllzzo

where pp, is the discrete pressure solution, and C' > 0 is a constant independent of v.
Thus, the velocity error is not only bounded by the best approximation of the velocity
space, but also depends on the approximation properties of the pressure space. Further,
the best approximation of the pressure includes the scaling 1/v. Assuming that the exact
pressure is not included in the discrete pressure space (thus, the second term is not equal
to zero), this scaling can lead to a bad velocity approximation if the viscosity tends to get
small v — 0. In the literature this phenomenon is also associated with a property called
poor mass conservation and is inherited from the weak treatment of the incompressibilty
constraint. In contrast to this, H(div)-conformity of the discrete velocity space leads to
exactly divergence free velocity fields, see equation (1.3). This then allows us to derive
error estimates that are independent of the pressure, and thus in particular do not show
the bad behavior as described above if the viscosity v gets small.

It seems as if H(div)-conformity of the velocity space is the right, or at least a very good,
choice in the discrete setting, rising the question if this might also be an appropriate choice
in the continuous setting. We give an answer to this question by introducing a formally
equivalent formulation of the Stokes equations. Introducing a viscous stress variable o =
vVu, elementary manipulations of the standard Stokes equations yield the mixed form

—0c—Vu=20 in Q,
v

divie) = Vp=—f in Q,
div(iu) =0 in €,

u=20 on I'p.

Based on this set of equations it is then possible to derive a variational formulation, where
the proper velocity space is given by Hy(div) (including zero normal boundary conditions).
The stability analysis of this new formulation is one of the main issues of this thesis, and
includes the introduction of a new function space for the viscous stress variable o. As we
alm to require as little regularity as possible, we define this new space as

H(curldiv) := {o € L*(Q,R¥?) : div(s) € Hy(div)*},

which reads as the set of matrix-valued square integrable functions, whose divergence can
continuously act (in the sense of a linear functional) on functions in Hy(div). The definition
of this new function space allows a detailed analysis and leads to new findings of the
mathematical structure of the Stokes equations. Motivated by this new continuous setting,
we then aim to define a new discrete variational formulation. Where the approximation
spaces for the velocity space and the pressure space are based on (standard) conforming
finite elements, the approximation of functions in H (curl div) demands the introduction of
a new finite element. Using these elements we then define a discrete method, which we call
the mass conserving mixed stress method (MCS).



1 Introduction

Various publications have assessed the numerical treatment of the mixed formulation
above, see for example [47, 48, 45, 62]. In particular, we want to mention the work [46]
where the authors claim that their method locally conserves mass (and momentum). Their
velocity approximation is given by element-wise (with respect to a triangulation) constants
and additional (constant) Lagrange multipliers ,,4; used for the approximation of the
velocity in normal and tangential direction at element interfaces, respectively. The resulting
velocity solution then provides the property

/ﬁnds:O forall T €T,
oT

where T is an element of the triangulation 7;. The equation above can therefore be
understood as a local conservation of mass as the “netto inflow equals the netto outflow” on
each element boundary. However, the resulting method is not pressure robust as it does not
provide exactly divergence free velocity test functions. In contrast, the schemes presented
in this work lead to exactly divergence free, hence pressure robust, velocity approximations
that have no computational overhead (in the sense of coupling degrees of freedom) and
further provide optimal convergence orders of the finite element error.

1.1 Structure of this thesis

In this thesis we first examine the continuous setting and derive new insights on the math-
ematical structure of the Stokes equations. The later chapters are dedicated to the intro-
duction of new finite element methods. More precisely, this thesis is structured as follows:

e In chapter 2 we derive the governing equations of fluid motion. We follow the standard
procedures known in the literature using the fundamental theorems of Newton given
by the conservation of mass and the conservation of momentum. We discuss the
special case of Newtonian fluids, and conclude with the derivation of the Stokes and
Navier-Stokes equations.

e Chapter 3 introduces the notation that shall be used within this work. We define
several well known function spaces and present the basic theorems proving well-
posedness of variational formulations in an abstract setting.

e Chapter 4 is dedicated to the derivation of a new variational formulation of the Stokes
equations including the definition of the function space H(curldiv). In a first step
we provide an equivalent definition and prove that this new function space can be
approximated by smooth functions. Thereby, we can apply standard density argu-
ments to define an appropriate trace operator, which is continuous and surjective
with respect to a corresponding (newly defined) trace space. Based on these findings
we discuss well-posedness of the standard Stokes equations and their symmetric ver-
sion using the theory of saddle point problems. The analysis includes a Korn-type
inequality (for the deviator) that is proven in detail.

e Beside the definition of standard well known finite elements used for the approxima-
tion of the velocity and the pressure solution, chapter 5 is committed to the definition
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of new matrix-valued finite elements that shall be used for the approximation of func-
tions in H(curldiv). By the definition of a distributional divergence (with respect
to a given triangulation), we motivate the incorporated normal-tangential continuity
of discrete stress functions. We define an appropriate finite element mapping and
present the construction of arbitrary high order basis functions.

e Using these new stress finite elements, we introduce a discrete variational formulation,
in the chapter 6. The analysis of this method is split into several parts. In a first step
we present some norm equivalences that are based on standard scaling arguments
and the structure of the considered finite elements. Based on these results we then
present an inf-sup condition proving discrete stability. We conclude the chapter
with the introduction of several interpolation operators and present an a priori error
analysis proving optimal convergence order of the finite element error. The stability
analysis as well as the error estimates are presented in two different versions: whereas
the first case uses discrete norms inspired by the original standard velocity-pressure
setting of the Stokes equations, the second version uses natural norms with respect
to the new continuous setting derived in chapter 3.

e Chapter 7 discusses the discretization of the symmetric case. As the discrete stress
space is not suited to approximate symmetric matrices, we introduce a new constraint
and impose symmetry only in a weak sense. In order to prove well-posedness, we
present an enrichment of the stress space that is motivated by the work of Stenberg,
see [111]. We present a detailed stability analysis and show optimal convergence of
the finite element errors.

e We conclude the work with chapter 8, in which we present several numerical examples
to validate the findings of the previous chapters.

Some of the presented results have been published in the works [69, 68]. However, in this
thesis we extend these results and add several additional comments.



2 The equations of fluid motion

This chapter is devoted to the basic principles of fluid mechanics and the derivation of the
governing equations. We follow the same ideas as provided in standard literature on fluid
dynamics, see [93, 10, 114, 3].

In the following we consider an Euclidean space with the independent three-dimensional
variable z = (x1,x2,x3) and assume that the time ¢ proceeds independently. Using the
unit vectors eq, e and e along the x1, xo and x3 axes, respectively, we define the vector
velocity field by

U= uiej] + ugzeg + uses,

with the scalar-valued components u; = uj(x1,x2,x3,t), ug = ug(x1,x2,x3,t) and ug =
us(x1, T2, x3,t). Similarly, the scalar density field and the scalar pressure is given by p :=
p(x1,x2,x3,t) and p := p(x1, e, x3,t). We speak of a two-dimensional flow field, when the
fluid motion is restricted to parallel planes. In this case the the velocity component, which
is perpendicular to the plane is equal to zero at each point. Further, the flow is independent
of deformations that are parallel to the flow. In this work a two dimensional flow is always
considered in the x1-xo plane, thus the velocity field is given by u := uje; +uses. Note that
in order to speak of the above defined physical quantities we assumed that the continuum
assumption holds true. This means that the physical quantities of interest of the liquid
contained in a given small volume are imagined to be uniformly distributed over that
volume. We can then also talk about fluid particles at a specific point, when we keep
in mind that this particle is actually sufficiently large to contain enough molecules of the
liquid such that an averaging, for example of the velocity, makes sense.

For the derivation of the governing equations of fluid mechanics we are using the concept
of (finite) control volumes and their associated control surfaces. The main purpose of using
a control volume is to focus the attention on physical events and quantities only in a small
region and its boundary in order to be able to keep track of all effects. We can distinguish
between two different types. A fixed control volume is specified by a given (fixed) location
in space, thus the fluid passes into and out off the volume through the surface. The second
type is called a material control volume. The idea is that the control volume is moving with
the liquid such that the fluid particles stay inside and do not pass the surface. This leads to
two different aspects. A Lagrangian viewpoint focuses on the flow of fluid particles. Each
particle is identified by its initial position at a specific given (start) time. When time passes
all particles move and change their position. This position (trajectory) now is a function
that depends on the original location and the time. Similarly, all other physical quantities
only depend on the initial position and time, thus refer to one specific fluid particle. In
contrast to this, the Fulerian viewpoint deals with fixed points in space. At a given time
we can evaluate physical quantities at each point to retrieve local information on the fluid.
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In this work we always use the Eulerian viewpoint. The close relation of the two different
viewpoints is given by the substantial derivative

D 0

— = -V 2.1

= =2+ V), (21)
which can be interpreted as the time rate of change following a fluid particle. It consists of
the local time derivative at a fixed point 0/0t and the convective derivative (u - V), which
describes the time rate of change induced by the movement of the particle.

2.1 Fundamental laws

2.1.1 The continuity equation

The fundamental physical principle that is considered in this section is the conservation of
mass. To this end, let w be an arbitrary fixed control volume, hence we assume that it is
not moving with the flow. The principle of mass conservation then reads as

Netto mass flow through the surface dw = time rate of decrease of mass inside w. (2.2)

In the following we translate (2.2) into an explicit equation including functions and vari-
ables. We first deal with the left hand side of this equation. The mass that is transported
through an infinitesimal small surface area is given by the density times the size of this area
times the velocity that is perpendicular to the surface. Thus, we have, using the Gaussian
theorem,

Netto mass flow through the surface dw := /

pu-nds = / div(pu)dzx .
Ow w

The right hand side of (2.2) is given by the negative derivation with respect to time of the
mass inside of w, thus

0
time rate of decrease of mass inside w := ~ / pdx.
w
Note that the control volume is fixed in time, allowing us to change the order of integration
and differentiation. Combining the last two results then leads to

dp

— +div(pu)dx = 0.

o v(pu)

Taking into account that the control volume w was arbitrary, the equation inside the integral
has to be fulfilled at each point and so we finally derive the continuity equation given by

dp

— +div(pu) = 0. 2.3

o+ div(pu) (23)
This means that the time rate of change at a specific point equals the negative netto flow
of the mass out of an infinitesimal small volume area (a fluid particle). Before we proceed
with the next chapter we try to give a physical interpretation of (2.3) following one specific
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fluid particle. For this we use the product rule for the second term and use the definition
of the substantial derivative (2.1) to get
% = —pdiv(u).

The left hand side is the time rate of change of the density of one fluid particle as it follows
the flow, and the right hand side is equivalent to the mass per unit volume (the density
p) times the expansion rate of the fluid particle. Note that this version of the continuity
equation can also be derived by starting with a material control volume w(t), which follows
the flow, and using the principle of mass conservation. In fact, there are four equivalent
versions of the continuity equation, which can all be converted into each other. For more
details we refer to [3, chapter 2.5].

2.1.2 The momentum equation

In the following chapter we derive the momentum equation, which is based on Newton’s
second law: The time rate of change of the momentum of a particle is proportional to the
force acting on it. For the derivation we choose a material control volume w(t), which is
moving with the flow. Then we have, according to Newton’s second law applied on the
fluid seen as a continuum,

time rate of change of momentum of w(t) = netto forces acting on w(t). (2.4)

For the computation of the momentum we first focus on the physical effects in the x-
direction. The product pu; is equivalent to the momentum in the direction of e; per unit
volume,

ot

time rate of change of momentum in z-direction of w(t) = — / puy dx .
w(t)

Using Leibnitz’s theorem to change the order of integration and differentiation (the control
volume depends on time and is moving with velocity u), and using Gauss’s theorem on the
appearing surface integral, we can further write

0 0 0
/ puy dx = —(puy) dz +/ (pur)u-nds = / —(puq) + div(puiu) dz.
Ot Ju(t) w(t) Ot Bus(t) w

For the right hand side of (2.4) we first consider an example. Imagine a bubble consisting
of oil that is surrounded by water and moves with the flow. There are two different forces
acting on this bubble. Firstly, the gravity acts on each oil particle inside the bubble, and
secondly, there is a force induced by the surrounding water that acts on the surface of the
bubble. Although this is an example of a two-phase flow and many different physical effects
are going to occur, we can apply the same ideas on our material control volume, where we
consider a volume force f and a surface force s. Thus, again restricting on the x;-direction,
we have

net forces in z1-direction acting on w(t) = / pfidz +/ s1ds.
w(t) Ow(t)
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Note that there is no density included for the boundary forces as the infinitesimal small
areas contain no mass. The same arguments are now also applied to the zo-direction and
the xs-direction. Combining all results we have for f = (fi, f2, f3) and s = (s1, s2, s3) the
equation

/ Q(pu) + div(pu @ u) dz = / pfd:n—i—/ sds. (2.5)
w(t) O ¢ Bus(t)

w(t)

To proceed with our derivation we take a closer look on the idea of the surface force. Let us
go back to our example and assume that the considered material control volume w(t) is the
oil bubble. Next, imagine that the surrounding water is removed. Then the surface force
s has to be equivalent to the forces that were induced by the surrounding water. Thus,
we could just consider the oil bubble and think of s to be a function depending on the
position and the orientation of the surface. This idea then leads to the introduction of a
stress tensor T' such that s = Tn. The derivation of this stress tensor is complicated and
can be found for example in [93, chapter 5.4].

Putting back the surrounding water, we now assume that the bubble is not moving. In
this case the surrounding weight of the water creates a force that presses the oil bubble
together. This is the pressure force p. However, when the surrounding water is moving,
there will not only be a pressure but also some viscous effects. The velocity at the interface
of the bubble has to be continuous, thus the moving, surrounding water creates some
stresses at the surface. This leads to the introduction of the viscous stress tensor 7. These
two different forces are combined by the relation T = —Idp + 7. Using this relation and
the idea of introducing a stress tensor in equation (2.5) leads to

0
/ g(pu) +div(pu ® u)dz = / pf +div(=Idp + 7) dz,
w(t) w(t)

where we applied Gauss’s theorem for the boundary integral. Similar as in the previous
section this equation has to be fulfilled at each point as the material control volume w(t)
was arbitrary, leading to

gt(pu) +div(pu ® u) = pf — Vp+div(r). (2.6)

This is not the final form of the momentum equation, however we can not proceed without
making some assumptions about the physical properties of the considered fluid.

2.2 Incompressible Newtonian fluids
Supposing a constant density p, the continuity equation (2.3) simplifies to
div(u) = 0. (2.7)

This divergence constraint plays a very important role, especially for numerical simulations.
If the divergence of the velocity is not approximated well enough, this may result in a poor
(numerical) mass conservation and can lead to big discretization errors.
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The second assumption concerns the definition of the stress tensor 7" and is called New-
ton’s viscosity law. It states that the stress tensor linearly depends on the rate of strain.
This relation, also called constitutive equation, has a big influence on the behaviour of the
fluid. We refer to chapter 6 in [93] for a detailed discussion on this topic. Newton’s viscosity
law — we then speak of a Newtonian fluid — leads to the relation

T=—-Idp+7 with 7= Addiv(u)+2ue(u), (2.8)

with the first and second viscosity coefficients A and p respectively, and the symmetric
gradient given by

c(u) = % (Vu+ (Vu)T).

Another common assumption considering Newtonian fluids is that they further fulfill the
Stoke’s assumption, which reads as A = —2/3pu.
2.2.1 The Navier-Stokes equations

Using relation (2.8) and the incompressibility constraint (2.7), we can simplify the diver-
gence of the viscous stress tensor

div(7r) = div <§,u1d div(u) +2p 5(u)> =div(2ue(u)).

The set of partial differential equations given by the momentum equation (2.6) (using the
simplification of the previous step), and the incompressibility constraint (2.7) are called
the incompressible Navier-Stokes equations

2 (pu) — div(2pe(w) + div(pu® ) + Vp = pf.
div(u) = 0.

Making the further assumption that the second viscosity p is constant in space and time
we can use the identity

div(2ue(u)) = 2udiv(e(un)) = p (Au+ Vdiv(u)) = pAu.
Dividing by p then leads to

% —vAu+diviu®@u) + Vp = f, (2.9a)

div(u) = 0, (2.9b)

with the kinematic viscosity v := p/p and the scaled pressure (again denoted by p) p := p/p.

10
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2.2.2 Creeping flows - The steady Stokes equations

A import characteristic number in fluid dynamics is the Reynolds number. It is defined by

L
Re:= U (2.10)

1%

where U and L are characteristic length and velocity scales. The Reynolds number is
important as it can be interpreted as the ratio between inertia and viscous forces. For
example a very small viscosity (compared to U and L) leads to a high Reynols number.
The friction between fluid particles is then small and the acceleration initiated by inertia
forces dominates. However, in a flow characterized by a small Reynolds number, the viscous
effects are crucial. Such flows are often called creeping flows and are of practical importance.
This has a great impact on the governing equations of fluid motion. Using a dimension
analysis for the case when Re — 0 shows that the nonlinear term in (2.9a) vanishes, thus
div(u®u) — 0. The resulting set of partial equations is called the unsteady Stokes equations.
If we make the further assumption that the flow is steady, thus does not change when time
passes, we get the steady Stokes equations given by

—vAu+ Vp = f,

div(u) = 0. (2.11)

These equations are of great interest as they fit in the mathematical concept of a saddle
point problem. Although the full nonlinear setting of the Navier-Stokes equations (2.9) is
generally applied, a proper (numerical) treatment of (2.11) is needed in order to under-
stand the principles and effects that appear. This thesis only focuses on the steady Stokes
equation and presents a new analysis of the mathematical structure of (2.11).

2.2.3 Boundary conditions

For the systems of partial differential equations introduced above we need suitable boundary
conditions. Note that we only consider the steady case. In this work deal with two different
types of boundary conditions. The first one is the case, where the fluid comes in contact
with a wall. Obviously, we require that no fluid is going to pass through the wall. Assuming
the wall moves with velocity u,, we impose the condition

U N = Uy - N. (2.12)

This condition only influences the normal component of the velocity, but has no impact
on the tangential velocity. This is mainly due to the different physical effects that are
responsible for the boundary condition. If we think of a wall that comes in contact with
the fluid, a common approach is to consider the wall as a part of the fluid. In chapter 2.1.2
we used a control volume and its surface to determine the forces produced by the fluid from
the outside. Beside the pressure force viscous effects also occurred. Considering a wall,
similar observations can be made. The viscous effects close to the wall create a force that
holds the fluid particles and the wall together. They are, in other words, glued together

U X N = Uy X N (2.13)

11



2 The equations of fluid motion

Today this no-slip condition is commonly accepted, although many different approaches
were considered in the past. For a detailed discussion we refer to [93, chapter 6.4]. These
two conditions together are called Dirichlet conditions.

The second type is called a Neumann boundary condition. At this point we do not want
to have a lengthy discussion on the physical interpretation of these conditions and refer to
the literature. A Neumann boundary condition is denoted by

(=Idp+7)-n=—-P, (2.14)

with an given force P. For more details we refer to [59, chapter 1.2].

12
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3.1 Preliminaries, basic notations and functional spaces

In the following, we introduce the notation and establish properties of certain Sobolev
spaces that we use throughout this work. For a more detailed discussion on this topic
we refer to [2, 88, 11] and [53]. First, we introduce the notation A ~ B to indicate that
there exists constants ¢, C’ > 0 independent of the mesh size (as defined in chapter 5) h
and the viscosity v such that cA < B < CA. We also use A < B when there exists a
C > 0 independent of h and v such that A < CB. In a similar manner we also define the
symbol 2.

For the rest of the work let Q ¢ R? d = 2 or 3, be an open bounded subset such that
the boundary T := 012 is either

e smooth, i.e. I' € C,

e or piecewise smooth, i.e. we assume that there exists a (finite) decomposition of
I' into smooth Lipschitz boundary parts I'; such that I' = (JI';. Further, for each

1
component I'; there exists an open Lipschitz domain Q; C R such that
ﬁlﬂﬁzf‘z and QiﬂQ:@,

and ; and €2; have a positive distance for ¢ # j. Finally, we assume that the interior
of QU U. .. is also a Lipschitz domain. Those are the same assumptions as in [65]
and fit into the setting of [56].

Let C*(Q,R) be the function space consisting of real-valued k-times continuously dif-
ferentiable functions on Q. Then we define D(Q2,R) := C5°(2,R) as the set of infinitely
differentiable, compactly supported, real-valued functions on  and denote by D'(€2) the
space of distributions. To inidicate vector and matrix-valued functions we include the range
in the notation, thus D(Q,RY) := {¢ : @ — R? with ¢; € D(Q,R)} and D(Q,R¥*9) := {¢:
Q — R4 with ¢;; € D(,R)} indicate vector and matrix-valued infinitely differentiable,
compactly supported, real-valued functions, respectively. This notation is extended to
other functions spaces as needed. Whereas

LXQR) = {f :/Qf|2dx < oo} (3.1)

denotes the space of square integrable functions with the inner product and the norm

([, 912 = /Qfgdl“, 1F1Z2) = (fs Preys  Yfrg € LA(Q), (3.2)

13



3 Variational framework

the spaces L%(Q,R?) and L?(©2,R%9) denote its vector and matrix-valued versions. We
also define the closed subspace

L3(QR) := {f € L*(Q,R) : /Qfdx =0}.

At several points in the later chapters we make use of the local L?-norm defined on subsets
w C €). For a better readability we introduce the following notation

I oo = 11 22 ()

Certain differential operators have different definitions depending on the context. We
define the “curl” operator by

curl(¢) = (=026, 016)7T, for ¢ € D'(Q,R) and d = 2,
curl(¢) = =gy + 1o, for ¢ € D'(Q,R?) and d = 2,
curl(@) = (Oacps — D32, D361 — D13, O1pa — Oapr) ™ for ¢ € D'(Q,R?) and d = 3,

where ()T denotes the transpose and 9; abbreviates 0/9;. Similarly, V¢ has different
meanings depending on the context and results either in a vector [V¢|; = 0;¢ for ¢ €
D’(Q R) or in a matrix [V¢];; = 9;¢; for ¢ € D'(2,R?). Finally, we denote by div(¢) =
S| D¢ the standard divergence operator for ¢ € D'(Q, R%) and by [div(@)]; = S35, iy
the vector-valued divergence operator applied to ¢ € D'(Q, R*4),

Let d := d(d — 1)/2 (such that d = 1 and d = 3 for d = 2 and d = 3, respectively). The
standard Sobolev spaces are denoted by

HY(QR) := {u € L(QR) : | Vul r20) < o0},
HY(Q,RY) := {u € L*(Q,RY) : |Vul|12(q) < oo},
H(div, Q) := {u € L*(Q,R?) : || div(u )HL2 < 00},
H(curl,Q) := {u € L*(Q,RY) : || curl(u M2 < oo},
with the associated norms given by || - [[g1(q), || - [#@iv,0) and || - [| 7 (curl,0)> Tespectively.
Note that we will not distinguish between the dimension of the ordinary Sobolev space in
the definition of the norm, thus we use [| - | z1(q) as the symbol for the norm on H'(Q,R)

and H'(Q,R?). In the same fashion we also denote the seminorms by | - | m©Q) | |Hdiv,0)
and | - | gr(curl,)- Sobolev spaces with higher regularity are similarly given by

H™Q,R
H™(S, Rd
H™(div, Q2
H™(curl,

u € L*(Q,R) : [[V™ul| 12y < 00},

ue L2(Q,RY) : V™l 12(q) < oo},
we H™(Q,RY) : | div(u >||Lz<m < oo},
ue H™(Q,RY) : || curl(u)|| 2y < oo},

~— ~— ~— ~—

e A

and we use the notation || - | gm(qy, || - [|7m(div,) and || - || gm(curt,0) for the corresponding
norms. Note that the Sobolev spaces above can also be defined as the closure of C*°(£, )

14
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(for sufficiently smooth boundaries) with the according norms, see for example in [64] for
spaces with more regularity and for the standard spaces [57, 58, 53]. The equivalence of
those definitions is not trivial and goes back to the famous theorem of N. Meyers and J.
Serrin, see [86]. A detailed proof can also be found in the book [44, 2].

We continue with the definition of appropriate Sobolev spaces on the boundary. As we
are also dealing with non-smooth boundaries, we follow the notations and definitions given
in [24] and [84]. In the case of a partially smooth domain and d = 3 we denote by e;; the
open edges of I'. When I'; and I'; are two adjacent faces then e;; is the common edge. By
n we denote the piecewise smooth, outward unit normal on 2. On the edge e;; we define
the parallel unit tangential vector by ¢;;. Note that on each I';, the three vectors given by
n; = n|p,, tj; and t; = t;; X n; form an orthonormal basis of R3 and the vectors ¢; and Lij
are an orthonormal basis of the tangential plane. We denote by F(T';) the set of indices j
such that I'; and I'; have a common edge e;;. In two dimensions the tangential vector ¢;
is simply given by rotating the normal vector by 90 degrees. Further, e;; is the common
vertex (and F(I';) is defined correspondingly). Using the notations from above the space
of square integrable functions on the boundary I' is denoted by L?(I',R). Next, on each
part of the boundary we define the space

H1/2( ) —COO( )H ||H1/2(F)

u(z y)? / 2
U|| g : ds(z)ds(y) + u“ds.
el VA / / ’m—y’d (=) ds(y) Ty

7

with

Similarly, we define the space H'/ 2(I',R). Using the notation
1/2 |u(z y)I?
u; = uj at e;; & ]a; — y|d ds(z)ds(y) < oo,

for u; € HY/?(T;,R) and u; € Hl/Q(I‘j,R), there holds

o uwe HY*(T;,R) Vi,
ue H*(I,R) & 1/2 ., = =
ulr, = ulr, Vi#jst. IinT; #0.

Beside the (equivalently defined) vector-valued functions spaces L?(I',R%), H'/2(T;, R%),

HY?(T',R?%), we now further have for d = 3:
LA, RY) := {u e L*(T,RY) : - n = 0},
HYAT,RY) = {u e LT, RY) : u|r, € HY/2(T;, R4},
HY(0,RY) = {u € HY*(0,RY) s ulp, -t L ulr, - 1:;%), Vi € F(T;)},
(T, RY)

1
HY2(0RY) = {u e HY2(0,RY s ulp, - t; L oulr, - t:vi € F(I;), %5}
1/2
The compatibility equation ulr; - t;; /! ulr, - t;; assures “continuity” of the tangential
components across the edge of vector functions in the tangential planes on I'; and T';.
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1/2
Similarly, the compatibility equation ulr; - t; /: ulr, - t; assures “continuity” of the (in
plane) normal component across the edge. The last two function spaces can also be defined
on each I'; separately by Hul/2 (T, RY) := {u|r, : u € HHI/2 (T, R%)}. In two dimensions there
is no equivalent definition of the tangential vector ¢;;, thus we simply set Hul/ 2(I’,Rd) =
HY*(T, RY).
Next we introduce the following trace operators for smooth functions

¢ = @|r for p € CLQLR), Y0 :=¢|r-n for ¢ € CH(Q, RY),
Y = P|r X n for ¢ € CHQRY), mo:= (d|r — (¢|r - n)n) for ¢ € CHQ,RY),
Yn® = Yn(@|rn)|r  for ¢ € Cl(ﬁ, RdXd), Tnt® := m(@|rn) for ¢ € Cl(ﬁ, Rd).

Note that in three dimensions there holds ¢ = n x (¢ x n)|r and that in two dimensions
~¢ does not exist. In a similar manner we define the corresponding trace operators also on
a part of the boundary symbolizing it with further indices, e.g. the tangential projection
on the boundary I'; is denoted by ; ;. For the ease of notation we omit the symbols of the
corresponding trace operator if it is clear from the context, e.g. where ¢,,, ¢; represent the
normal part and the tangential projection (with respect to m;) of a vector-valued function.
Similarly, ¢n, and ¢,: are the normal-normal and the normal-tangential projection of a
matrix-valued function.

In the following we introduce trace operators for Sobolev spaces. First, recall that « can
be extended to the Sobolev space H!(2,R) such that

v HY(Q,R) — HY?(I,R),

is a linear, continuous and surjective operator. Keeping this in mind, we omit the notation
including the symbol v for a better readability. Note that the trace operator allows us to
define an equivalent norm by

U ~ inf .
llwll g2y ¢€H1(Q’R)H¢HH1(Q)
¢=uon I

Next, we define the closed subspaces with vanishing trace
HY(OR) :={uc H'(QR) : u =0 on 99},
Hyp (R) :={u e H'(Q,R) : u=0 on '},

and similarly the vector-valued versions H{ (2, R?) and H (},Fi (2,R?). Note that there holds
a similar density argument

H}(Q,R) = mﬂ'ﬂm(ﬂ) and H&,Fi(QaR) = WH'”}H(Q),
where Cgf’ri(Q, -) denotes infinitely differentiable functions with compact support on ﬁ\ T;.

For the definition of further trace operators we first need some dual spaces. We use the
superscript * in the case of a Hilbert space, whereas the dual spaces of the above defined
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Sobolev spaces are simply defined using the well known notation with negative indices.
Thus we have for example

HQR) = [HYQB)]" and Hy (R) = [Hir (LR),
and similarly on the boundary
H™'2(D,R) = [H'?(T, R)]".

Further we introduce the following notation: the action of a continuous linear functional
f on an element g belonging to a topological space X is denoted by (f,g)x. We omit the
subscript in (-, -) when it is obvious from the context. Then the corresponding dual norms
are defined in the common way, as for example

(u,v)
HUHH—l/Q(F) = sup .
veH/2(T'R) HUHH1/2(F)
For the Soblev space H(div, 2) the appropriate trace operator is given by ~, such that

Y+ H(div, Q) — H (I, R),

is a linear, continuous and surjective operator. We define the closed subspaces with van-
ishing normal trace

Hy(div, Q) := {u € H(div,Q) : (u-n,$) =0 Vo € H'(Q,R)},

Hor,(div,Q) := {u € H(div,Q) : (u-n,¢) =0V¢ € H&F\E(Q,R)}.

For the trace operator of H(curl, ) we need further (dual) Sobolev spaces with even less
regularity. For this let Vr, divy and curlr be the corresponding differential operators on
the boundary (see chapter 3.1 in [24]). Then we define

H (dive,T) = {u e H7V*(T,RY) : divp(u) € H-V3(T,R)},

H P (cwrlp, T) := {u e HA(T,R?Y) : curlp(u) € HV/2(T,R)}.

The operators v and 7; can be extended such that

v :H(curl, Q) — HHA/Z(diVF,F),
7 :H(curl, Q) — Hll/z(curlp,f‘),

are linear, continuous and surjective operators. Notem that «; and 7 can also be applied
to functions in H'(Q, R%) such that v, : H'(Q,RY) — H{/*(T,R) and 7, : H'(Q,RY) —
HHl/ 2(I‘,IR{d) are linear, continuous and surjective.

Trace operators for Sobolev spaces with higher regularity were also analyzed in the
literature. In the case of H™ (€, R) we refer for example to [57, 58]. However, in this work
a special interest lies on the traces of functions in H'(curl, ), which were, to the best
knowledge of the author, so far not analyzed in detail. Obviously, as this is a subspace
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of H'(Q,R?), the above trace operators v and 7; (and ; for d = 3) are all linear and
continuous. Next we proceed similar to chapter 3.1 in [24] to define another trace. To
this end let curly, ; := m j(curl(u)) for all u € H'(curl, ), where m ju := u — (u - nj)n;
with the unit normal vector n; of the domain € on I';. This yields curly, ; : H Yeurl, Q) —
H'Y2(T;,R3). Next we define the operator curly, as

curly, : H'(curl, Q) — Hi/Z(F,Rd), curly, (z) = curly, ,(z) ae. xz€ly. (3.3)
Then there holds the following identity
curly, u = m(curl(u)).

In the case of a smooth boundary the tangential projections m; maps functions from
H'(Q,R%) onto Hul/ 2(F,R?’). This also assures the continuity (but not surjectivity!)

curly, : H'(curl, Q) — H'*(I,RY).

In the case of a piecewise smooth boundary we only have that the operator curl;, maps
functions from H'(curl, Q) onto Hi/Q(Fi, RY).

Finally, similarly to the differential operators above, we define the operator skw(-) de-
pending on the context. To this end let ¢ € D'(€2,R) and ¢ € D'(2,R3) then we have

0 —é 0 Y3 —t
skw(¢) = (¢ 0 ) , and skw(y)=|—-v3 0 U1
o =1 0

For matrix valued functions ¢ € D'(Q, R™?) we simply skw(¢) = %qb — T,

Next we introduce an important regular decomposition result for the space H(div,()
including different boundary conditions. The result is well known and can be found for
example in [56]. Note that in the two-dimensional case the result follows from the corre-
sponding decomposition of H(curl, Q) functions and by the equivalence curl(¢) = V+¢ for
¢ € D'(LR).

Theorem 1 (Regular decomposition of H(div)-functions). Let I'; C T' be a part of the
boundary T' defined at the beginning of this chapter. For w € Hyr,(div,Q) there exist

Junctions ¢ € H&Fi(Q,Rd) and z € H(%,Fi (2, RY) such that
u = curl(¢) + z,
with the stability estimates
19l 1) < cllullg@ivo)  and  [2]lm1q) < el div(u)|lr2)-
We conclude this section by introducing some important inequalities.

Theorem 2 (Poincaré inequality). Let Q C R?, d =2 or 3, be an arbitrary bounded and
connected Lipschitz domain with diam(Q) = 1. For a function u € H'(Q) there holds

2
Hu“jztll(ﬁ) <cp <’uﬁ{1(g) + (/Qudx> ) ,

where ¢, only depends on the shape of ).
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Theorem 3 (Friedrichs inequality). Let Q@ C R, d = 2 or 3, be an arbitrary bounded
and connected Lipschitz domain with diam(Q2) = 1. Let Ip C 9Q be of positive measure
|Ip| > 0. For functions u € H&FD(Q) and v € H&FD (Q) there holds

lull gy < crlulpi)  and  [[vlg2) < crlvlpz@),
where cgp only depends on the shape of €).

Theorem 4 (Korn inequality). Let Q@ C RY d = 2 or 3, be an arbitrary bounded and
connected Lipschitz domain. For u € H' (2, R?) there holds

lew) 2y + lulZagay > exllulZ oy,
where the constant ¢, depends on the domain Q. Now let Ip C 0 be of positive measure
IIp| > 0, and let u € H&FD(Q,RCI), then
le()l[72(0) = ekl Vullz2(q)-

Proof. For a detailed proof for a smooth boundary we refer to chapter 3.3 in [39], and for
non-smooth boundaries see [15]. O

3.2 Abstract theory

In this section we discuss the abstract theory of coercive and saddle point problems. We
derive necessary and sufficient conditions yielding existence and uniqueness. For coercive
problems this leads to the theorem of Lax-Milgram. For saddle point problems, often
encountered when applying the method of Lagrangian multipliers, we quote the well known
LBB-condition (named after Olga Alexandrowna Ladyschenskaja, Ivo Babuska and Franco
Brezzi), and Brezzi’s theorem.

Let V' be a Hilbert space with the inner product and norm given by (-,-)y and || - ||v,
respectively. On the space V we define the bilinear form a : V x V' — R and the linear
form F: V — R. We want to solve the problem: Find u € V such that

a(u,v) =F(v) YveV. (3.4)

Theorem 5 (Lax-Milgram). Let V' be a Hilbert space and leta : VXV — R be a symmetric,
continuous and coercive bilinear form, thus there exist constants a and 8 such that

a(u,v) < Bllullv|lv]ly - Vu,v eV,
a(u,u) > aflu||¥ Yu e V.

Then, for every F € V* there exists a unique solution fulfilling (3.4), and there holds the
stability estimate

1
[lully < =[|F[lv-.
(%
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Next, we present the conditions needed to guarantee existence and uniqueness of saddle
point problems. These problems often appear if we deal with mixed finite element methods
and can also be interpreted as a minimization problem with certain constraints. One of
the most famous examples is given by the variational formulation of the steady Stokes
equations (2.11). Again, we focus on a more general setting. Beside the Hilbert space V'
we further define the Hilbert space @ with the scalar product (-,-)g and the norm || - [|o.
Further set X :=V x Q and ||(u,p)|% := |lul? + ||p||22 for all (u,p) € X. Next, we define
the bilinear form b : V' x Q — R and the bilinear form

B: X xX =R, B((up),(v,q) :=al(u,v)+b(v,p) + b(u,q).

Finally, let G : Q@ — R be a linear form on ). Then we have the abstract problem: Find
(u,p) € X such that

B((u,p), (v,q)) = F(v) + G(g) V(v,q) € X. (3.5)
Of course, an equivalent formulation is given by: Find (u,p) € V x @ such that

a(u,v) +b(v,p) = F(v) YveV,
b(u,q) = G(v)  VgeQ.
There are several different conditions (depending on the structure and the properties of
the system), which lead to existence and uniqueness of solutions of equation 3.5 and equa-
tion 3.6. For a detailed discussion on this topic we refer to chapter 4.2 in [11].
In this work we only consider the case where the bilinear form B (respectively a) is
symmetric. In the famous paper [19], F. Brezzi gives sharp conditions on the bilinear forms

a(-,-) and b(-,-) that lead to existence and uniqueness. For this we define the kernel Kj
with respect to the bilinear form b by Kj := {u € V : b(u,q) =0 Vg € Q}.

Theorem 6 (Brezzi). Let V' and Q be two Hilbert spaces. Let a : V. xV — R be a
symmetric and continuous bilinear form, and let b : V x Q@ — R be a continuous bilinear
form, thus

a(u,v) < eillullv|vlly  Yu,v €V,
b(u,q) < callullvligllq YueV,VqeQ.

Further assume that a(-,-) is coercive on the kernel K
a(u,u) > allul|} Vu € K,
and that the LBB-condition is fulfilled, thus for all ¢ € QQ with q # 0 there holds

sup _bw.q) >5>0. (3.6)

v [lullvilg
uey [ullvilglie

Then equation 3.0 has a unique solution and there holds
2¢2

aB?

201

1
< —||F|ly+« + —=||G
fully < S IFIv- + =516l

1G]

201
* d < _— F * *
o~ and |lqllg < aﬁll v+ + Q
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4 A new variational formulation of the Stokes
equations

In the first chapter we introduced a variational formulation of the steady Stokes equations
(2.11) in a velocity pressure setting. This is the most common formulation and was analyzed
in detail over the last decades. The velocity pressure formulation includes the Sobolev
space H}(€,R?) as the corresponding space for the velocity and the space L2(Q,R) for
the pressure (in the case of homogeneous Dirichlet boundary conditions). The goal of this
chapter is to derive a new formulation, which demands less regularity for the velocity space.
For this we introduce a new function space, the H(curldiv), and present a detailed analysis.
The derivation of the new method and the introduction of the new function space is based
on the work [55].

Before we start with the derivation of a formally equivalent definition of the Stokes
system we present the problem we consider for the rest of this work, including all different
types of boundary conditions. To keep the problem as generic as possible, we assume that
the boundary I' can be split into four parts. To this end let I'p ,,,I'p ¢, I'npn, vy C T such
that

FD,nUFN,n =I and FDthPNyt:F,

and further assume that either I'p , =T or I'p,, NI'p; # 0. Then, the four different parts
are given by

I'= (FD,n N FD,t) U (FD,n N FNﬂg) U (FD,t N FN,n) U (FN,n N FN,t)- (4.1)

For a better understanding we illustrated an example in Figure 4.1. Note however, that we
do not assume that the parts I'p ,,,I'p ¢, I'n,n and I'y; are connected.

T'py I'piNTpn

Ip:tNTNn

Figure 4.1: Illustration of the assumed boundary splitting.
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4 A new variational formulation of the Stokes equations

Similar to the natural splitting of the Dirichlet boundary conditions into a normal and a
tangential part as described in section 2.2.3, we can also split the Neumann-like boundary
conditions. To this end note that there holds the identity

Idp = m(Idn) = m(n) =n—(n-n)n=n—n =0, (4.2)
thus equation (2.14) allows the splitting
—v(Vu)pn +p=PFP,, and —v(Vu)y =P,

Based on this findings, let f be a given volume force, let gp, and gp: be given Dirichlet
boundary values on I'p , and I'p, respectively, and similarly let gy, and gn; be given
Neumann boundary values on I'p ,, and I'p ;. Then, we seek for a solution u and p of the

problem
—vAu+Vp=f in Q (4.3a)
div(u) =0 in Q, (4.3b)
Up =gpn on I'pg, (4.3c)
us=gps on I'py, (4.3d)
—v(Vu)pn +p=gnn on I'yy, (4.3¢)
—v(Vu)pe = gng  on Ty (4.3f)

Defining the spaces

Xp:={ue HI(Q,Rd) tUp =¢gpnponI'pp,ur=gpsonTp,},
Xo:={ue HY(Q,RY) :u, =00nTp,,u; =0onTp,},

and assuming f € L?(Q,R?) and enough regularity of boundary data, the classical varia-
tional formulation of (4.3) then reads as: Find (u,p) in Xp x L?(f2) such that

/qu:Vvdx—/div(v)pd:U:/f-vds—/ngnvnds—/th-vtds, Yo € Xo,
Q Q Q I'non It

/ div(u)gdz =0, Vg € L*(9).
’ (4.4)

Note, that in the case I'p, = I', the pressure space is exchanged with Lg(Q). For existence
and uniqueness of solutions of (4.4) we refer to [18, 19, 15, 88, 43, 53].
4.1 A stress formulation for the Stokes equations

In the following we apply several modifications to the equations (4.3). In a first step we
proceed similarly as in chapter 2 and introduce a new variable for the viscous fluid stress
by o := vVu. Then, equation (4.3a) reformulates to (including a scaling by —1)

divivo) =Vp=—f in Q.
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4 A new variational formulation of the Stokes equations

Next, we use the trace of a matrix tr(7) := Zfﬂ 7i; to define the deviatoric part by

dev(r) =7 — trg) Id.

We observe that due to equation (4.3b) we have the identity
1
dev(c) = dev(vVu) = vVu — gtr(Vu)Id =v(Vu — p div(u)Id) = vVu, (4.5)

thus o actually only represents the deviatoric part of the velocity gradient. Hence, we can
reformulate (4.3) to define the mixed stress formulation of the Stokes equations given by

%dev(a) —Vu=0 in Q, (4.6a)
div(e) - Vp=—f in Q, (4.6b)
div(u) =0 in Q, (4.6¢)

Up =gpm on I'pg, (4.6d)

u=gps on I'py, (4.6e)

—Omm +P=9gNn o0 DInp, (4.6f)
—opt =gng on DIy (4.6g)

There are several observations we can make studying the structure of this set of equations.
Whereas formulations (4.6) and (4.3) are formally equivalent, the respective variational
formulations demand a different regularity of the velocity. For the ease of notation we
assume in the following discussion that I'p, = I'p; = I" and gp,, = gp = 0. Testing
equation (4.3a) with a velocity test function v, integrating over the domain and integrating
by parts leads to the well known bilinear form

/ vVu : Vode,
Q

which also appears in the variational formulation (4.4). As it is well known, the adequate
space for the velocity, such that the above integral is well defined, is given by Hg (€, R%). In
a similar manner we proceed with formulation (4.6). To this end we test the first equation
(4.6a) with a stress function 7, integrate over the domain and integrate by parts in the
second integral. As all boundary terms vanish, the second integral then reads as

/ div(7) - udz. (4.7)
Q

Including the weak formulation of the divergence constraint (4.6¢)

/ div(u)qdz,
Q

where ¢ is an appropriate pressure test function, we conclude that an appropriate space for
the velocity is given by Hp(div,2). However, proceeding this way, the reduced regularity
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4 A new variational formulation of the Stokes equations

property of the velocity space was only shifted to the stress space, as well-posedness of the
integral (4.7) demands that the divergence applied to each row of 7 has to be in L?(f2).
This is the motivation to define a new function space that interprets (4.7) in a less regular
setting. The construction of this space is the topic of the next section.

We desire less regularity for the velocity space, because the space Hy(div,{2) seems
to naturally fit the incompressibility constraint, especially in a discrete setting. This is
discussed in more detail in chapter 5. There we see, that it is possible to define the
discrete velocity space conformingly with respect to Hy(div,$2). This then leads to exactly
divergence free velocity approximations eliminating an effect in the literature known as
“poor mass conservation”.

For the rest of this chapter we always assume that I'p ,, = I', but we allow the case I'p ; #
I', see equation (4.1). This assumption is needed in order to present a rigorous stability
analysis of the variational formulation introduced in section 4.3. The solvability (and
precise definition) in the continuous setting in the case I'p,, # I is an open question and is
discussed in the outlook chapter 9. Note however, that above assumption is not applied for
the discrete methods introduced in chapter 6 and 7. In chapter 8 we further present several
numerical examples providing optimal convergence rates including all different types of
boundary conditions as discussed above.

Remark 1. We want to give another motivation why the regularity assumptions div(r) €
L2(Q,RY) and u € H(div,Q) are not optimal. An appropriate discrete conforming ap-
proximation would demand normal continuity of each row of the discrete approximations
TR and of up. Thus, in the lowest order case and in two dimensions the resulting number
of coupling degrees of freedoms equals 3, and not 2 as it is demanded for example by the
(optimal) method in [81, 76]. Note, that the discrete method introduced in chapter 6 is
optimal with respect to the number of coupling degrees of freedoms.

4.2 The stress space H (curldiv)

This section is dedicated to the derivation of a new function space, which is needed to
formulate an appropriate variational formulation of (4.6) as discussed in section 4.1. Our
aim is to reduce the increased regularity of a stress function as it would be needed such
that (4.7) is well-posed. We reduce this regularity by demanding that div(c) can only
continuously act — in the sense of a linear functional — on functions in Hy(div,2). Thus,
for given functions o and v € Ho(div, ) the term (o, v) g, (aiv,0) should be well defined. To
this end we introduce the new function space

H(curldiv, Q) := {o € L*(Q,R?) : div(c) € Hy(div,Q)*}. (4.8)
Obviously, this definition allows us to define a natural norm on H (curldiv, 2) by

lolléa = = llollZa o) + I div(o) | ai)-

2
(div(0), v) my (div (4.9)
=\au%2(m+< sup oldiv) )

veHo(div) 1Vl Ho(div)
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4 A new variational formulation of the Stokes equations

In the following three sections, 4.2.1, 4.2.2 and 4.2.3, we discuss certain properties of the
H(curldiv, ) space. Based on these findings we then finally introduce a new variational
formulation in section 4.3.

4.2.1 An equivalent definition

In this section we discuss an equivalent definition of the H (curldiv, 2) space. The equiva-
lence is based on proving that the dual space of Hy(div) is topologically and algebraically
equivalent to the space

H Ycurl, Q) :={¢ € HY(Q,RY) : curl(¢) € HH(Q, R}, (4.10)

The proof was first given in [69] and is strongly related to the decomposition of functions
in Hy(div), see theorem 1. We start by showing the following lemma.

Lemma 1. Let F' € Ho(div,$2)* be an arbitrary functional. Then F is also an element of
H=Y(curl, Q) and for all v € H}(Q,RY) there holds the equivalence

(curl(F), U>H5(Q,RJ) = (F, curl(v)) gy (aiv,0)-

Proof. For any F € Hy(div,Q)*, by the Riesz representation theorem, there exists a func-
tion ¢© € Hy(div, ) such that for all v € Hy(div, ) we have

(F,0) o (aiv.0) = (@7, 0) 120) + (div(g"), div(v)) r2(q)- (4.11)

If we replace v by a function in D(2, R%), we conclude that F is actually the distribution
F = ¢" —Vdiv(¢") € H7'(Q,R?). This implies that curl(F) = curl(¢") € H~*(Q,R%),
and thus F € H~!(curl, Q). Now let ¢ € D(Q, R?%), then we have

(url(F), ) sy oy = (©011(a"). )y iy = (031(a"). D)ty = (a7 curl(9)) ey,
As smooth functions D(Q,R‘Z) are dense in H} (1, R‘i) we obtain
{carl(F), v) 1 g gy = (¢", curl(v)) 12y
forallv € H&(Q,RJ). As curl(v) € Ho(div, Q) forv € H(Q, ]RJ), we conclude by (4.11). O
Using this lemma we can now show the desired equivalence.

Theorem 7. The equality
Hy(div, Q)* = H 1 (curl, Q) (4.12)

holds algebraically and topologically.
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4 A new variational formulation of the Stokes equations

Proof. In lemma 1 we have already proven that Hy(div,Q)* € H !(curl,Q). To show
that H~!(curl, Q) C Hy(div,Q)*, let g € H '(curl, ). Using the regular decomposition,
see theorem 1, we find for each function v € Hp(div,Q) functions ¢, € H(2,R?) and
2w € HE(Q,RY) such that v = curl(¢,) + 2, and

[Pullmr @) S lullg@ivo) and  [[zollar @) S 1 div(u)|L2)-

By this stability result we can define the functional G € Hy(div,Q2)* by
<G7 U>H0(div,ﬂ) = (Curl(g), ¢’U>H6(Q7RJ) + <97 ZU>H&(Q,Rd)’ (4‘13)

Note that by lemma 1 it follows that G is also an element of H~!(curl, Q). It suffices to
show that G coincides with g as an element of H~!(£2, R?) as this then trivially also implies
that they coincide in H~!(curl, Q). To this end, let w € H(Q,R%). Since HJ(Q,R?) is con-
tinuously embedded in Ho(div,2), we have the equality (G,w) g1 re) = (G, W) 1y (div,0)-
Next, as w € H}(Q,RY) C Hy(div,), we can also use the regular decomposition for
w. Since both w and z, are in H}(Q,R?) the equality w = curl(¢,) + 2, implies that
curl(¢y) € HL(2,R?), thus there is a C' > 0 independent of w such that

| curl(dw)|m1() < Cllwllmq)- (4.14)

Using this decomposition we have
(G, w>H01 (QR) = (curl(g), ¢w>H&(Q7Rd~) + (g, Zw)Hé(Q,Rd)'

Now let w,, € D(Q2, R?) converge to w in H} (92, R?) as n — oo, and further define the regular
decomposition w, = curl(¢w, ) + zw,. By the construction of the regular decomposition

components (see e.g., [36]), ¢u, is an element of D(€2, R‘i). Moreover we have the equivalence

(curl(g), (z)wWL)Hé(Q’RJ) = (curl(g), ¢wn>D(Q7RJ)

= (9, curl(dw, ) p(ard) = (9, curl(Pw, ) m1 (R4
Since curl(g) is in H~(Q, R?), the left-most term converges to {(curl(g), ¢w)H1(Q gdy- The
0 ’
4.

right-most term must converge to (g, curl(¢y)) because equation (4.14) implies

HE (Q,RY)
that || curl(¢w, — ¢w)llg1(@) — 0. Thus <cur1(g),¢w>Hé(QjRg) = (g,curl(qﬁw)>H3(Q7Rd) and

consequently,
(G, w) g1 arey = (9 curl(Qw) + 2w) g1 () = (9> W) 1 (Q,RY)-
This proves that G = g in H~(Q,R%) and so g € Hy(div, Q)*.
Finally, we prove that || f|l z,(aiv,.0)* ~ [lflz-1(curl,0), implying equivalence of the result-

ing topologies. Note that by the stability of the regular decomposition and the triangle
inequality we have ||yl g1(q) + |20l m1(Q) ~ [Vl H(giv,0)- For any f € Ho(div, Q)" we then
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4 A new variational formulation of the Stokes equations

have, using the equivalence proven in lemma 1, that

<f7 U>H()(diV,Q)
£l o (div,) = sup  ———
veHy(div,) 1Vl E(div,0)
(fs carl(®) + 2) iy (aiv,0)
~ sup
d)eHOl(Q,]RJ), 2€H}(Q,RT) ||¢”H1(Q) + ||Z”H1(Q)
. sup <Cur1(f)7 ¢>H& (Q,RJ) + <f7 Z>H&(Q,R’i)
PEHE(Q,RD), z€ HL (Q,RY) 1ol a1y + 2110

~ [l + [ ewrl(F)ll g1

Thus, the Hy(div, Q)*-norm and the H~!(curl, 2)-norm are equivalent. O

By theorem 7 it follows that the requirement div(c) € Hy(div,Q)* is equivalent to
div(o) € H (curl, Q). As o is a square integrable matrix-valued function, o € L?(Q, R¥*9),
we immediately have that div(c) € H~1(€2,RY). Therefore, the only non-redundant require-
ment emerging from div(c) € H~(curl, Q) is that curl(div(c)) € H~1(Q,R9). By this we
have the equivalences

H(curldiv, Q) = {o € L*(Q,R™?) : curl(div(s)) € H~ (2, RY)}, (4.15)

and

2
(curl(div(o)), v)

veH&(Q,Rg) ||U||H1(Q)

o2 = o2 ) + (4.16)

Obviously, this equivalent definition was also the motivation for the name of the new
function space H (curldiv, §2).

At this point we want to mention that similar spaces, in the sense of the definition, were
introduced in the works [97, 96, 95, 110]. Therein the authors introduced a function space
for the analysis of the elasticity problem given by symmetric square integrable matrix-
valued functions whose divdiv is in H~(Q, R), thus

H(divdiv, Q) := {0 € L*(Q,R¥%) : ¢ = ¢ T, div(div(0)) € H1(Q,R)}.

4.2.2 Density of smooth functions

Density results are well known for standard Sobolev spaces and are used for example
in the definition of appropriate trace operators. One of the first works considering an
approximation by smooth functions is the famous paper of Meyers and Serrin [86].

The main idea is the following: In a first step one constructs a series of smooth functions
with simple mollification techniques. Whereas this idea can be applied without any con-
straints in the interior of the domain, we have to add a shift (mapping) from the boundary
into the interior of the domain, if we want to apply a similar technique at 02. In order to
prove convergence in the appropriate Sobolev norm one then shows that the convolution
commutes with the according differential operator and that the series converges in L2.
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4 A new variational formulation of the Stokes equations

A classical pullback (at the boundary) works in the case of H'(), but one has to
use appropriate mappings in the case of H(div,) and H (curl, Q). This was for example
proven in [106] and [42]. In this section we show that smooth functions can also be used to
approximate functions in H(curldiv, Q) by proving that the space C>(€2, R%*?) is dense.
Similar as for standard spaces the proof is based on a convolution, but this time convergence
has to be proven with respect to the norm || - ||cq-

We start with the introduction of a smooth mapping as it is defined in [42], which is
based on several results from [66]. Due to the assumptions on 02, see section 3.1, there
exists a vector field j € C°(R?,R?), whose restriction to 9 is globally transversal (has a
zero tangential component) and has an Euclidian norm equal to one, thus (j(z)); = 0 and
|l7(2)|];z =1 for all z € 0. Using this smooth function we define the mapping

¢ R = Rz — ().

Applying the function ¢° on 2 shrinks the domain and each point on the boundary is
moved into the interior by the length . Note that one can show (using the uniform cone
property, see pp. 599-600 [66]) that there exists a r > 0 such that ¢°(Q2) + B(0,er) C Q for
all € € [0, 1]. Further we have the following properties:

Lemma 2. There holds:
o ¢ € C™ foralle €0,1].

e For all | € N there exists a constant ¢ such that |D'¢°(z) — D'z||e < ce for all
e € [0,1], where D' denotes the Fréchet derivative of order 1.

e The Jacobian determinant J° := det(¢°)" converges ||J¢||oc — 1 for e — 0.
Proof. For (i) and (ii) we refer to [42]. Point (iii) follows from (ii). O

The inverse of the shrinking function ¢° will enlarge the domain. For this let ¢* > 0 such
that ¢° is invertible for all € € [0,*] and define the inverse ¢ ¢ := (¢°)~1 : RY — RY,

Lemma 3. There holds:
e ™.

e For all | € N there erists a constant ¢ such that |D'¢~%(z) — D'z||e < ce for all
e € 10,e*].

o J = :=det(¢7¢) converges ||J %|loc = 1 for e — 0.
Proof. Follows from lemma 2 and the implicit function theorem. O

Next, we define the standard mollifier by

W(y) == { €= (=1/(1 = llyll))  for [yl <1,
0 for [lyl[;> > 1,
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4 A new variational formulation of the Stokes equations

with a constant ¢ € R chosen such that [ 5 ¥ =1, and the ball in zero with radius 1 denoted
B := B(0,1). Using the shrinking function ¢° and setting F(x) = (¢°)(x), we define for
all € € [0,1] the smoothing operator

(5°0)() == /B U(y)J (@) F" (2)0(6% (2) + (er)y) P (a) dy Vo € L2(QRP),

where r > 0 is fixed and chosen as stated above. The function S¢o reads as the convolution
of o with the smooth function ¥(y) including the mapping ¢°. This allows us to evaluate
the function S0 also on the boundary 9€2, because ¢°(x) + (er)y € € for all y € B and all
x € 0f). There holds the following approximation result.

Lemma 4. Let 0 € L*(Q,R¥?). There holds S50 € C*(Q, R¥?) and the approzimation
result ||S*o — o[ 2() — 0 for e — 0.

Proof. The proof follows the same step as the proof of lemma 3.1 in [42]. Let z and z be
two arbitrary points in {2. Using the transformation rule for integrals we have

1 y — ¢°(x) y — ¢°(2)
S —(5° S v - (————— d
(5%0)(a) = (5°0)(2) £ gz | ) w2 o) a,
where we used that J and F' are uniformly bounded and that U is zero outside of B(0,1).
As V¥ and ¢° are uniformly Lipschitz continuous, we can bound
y — ¢°(x) y—¢°(2), . 1

VJEANERA B TEA ARy
2w () < o e,

~

continuity of S¢¢ in ) and the existence of a continuous extension up to the boundary.
Continuing with a partial derivative we have, using the product rule,

and thus [(S0)(x) — (S°0)(2)| < 1/(5r)d+1|]cr||L2(Q)||:U — z||;2 from which we conclude

0i(5%0) (z) = /B () J ()0 FT (1) (¢ (z) + (er)y) F~T(z) dy
+ /B () (2) FT(2)9i0 (67 (x) + (er)y) P~ () dy
+ /B () J (1) F ()0 (6°(2) + (er)y)OiF " () dy

As ¢° is smooth, the first and the third integral are continuous with respect to x with the
same arguments as above. Using the chain rule we observe that for each component oy,
with 0 < I, m < d we have

/B ()01 (6°(2) + (7)) dy < / () (Vo) (67 () + (1)) 04" dy

B

< Lo () / V()01 (67 (2) + (er)y) dy
B

~er

Because —(e7) 710,07 (2) V¥ (y) is also a mollifier, we have, using that J and F are uniformly
bounded and the same arguments as above, that 9;(5°0)(z) is continuous. By induction
we conclude that S0 € C*°(Q, R%*?) and the first statement is proven.
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4 A new variational formulation of the Stokes equations

Similarly, continuity with respect to the L? norm follows by applying the transformation
and using that .J, J~! and F are uniformly bounded. Let o, € C%'(Q, R%*9) with Liptschitz-
constant L. As fB 1 = 1, we can write

(5°0)(x) — 0u(2) < /B U(y)os(¢°(2) + (r)y) dy —os(x)
- /B U(y)o(6° () + (er)y) — 0u(2) dy < <L,

as |os(¢°(z) + (er)y) — os(x)| < L|¢°(z) + (er)y — x| S eL. By the density of Lipschitz
functions C%'(Q,R%*9) in L? we can find for a given o € L?(Q,R%%) such a smooth
function oy € C%H(Q, R*?) with |lo — 0| 12() < & and HJSHCO 1 < L. Then by the triangle
inequality and the continuity of S¢ with respect to the L? norm we have

lo = S%0llzy < llo — oullzy + llos — S7slpzey + 15°(0 — 03) 20y
S (14 [15%))6 + L.
The term on the right side can be made arbitrarily small: first, one chooses § small enough

resulting in a corresponding function oy with a (potentially great) Lipschitz-constant L,
and then one chooses € small enough. This concludes the proof. O

In the last lemma we have proven that the operator S° can be used to approximate well
with respect to the L?-norm. This is important as the L?-norm is one part of the introduced
norm || - |lcq- The second term is given by the dual norm of div(o) in Hy(div,2)*. Although
we do not generally assume that div(c) € L?(Q,R%) for a ¢ € H(curldiv,), the next
lemma deals with the case where we have this enhanced regularity and shows that in this
case the operator 5S¢ is also suitable to approximate the divergence.

Lemma 5. Let o € H(curldiv, Q) and assume that div(c) € L?(Q,R%). Then
| div(S®o) — div(o)|r2¢) = 0 for & —0.

Proof. We present the proof only in the three-dimensional case as the two-dimensional
case follows similarly. For the ease of notation we define for all y € B the mapping
n(z) := ¢°(x) + (er)y. Note that there holds ' = (¢°)' = F. Defining further F := [n~1]’,
we have with & = n(z) the following identities

(x)_l = F(n(z)) = F(&),

F~Y(&) = F(n™ (),

J(&) =1/J(x),

[Fn~ @) (Vw) (™' (@) = F(@) " (Vw) (1™ (#)) = V[w(n ™" (#))].

We use the following notation: For a matrix A(z) let A;. be the i — th row. Then we define

~

(4.17)

On Ain On,Ain Ony At
VA = |0z A 0p,An 042,
Op, Aiz Opp Az 03 Ai3
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4 A new variational formulation of the Stokes equations

thus we use the same notation of the gradient as for column vectors. Let ¢ € C5°(Q,RY),
then the weak divergence of ¢ is given by

(div(S°0), ) Ho(div.Q) / / o (z) + (er)y) F~ T (z)dy : (Vo) (z)dz.

Next we apply Fubinis theorem to change the order of integration and then apply the
transformation theorem. Together with the identities (4.17) this yields

(div(5%0), &) e ) = /B W (y) /Q J(@)ET (2)o(6°(2) + (er)y) F~T(2) - (Vo) () dr dy
- / w(y) / FT (0 (#)o ()P~} (2)) : (Vo) () (2)) di dy
()
)1 (Vo) \(8)) d2 dy

T3
/ U(y /(Q) (Z)o(z)F
—— [ W) [ FT@)0(@) s (Ve @) F@) i dy
B n(€2)
- [ vw) [ FT@)0@): Vet @) i dy.
n(€2)
As div(o) € L?(Q,R?), we can integrate by parts. The product rule then yields
(div(S5°0), ) Hy(aiv,0) = /B‘I’(y) /(Q) div(F~ " (#)0(2)) - p(n~'()) d2 dy
[ [ FT@)divo@) ol (@) didy
B n(£2)
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4 A new variational formulation of the Stokes equations

with the new smoothing operators defined by

Sa1 div(o) 2=/B‘1’( VET (2)(div(0))(¢°(2) + (re)y) dy,

(

V(FL (@) 0(6% () + (r2))

S50 = / W(y) | VEL () : 0(67() + (re)y) | dy.
5 \V(FF (@) : o(¢5(a) + (re)y)

Following the same steps as in the proof of lemma 4 one shows that these operators are
continuous and that ||f — S5, flz2 — 0 for functions f € L2(Q,RY). As div(o) € L*(Q,R?)
and |[|[V(FT(x))||ec — 0 (see lemma 2), we conclude

| div(S°0) — div(o)l| 20 = |55 div(e) + S50 — div(o) | 120,
< |15, div(e) — div()] 20 + 1550l 20y
< 185, div(o) — div(0) | 2y + [V (ET (@) o 120y = 0.
O

In contrast to lemma 5, the next lemma considers the case where we do not assume
enhanced regularity of div(c) but that curl(div(e)) is the null functional.

Lemma 6. Assume o € H(curldiv, Q) with curl(div(c)) =0 € H_I(Q,]RJ) . There holds
| curl(div(S®o)) || g-1(q) — O.

Proof. We only present the proof in the three-dimensional case, as the two-dimensional
case follows similarly. Note that in two dimensions the curl operator maps slightly different

but yields the same results. With the same steps as in the proof of lemma 5 we have for a
p € C(Q,RY)

(curl(div(S°0)), ) 4

H-1(QR9)
/ / (#)0(¢° () + (er)y) P~ () dy : (V curl(p)) (x) da
- / W (y) / FT (57 ()0 () F~T (17} (2)) : (V enrl()) (" (&) d2: dy
n(€2)
= [ [ FT@0@ @) (V) @) didy.
()

We continue with estimating the inner integral. Using the chain rule for the curl operator
and the transformation properties (4.17) we get
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4 A new variational formulation of the Stokes equations

Using the product rule for the gradient, the integral on the right side can be split into two
integrals which yields

F T (#)o(&)FT(2) : (Veurl(e))(n~'(&)) di
n(€2)

For the first integral we have by the product rule of the curl operator,

/ o(#) : VIF~1(@)(curl()) (7~} (2))] d2
()

|
- /n(ﬂ) o(z):V :CUI‘I { 1 FT(@)w(nl(ﬁ:))]] "

—/ o():V [v ( . > X FT(i)go(nl(i))} dz .
n(2) J
Summing up all terms, this yields

(eurl(div(5°0)),9) s+ 0y =~ [ WA+ B+ C)

with

As ¢ € C§°(12) it can be trivially extended by zero on R, Further, as n and the boundary
0% is smooth (Lipschitz) it can also be extended such that F(z) can be evaluated for
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4 A new variational formulation of the Stokes equations

z € Q\ n(Q). By this we have for the first term

_/Bq,(y)Ady:_/B\p(y) /n(mg(fc):v [curl[ ! FT(fc)go(n_l(fc))” dz dy

where we used that curl(div(c)) = 0 in H _1(Q,RJ). Using the Cauchy Schwarz inequal-
ity we get with similar arguments and using that VF(2) = VF(n~!(z)) and 1/J(2) =
J(n~!(x)) the estimates

—/B‘I’(y)de—/ Y (y)Cdy

B

- 1 .
< ol 2@ IVE ™ ool curl() | 2 () + o]l 2o V2 ) oo 1 E™ loo Il 220

< lloll 2@ I VE llssll curl(p) | 2 () + 1ol 220 V2 (@) ol 22 0-

By the definition of the dual norm this yields

|| curl(div(S€0)) HHfl(Q,Ri)
(curl(div(S¢0)), )
peCs® () lell o)
o]l 2@ IV |loll curl() || 2 (o) + lloll 22 V2T (2) o[l o]l 220
0eC® () el a2 ()
loll 2@ IV Flloo + o1l 220 IV oo = 0,

IN

IN

where we used the properties given in lemma 2 in the last step. Using the denisty C;°(€2, ]R‘i)
in H}(Q,R%) we conclude the proof. O

The last lemma needed for the final result is a decomposition result for functions in
H(curldiv, 2). The idea is to split a given function into a part with enhanced regularity
and a part whose curl div vanishes.

Lemma 7 (Decomposition). Let o € H(curldiv,Q) arbitrary. There exist functions ¢ €
H(curldiv, Q) and 6, with § € Hy(curl,Q) for d =3 and 6 € H} () for d = 2, such that

o=skw(f) — 5, and curl(div(o)) = curl(div(skw(6))).

Proof. By the definition of the space H(curldiv,Q) we have curl(div(s)) € H~1(Q,R?).
We start with the three-dimensional case. In a first step we show that

[ ewrl(div(e) || -1 (ors) = || curl(div(o)) || #(cur,0)+-

34



4 A new variational formulation of the Stokes equations

For this note that by density of C§°(2,R?) in H} (2, R?) we have

. curl(div(o)), u curl(div(o)),
| curl(@iv(o)llg-rimsy =  sup Sidvio)w) (curl(div(0)), )
vemirs)  lullao ecc@rs)  |lelm@
curl(div(o)), .
< s SWUIOD)ydiv(o)) | eune-

©€ECE (Q,R3) H@HH(curl,Q)

Next, we use for each u € Hy(curl, ) a regular decomposition, see for example in [63, 94],
thus there exist a ¢ € H}(Q,R) and z € H(Q,R?) such that u = Vi) + 2 and

Il ) < lullmEewre) and  |lzllgiq) < lullgewto)-

By a density argument and integration by parts for the duality pair including V) this then
yields

. curl(div(o)), u
| curl(divo)) meuys =  sup ndiv(@))w)
u€ H (curl,2) HUHH(CUI‘I,Q)
— s (curl(div(o)), Vi) + 2) ~  sup {curl(div(0)), 2) '

vemir) [Wlm@ +lzlm@  emary  2llm@
z€HL(Q,R?)

Due to the proven norm equivalence curl(div(e)) is an admissible functional for Hy(curl, 2),
and we can solve the problem: Find § € Ho(curl, Q)/V H{ () such that

/chrl(e) -curl(¢) dz = (curl(div(c)),&) V& € Hy(curl, Q)/VH(Q).

This problem is solvable applying the Lax-Milgram theorem 5, and a Friedrich-type in-
equality (see [87]). In two-dimensions we similarly solve the problem: Find Hg(Q) such
that

/chrl(ﬁ) -curl(¢) dz = (curl(div(0)),&) V& € HH(Q).

As the curl is just the rotated gradient, solvability is agaim guaranteed by the Lax-Milgram
theorem 5 and the standard Friedrich inequality, theorem 3. In both dimensions we have
that div(skw(0)) = curl(f), thus curl(div(c)) = curl(div(skw(6))). Defining 6 = o —skw(6)
concludes the proof. O

Theorem 8. The space C*®(Q, R¥*?) is dense in H(curldiv, ).

Proof. Choose an arbitrary o € H(curldiv,Q). For ¢ — 0, the functions S0 define a
sequenc of smooth functions in C*°(Q, R?*?), and by lemma 4 we have ||S¢o — ollz2) — 0.

Next, we use the decomposition lemma 7 to get a 6 := skw(f) with 6 € Hp(curl, )
for d = 3 and 0 € H}(Q) for d = 2 and a ¢ € H(curldiv,Q) such that o = 6 + & and
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4 A new variational formulation of the Stokes equations

curl(div(c)) = 0. Density arguments then yield

sup (curl(div(o)) — curl(div(S¢0)), v)

UGH&(Q,RJ) ||UHH1(Q)
: _ e
— s (curl(div(o)) — curl(div(S¢0a)), )
PECS (Q,R9) I 80||H1(Q)
. N _ . E ~ . a ~
— s (curl(div(#)) — curl(div(5°0)), ) sup (curl(div(S¢a)), ¢) '
peCee (R4 el (o) e (AR el 1)

As 0 is also an element of H (curldiv, ), lemma 5 yields

(curl(div(0)) — curl(div(5¢6)), )

sup
©ECE (Q,R9) ”60||H1(Q)
fQ(div(é) — div(596)) - curl(yp)
= sup
@GC&’O(Q,R‘;) HQOHHl(Q)
< swp | div(§) — div(S0) || 120 | curl() | 20y
pecs(QRY) lell o)

< || div(6) — div(S‘fé)HLz(m — 0.
By lemma 6 we further have

(curl(div(S¢a)), )

sup — 0.
QOGCSO(Q,RCZ) H(p‘|H1(Q)
Using the norm equivalence (4.16) concludes the proof. O

The denisty allows us to give another equivalent definition of the H(curldiv, Q) space by

lI-llea

H(curldiv, Q) = C>(Q, Rdxd) (4.18)

4.2.3 A trace space for H(curldiv, 2)

The proven density of smooth functions in the last section is the key ingredient needed for
the definition of an appropriate trace operator for functions in H (curldiv, ). This is done
in the usual way. First, we define the trace operator for smooth functions, and then we use
a density argument. To this end let I'; C I be an arbitrary subset of the boundary. Then
we define the following spaces

W(T;) :={w € H'(curl,Q) : w = 0 on T, curl,, w = 0 on T'\ T;} for d = 3,
W(T;) :={w € H*(Q,R) : w=0 on T, curl,,w =0 on T'\ T;} for d = 2,

where in three dimensions the operator curly, is defined according to equation (3.3) and in
two dimensions by

curly, w = m; o (curl(w)) = 7 ((—dow, Oyw) ™).
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4 A new variational formulation of the Stokes equations

Based on this space we then further define the space

TW(L;) = {ewrly,w : w e W(I;)}, with ||ullrwr,) = weivf[}frv) [l &1 (curn,) -
curlz, w=p

As we see in the following, the “normal-tangential” trace of functions in H (curldiv,) on I';
lies in the dual space of TW (T';). To see this, we choose a smooth function ¢ € C>(Q, R?*%)
and a function w € W(I';). As curl;, w =0 on I' \ T';, we first have the identity

((@)nt, curle, w)ryy(r,) = / Gt - curly,wds = / ¢t - curly,wds.
r; r

Then, using integration by parts, we can write
(bnt, curly, w)rw v,y = / div(¢) - curl(w) dz +/ ¢ Veurl(w)de — / Gnn - (curl(w)), ds
Q Q r

= / div(¢) - curl(w) dx+/ ¢ : Vcurl(w) dz,
Q Q
(4.19)

where we used the identity (see for example [11])
(curl(w))p = curly(yw) = 0,

as all functions w € W(T';) have a vanishing trace w = 0 on the boundary. Here, curly is
the curl-operator applied on the tangential plane. Note that this identity and the trivial
property div(curl(w)) = 0 further shows that the function curl(w) belongs to Hy(div, §2).
As smooth functions are dense in H(curldiv, ) (see section 4.2.2), this allows us to define
the normal-tangential trace operator by

Ynt + H(curldiv, Q) — TW(I;)*, (4.20)
al0) 1= (div(o), curl(w)) gy ey + (0 ¥ curl(w)) |

Similarly as for the other trace operators we omit the operator v,; whenever it is clear from
the context. Integrating the first term of the second line of equation (4.19) by parts, we
further see

/Qdiv(gﬁ) - curl(w) dz + /Q ¢ : Veurl(w)dz = /chrl(div(gb)) ~wdz +/ﬂ¢ : Vcurl(w) dz,

where we used that w vanishes on the boundary. Thus, equivalence (4.15) yields the
integration by parts formula

((0)nt, curly, w)py(r,) = / o : Veurl(w) dz +(curl(div(o)), w) g-1(q) Vw € W(T}).
Q
(4.21)

Theorem 9 (Normal-tangential trace). The normal-tangential operator defined by equation
(4.20) is linear, continuous and surjective.
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4 A new variational formulation of the Stokes equations

Proof. The linearity is clear due to the definition. Now let o € H(curldiv,Q). Then we
have by the definition of the normal-tangential trace

(Onts K)TW () (Ont, curly, w) ryw (r,)
|ontllrw @,y = sup = sup
pETW (T;) ||N||TW(F¢) weW (T;) ||w”H1(cur1,Q)

di ,curl i
~ s (div(o), curl(w)) gy (dgiv.0) + sup (J,VCUI‘I(U}))Q.
weW (T;) ||w||H1(curl,Q) weW (T';) ||w”H1(curl,Q)

Using the Cauchy Schwarz inequality and the definition of the H!(curl)-norm, we can
bound the second term by

(o, Veurl(w)) 12 ol 2@ IV curl(w)]| 120 <o

sup

ollz2(0)-
weW (T';) ||wHH1(cur1,Q) weW (T;) ||,w||H1 curl,2)

Similarly, we have for the first term

(div(o), curl(w)) gy (dgiv.0)

| div (o) || 7o (aiv,0)+ | carl(w) || (v,

sup <
weW (Ty) Wl &1 (curt,0) weW (Ty) Wl &1 (curt,0)
As || curl(w) ||z (aiv,0) = [l eurl(w)|[2(0) < wllz1(cun,), We conclude

lonellzw s < [1div(o) || Ho(aiv)- + lollz2@) < lloflea-

Now let g € TW (T';)*. We solve the following problem:

—curl(div(V curl(w))) —Aw+w =0 in €,
w=0 onl,
curl,, w =0 on '\ T},
(Veurl(w))pe =g on T

The variational formulation of this problem reads as: Find w € W(T;) such that
/ Veurl(@) : Veurl(d) + Vo : VO + 10 - 9 dx = (g, curly, ) pyr,), V0 € W(Ly).
Q

Due to the theory provided by Lax-Milgram, see theorem 5, this problem is solvable as the
right hand side is an admissible functional and the bilinearform on the left is (trivially)
coercive with respect to the H!(curl)-norm. Further, the solution fulfills the stability
estimate

101l 1 (curre) < Nlgllzw ry)-

Now set 0 = Vcurl(w). In the following we show that o € H(curldiv) and o, = g in
TW(I';)*. By the above stability estimate, we first have

lollz2() = IV carl(@) || L2y < 1@ g1 (cwne) < 97w s
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4 A new variational formulation of the Stokes equations

thus o € L?(Q,R%9). Next, let ¢ € CSO(Q,RJ). By the definition of the distributional
curldiv, and as ¢ is an admissible test function of the variational formulation above we
have

(curl(div(o)), ¢>H6(Q7Rd) = —/Qa : Veurl(¢) de = /QV@ : Vqﬁdx—i—/gﬁ) ~¢pdx

S ||,‘Z}||H1(curl,ﬂ)||¢||H1(Q)7

(4.22)

thus by a density argument

(curl(div(o)), u)

. HL(Q,RT)
|| curl(div(o))|| ,,— i = sup .
HTHOR ue HE (Q,R4) [ll 1.0
H’JJHH1 curl, ||UHH1 Q
u€H} (Q,R9) HY(Q)

By equation (4.16), we conclude that o € H(curldiv,Q). This allows us to apply the
normal tangential trace. Then, the integration by parts formula (4.21) and the equality
given by the first line of (4.22) shows that we have for all w € W (I';) the identity

((0)nt, curle, O)rwy (v, = / o : Veurl(w) dz +(curl(div(a)), w) g-1(q)
Q

:/J:chrl(w)d:z+/V@:Vﬁdx—k/ﬂ)'f;dx
Q Q Q
= <ga Curlﬂt{]>TW(Fi)‘

By the above results we conclude that the normal-tangential trace operator is surjective
and continuous. O

Using these trace operators it is now possible to define subspaces of H (curldiv, ) in-
cluding certain boundary conditions. This is needed in the definition of the variational
formulation in the next section.

4.3 The MCS formulation

By the definition of the new function space we are now able to derive a new variational
formulation of the system (4.6). We start by the introduction of the velocity space. As
denoted at the beginning of this chapter our aim is to define a variational formulation
demanding less regularity. To this end we define the space

V = Hy(div, ),

thus in contrast to the standard velocity-pressure formulation we do not aim for the velocity
space H&(Q, R?), but only demand that the divergence is square integrable. Note that this
(reduced) regularity property still allows us to consider normal traces of velocities in V. By
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4 A new variational formulation of the Stokes equations

this we can incorporate the Dirichlet boundary conditions (4.6d) as an essential boundary
condition in the space V', so we further define

Vp :={v e H(div,Q) : v, = gpn on I'}.

The tangential velocity gp: on I'p; will be given as a natural boundary condition. Finally,
we further define the subset of divergence free velocities by

VO .= {v € H(div,Q) : div(v) = 0}.

The appropriate space for the pressure is given by the set of square integrable functions.
Note that we have to assume a zero mean value (for the uniqueness of the pressure) as we
assumed that I'p,, = I', thus we set

Q= L3(Q).
Finally, we define the stress space with a homogeneous normal-tangential trace on 'y ; as
Y :={o € H(curldiv,Q) : tr(o) = 0,00t = 0 on I'ny+}. (4.23)

By the findings of section 4.2.3, the normal-tangential trace is continuous, thus > is a
closed subspace of H(curldiv,$2). The property tr(c) = 0 is motivated by the equivalence
(4.5), hence as o only approximates the deviatoric part of Vu it can be chosen such that
the matrix trace equals zero. Similarly as for the velocity space, one part of the Neumann
boundary conditions can be incorporated as an essential boundary condition. To this end
we define the space

Yy :={o € H(curldiv,Q) : tr(c) = 0,0nt = gnt on Iy}
Based on these function spaces we can now derive a new variational formulation using

the standard approach. Multiplying (4.6¢) with a test function ¢ € @) and integrating over
the domain 2, we obtain the familiar weak incompressibility constraint

/ div(u)qdz = 0. (4.24)
Q
Next, we test equation (4.6a) with a test function 7 € ¥ and integrate over the domain €.
Assuming enhanced regularity of the exact solution u, a density argument shows that we
can write
/ 7 Vudr = (div(7), u)v — (Tat, gD,) TW (T p )+
Q

where we used that u,, =0 on I'p, and 7, = 0 on I'y;. Thus, we get the equation

1 :
/Q o 7dz +(div(7), w)v = (Tat, gD TW (T p.,)- (4.25)
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4 A new variational formulation of the Stokes equations

Finally, we also test equation (4.6b) with a test function v € V| and integrate over the
domain and by parts in the term including the pressure. This yields

(div(a),u>v+/gdiv(v)pdx:—/Qf-vd:r.

Now assume a given f € V* and gp; € TW(I'p,;). Further assume the increased regularity
of the essential boundary data gp,, € [H?(T'p)], and gy € [H/?(T'x,RY)];. The mass
conserving mixed stress formulation (MCS) now reads as: Find (o,u,p) € ¥y x Vp x Q
such that

1
/ o 7dz +(div(7), w)v = (Tat, 90 .t)TW(rp,) forall T €3,
0 :
(div(o),v)y + / div(v)pde = —(f,v)v for all v € V, (4.26)
Q
/ div(u)gdz =0 for all ¢ € Q.
Q

In the following we check if the exact solution (o,u,p) of the system (4.26), assuming
enough regularity, fulfills the boundary conditions (4.3¢),(4.3d) and (4.3f). Incorporated as
essential boundary conditions into the spaces Vp and ¥y, we already have

Un = dDn and  op = gN t,

onI' and I' v 4, respectively. In the following we assume enough regularity of the given right
hand side. The second line of (4.26) then reads as

/Qdiv(a)-vdx—i-/ﬂdiv(v)pdw:—/Qf-vdx.

Using integration by parts for the third term we have, as v, =0 on T,

/div(a)-vdw—/v-Vpdx—i—/ pvn——/f-vdm.
Q Q I'n Q

Choosing test functions with a compact support in {2 we conclude that in the volume we
have div(c) — Vp = —f. In the same manner we proceed with the first equation of (4.26).
Using integration by parts for the volume integral we have

1
/J:de—/T:Vudx—i—/Tn-udS—/ Tnt - gD, ds .
oV Q r I'p

Splitting the third integral into a normal-normal part and a normal-tangential part, thus

/Tn-uds:/Tnnunds+/mt-utds,
r r r

and using v € Vp and 7 € ¥ we have

1
/U:de—/T:VudaH-/ Tnt-utds—/ Tnt - 9p,t ds .
Qv Q T'p I'p
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4 A new variational formulation of the Stokes equations

With the same arguments as above we conclude o = vVu in the volume and u; = gp on
the boundary.

We want to make a final comment on the increased regularity of the essential boundary
data. As usual, in the case of non-homogeneous essential boundary conditions, one solves
equations (4.26) using a homogenization step, thus one splits the solutions into two parts

=up+ug with g€ V,uy € Vp,
oc=o09+o0, with o¢€X,05€ X,
where uy and o4 are found using the surjectivity of the trace operators. In particular, due to
the increased regularity of the essential boundary data, one finds functions u, € H L(Q, Rd)
and o, € [H(div,Q)]? such that

(ug)n = gD, O FD,n and (Ug)nt = gnN,t On FN,t-

To find the homogeneous solutions we then solve the problem: Find (og, ugp,p) € X xV x Q
such that

1 . .
/an 7 dr +H(div(7), w)v = (Tuts 9D8) T (0 ) — (div(T),ug)y VT € X,
(div(o), o)y + [ div(olpde = ~(f,vhv — (div(ay). viv VoeV,
Q
/ div(u)gdz =0 Vq € Q.
\ Q

Note that the terms (div(7),ug)y and (div(oy),v)yv are well defined, as the increased reg-
ularity of ugy and o4 yields that the duality pairs can be written as

(div(7),ug)y = /

7:Vugder, and (div(oy),v)y = / div(oy) - vdx.
Q

Q

If we would only assume gp, € H '/2('p) and gy, € [TW(Ty)]*, the surjectivity of the
trace operators would imply u, € H(div,2) and o4, € H(curldiv, ), thus the duality pairs
above would not be well defined, and a homogenization process would not be possible.

4.3.1 Stability analysis

In this section we present a detailed stability analysis of the mass conserving mixed stress
formulation given by the set of equations (4.26). Analyzing the structure of the left hand
side, we realize that the resulting system is a saddle point problem where ¢ and p are
the primal variable, and v is the dual variable. Similarly as in the mixed formulation of
a Poisson problem, the role of the variables switched, as in the classical velocity-pressure
formulation of the Stokes equations the velocity u is the primal variable and the pressure
p is the dual variable. In order to show stability we aim to use the theory of saddle point
problems as discussed in section 3.2. As usual, we only consider the case of homogeneous
essential boundary values of the normal component u,, and the normal-tangential trace o,
on I' and I'y 4, respectively. The case of non-homogeneous essential values follows again by
homogenization.
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4 A new variational formulation of the Stokes equations

In the set of equations (4.26) we identify the following bilinear forms. In the top left we
have the L%-inner product of the primal variable o with a test function 7, thus we define

a: L2(Q,R>) x L2(Q, R 5 R,
1 4.27
a(o,T) ::/U:de. (4.27)
Q

14

Note, that although the bilinear form a is continuous with respect to the L?-norm on
L?(Q,R¥*4), for functions 0,7 € X it is equivalent to

a(o,T) / —dev(o) : dev(r)dx .

The next bilinear form is given by the incompressibility constraint (4.24)
by : H(div, Q) x L*(Q,R) — R,

) (4.28)
b1(u,q) == | div(u)gdzx.
Q
Finally, we have the divergence constraint for the stress variable . As discussed above,
the velocity u is now a dual variable, and can be interpreted as a Lagrange multiplier to
enforce the constraint on 0. We define

by : H(curldiv, Q) x Hy(div,Q) - R (4.29)
bQ(U’ u) = (diV(O’), u>H0(diV,Q)' ‘
Adding up both constraints we further define the bilinear form
b: H(curldiv, Q) x L*(Q,R) x Hy(div,Q) = R (4:30)
b(O’, q; ’LL) = bl (ua Q) + b2 (07 q)a .
and the corresponding kernel
Ky :={(o,p) € ¥ xQ:b(o,q;u) =0 for all u € V}. (4.31)

Beside the bilinear forms we define for all ¢ € ¥, u € V and ¢ € @ the following norms
lolls = llollca, lullv = llullg@v.o), ldlo = llalrzq)
The first result shows that the introduced bilinear forms are all continuous.

Lemma 8 (Continuity). The bilinear forms a,by and by are continuous:

7|y Vo,7 €%,

a(o,7) S —=llolls—=
\f \f

bl( u, q ) S HU‘HVHQHQ Vu € Q7q € Q7

ba(o,u) < lloflsllullv VoeXueV.

43



4 A new variational formulation of the Stokes equations

Proof. The continuity of a and b; follows with a Cauchy Schwarz argument for the appear-
ing integrals. For by it follows by the continuity of the duality pair with the corresponding
norms and || div(o)||y+ < ||o||x. O

We continue with proving that the bilinear form a is coercive on the kernel.
Lemma 9 (Coercivity on the kernel). The bilinearform a is coercive on the kernel K
1 2
lolls +lipll@)” S alo,0) - for all (0,p) € K.

Proof. Let (0,p) € K} be arbitrary. Using the Stokes-LBB, lemma 4.9 in [43], we find a
function u € HE(Q,R?) C V such that div(u) = p and [|ull 1) < |lpllg- Thus, we can
bound

div(u), p)o div(v),p)a
Ipllo < (div(u), p)a < sup (div(v), p)o
lullgr)y  — vemirey Ivllar@)
div(o),v o,Vu
= sp o, BV
vEHL(,R9) HUHHl(Q) vEHL(Q,R9) HUHHl(Q)
Similarly, we further have
div(o),v)y div(v),p)a
sup AP gy (DRI 1 < 0.
vev  vllv vev  vllv

This yields for all (o,p) € Ky that (||o]|s + ||pllg@) < va(o,0). A division by v gives the
desired result. O

Lemma 10. For all u € V there exists a function ¢ € QQ such that

bi(u,q) 2 || div(u) |72y and lallq < llullv.

Proof. This follows immediately by choosing ¢ := div(u). This is an admissible choice as

/div(u) dz :/un ds =0,
Q r

bi(u,q) = /QdiV(U)q dz = || div(w)|72(0),

thus ¢ € ). Now we have

and trivially gl = || div(w)] 120 < Jullv- O

To prove a similar inf-sup stability result for the bilinear form b, we are going to solve
a symmetric auxiliary problem on the subspace H'(€2,R%) N V. In order to solve this
auxiliary problem we need to show that it is well-posed and solvable. The next two results
are dedicated to this question. The first theorem shows a very similar estimate as given
by Korn’s first inequality, see theorem 4. The second result then handles the case with
(partly) homogeneous boundary conditions.
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4 A new variational formulation of the Stokes equations

Theorem 10 (A Korn-like inequality for the deviator). Let Q C R, d = 2 or 3, be an
arbitrary bounded and connected Lipschitz domain. For v € H'(Q,R?) there holds

Idev(Vu) (|22 () + lulZaiy = callullF g,
where cq only depends on §2.

Proof. The proof follows similar steps as the proof of Korn’s inequality, theorem 3.1 in [39].
For the ease of notation let D(u) := dev(Vu), then we define the subspace

D :={u e L*(Q,RY) : D(u) € L*(Q,R¥>*%)}. (4.32)

Note that D is a Hilbert space with the norm |[jul|% := H]D)(u)H2 ) + ||uHL2(Q Let
u € D, then elementary calculations show that in three dimensions We can write for all

i,j k€ {1,2,3}

, a0 D(w)ik for i # k,

Tui _J 5 pu), for i # j

O:L*j&rk oz bJ Js
3a-D(u)ii + %“D(U)H-Li + ﬁ?”ﬂ)(u)ww for i = j =k,

where the indices ¢ + 1 and ¢ + 2 are taken modulo 3. Similarly, we can write in two
dimensions for all 7,7,k € {1,2}

02w 6?:1]1))(“)1‘,19 for i # k,
oo oo D(w)i g fori#3j,
ox; (U)z 7 + 8:)3 i (u>l+1,l ori=7)=~k,

where the index i + 1 is taken modulo 2. Therefore, we have, as u € D, that

82 U;

HYQ) foralli,jke{l, ... d. 4.33
axjaxke (Q) foralli,j,ke{l,...,d} (4.33)

Applying the famous result from Necas (see [88], and for non-smooth boundaries, see [15])
which reads as

Iflz2y < I f -1y + IV fllg-1() forall fe L*(Q,R),

to the partial derivatives du;/0z, equation (4.33) implies that Ou,;/0x) is an element of
L2(Q) for all i,k, and therefore u € H'(Q,R?). This shows the algebraic equivalence
D = H'Y(Q,R%) (as each element of the right side is also in D), and that the injection of
H'Y(Q,R?) — D is continuous, and — as just proven — also surjective. Applying the closed
graph theorem, we conclude that this injection is an isomorphism, thus we have proven
norm equivalence. O

Lemma 11. Let I'; C 092 and T'; C 0. Assume that either I'; = 0Q or I'; NT'; # 0. Let
u € {ve HY(Q,RY),v, =0 on T;}. There holds

/ dev(Va) : dev(Vo) dm—i—/ iy - Oy ds > |ul3.
Q

Ly
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4 A new variational formulation of the Stokes equations

Proof. By theorem 10 it suffices to show that [lul|2(q) < HD(U)HQLQ(Q) + HutH%Q(F_), where
J

again D(u) = dev(Vu). We prove this by contradiction. To this end we assume that there
exists no a > 0 such that

ID(w) 720y + el Zer,y = allull2q)-

Then for all [ € N* there exists a function v; € {v € H'(Q,R%), v, = 0 on T';} such that

1
ID(0) 122y + @il < 7ol 2 (4.34)

Further, without loss of generality, we can choose [lvi|2() = 1. By theorem 10 and
estimate (4.34), we further have

vl ey < llville) + 1D 220) < vl 20,

thus v; is bounded in H'(Q,R?). Applying the theorem of Rellich, see chapter VI in [2],
this yields that v; is also relatively compact in L?(£2, R?), hence there exists a sub sequence
(again denoted by v;) such that v; — v with v € L?(Q, R?). Further, estimate (4.34) yields
ID(vi) [l £2(c2) — 0, thus D(v) = 0 and by theorem 10

v = vill @) < llv—villz2@) + ID(w)l|£2(Q) — 0, (4.35)

thus v € H'(,R%). By the continuity of the trace operator we conclude that v, = 0 on
I as v € {ve HY(Q,RY),v, = 0 on T} for all | € N*. Equation (4.34) further shows that
also v; = 0 on T';. As D(v) = 0, it is either zero or has the form v = a + bz with a € R?
and b € R. Assuming I'; N T; # 0 implies that v = 0 on I'; N T';, which yields v = 0. For
the other case, I'; = 012, the identity div(u) = db first shows the equivalence

b|Qd:/div(ﬂ)dx:/div(ﬂ)dxz/ u-nds=0,
Q Q o9

implying b = 0. As v, =0 on I', we similarly as before conclude that a = 0. In both cases
equation (4.35) then further shows [lv||z2(q) — 0, which is a contradiction, thus the lemma
is proven. O

Using the two previous results we are finally ready to show an inf-sup result for bs.
Lemma 12. For all w € V there exists a o € ¥ such that
bo(o,u) 2 ||ully and olls < [lullv.

Proof. Let u € V be arbitrary. We solve the following auxiliary problem: Find u € V with
V= HY(Q,R%) NV, such that

/Q dev(Vii) : dev(Vd)de = /

u.@dx+/ div(u) div(d)dz Vo e V. (4.36)
Q Q

Applying lemma 11, we immediately see that the bilinear form on the left hand side is coer-
cive with respect to the H'-norm. A simple Cauchy Schwarz argument then further shows
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4 A new variational formulation of the Stokes equations

the continuity, thus theorem 5 (Lax-Milgram) yields that there exists a unique solution,
which is continuously bounded by the right hand side:

[l @) < Nlullv- (4.37)

Now set o := —dev(Va). In the following we show that o € ¥. The above continuity of
the solution u, proves that ¢ is square integrable as

lollz2) = ldev(Va) | L2y < ||l g S [lullv-

Next, let ¢ € C§°(€, R%). Using the definition of the distributional divergence we see that

(iv(o),épy = - |

o:Vodr = / dev(Va) : Vodr = / dev(Va) : dev(Ve)dx .
Q Q Q

As ¢ is an admissible test function for the weak formulation (4.36), we observe

(div(), )y = /

u-$da+ / div(w) div(¢) dz < Jullvl|llv-
QO Q
The density of C5°(€2,R?) in V' then yields

div(o),v)y
vev  lvllv

thus summing up both bounds proves ||o||x < ||u|ly. Further note that the above arguments
show the identity

balcr,0) = l[ullFa ey + | div(w) gy ~ lulf (438)

Finally, as tr(c) = 0, we conclude that o € H(curldiv, ), which allows us to apply the
normal-tangential trace operator. Now let tw € TW(I'n;) be arbitrary. By definition of
the trace space TW (I'y,), there exists a w € W (I'ny¢) such that (curl(w)); = tw on I'y .
The definition of the trace operator then gives

(Wt (), tw)rw (r ) = (div(e), curl(w)) gy @iv,0) + (0, V carl(w))q.

Next, as w € W(I'nt) we have (curl(w)), = curly(y¢(w)) = 0 on T, thus curl(w) is an
admissible test function for the weak formulation (4.36). Using the same density arguments
as above yields

(Wt (), tw)rw (ry,) = (div(o), curl(w)) gy (div,0) + (—dev(Va), V curl(w))o
= (div(0), curl(w)) gy (aiv,0) — (4, curl(w))q — (div(u), div(curl(w)))q = 0,

thus o € ¥ and the lemma is proven. O

In the next theorem we combine both result to prove the inf-sup estimate of the bilinear
form b.
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4 A new variational formulation of the Stokes equations

Theorem 11 (Inf-sup estimate of b). For all u € V there exists a (o,p) € ¥ X Q such that

b .
sup S ED Sy (4.30)

(raezxq ITlls + llalle

Proof. Let o € ¥ and p € @) be the variables given by lemma 10 and lemma 12, respectively.
Then there holds

b(T, q;u) S bi(u,p) + ba2(o,u) | diV(“)”%2(Q) + [Jullf

sup > = 2 Nullv,
(roexxq ITls + llallo Pl + llolls 2l + llolls
where we used that || div(u)H%Q(Q) + Jull? ~ [Jull? and |pllg + llolls < lullv. O

Corollary 1. Assume a given f € V* and gpt € TW(I'p). Further assume the increased
regularity of the essential boundary data gp.,, € HY?(I'p) and Nt € H~Y2(Ty,RY). There
exists a unique solution (o,u,p) € ¥n X Vp x Q of equations (4.26) such that

ve +llonal ey

—(lols + lIplle) + v7lully < f(llfl

S -

+ Vo (llgpallrwen) + lgpallm )

Proof. This is a direct consequence of theorem 6, and the results of lemma 8, lemma 9
and theorem 11. In the case of non-homogeneous essential boundary conditions a standard
homogenization method is used as discussed at the end of section 4.3. O

4.4 The symmetric version of Stokes equations

A different version of the Stokes equations is given if we replace the gradient of the velocity
u by its symmetric version &(u), hence equation (4.3a) then reads as

—div(ve(u)) +Vp=f in Q.

This formulation is considered for example in [11], and is particulary of interest in two-phase
flows, see for example in [59]. There it is important that the matching conditions between
the two phases is formulated with the symmetric gradient. Assuming f € L?(Q,R%) and
enough regularity of boundary data, the classical variational formulation then reads as:
Find (u,p) in Xp x L?(2) such that

/VE(’LL) :e(v) da:—/ div(v)pdx = / f-vds—/ gN’nvnds—/gN,tvtds, Yo € X,
Q Q Q FN,n FN,t

/ div(u)gdz = 0, Vg € L3(Q).
Q
(4.40)

Note that in the case I'p,, = I' the pressure space is exchanged to L%(Q). In the following
we want to derive a similar stress formulation as it is given by equation (4.6) using the
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4 A new variational formulation of the Stokes equations

symmetric gradient. Introducing o = ve(u) and using the same manipulation as in the
beginning of section 4.1 we derive the equations

%dev(a) —e(u)=0 in Q, (4.41a)
div(e) = Vp=—f in Q, (4.41D)
diviu) =0  in Q (4.41c)
Un=gpn on Dpg, (4.41d)

ug =gpy on Ipg, (4.41e)

—Opn +Pp=9gnNn on I'yp, (4.41f)

—0nt = gnNg on D'y (4.41g)

Although formulated in an arbitrary setting (used for the discrete method introduced in
chapter 7), we assume again that I'p,, =T.

Based on (4.41) we now want to derive a new variational formulation where we include
the findings from above. Thus, again we aim for a formulation where the velocity space
is given by V = Hy(div,2) and the pressure space by @ = L2(Q). Note however that
we have to change the stress space. Equation (4.41a) shows that the stress variable now
approximates the deviatoric part of the symmetric gradient. To this end we define the
closed subspaces of functions in H (curldiv, §2) that are trace free and symmetric:

¥M = {5 € H(curldiv,Q) : tr(o) = 0,0 + 0 = 0,0, = 0 on T4},
YY™ = {o € H(curldiv,Q) : tr(0) = 0,0 + 0 = 0,04 = gy on [y}

Following the same steps as before we test equation (4.41a) with a test function 7 € XY™
and integrate over the domain 2. Due to the symmetry of 7 there holds the identity

1 1
/5(u):7’dx:/Vu:de—l—/(Vu)T:de
0 2 Ja 2 Ja

—1/Vu:Tda:—i—l/Vu:Tdm—/Vu:de,
2 Ja 2 Ja Q

thus again using the enhanced regularity of the velocity field we have the equation

(4.42)

/Qia 7 dr H(div(7T), u)v = (Tut, ID.)TW (T ) -
Note that the second term on the left is the bilinearform by that was introduced in the
standard formulation. For the rest we follow the same steps as in section 4.3. Now let
f e V*and gpy € TW(I'p). Further assume the increased regularity of the essential
boundary data gp, € [HY?(Tp)], and gy € [H /?(Tx,R%)];. The symmetric MCS
formulation now reads as: Find (o, u,p) € I3 X Vp x @ such that
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4 A new variational formulation of the Stokes equations

1
/ —o : 7dz +(div(7), w)v = (Tnt, 90,0 )TW (T p) for all T € %™,
Qv

(div(o),v)y —|—/ div(v)pdz = —(f,v)v + (vn, gN ) gr/2ry)  forallv €V, (4.43)
Q

/ div(u)gdz =0 for all ¢ € Q.
Q

4.4.1 Stability analysis

Again we only consider the case of homogeneous essential boundary conditions as the non-
homogeneous case follows with the techniques discussed at the end of section 4.3. Further,
comparing the symmetric weak formulation (4.43) with the standard formulation (4.26)
we realize that we have only exchanged the stress space, thus we aim to derive a sta-
bility analysis using the same norms and the same bilinear forms as we have defined in
section 4.3.1.

By the definition of the symmetric stress space we immediately see that 3™ C 3, hence
continuity of the bilinear forms follows from lemma 8. Similarly, also coercivity is a direct
consequence of lemma 9 due the property K sym C K where

K™ = {(o,p) € 2™ x Q : b(0,q;u) =0 for all uw € V}.

In order to prove existence and uniqueness of a solution of equation 4.43 it is sufficient to
show inf-sup stability given by the following theorem.

Theorem 12 (Inf-sup of b). For all uw € V' there ezists a (o,p) € L™ x @Q such that

b .
sup (1, q;u)

T 2 lullv. (4.44)
(rayesmxo 1Tl + llallg

Proof. The proof follows with similar steps as in the proof of lemma 12 and lemma 10.
Let u € V be fixed, then we define the auxiliary problem: Find (i,p) € V x Q with
V= HY(Q,RY) NV such that

/ e(u) : () da:+/ div(9)pde = / u- @dx—i—/ div(u) div(d)dz Yo €V,
Q Q Q Q

/ div(@)gdz = 0 )

Q
This problem is solvable due to the LBB-condition of the standard Stokes problem, as seen
in lemma 4.9 in [43], and a similar result as given by lemma 11, including Korn’s inequality,
see theorem 4. Brezzi’s theorem then further yields the continuity estimate

%l iy + 1Pl 2 ) S Nlullv- (4.45)

For o := —¢(@) we immediately observe that o + o1 = 0 and tr(o) = div(@) = 0 and due
to the stability estimate (4.45) also ||o][z2(q) S [[ullv. Following the same arguments as in
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4 A new variational formulation of the Stokes equations

lemma 12 we have for a smooth function ¢ € C5°(£2, R?) the identity

(div(o), p)v = / u- qbder/ div(u) div(e) dfc/ div(¢)pdx . (4.46)
Q Q Q
Using estimate (4.45) we conclude by a density argument that

di U vllv + ||p v
O 0 N L1 O L PR [

vev  vllv vev [o]lv

and further

(div(o), w)v 2 [ulli — I div(w)| 2@llBll 2 () 2 lullf — 1 div(w) [ 2o llullv.  (4.47)

By the above estimates we observe that o € H(curldiv, ), which allows us to apply the
normal-tangential trace operator. Then, with the same steps as in the proof of lemma 12,
we also have 0,; = 0 on I'y;, thus with the findings from above we conclude o € ¥™.
Now choose p := adiv(u), with @ > 2. This is an admissible choice with the same
argument as in the proof of lemma 10. We observe that there holds the equivalence

b1(u, p) = o diV(U)H%‘Z(Qy
and hence by (4.47)

sup b(T,q;u) > b(o,p;u)
rpezvnxq Tl +llalle ~ llolls + llplle
lullf = Il div(w)|| 2o lullv + el div(w)[172q,
lolls +lpllo

Using Young’s inequality with a scaling factor 1/2 we get
2 : : 2 L2 : 2 2
lully = T div(w)ll 2o llully + all div(w)llz2g) = Sllully + (o = 2) div(w)[72@) ~ llullv-
By (4.45) we further have
lolls +lplle S llullv + alldiv(uw)ll L2 @) ~ llullv,
and the statement is proven. O

Corollary 2. Assume a given f € V* and gpy € TW(I'p). Further assume the increased
regularity of the essential boundary data gp ., € HY?(Tp) and gt € H=Y2('y,R%). There
exists a unique solution (o,u,p) € E?,’m x Vp x Q of equation (4.43) such that
1
N

1
(lols +1pllQ) + vollully S—= (I lv- + lgxcall-s/2(r,) )

+ o (lgpallrws) + 190l )

Proof. This is a direct consequence of theorem 6, and the results of lemma &8, lemma 9
and theorem 12. In the case of non-homogeneous essential boundary conditions a standard
homogenization method is used. O
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5 Finite Elements - a discrete stress space

5.1 Triangulation and preliminaries

We start with the introduction of several preliminaries that we shall use within this work.
Given a domain Q C RY with d = 2 or 3 with a Lipschitz boundary as described in
chapter 3, let 7 be a partition of ) into triangles and tetrahedrons in two and three
dimensions, respectively. Throughout this work we assume that the triangulation 7y is

e shape regular: There exists a constant c; > 0 such that

diam(T)?
Imef%\T(R <c¢s forall T e Ty,

and

e quasi-uniform: There exists a constant ¢, > 0 such that
diam(T") > ¢;h for all T € Ty,

where h := max diam(7).
TETh
For a given element 7" € T;, we denote by Vj,(T) the set of vertices of the element T,
and by Fp(T) the set of faces, so the d — 1 subsimplices, of the element 7. In a similar
manner we then denote by JFj, the set of all element interfaces and boundaries of the
given triangulation 7. This set can further be split into two parts. The first part is
denoted by F*' and is given by all facets that lie on the boundary of the domain, thus
FxXt .= {F € F : FNT # 0}. The second part, denoted by Fi"*, contains all facets that
are in the interior of the domain, thus Fint = 7, \ Fxt,

With a slight abuse of notation, we use the same symbol n for the outward unit normal
vector on each element boundary 07 and for the normal vector defined on the boundary T'.
Then, the corresponding normal and tangential traces of smooth vector-valued functions,
and the normal-normal and normal-tangential traces of smooth matrix-valued functions on
element boundaries and facets are equivalently defined as in section 3.1.

At several points in the definition of the finite elements and also in the numerical analysis
we make use of a mapping from a physical element 7' € T}, to a so called reference element
denoted by T. To this end we define

(m1,$2)€R2:0§x1,m2 and x1 + x9 < 1} for d=2,
(ml,xg,x3)€R3:0§m1,1:2,x3 and x; + x9 + z3 < 1} for d=3.

= {
= {

Ny M)
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5 Finite Elements - a discrete stress space

Although one could define a different reference element, it is important that the diameter

~

is approximately one, thus diam(7) = O(1). On these reference elements we denote the
vertices by

% = (O, O)a VYl = (170)7 ‘/2 = (07 1)7
and
‘/0 — (0’0’ O)’ ‘/1 = (1’()’())7 ‘/2 = (0, 1,0)7 ‘/3 = (0705 1)7

for two and three dimensions, respectively. Next, we further define the follwoing reference
faces and the associated normal and tangential vectors. In two dimensions we have
Fo:={(z1,29) €R?: 0 <y, w9 < 1,21 + 72 = 1},
Fr o= {(0,20) e R2: 0 < z9 < 1},
FQ = {(.1'1,0) S Rz 0< 21 < 1},

with

A

o= —=(LDT, A = (-1,00", #p:=(0,-1)T,

Hg\H
[\

to:=—=(-1,1D)T, it :=(0,-D7T, #:=(1,0)".

V2

For the three dimensional case we have

Fy = {(z1,20,23) ER3: 0 <z, 20,23 < 1,27 + 29 + 23 = 1},
Fl = {(0,.%'2,1'3) €R330§$2,$3 < 1,0§$2+$3 < 1}7

FQ = {(xl,O,IEg) €R220§£C1,£L‘3 <1,0< 2z +23 < 1},

F3 = {(21,22,0) €R*: 0 < w1,29 < 1,0 < w1 + 22 < 1},

with
1 . 1 . 1
no = —(1,1, )Y, o := —=(=1,1,0)T, fp2:= —=(0,1,-1)7T,

0 3( ) 01 \/5( ) 02 \@( )
fp = (=1,0,0)T, £ :=(0,-1,0)T, t19 == (0,0, —1)7T,
g = (0,—1,0)T, #y :=(1,0,0)T, f2o == (0,0, —1)7T,
f3 = (0,0,—1)T, #3 :=(1,0,0)T, f3p == (0,—1,0)T.

In figure 5.1 we illustrated the reference elements in both dimensions.

By the definition of the reference element we are now able to define the associated element
mappings. For an arbitrary element T € Ty, let ¢p : T — T be an affine homeomorphism,
with the Jacobi matrix denoted by Fr := ¢/.. As we assumed that the triangulation 7y, is
shape regular and quasi-uniform we have

|Frllo @k and  [|Fp'|eo = h™'  and |det(Fr)| = h%. (5.1)
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.TQA
Ve
e
Vo W 1
\\\‘El

Figure 5.1: The reference element T and the corresponding normal and tangential vectors
in two dimensions (left) and in three dimensions (right).

Similarly, we can restrict the mapping ¢ to a reference face F € fh(f) and reference
edge F C OF (in three dimensions) whose gradients are then denoted by Ff := (¢7|z)

and FQE := (¢r]z)". Using these quantities the unit normals and tangents of the reference
element and its mapped configurations on the physical element T' are related by
det(F: .
=3 by nd =L, (5.2)
det(F) det(Fy)

where in two dimensions we have to replace F:,E by FYE .

On each face F' € F™ we make use of the standard notations for the jump and the
average of a functions. To this end let 177,75 € Tp, and let ' = 17 N T5 be its common
element interface. Further let ny and no be the corresponding outward normal vectors. For
a function ¢ € CO(Ty,R) UCY(T},R) we define the mean value and the jump on F as

(0} = 5 (0l + 9lr) and 6] = dlr; — oI,

For a facet F' € F3** the average and the jump is just defined as the identity.

We continue with the definition of polynomial spaces. For a given element T € T
we denote by P*(T') the space of polynomials defined on T whose total order is less or
equal k. Again, we use the same notation as for function spaces for non scalar-valued
polynomial spaces, e.g. where P*(T,R%) denotes the space of vector-valued polynomials,
we use PF(T,R?*?) for the space of matrix-valued polynomials. Using these notations we
further define polynomials on the triangulation by

P*(Th, R) := [] PH(T,R),

TeTh
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5 Finite Elements - a discrete stress space

and similarly P¥(7;,, RY) and P* (T, R9*4). Beside this we make use of homogeneous polyno-
mials denoted by Pﬁom(ﬁl, R) and the space of matrix-valued skew symmetric polynomials
defined by

PE (Th, R .= {n € P*(T,,R>*Y) - (n+nY)|r =0onall T € Tp}.
Finally, we introduce the space of rigid displacements by

RM(7;) := {a+ Bz : a € P°(T,R%), B € P (T, R¥>*9)}. (5.3)

At several points in the analysis we make use of polynomials defined in the tangent
plane of a face of a given element 7T'. To this end let F' € F,(T'), then with a slight abuse
of notation we do not distinguish between the tangent plane parallel to the facet F' and
the isomorphic R4~! and write instead P*(F,R%~!). Note that for example the tangential
projection of a polynomial p € P*(T,R?) is in this space, thus u; € PF(F, R4,

With respect to a triangulation we introduce for each element T' € T}, the local element-
wise L2-projection on polynomials of order k by Hf}. Note that we do not distinguish
between scalar-, vector- or matrix-valued functions, but always use the same symbol. Fol-
lowing the notations from above the corresponding global L?-projection onto the space
P*(T3,) is given by H% . Similarly, on each facet F' € Fj, let H’fp denote the L2-projection
onto the space of polynomials of order k on F. Again, we use the same symbols for pro-
jections with different ranges. For example, the projection into the tangent plane of F is
also given by H%, i.e., with the notation from above we have for any vector-valued function
v € L?(F,R%1) that the projection kv € P*(F,R41) satisfies (5w, q)p = (v, q)F for all
q € PE(F,R?1). Finally, the local projection onto the space of rigid displacements is given
by

‘/HRMv—vdx‘:O,

T

’/curl (HRMU—U) d:c’:O,
T

for all functions v € H'(T;,, R?%) (see definition below). This projection fulfills the following
properties (see [18])

IV (on — ™M) |2 S Jle(vn) [l VT € T, (5.4)
on =T < D hlle(wn)lly VF € Fa. (5.5)
T:TNF£)

Similarly, we also define function spaces with respect to the triangulation 7, e.g.
H™(Th,R) := {u € L*(Q,R) : u|lr € H™(T,R) for all T € T},

denotes the broken Sobolev space of order m. Note that we use the same symbols for a
broken differential operator applied on each element for functions in a broken Sobolev space
and the continuous operator applied on functions in the corresponding standard Sobolev
space, e.g. we write (Vu)|r = V(u|r) for functions u € H (T, R).
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5 Finite Elements - a discrete stress space

We conclude this section with the definition of several local polynomial basis functions.
For a detailed discussion we refer to [1, 4]. To this end let Iy, (1) be the index set of the
vertices Vi, (T'), then we use the standard notation for the barycentric coordinate functions
given by \;, thus we have

Ai € PHT,R)  such that  A\i(V;) =8 Vi,j € Iy, (1),

where 6;; is the Kronecker delta. Next, let [;(z1) be the Legendre polynomial of order 4
and let lis(xl,xg) := abl;(z1/22) be the scaled Legendre polynomial of order i. Further
let p{ (z1) be the Jacobi polynomial of order ¢ with coefficients o = j, 8 = 0. Using these
one-dimensional polynomials, we define in two dimensions

Pii(Xas Ags Ay) 1= 17 (Mg = Ay Aa + Ag)5 T Ay — Ao — Ap). (5.6)

The set

{7ij(Aa, Ag, Ay) 10 < i+ j <k and (a, 3,7) permutation of {0,1,2}}

form a basis of the polynomial space P* (T, R). Next note, as pg”l is constant, there holds

the equality 7 (Ao, Ag, Ay) = Tio(Aa, Ag). Then the set
{Fio(Ajr1s Ajr2)lg, - 0 < i <k},

where the indices j 4+ 1 and j + 2 of the barycentric coordinate functions are taken modulo
3, form a basis of the polynomial space P¥(F},R) (see chapter 3.2 in [72], or in [37] and
[107]). In three dimensions a similar results holds true. We define

’ﬁijl()\aa)\ﬁ> >"Y7 )\5)
=17 (Mg — Aoy Ao + Ag) (5.7)
P = A = Mg Ay e + 20)p TS (A — Ao — Ag — ),

where pg’s(xl,mg) = xép{(wl/azg) is the scaled Jacobi polynomial. Again, we have that
the set 7;1(Aa; Ag; Ay, As) with 0 <@+ j +1 < k and an arbitrary permutation (a, 3,7, )
of (0,1,2,3), defines a basis for IP’k(T,]R) and that for 0 < i+ [ < k the restriction on a
facet Fj given by 7i0(Aj+1, Ajr2, )‘J+3)|Fj is a basis of Pk(ﬁj,R), where the indices of the
barycentric coordinate functions are now taken modulo 4.

5.2 A discrete space for the approximation of H (div)

In the previous chapter we derived the MCS formulation, equation (4.26), where the velocity
solution w is an element of the Sobolev space H(div,{2). An appropriate discretization, in
the sense of conformity, of the space H(div,{2) is well known in the literature. In the
following we introduce two spaces with several properties that shall be used in this work.
For a detailed discussion on this topic we refer for example to the book [11].
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5 Finite Elements - a discrete stress space

The first space we introduce is based on the work [99] and [89] and is called the Raviart-
Thomas space. To this end let T € Ty, then we define
RTH(T) := {u=a+bx:acP(T,RY) becPi  (T,R)},

hom

and the global space
RT*(Th) := {u € H(div,Q) : u|r € RT*(T) for all T € Tp,}. (5.8)

The space RT*(7},) contains, locally on each element, the full polynomial space P*(T, R%)
and certain polynomials of order £ 4+ 1. Due to this enrichment the (global) divergence
is equivalent to P*(7;,R). The space is constructed such that we have for all functions
u € RT*(T,) and on each facet F € Fj, that the normal component u, € P*(T,R),
thus the high order polynomials, have a zero normal trace. Further, due to the H(div)-
conformity, the normal jump is zero [u,] = 0 on all element interfaces F € Fi'*. Note that
in the original work [99] the space was defined on the reference element and was mapped
appropriately, given by equation (5.10) (the Piola transformation) below.

In contrast to the Raviart-Thomas space the corresponding discrete space that contains,
locally on each element, all polynomials up to a certain total order is given by the Brezzi-
Douglas-Marini space (see [23, 21, 22]), denoted by

BDMH(Ty,) :={u € H(div,Q) : u|p € P*(T,RY) for all T € T;,}

={u € P*(T;,,RY) : [u,] =0 on all F € F}. (5:9)

Again, due to the H(div)-conformity, we can apply the (global) divergence to all functions
in BDMk(E) to get a polynomial of order k—1. To be precise, the divergence is surjective,
and we have the following relation between the two spaces

div(RT*(Tp)) = div(BDM*(T,)) € P*(T, R),
and
... CRT*Y(T,) € BDME(T) € RT*(Th) € BDM*Y(T) ...

Whereas the standard pullback preserves continuity for standard H'-conforming finite
elements, the proper mapping for H(div)-conforming finite elements is given by the Piola
mapping. To this end let & € L?(T,R%), then we define on a physical element T' € T}, the
function

N N 1
P(a) = detFTFTuogb : (5.10)

The Piola mapping preserves the normal component and maps the divergence one-to-one,
thus if o € H(div,T'), then

—~

div(P (1)) = div(a) o ¢!,

det Frp
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5 Finite Elements - a discrete stress space

where div is the divergence operator with respect to the reference coordinates on T. At
several points in the analysis we use scaling arguments for the gradient of a Piola mapped
function. Then, by the chain rule we have for a function @ € H'(2,R%) on each element
T € T;, the identity
V(P()) L part (5.11)
1)) = ——— U . .
det Frp r T
We conclude this section with the introduction of appropriate degrees of freedoms for
the Raviart-Thomas space RT*(T). Note that similar results can be found for BDM*(T)
in [11, section 2.3.1].

Lemma 13. For any k >0, T € T, and for any u € RT*(T) the following equations,
/ unqds =0 for all g € P*(F,R), for all F € Fy(T),
F
/ w-rds=0 for allr € PFH(FRY),
T

imply that u = 0.

Proof. See proof of Proposition 2.3.4 in [11]. O

5.3 A discrete space for the approximation of H (curl div, {2)

In this section we introduce a new finite element and a corresponding new finite dimensional
discrete space in which we can approximate the solution o of the system (4.26). As o is
an element of the (matrix) trace-free subspace ¥ C H(curldiv, ) we proceed as follows:
First, we discuss the definition of a discrete space to approximate arbitrary functions in
H(curldiv, 2). Then, we show that the introduced construction of this space further allows
a simple splitting such that we can also only approximate functions in the subspace X..

The discrete space that approximates the space H (curldiv, §2) should fulfill several prop-
erties: First of all, the discrete space should provide approximations with optimal conver-
gence results (with respect to the mesh size h). To this end we demand that the finite
element space should include matrix-valued polynomials up to a fixed, but arbitrary, given
total order k. Secondly, we demand a certain continuity of the finite element basis functions
across element interfaces such that the divergence can be continuously applied to discrete
stress functions in a proper sense.

We first tackle the second question. As we have already seen in section 4.2.3, the normal-
tangnetial trace operator is continuous for functions in H (curldiv, §2). Similarly as for the
Sobolev space H!(2), where the trace operator v is continuous and results in a C°-continuity
of the discrete basis functions across element interfaces, the continuity of v, already gives
us a hint how the new stress finite element basis functions should be constructed. The
following theorem should further motivate this insight.
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5 Finite Elements - a discrete stress space

Theorem 13. Suppose o is in H' (T, R>Y) and op,|or € HY?(OT) for all elements T €
Tn. Assume that the normal-tangential trace o, is continuous across element interfaces.
Then o is in H(curldiv, Q) and moreover

<diV(J), U>H0(div,Q) = Z |:/ diV(U) -vdx —<’Un, UTm>H1/2(6T):| (5.12)
TeT, T
for all v € Hy(div, ).

Proof. Let ¢ € D(Q,RY). By the definition of the distributional divergence and using
integration by parts on each element T' separately, we have

o:Vpdr= Y /Tdiv(a)-¢d:c—/aTan-¢ds.

TeT,

(div(o).¢) = |

Q

Next, we split the boundary integral into two parts given by the normal and tangential
direction, and we obtain

Z _/9Tgn.¢d5: Z _/8Tann<z>nds—/8Tam-¢td8

TeTh TeTh
= Z _/ Unn¢n ds — Z / [[Unt]] : th d57
TeTh or FG}—}LM F

where we used that ¢ vanishes at the boundary I'. By the continuity of the normal-
tangential trace of o we get [o,,;] = 0 on all facets F' € ]-'}Lnt, and the second sum vanishes.
This yields

(div(a),¢) = > /T div(o) - ¢ dx — / Ornn ds (5.13)

TeT, orT

< ldivo) 2y 10l 2y + lownll @y lénll 12 6m)
=

< ()9l zaiv0) (5.14)

where c(c) is a constant depending on . Since D(€2, R?) is dense in Hy(div, ), we conclude
that div(o) is in Ho(div,Q)*, hence by definition, ¢ € H(curldiv,2). The identity (5.12)
also follows from (5.13) and a density argument. O

Theorem 13 shows that normal-tangential continuity, assuming enough regularity of o
on each element T, is enough to guarantee that the divergence of ¢ lies in the dual space
of Hy(div,Q), thus ¢ € H(curldiv,Q). However, the regularity assumption on,|or €
H'Y/2(dT) makes the construction of finite element basis functions much more complicated.
Although it is possible to show that it would be enough to assume only an increased
regularity property at the vertices of each element (as the normal-normal component jumps
there), this would still make the construction much more complex. In contrast to this, we
define a finite element basis that is slightly non-conforming with respect to the space
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5 Finite Elements - a discrete stress space

H (curldiv, Q), but is much easier to construct. Note that this non-conformity is taken into
account in the stability analysis of the next chapters.

With the findings from above we define a discrete finite dimensional space that shall be
used for the approximation for functions in H (curldiv, 2)

Ek(’ﬁl) i={on € Pk(ﬁaRdXd) :[(op)ne] =0 on all F € }—iilnt}.

The rest of this chapter focuses on the definition of a finite element and the construction
of proper shape functions for Z¥(7;). First note that the definition of trace free matrices,

D:={M e R™>?: (M,1d) = 0},
allows us to decompose
=H(Th) = E5(Th) © Ea(Th).
Here ZF(7;,) and =F,(T;,) are defined by an orthogonal decomposition with respect to D,

Eﬂkj)(n) = {on € Pk(ﬁuD) [(0n)nt] = 0 on all F € Fir},
Eta(Th) : = {on € PX(T, 1d) = [(04)ne] = 0 on all F € Fi'*} (5.15)
=PX (7, 1d),

where we used that the normal-tangential trace of a polynomial in P*(7;,1d) trivially
vanishes on each facet F' € Fi'* due to (4.2).

5.3.1 Lowest order basis functions and normal-tangential bubbles

In a first step we are going to define lowest order constant matrix-valued basis functions for
the space R¥ ¢, which are suited to study normal-tangential components on facets F € Fy,.
In the latter sections these basis functions are then used to define a stress finite element
and to give an explicit representation of (high order) shape functions for the space Z*(73).

Now let T' € Ty, be an arbitrary element with the vertices V(T) := {V;}&, with the index
set Iyiry :={0,...,|V(T)[}. Then, as defined in section 5.1, the corresponding barycentric
coordinate functions on 7' are given by {\;}&,. Further let F; € F5,(T) denote the face
opposite to the vertex V;, with the associated normal vector n;. In two dimensions we
define the tangential vector on F; as the rotated normal vector ¢; = (ni)J—, and in three
dimensions we denote by t;; = (V; — V;)/|v; — V}| the unit tangential vector along the edge
between the vertices V; and V.

For d = 2 we define for all 7 € Iy() the constant matrix functions

S = dev(VAip1 ® curl(A\i12)), (5.16)

where the indices ¢+ 1 and ¢+ 2 are taken modulo 3. In three dimensions we define similarly
on each face F; € Fp,(T') two constant matrix functions by

Sé := dev (V)\qul &® (v)\i+2 X V)\qug)), Si := dev (V)\Zurg ® (V)\lqrg X V)\qul)), (517)

where the indices ¢ + 1, ¢ + 2 and ¢ + 3 are now taken modulo 4.
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5 Finite Elements - a discrete stress space

Lemma 14. The sets {S" : i € Iy} and {S}, : i € Iy and ¢ = 0,1} form a basis of
D for d =2 and 3, respectively. Moreover, the normal-tangential component of S* and Sé
vanishes everywhere on the element boundary except on F;,

Siile, =0, (Sntlr, =0, for i #3j, Fj€ Fp(T), i,j € Iy,

When i = j € Iy and d = 3,

thoiraSimi =0, tli1i0Soni 0, tls,1Sm: #0, (5.18a)
T ; T ; T ;
tivoir3SIni 70, tiy14051m # 0, ti 31510 = 0. (5.18b)

Proof. By construction, all functions in the sets {S? : i € Iy(r)} and {Sé 11 € Iyr) and ¢ =
0,1} are trace free and constant. Thus, in order to show that they are a basis of I it is
sufficient to show that they are linearly independent and that the dimension matches. To
prove linear independence we provide a proof for the second statement of the lemma.

We start with the two-dimensional case. First note that by equation (4.2) the normal-
tangential trace of a function S’ is equivalent to

flt = (dev(VAip1 ® curl(Xi42))),,; = (VAiz1 ® curl(Niy2)),,; -

Using the abbreviation s;; := VA1 ® curl(Ai2), thus sj1140 = S, the normal-tangential
trace on the facet Fj with [ € Iy, is given by

tlTsi’jnl = t;r [V}\Z & curl()\j)]nl = (VA - tl)(VAj “ty).
As n; ~ V\; we further have
(V/\z . tl)(V/\j . tl) ~ (TLZ . tl)(nj : tl).

In the case [ # i,j this leads to S%|r ~ (n; - tiv1)(nis2 - t;) # 0 as the triangle T is
not degenerated. Similarly, for [ = ¢ or | = ¢ the normal-tangential trace is zero as
(ni-t1) = (n; - t;) =0 or (nj - t;) = (n; - t;) = 0, respectively.
In three dimensions we define as above the quantity s; ;, = dev (V)\Z- ® (VA x V/\k)). If
i,J, k,l is any permutation of Iy (7, we see that for any p € Iyr) and any ¢, € nzf, where
1L

n,, is the tangent plane of F), we have

tgsm’knp ~ (TLZ . tp)(til . np). (519)

This can be derived with elementary manipulations. An example is given in figure 5.2,
where we can easily see VA; x VA ~ n; x n ~ t;. Due to this we have on any facet I},

ty (So)np =ty (siv1iv2i43)np ~ (Mis1 - tp)(Eiv1i - np),

which vanishes for all p # i since n;41-t;41 = 0 and ;41 - ni42 = ti+1,i-ni+3 = 0. Similarly,
we conclude that (S7),: = 0 on all facets except F;. By equation (5.19) we further have

T T T
tirsigkm =0,  tgsijem #0, 158 jkm # 0,

hence the statements in (5.18) also follow. This proves that the sets {S* : i € Iy} and
{S; : 1 € Iy and ¢ = 0,1} are linearly independent, and we conclude the proof with a
simple counting argument. O
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5 Finite Elements - a discrete stress space

Figure 5.2: An example of an element configuration.

Corollary 3. The sets {S" :i € Iy }U{Id} and {S}, : i € Iy and g = 0,1} U{Id} form
a basis of R? for d = 2 and 3, respectively.

Proof. As the functions defined by (5.16) and (5.17) are all trace free, and as (Id)u¢|r =0
for all Fj € Fp(T), the sets {S* :i € Iy} U{Id} and {S; : i € Iy(ry and ¢ = 0,1} U {Id}
are linearly independent. We conclude the proof with a simple counting argument and
lemma 14. O

Beside the trivial normal-tangential bubble given by the identity matrix we can further
define other higher order bubbles. To this end we define the local space

BQAZU:::{be;PkCTJD):bnt::O}.
Using the above defined low order functions, we can give a representation to these bubbles
in the following lemma.

Lemma 15. Any normal-tangential bubble b € BE,(T) can be represented as either

1
b= Z XSt or b:Z Z wi )\iSé, (5.20)

i€ly(T) q=0iely(T)

for d =2 or 3, respectively, where p;, ,u,g, ul-l € Pkil(T). Consequently,
3

dim BE,(T) = 5
Gk D(k+2), ifd=3.

Proof. We start with the proof in two dimensions. By lemma 14 we know that the set
{S":i € Iy} is a basis for D. Therefore, the matrix b(z) can be represented as

ba)= Y aix)s, (5.21)

i€y (T)
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with polynomials a; € P¥(T,R). Again, by lemma 14 there exists a nonzero constant c;
that equals the value of S},;|r,. Then we have

but(x) = t1b(z)n; = ciai(z) =0,

for all v € F; as b € BE,(T). As ¢; is a constant, this implies that a;(z) vanishes on F}, and
we can use a factorization with respect to A; (which is a linear polynomial and zero on F;),
thus a; can be equivalently written as

ai(z) = pi(@)Ai(x)  with ;€ PFY(T),

which proves equation (5.20). In three dimensions we have equivalently

1
bla) =Y > al(x)Si,

q=04eIy(T)

with af(z) € P¥(T,R), and with lemma 14 we find constants ¢ and ¢} such that

tivairab(@)n = claj(x) =0 and tf3;,b(z)n; = Jad(z) =0,
which also proves equation (5.20) with the same steps as above.

The dimension follows from the representation (5.20): In two dimensions lemma 14
yields that the basis functions {S?: i € Iy(r)} are linearly independent, and thus represen-
tation (5.20) shows that dim B, (T") equals 3 times the dimensions dim P*~1(T). The same
argument can be applied in three dimensions. ]

5.3.2 The covariant Piola mapping

For the definition of a finite element for the discrete stress space we need to define an
appropriate transformation that preserves normal-tangential continuity. In section 5.2 we
presented the Piola transformation that preserves the normal components on facets, thus
it is a suitable transformation for functions in H(div,2). The transformation that pre-
serves tangential continuity is known in the literature (see [11] and [87]) as the covariant
transformation, and is given by

C(ﬂh) = ;Tth o qb_l.

This mapping is particularly of interest for discretizations of the space H(curl, 2). The idea
now is to combine those two transformations to define a mapping that preserves normal-
tangential continuity. To motivate this let S* be an arbitrary constant matrix function in
the two dimensional case defined by equation (5.16), thus we have the representation

S* = dev(VAiy1 @ curl(Ni19)).

As analyzed in the last chapter, this constant matrix is designed to study normal-tangential
traces and may help to understand how to define a suitable mapping. The barycentric
coordinate function \;;1 is an element of H'(, R), thus V1 is an element of H(curl, Q)
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(although — or exactly because — V ;11 is equivalent to a normal vector). With a similar
argument, curl(\;12) is an element of H(div, ). Ignoring the deviator, the definition of S°
suggests that the proper transformation is given by a Piola mapping from the right and a
covariant mapping from the left. We define the covariant Piola mapping by

. 1
M(on) = det(Fr)

Fr Y6007 Y, (5.22)
where 67, € PF(T, R9*d).

Lemma 16. For an arbitrary 7 € PF(T, R, let 7 = M(7). We have

det(FF)? ifd=2,

ctTrn =iT#n, where ¢ = F 5

Moreover, there holds the relation tr(7) = 0 < tr(7) = 0, thus the covariant Piola mapping
and the deviator commute

dev(M(7)) = M(dev(7)).

Proof. Using the relation between the physical and the reference unit normal and tangential
vectors, see equation (5.2), we immediately see

1 1 pdet(Fr) . 1 »
Trn = gL ey ) o it
T Aet(FE) (T det(Fr) T T T det(FE) T " T det(FE)det(FE)

Next, note that for arbitrary matrices A, B € R%*? we have the relation tr(A~!BA) =
tr(B), and thus tr(Fy "#F}) = tr(7). Then we see

. 1 _T. 1 _T.
deV(M(T)) — W (FT TTF,ZT — dtr(FTTTFIZI)Id>
1 1

= (EZT#FF — —tr(#)1d
det(Fr) ( r P =g u() >
1 1
= (TR — —tr(A)FERT1dEY
det(Fr) ( v TFr = () Fyp 1dEy

L por <+ - 1tr(+)1d> FT — M(dev(#).

det(Fp) T d

5.3.3 A stress finite element

With the findings from above we can finally define a local stress finite element in the formal
style of [25] (also adopted in other texts, e.g., [43, 13]) as a triple (T,Z*(T), ®(T)), where
the element T is a simplex, thus either a triangle or a tetrahedron, the space Z¥(T") =
PF(T,R¥4), and ®(T) is a set of linear functionals representing the degrees of freedom

64



5 Finite Elements - a discrete stress space

defined in the following. The first group of degrees of freedom is associated to the set of
element facets Fp(7"). We define for each F' € F,(T),

o (1) := {/Frm -rds: rePHF, Rd—l)}. (5.23)

The next group is associated to the interior of the element 7" and given by
ol(r) = {/ T PriFptdr: fe IB%th(T)}. (5.24)
T

As tr(FraFpt) =0, for n € BE,(T), every functional in @1 tests a function 7 only with a
trace free bubble. Thus, in order to also test the matrix trace we further define the degrees
of freedom

oli(r) = {/ tr(7) s pde: g€ ]P’k(T,R)}. (5.25)
T
All together, we define the set
O(T) :=dLudl u{d": Fec F,(T)}, (5.26)

and proceed to prove that this set of degrees of freedom is unisolvent and that the number
of degrees of freedom matches the dimension of Z*(T).

Theorem 14. The triple (T,ZF(T), ®(T)) defines a finite element.

Proof. To prove the unisolvency of the degrees of freedom, consider a 75, € ZF(T') satisfying
¢(1p) =0 for all ¢ € ®(T'). In the following we show that this implies that 75, = 0 proving
unisolvency. As (73)n: € PF(F,R9™1) | the facet degrees of freedom ¢(74) = 0 imply that
7 € {o € P*(T,R¥>%) : 5,y = 0 on OT}. Next, as tr(r;,) € P¥(T,R) the second group ®F,
of the interior degrees of freedom ¢(73,) = 0, implies that 7, is trace free, thus 7, € BF,(T).
Finally, the first group of the interior degrees of freedom then yields

0= / o PraFnt = / FgThFET (= /(det Fr) "M () h = / M () 7
T T T T

for all /) € BX,(T). By lemma 16 we have that M~!(7,) is in BE,(T), yielding M~ (7,) = 0
and 75, = 0.

It only remains to prove that the dimensions match. The dimension of Z¥(T) is given
by dim P*(T,R%*9) (which equals d? dim P*(T,R)). Using lemma 15 to count the number
of degrees of freedom in ®(7"), we see in two dimensions

#3(T) = #0L + #0L, + #{oF . F e F ()}
= Dk(k+ 1) 4+ 5k 1)(k+2) + 30k + 1)
= D4 )+ 2) + 5k 1)k +2) = 4dmPHTR).

With the same argument in three dimensions we conclude the proof. O
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As mentioned in the beginning of this chapter, the space Z¥(7;,) and similarly also the
space ZF(T) allow a natural splitting into two parts, see equation (5.15). To this end we
define the spaces Z& (T) = P¥(T,D) and ZF,(T) = P*(T,1d). The construction of the above
degrees of freedoms allows us to define finite elements for each of the subsets separately.

Lemma 17. The triple (T,ZX(T), @p(T) U {®F : F € Fu(T)}) and (T,Z5(T), ®1a(T))
define a finite element, and

dim 2§ (T) = (d? — 1) dim P¥ (T, R). (5.27)
Proof. The proofs follow the same steps as the proof of Theorem 14. O

We conclude this section by defining another set of unisolvent linear functionals for the
space Z¥(T), used to define an interpolation operator for the stress space in section 6.3.1.
To this end we define the degrees of freedom associated to the interior of T by

i)%(T) = {/T'r : FTﬁF:FI dzv: 7€ Pk—l(T,D)} ) (5.28)

In contrast to @%, the functionals in @Hj)? do not test with normal-tangential bubbles but
with trace free polynomials of order kK — 1. Now we similarly define the sets

O(T) = udl u{el: FeF, (1)}, (5.29)
p(T) := T u{dl" : Fe F(T)}. (5.30)

Theorem 15. The set ®(T) is unisolvent for the space Z%(T). The set Op(T) is unisolvent
for ZE(T).

Proof. To prove the unisolvency of the degrees of freedom we again consider a 7, € Z*(T')
satisfying ¢(7;,) = 0 for all ¢ € &L U ®L, U {®F . F € F,(T)}. Similar as in the proof
of theorem 14, the facet and the second group of interior degrees of freedoms show that
7, € BX,(T). Now, lemma 15 yields that 7j, can be written as

1
T = Z wiriSt, ford =2, and 7, = Z Z ug)\iSé, for d = 3,
1€Iy(T) q=04eI,(T)

with polynomials p;, w9, ut € PE=1(T). According to the definition of the element degress
of freedom @I we can choose FRF~! = ZieIV(T) p; St and FRF~—1 = Zq 0 Zzelv uz p
for d = 2 and 3, respectively. As we assume that the degrees of freedom apphed on T
vanish, we have in two dimensions

/ZMAy ZMSde—/

1€V 1€V

12
S' dz =0,

yielding p; = 0, and thus 7, = 0. In three dimensions the argument is the same. We
conclude the proof with a simple counting argument similar as in the proof of theorem 14.
O]
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5 Finite Elements - a discrete stress space

5.3.4 Arbitrary order shape basis functions

Using the lowest order basis functions defined in section 5.3.1 we can write down shape
functions on an element 7" using barycentric coordinates. In two dimensions we immediately
see that the set

AZL A2

ALN2,ST, NPNTE B, (ST, AT A, I, (5.31)

for all 4 € V, and all multi-indices (a1, a2), (8o, 51, 52) and (y0,71,72), with a; > 0, §; >
0, v; > 0 having length o1 + ag = v +v1 +72 = k and By + 81 + B2 = k — 1, form a basis
for Z¥(T). Similarly, when T is a tetrahedron, the following set is a basis for Z4(T):

AL A2 S

' BoyB1 B2 b
it1 212185 Ay Nipa Niga Ay

N2 s (AiSy), AONENT oA 51, (5.32)

i+1742

for all i € V, ¢ = 0,1, and all multi-indices (a1, ag, a3), (Bo, 51, 52, 83) and (Y0, 71,72, 73),
with a; > 0, 5; > 0 ; > 0 having length a3 + as + a3 = v9+ 71 + 72 + 73 = k, and
81+ B2 + B3 = k — 1. Note that if the last set of basis functions is removed, then the
resulting set of functions forms a basis for Z& (7).

Although it is easy to prove that the functions defined by equation (5.31) or (5.32) are
linearly independent, we opt to do so for another set of reference element shape functions.
Using a Dubiner basis instead of barycentric monomials, the ensuing construction produces
better conditioned matrices. For a better understanding of this topic we refer the reader
for example to the works [52, 115].

In the following we are going to define arbitrary high order shape basis functions on the
reference element. In section 5.3.1 we gave an explicit construction of the lowest order basis
functions by equations (5.16) and (5.17). Using these definitions on the reference element
(including a scaling with a proper constant) we derive for d = 2 the matrices given by

w0 510 o (050 o (05 -1
S ._.»€z< o 1) and St=(77 ) and S7=("7 ), (533

and for d = 3 the matrices

[\

A 2 0 0\ 3 0 0\ 2 10\ 2 01
Sg=v6l 0 L o|.S5=|1 F o], %=(0 % o0],S8=([0 % of,

1 1 1 1

0o 0 1% 0 0 2 0o 0 1 0o 0 %

1 1 1 1

y g 00N /5 00N 5 0 0N (5 000
S=v6lo L o], 8f=(0 % of.Sf={0 L o], 5=(0 F 1].

00 = 10 01 = 0 0 3
(5.34)

Note that we made the particular choice of the numbering of the vertices of T and the
corresponding tangential vectors as it is given in section 5.1. With the same techniques as
in lemma 14, one easily sees that

t18'n;=6; and I NSWh; =0 for  i,j=0,1,2,

15500, = 640 d  iinSin; = f ,j=0,1,2 d ¢1=0,1 (5:35)
j19gTj = 0ij0q  an i Ai qn]—O or 1,7 =0,1,2,3 and ¢q,l=0,1,
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5 Finite Elements - a discrete stress space

and that {5” :1=0,1,2} and {5’; :1=0,1,2,3;¢ = 0,1} are basis for D in two and three
dimensions, respectively. Based on these constant matrices and the identity matrix we now
construct shape functions for the local stress space Ek(T)

Using the definition of the Dubiner basis in two dimensions, see equation (5.6), we define
a local basis by

Th = {770 Nj1, Ajr2) =5 = 0,1,2 and 0 < i < k},
TE = (NS (Mo, My A2) :§=0,1,2and 0 < i+ 1 < k — 1},
Tk = {1drig (Mo, My Ae) 1 0 < i+ 1 < kY,
and similar in three dimensions, using the definition (5.7), we define
U = {89 700(A\j41, Njs2, Ajys) 15 = 0,1,2,3 and ¢ = 0,1 and 0 < i + 1 < k},
WP o= { NS 7ug (Mo, My A2, Ag) 1 =0,1,2,3and ¢ =0,1 and 0 < i+ 1+ g < k — 1},
UK = {Tdrig(Mos A1y Ao, Ag) 0 <i+ 1+ g < k}.

Theorem 16. The set of functions {¥% U ‘Ii]lf» U ‘Iifd} is a basis for Z¥(T), and {¥% U \ilfg)}
is a basis for HD(T)

Proof. We start with the two-dimensional case. First note that the functions A; S with
1 =20,1,2 are hnearly independent. This follows with elementary calculations and using
the property that (S”)nt vanishes also on lines parallel to F; with j # i. Now let af €
]R,ﬁil € R, and 7;; € R be arbitrary coefficients and define SZ-J = G Fio(ANj11, Aj12), Efl =
A S7 7 (Mo, A1, A2), and Dy := Id7; (Ao, A1, A2). We assume that

2 k . 2 k—1k-—1 0 0
Zzag 1]—1_2 ZB]B]+ZZ’711Dzl <O 0)3

7=0 i=0 7=01i=0 I=: =0 [=i

and show that this induces that all coeflicients are equal to zero proving linear independency
of the basis functions. Let F, with g = 0,1, 2 be an arbitrary reference face. Due to (5.35)
and (4.2) there holds

2k 2 k—1k-1 k  k
HOIEEDY BB+ 3N quba)ng
7=01i=0 j=0i=0 =i i=0 l=i
k k
=0 i=0

As 7i0(Ag+1, Ag+2) is a polynomial basis on ﬁ’g, and as S9, fiy and , are constant, it follows
that all coefficients o have to be zero. As g was arbitrary we conclude o = 0 for j =0, 1,2
and 0 <1 < k.
Next, as tr(\;S? = 0), we have
ko ok k
=

k—1k—-1

2 kook k
Z ﬁlefl + Z Z vaDi) = tr(z Z YaD Z Z YiTi (Ao, A1, A2),

J=01=0 [=1i 1=0 =i 1=0 =i 1=0 =i
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5 Finite Elements - a discrete stress space

and thus with the same arguments as before also v; =0 for 0 <i+1 < k.
Finally, as the functions \;S* are linearly independent, we have for each g = 0,1,2 (due
to the assumption at the beginning)

e B ey ) -
ZZ@%B@% = ZZBﬁmAgSg = (0 0) .

1=0 =i =0 =1t

As 7 )4 is a basis for AgIP’k_l(T), and the last equation holds true for all points in 7', we
conclude 39 =0 for 0 <i+1 < k—1. As g was arbitrary, this yields that all coefficients
are equal to zero. With a simple counting argument similar as in the proof of theorem 14,
and with the same steps in the three dimensional case the first statement of the theorem
is proven.

For the second statement note that due to tr(S%) = 0 all shape functions in {¥% U Tk}
are trace free and are further matrix-valued polynomials up to order k. Then the proof
follows the same lines as above. O

Remark 2. In the work [69] a slightly different space with respect to the polynomial orders
was defined. Due to the construction of the shape functions and the degrees of freedom in
theorem 14 it is possible to combine different orders for the different groups such that same
spaces as in [69] can be constructed. To this end we define

=hrs(T) := {o € PH(T,R™Y) : tr(0) € P"(T,R), 0 € P*(F,R¥™Y) for all F € F,(T)}.
(5.36)

With the same arguments as above one shows that in two dimensions

\i/];w = {iji(]()\j—i-ly)\j—i&) j = 0, 1,2 and 0 <1< S},
Tk = (NS (Mo, A, A2) 5 =0,1,2 and 0 < i +1 < k — 1},
Uk = {1d7i (Mo, A, Ae) 1 0 < i+ 1 <7},

is a basis for Ek’"s(f), and that the set of functionals
oF(7) == {/ant-rds cre PS(F,R“)},
‘Dﬂj;’k(T) = {/TT : FTﬁF;Fl dr: ne Egt(T)} )
@%;{T(T) = {/Ttr(T) cpdx: pe PT(T,R)}a

is unisolvent for Z¥75(T). A similar observation can be made in three dimensions.

5.3.5 A global basis

Using the local basis on the reference triangle T we can now simply define a global basis
for the stress space Z¥(7;,). This is done in the usual way. Using the mapping M and a
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5 Finite Elements - a discrete stress space

basis function S € {\f/]]f) U \f/fd U \il’;,} we define the restriction of a global shape function S
(with support on a patch) on an arbitrary physical element T € T, by

~

S = M(9).

Next, we identify all topological entities, vertices and faces of the physical element T
with the corresponding entities of the global mesh. This identification is needed as faces
and vertices coincide for adjacent physical elements. Note that the global orientation of the
faces (and edges) plays an important role in order to assure (normal-tangential) continuity.
This is a well known difficulty, and we refer for example to the work [118] for a detailed
discussion regarding this topic. By this, we construct global basis functions which are,
restricted on a physical element T € 7T, always a mapped basis function of the basis
defined on the reference element 7.

Further note that due to lemma 16 the resulting basis functions are normal-tangential
continuous, thus [S,:] = 0. To see this, let ¢; be the mapping of an arbitrary element 77,
and let ¢ be the mapping of an element 75 such that F' = T7 NT5. There exists a reference
face I C 9T such that F = ¢ (F) = ¢1(F) (in the sense of a set) and é1]p = ¢2|p (in the
sense of equivalent functions). By this, and the same ideas for a reference edge F in the
three-dimensional case, the constant ¢ in lemma 16 is the same for both mappings. In two
dimensions we have the identity S,; = (tT.Sn)t, thus lemma 16 implies normal-tangential
continuity of S because S was a mapped basis function of the reference element. In three
dimensions Sy; is a tangent vector in F'. Each tangent vector can be represented as a linear
combination of two arbitrary edge tangent vectors t; C 0F. By lemma 16, we deduce that
the scalar values t;'Sn are preserved, thus again, we have normal-tangential continuity.
Taking all functions in {\ilﬂl‘g) U \il{“d U \il];;} and mapping them to each element separately

results in a basis for Z¥(7;,). In the same manner one also maps functions S € {¥EUTA} to
each physical element separately and identifies them with the restriction of a global shape
function S to define a basis for ZF(Ty).
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6 The MCS method

This chapter is dedicated to the numerical approximation of the solution of the sys-
tem (4.26), and is structured as follows: At the beginning we focus on the derivation of a
new variational formulation, which is based on discrete finite dimensional spaces. These
spaces are chosen such that they fit to the formulation (4.26). Afterwards, we present
two different versions of a stability analysis. In a first setting we show solvability using a
discrete DG-like H!'-norm for the velocity space and a L?-norm for the stress space. Ob-
viously, this choice is motivated by the primal velocity-pressure formulation of the Stokes
equations, where the velocity is an element of H' (€2, R?). The second version then discusses
well-posedness in natural norms. In this case, the velocity is measured in the H (div)-norm,
which fits to the continuous setting given by (4.26). Similarly, we then also choose a dis-
crete stress norm that fits to the space H(curldiv, Q). We conclude the chapter with several
error estimates proving optimal convergence of the finite element error.

For the discrete setting we allow all different kinds of boundary conditions as it is given
in equation (4.6). To this end we assume that the boundary is divided according to (4.1).

6.1 A new variational formulation

We begin with the definition of the discrete spaces. For the ease of representation we
assume that the essential boundary conditions gy and gp, lie in the trace spaces of the
corresponding polynomial spaces as defined below. Now, let k¥ > 1, and define

Sho=E(Th) = {mn € PX(Th, D) : [(Th)me] =0 for all F e FiUTy,},  (6.1)
Vi, = RTH(Tw) NV, (6.2)
and for given boundary conditions gp, and gy the spaces
Ypni={m € Pk(ﬁ,ﬂ)) : [(7h)nt] = 0 for all F' € ]:}lnt, (Th)nt = gnt on It}
Vi,p == {uvp € RT*(Th) - vn = gpnonTpyt.

The pressure space is given by

k 2 : _
0, i {IP (Th,R)NL3(Q,R) ifTp, =T, 63)

| PH(T, R) else .
Note that the discrete stress space only uses the subset of trace free polynomials, see
equation (5.15). As discussed in chapter 5, the velocity and the pressure spaces are chosen

to be conforming, but the stress space is slightly non-conforming o, ¢ H (curldiv, ). Still,
all elements in the discrete stress space are square integrable functions, thus we have the
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6 The MCS method

conformity ¥, < L?*(Q,R%?). With these findings we realize that the bilinear forms
defined in the continuous setting by equations (4.27) and (4.28) can also be used in the
discrete setting. We have

1
a(op, ) = / —op :mpdz and  by(up,qp) = / div(up)qp, dz,
Qv Q

for all functions oy, 7, € Xp, and uy, € Vi, g5 € Q4.
Handling the terms with the divergence of stress variables we can not proceed in the
same way. To this end we define the discrete bilinear form

bop : {7 € Hl(T R>) : [r] = 0} x {v € HY(T3,RY) : [u,] =0} — R,

bon (T, v Z /dlv cvde — Z / Ton]vn ds . (6.4)

TET FeF,

This definition is motivated by identity (5.12) of theorem 13. Moreover, using an integration
by parts argument, we find the equivalent representation

bon(T,0) == > /T Vodz+ ) /Tm [v] ds, (6.5)

TeTh FeFy,

since [7,:] = 0 and [v,] = 0. Using above definitions, and assuming enough regularity of
the right hand side, the discrete counterpart of the weak form (4.26) is given by the (MCS)
method that reads as: Find (o4, un, pr) € Epn X Vi p X Qp, such that

a(on, Tn) + bon(Ths un) = (90,t; (Th)nt)rp for all 7, € X,
bon(0n; vn) + b1(vn, pr) = —(f,vr)a + (gNms (VR)n)ry, for all vy € Vi, (6.6)
b1(un, qn) =0 for all ¢, € Qp.

As discussed in section 5.2, the velocity and the pressure space fulfill the property
div(Vy,) = Qp. Therefore, any weakly divergence-free velocity field is also strongly di-
vergence free:

/ div(up)gpdx =0, Vg, € Qr, < div(up) =0 in Q. (6.7)
Q

Thus, the velocity solution uy, of the system (6.6) is exactly divergence free.

Remark 3. Similarly as in the infinite dimensional setting, system (6.6) is solved using a
homogenization process.

6.2 Discrete inf-sup stability

In this section we discuss discrete inf-sup stability of the MCS method (6.6). Although we
only consider the case of homogeneous boundary conditions,

9D = 9Dt = gNt = N = 0, (6.8)
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6 The MCS method

we want to mention that with the usual techniques all results can be extended also to the
non-homogeneous case. The stability analysis that we present in this section is based on
norms that might seem unnatural with respect to the continuous setting of problem (4.26).
To this end we define

HThH%h = HThH%Q(Q) = HdeV(Th)H%%Q)’ Th € Xn,
1
lonll¥, = llonllEp = D IVonllz+ D 3 [wn)edllE, vn € Vi,
h
TET FeF,
llanlldy, = llanl1 2. an € Qn.

This choice is motivated by the primal velocity-pressure formulation of the Stokes system,
hence with respect to the variational formulation given by (4.4). Note that the L2-like
norm for the space %, is also related to an H'-like norm of the velocity since we expect oy,
to be an approximation of ¥Vu. The norm for the velocity space is the same as it occurs
in discontinuos Galerkin settings, see for example in [7, 67, 102], and for flow problems in
[113, 108, 54, 29, 31, 30] and [78, 76, 77].

Although the analysis that we present in this section follows very similar lines as the
results given in [69], there are some crucial differences. In [69] the velocity space was
chosen as the conforming polynomial space BDM*+1(T;). In order to show discrete inf-sup
stability, the authors used a stress space that was locally enriched with normal-tangential
bubbles, thus using the notation of this thesis given by equation (5.36), the authors used the
space ZFTLOK(T). Note that a similar choice of the velocity space as in this thesis was also
made in the work [49]. Therein, the authors presented a hybrid DG method for solving the
Brinkman problem, which is based on the work of Cockburn et al. [32]. Their discretization
results in a stress approximation with a similar normal-tangential continuity and can be
seen as a hybridized version of the MCS method. Note that the choice RT*(7,) leads to a
less accurate velocity approximation (compared to an approximation with BDM’““), thus
in order to retain the optimal convergence order of the velocity (measured in a discrete H'-
norm) a local element-wise post processing has to be introduced. With the reconstruction
operators introduced in [76, 77|, this post processing can be done retaining the exact
divergence-free property.

Before we start, we show several norm equivalences that we shall use within this thesis.

6.2.1 Norm equivalences

For the discrete analysis we are going to use several norm equivalences proven in the
following. Due to quasi-uniformity of the triangulation 7, these results are all based on
standard scaling arguments.

Lemma 18. For any 7 € Eﬁ(T), letting T = M(7T), we have
Wl ~ 117l (6.9)
and on any F € Fp(T)

Tl . (6.10)

W[t T [ ~ i
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6 The MCS method

Proof. This follows with a scaling argument, lemma 16, and equations (5.1) and (5.2). Note
that a similar scaling result is presented in the work [112]. O

Lemma 19. For all 7, € Xy,

rnlE, ~ 3 lldevm)lF+ S Al (mh)uc|

TET FeF,

Proof. Using norm equlvalence for finite dimensional spaces on the reference element T we
have for any face F' € F; and for all functions and 7 € HD(T)

£ 7l % S 11713
Due to (6.10) and lemma 18, this yields
2 =
ST hlmlly S D ImlF,  for all 7, € ER(T).
FeFy TETh

This proves one side of the stated equivalence. The other side is obvious. ]

Lemma 20. For all vy, € V, there holds
llonl[3;, ~ Z |V onl[7 + Z *HHO [(vn t]]HF
TET FeFy

Proof. One side of the equivalence is obvious from the continuity of H%. For the other
direction first note that

2
ol < 32 9ol + S0 STl +  [1n)d - T3]3 1)
TeTh FE.F}L

Now, on each facet F' € F,,(T), using a Poincaré type inequality on the boundary and an
inverse inequality for polynomials, see [117], we get the standard estimate

MVivrlle S Y2V oy,

ICwn)e = T (on)el| - <

and the estimate is proven. O

Lemma 21. Let v, € RT*(T3), and div(vy) = 0. Then vy, is in BDMF®(T,) and has the
local representation

Uh|T =ar with ar € Pk(T, Rd).

Proof. By the definition of the Raviart-Thomas space RT¥(7},) there exist for each vy,
and for each element T € 7, a function ar € PH(T,R?) and by € Pf__(T,R) such that
the restriction on 7' is given by vp|r = ap + zbp. Now assume by # 0, then we have as
div(vp) = 0 the identity

div(brz) = dby + Vbrz = div(ar).

As div(ar) € PP*"YT,R) and by € Pf_(T,R), this leads to a contradiction, and thus
by = 0, and vy |7 = ar. As we further have vy, € H(div,Q), this yields v, € BDM*(T;,). O
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6 The MCS method

Lemma 22. For all T € T}, and vy, € RT";(T) there holds the equivalence
Vol ~ 1T [dev(Vou)]|[F + || div(wn)|7

and the estimate
1

1(1d — T3 V|7 + ﬁH(Id = 10g) (wn)ellor < Il div(s) |7

Proof. One side of the equivalence is obvious by the continuity of the H’%‘l. For the other
direction let T' € 7, be arbitrary and define ¢, = P~Y(vp|r). We solve the following
problem: Find b € P¥(7,R) such that

/ div(&b)div(2q§) dz = / div(dp,)div(2§) dz Vg € PF(T,R).
T T

Note that this problem is solvable by the Lax-Milgram theorem 5, as there holds the norm
equivalence

IV(@@)ll ~ [ldiv(g2)]],

see for example in the appendix of the work [79] (also known as Euler identity). Since
div(&P*(T,R)) = P*(T,R), the solution fulfills the property div(2b) = div(?,). Now set
wp, = P(iﬁi)) Due to the properties of the Piola mapping, the function wy, is in RT*(T)
and div(wyp,) = div(vy,). Further a standard scaling argument shows that

IVwplr ~ || div(ws) | 7- (6.12)

Using lemma 21, the function vy, can now be written as v, = a + wy, with a € P*(T, R?)
(as div(wp, — vp) = 0). This then yields

[Vurllr = IV(a + wh)|lr < [|dev(Va)|[r + [[dev(Vwp) ||z + || div(vs) ||z
< |ldev(Va)|lz + [[Vwsllz + || div(vs) [z
S lldev(Va)|r + ([ div(vn) |7
= ||H]7€f1dev(Va)HT + || div(vg)||7-

As a = vy, — wy, we conclude

Vol < 5 dev (Vo) || + [T tdev(Vawy)|7 + || div(vs)||7
< T dev(Vop) |17 + [|Vws|lz + [ div(vs) |7
< 5 dev(Vop) |7 + || div(s) | 7-

It remains to show the second statement. Using the local representation of vy, the triangle
inequality yields

1(1d = I ) Vol < [|(1d — 1) Vallr + | (d = 371 Va7
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6 The MCS method

As a € PF(T,R%), the first term vanishes, and thus by the findings above and the continuity
of H’;ﬂ_l we have

1(Id — I YV lr < || Vwpllr ~ || div(wg) |7 = | div(vs) | 7

On each facet F' € F(T') with the same steps as above we also see that

\}Hnad T (on)ell < fn

and similar as in the proof of lemma 20, an inverse inequality for polynomials, see [117],
yields

(Id — IT%) (wn)e | .

1 . .
ﬁll(ld —105) ()il e S VRIViwnllr S IIVwpllz ~ || div(wp)llz = || div(os)]|7-

6.2.2 Stability analysis in a discrete /7'-norm

To prove discrete inf-sup stability we are aiming to use Brezzi’s theorem 6. To this end we
prove all the conditions needed in the following.

Lemma 23 (Continuity of a, by and byy). The bilinear forms a, by and bsy, are continuous:

fOT all oy, 1, € Xp,

1 1
a(on, ) S WHahHEhWHThHEh

bi(vns pn) < |lonllvi[lpell Qs for all vy, € Vi, pp € Qp,
bgh((fh,vh) S HO’}LHEhH’L)hHVh fOT‘ all oy, € Xy, vy € Vi

Proof. The continuity for the bilinear forms a and b; follows with the Cauchy-Schwarz
inequality. For bop, we have, using representation (6.5), that

th O'h,vh Z/Uh Vo, dx + Z / O'h ]]d .

TeT, FeF,

Since (op)nt = (dev(op))nt, we conclude the proof by the Cauchy-Schwarz inequality in-
cluding a scaling with v/A/v/h for the facet integral and lemma 19. O

Lemma 24 (Coercivity of a on the kernel). Let Ky, := {(7h,qn) € Ep X Qp : bi(vp, qn) +
bon (o, vp) = 0 for all vy, € Vi, }. For all (op,,pp) € Ky, there holds the estimate

1 2

~(llonllz, +llpallen)” < alon, on)-
Proof. Let (op,pp) € Kp, be arbitrary. As y_1\|ah||%h = a(op, op), it is sufficient to bound
only the norm of p, by ||op||s,. Using the discrete Stokes-LBB of a velocity-pressure
formulation with V}, and @, we find for any p, € @y a discrete velocity v, € V}, such that

div(vn) = ppr, and |loallv, S llpallqs- (6.13)
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6 The MCS method

In the case of I'p, = I' this can be found e.g. in [11] and [78]. For the other case one
uses the infinite dimensional Stokes-LBB, see lemma 4.9 in [41], and the Fortin interpolator
constructed in [78]. As (op,pp) € Ky, , this yields

2llpnlla, = > /phphdl’ => /le vp)ph dz = b1 (vn, pp). = —ban(on, vp).

TETh TeT

Using representation (6.5), norm equivalence lemma 19 and a Cauchy-Schwarz argument
then further yields

2l = 3 [ onsVonda— 30 [ (@0 [l ds < s, ol

TET FeFy

thus by (6.13) we conclude the proof. O

Next, we proceed to verify the discrete LBB-condition (see theorem 17 below). To this
end we define the subspace of divergence free velocities V;! := {wy, € V}, : div(wp) = 0},
and the norm

1/2

lonllimn = | D> IT5 dev(Von) |3 + Z HH [wn)el|
KeT, F€.7:h

As |Vl ~ |5 dev(Vop) |2 + || div(vs)||? on any T € 75, (see lemma 22), we have
together with lemma 20

th”11H7h ~ ||Uh||vh for all vp € V;? (6.14)

A first step towards proving the LBB-condition is the construction of a specific stress
function 75, which only depends on H?fldev(Vvh) for any vy, € V0. Using this 75, we prove
an LBB-condition for by, on V}? , which is the content of the next lemma. As 7, € ¥ has
a zero trace, we cannot in general control the divergence of a general v, € V}, solely using
such a 73,. Therefore, to complete the proof of the full inf-sup condition (in the proof of
theorem 17 below) we utilize an appropriate pressure test function as well.

Lemma 25. For any nonzero vy, € Vj, there exists a nonzero stress function 1, € Xp
satisfying bop (Th, vp) 2, (6.14) implies discrete
inf-sup stability of bap, on V,?,

Jenlly, 5 sup Z27RCE)

for all vy, € V2.
ThEX ”Th”zh

Proof. Since the ideas are the same for d = 2 and 3, for ease of exposition, we give the
details of the proof only in the two-dimensional case. Because of the decomposition of the
degrees of freedom into face and interior degrees of freedom given by equation (5.23) and
(5.24) (note that the set (5.25) is not used as %), = ZX(7},)), we can decompose the stress
space as

Y=l %l
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6 The MCS method

where X9 = @rer, B, (T) and X} is the span of facet shape functions. In particular, 3}
contains the lowest order shape functions S with the property that S € n't (thus in the
tangent plane of F) and ||SE,||;2 = 1 on the facet F' and equals (0,0) on all other facets in
Fn. ST can be explicity written down by mapping (5.33) or by appropriately scaling (5.16).
Given any vy, € V},, define

=Y Y (ST dev(Vun))Af ST,
TET, Fe}'h(T)

L= Z HF[[ Uh ]]SF7

F€.7:h

(6.15)

5‘

where )\5 is the barycentric coordinate of T that vanishes on F. Note that 7',? and 7‘%
can also be defined using a projection that is based on the degrees of freedoms (5.24) and
(5.23), respectively. By lemma 18 and (6.10), a scaling argument (like in lemma 19) shows
that there is a mesh-independent C; such that

|7y, <€ > *HHO [(wn)d |3 (6.16)
FeFy,

A similar scaling argument also shows that

IR, S D I dev(Vop) |7 (6.17)
TeT,

By construction we have (77)n: = (0,0), which yields

ban( Th,vh Z /Th Vo, dz

TeT,

Z/ Z (87 : I dev (Vo)) AR ST« Vo, da
7€Th’ T Fer, (T

Z/ Z SF 5 dev(Vop))2 M\ d .

7€Th’ T Fer, (T

Since the functions S form a basis for I, see lemma 14, and as the barycentric coordinate
functions are greater than or equal to, )\IT? > 0 on T, a scaling argument shows that

bon (i, vn) 2 [T Hdev(Vop) |17 (6.18)
TeT,

We continue to define a linear combination to prove the results. To this end set 7, =
Yo1P + 717, where 79 > 0 and 7, > 0 are constants to be chosen. Stability (6.18) yields

bon (T, vn) 290 Y |5 dev(Von) 17 + y1ba(m, vn)-
TeTh
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6 The MCS method

By definition (6.15) we then further have
bon(Th; vn)

20 I dev(Von) |+ | D —/ 7y Vopdz+ ) /(Tﬁ)nt ~[(vn)e] ds
T F

TeT, TeT, Fery,
1 2
k— k—
= 702 [haes Ydev(Vop) |5 — ’712 / o 118 Ydev(Vuy) dz +71Z El‘H%Mvh)t]]HF
TET), TeTy /T FeF,
Applying the Cauchy-Schwarz inequality for the second sum and using (6.16), we obtain

-M Z /7’;1 5t dev(Vuy,) do
TeT;, T

> —nliills, | Y T dev(Von)|2
TeT,

1
2 o0 S Ll [ 3 I de(Tun) .
Fery, TeTh

and thus by Young’s inequality with 6 > 0 we get
) _ C 2
ban(Th, vn) 2 <70 - 7;) D AT dev(Von) |17 + (1 - 2;) % > %l wn) ][5

TeT, FeF,

Choosing § = Cy, v1 = 1/6 = 1/C, and vy = 1 yields
_ 1 2
bon(mhon) 2 TS dev(Vo) 3+ > EHH%[[(vh)t]]HF' (6.19a)

TET, FeF,

By (6.16) and (6.17) we further obtain

_ 1 2
Imnllz, € > I dev(Von) |7+ ) & T LCwn) ][ (6.19D)
TeT, FeFy
The estimates (6.19) and the norm equivalences of (6.14) complete the proof. O

Theorem 17 (Discrete LBB-condition). For all vy, € V}, there holds

sup b1(vn, qn) + ban(Th, vp)

2 Mvrllv;, - (6.20)
(Th,qn)EXR X Qn HThHZh + thHQh "

Proof. By lemma 25 for any v, € Vj, there exists a 75, € ¥, satisfying by (74, vs) 2 |lonl? b
and [|7,]|s, < |lvnllimn. Next, we choose the pressure variable g, = div(vy), which is an
admissible choice as div(V}) = Qp, yielding by (vp, qn) = || div(vh)Héh. With these choices
of 175, and ¢; we have

bi(vn, qn) + ban(Th, vn) > thH%,H,h + | diV(Uh)Hggh
Imnllz, +llanlla, = limalls, +llanlla,

2 Mlonllv,-
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6 The MCS method

For the ease of notation we now define the norm on the product space V3, x ¥p X Qp,

1
[ (un, o, o)1l == Vvllunllv, + ﬁ(\lahllzh +11prllQn);

and the bilinear form

B(un, 0n, Phi Vb, Thy qn) = a(op, Th) + b1(un, gn) + b1(vh, pr) + ban(on, vy) + bap (Th, up).

Corollary 4. The bilinearform B is inf-sup stable with respect to || - ||«, thus there exists
a constant B > 0 such that for all nonzero functions (up,on,pn) € Vi X Xy X Qy, it holds

B(un, 0h, Ph; Vhs Thy qh)
sup

> B|(un, on, pa)lls-
(vh,Th,qh)GVhXEhXQh H(Uh77—h7qh)”*

Let f € L*(Q,R?%) and assume homogeneous boundary conditions (6.8). There exists a
unique solution (up,op,pp) € Vi X Xp X Qp of the MCS method (6.6) with the stability
estimate

1
uh, on, Dh« S%Hf”ﬂ(())-

Proof. This is a direct consequence from lemma 23, lemma 24, theorem 17 and Brezzi’s
theorem 6. 0

Remark 4. To avoid technical details the stability analysis was based on the assumption
of homogeneous boundary conditions (6.8). With the usual techniques one can extend the
results also to the case where we have the regularity properties

gDm € [HI/Q(FD,de)]m gpt € [Hl/Q(FD,taRd)]ta
gNm € H VAT py, R), gne € HTV2(py, R,

We conclude this section with two consistency results that shall be needed in the next
section.

Theorem 18 (Consistency). The MCS method (6.6) is consistent in the following sense.
If the exact solution of the mized Stokes problem (4.6) fulfills the regularity property u €
HY (Q,RY), 0 € H (Q,R¥Y) and p € L*(Q, R), then

B(u7 0,P;Vh, Th, qh) = (_f7 Uh)ﬂ + (gD,ta (Th)nt)FD,t + (.gN,na 'Un)FN’n,
for all vy, € Vi, qn € Qp, and T, € Xp,.

Proof. As the exact solutions ¢ and u are continuous, we have [o,,] = 0 and [u;] = 0 on
all faces F' € Fi™, and thus using representations (6.4) and (6.5) we have

bon (o, vp) = Z /Tdiv(a)'vhda:— Z /F[[am]](vh)nds

TET FeF,
= Z / le(O’) * Up, dx — / O'nn(vh)n dS,
TE,Th T FN,n
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6 The MCS method

and

bgh Th, U Z/Th Vudz + Z / Th [[ut

TET FeFy
= — Z /Th Vudm—i—/ (Tn)ntus ds .
TeTy I'p

Using div(u) = 0 we further get that by (u, gn) = 0, so all together this yields

a(a, Th) + bzh(Th, ) + th(O' Uh) + b1(vh, ) + bl(u qh)

:/ —dev(o) : dev(mp,) dx — Z /Th Vudx + Z /le ) - vp dx
Qv

TeT, TeT,

+/ div(uh)pdx+/ (Tn )ttt ds—/ Onn(Vn)nds.
Q FD,t 1—‘N,'n,

For the exact solution we have dev(c) = vVu. Further, as div(u) = 0, a simple calculation
shows that 75, : Vu = 75, : dev(Vu) = dev(7y) : Vu, thus the first two volume integrals
vanish. Using integration by parts for the last volume integral we observe

/div(vh)pdx: —/ thpdx—l—/ (vn)npds.
Q Q

FN,n

For the exact solutions we have u; = gp; on I'p¢, —opn +p = gn,n o0 I'y . Adding up
all results from above yields

a(o, ) + ban(Th, w) + bap (o, vp) + bi(vh, p) + b1 (u, qn)
= / [div(a) — Vp] ~vp dx Jr/ (Tn)ntue ds / Orn (VR ) ds +/ (vp)npds
Q I'p Cnon I'non

- / _fonde+ / (Tt - gD ds + / gy n(on)n ds
Q FD,t

1—‘N,n

O]

Theorem 19 (Consistency on V;?). The MCS method (6.6) is consistent on the subspace
of divergence free velocity fields, thus if the exact solution of the mized Stokes problem (4.6)
is such that u € H'(Q,R?), 0 € H'(Q,R™?) and p € L?(, R), then there holds

B(u> g, 07 Uhy Th, 0) = (_f7 vh)ﬂ + (gD,ta (Th)nt)l—‘D,t + (gN,na ’Un)FN,na
for all vy, € Vh0 and T, € Xp,.

Proof. With the same steps as above we end up with the equation

a(o, ) + bon (Th, w) + bap (0, vp)

= / div(o) - vy, dx+/ (Tn)nt s ds—/ Tnn(Vp)n ds
Q Tp. I'wN
= /Q [— f+ Vp}vh dx—i—/ (Ta)nt - 9Dt ds+/ [gN,n —p] (vp)nds.
I'p

FN,n
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6 The MCS method

As vy € V}? , we conclude the proof by

/Vp-vhdx:—/pdiv(vh)d$+/ p(Vn)n-
Q Q 1—‘N,n

6.2.3 Stability analysis in natural norms

This section is dedicated to prove discrete inf-sup stability using norms that fit to the
continuous formulation given by (4.26). As mentioned at the beginning of this chapter,
the velocity space and the pressure space are chosen conformingly with respect to V and
@, thus natural norms are simply given by || - [|giv,0) and || - [|z2(q), respectively. The
stress space, however, is slightly non-conforming. To this end we define the discrete stress
H(curldiv, 2)-norm by

bon(oh, v 2
lonllEan = ||Uh||2L2(Q) + ( sup M) : (6.21)

v ERTH(Th) ||Uh||H(div,Q

This definition is again motivated by the identity (5.12) of theorem 13, thus the above
definition can be seen as a discrete version of the stress norm || - ||.q. Note, however, that in
contrast to || - ||cq the supremum in (6.21) is taken with respect to the smaller set V;, C V,
hence even in the case of enough regularity of a given 7 we do not have norm equivalence

I 7hllea,n 7 175 cd-

We follow the same steps as in the last chapter proving the results needed to apply Brezzi’s
theorem 6.

Lemma 26. The bilinear forms a,by and bgy, are continuous:

1 1
a(on, Tn) S \ﬁ”ah”cd,h%HThHCd,h for all oy, T € Ty,
b1(vn, pr) S Nlonll m(aiv.o)l PRl L2 (0) for all vy € Vi, py € Q,
bon(on, vr) < Nlonllednllvnll mdiv,0) for all o, € By, v € V.

Proof. The continuity of a and b; follow using the Cauchy-Schwarz inequality. The conti-
nuity of by, follows by

bon(oh,v
bon (0, 0n) = bon(on; vn)

= lvall f(aiv,0) < lonllea,nllvnll g iv,o)-
vl 2 (aiv,0) (div. ) ¢ (div. )

Lemma 27 (Coercivity of a on the kernel). For all (op,pr) € Ky, there holds

1 2
;( lonllean + pnllr2@)” S alon, on).
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6 The MCS method

Proof. Let (on,pn) € Ky, be arbitrary. With the same steps as in the in the proof of the
discrete coercivity with non-natural norms, see lemma 24, we find a velocity field u; € V3
such that

div(up) = gn and  |jusllv, < [lprllzz@),

and there holds the estimate ||pp||z2(q) < [|onll12(q). Next we observe

sup ban(on,vn) sup (div(va),pn)o

< [lpnll2(@)-
onerT (T NrllE@ive)  werT(r) 10nllH(iv,0)

This yields for all (op,pn) € Ky, the estimate (||op[lca,n + ||ph||L2(Q))2 < va(op, 01). We
conclude the proof with a division by v. O

Theorem 20 (LBB). For all v, € V}, there holds

b1(vn, qn) + ban(Th, vn)
sup
(Thsah)ESR X Qp 17hlca,n + HQhHL2(Q)

2 lonlladiv.0)- (6.22)

Proof. Let wy, € Vj, be arbitrary. Due to the solvability of the discrete system in non-
natural norms, see corollary 4, there exists a unique solution (uy,,op,pp) of the following
problem

CL((Ih, Th) + bgh(Th,uh) =0 for all 7, € Xy,
bon(on, vn) + b1(vn, pr) = (Wh, V) r2(0) + (div(ws), div(ve)) 2y for all v, € Vy,
bl(uh, qh) =0 for all g5, € Qy,

(6.23)

and the solution fulfills

1 1
V| lunllv;, + \ﬁ(HO’thh +lpnllen) S \ﬁl!whHH(div,m- (6.24)
By the second equation of the system (6.23), the equation |[o4|lx, = |lonllz2 and esti-
mate (6.24), we get
bon(on, vn) \?
HahHgd,h + thH%Q(Q) = Hah”%z(g) + thHiz(Q) + ( sup 7>
oneVi, 1onll H(div,0)
born,(on,vn) + b1(vp, 2
< unl ey + ( sup 20t 010 Py
’ vh €V, lvrll 7 (aiv,)
9 (wh,vh)Lz(Q) + (div(wh), diV(Uh))Lz(Q) 2
= lwallzr(aiv.0) + < sup )
vpEVh thHH(div,Q)

< llwnllaiv.)
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6 The MCS method

and thus
sup b1 (wn, gn) + bon(Th, wp) _ b1(wn, pr) + bon(oh, wh)
(mnan)esnx@n  WThllean + llanllzz@) = llonllcan + [[prllz2o)
o (wn,wp) 12(0) + (div(ws), div(ws)) r2(q)
~ 1w | B (div,0)
= HwhHH(div,Q)-
O]
Similarly as before we define the norm on the product space V; x X5 X Qp,
1
[ (un, o, o)l = VY unl r(aiv,0) + \ﬁ(”fthcd,h +pall2))s
and have the following result:
Corollary 5. The bilinear form B is inf-sup stable with respect to || - ||««, thus there exists

a constant B > 0 such that for all nonzero functions (upn, o, pr) € Vi X X X Qy, there holds

B(un, 0, Phi Uhs Thy Qh)
sup

> ﬁ”(uh70—h7ph)‘|**-
(’l}h,Th,qh)EVhXEhXQh H(Uh?Th?qh)H**

Let f € L2(Q,R?Y) and assume homogeneous boundary conditions (6.8). There exists a
unique solution (up,on,pp) € Vi,p X Xpn X Qn of the MCS method (6.6) with the stability
estimate

1 1
Vllunlldiv + W(th”cd,h +llpnlle) S—= 112 @)

Proof. This follows with lemma 26, lemma 27, theorem 20 and Brezzi’s theorem 6. O

6.3 Error estimates

In this section we discuss several error estimates of the MCS method. First, we define
proper interpolation operators for the discrete velocity, stress and pressure spaces and
provide approximation results in different norms. Using these interpolation operators we
are then going to discuss the following error estimates: First we focus on a standard error
estimate in section 6.3.2. We start with the analysis using the norms defined in section
6.2.2, and prove that the errors of the stress and the pressure converge with optimal order.
Note, however, that we could only expect a lower convergence order of the velocity error
measured in a discrete H'-norm. This is mainly due to the bad approximation properties
of the Raviart-Thomas interpolator, see lemma 28 below. It will be crucial in the analysis
that this degenerated convergence order of the velocity error does not effect the results of
the stress and the pressure variable. This is achieved by showing that the velocity error
measured in a discrete sense is still of optimal order. After this we provide also an error
estimate in the case of natural norms, i.e. with the norms defined in section 6.2.3. In this
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6 The MCS method

case we can also provide optimal convergence of the velocity error as the Raviart-Thomas
interpolator has good approximation poperties with respect to the natural velocity H (div)-
norm.

Section 6.3.3 deals with an error estimate that is known in the literature as pressure
robustness: In the original work [83], the author showed that the proper scaling of irrota-
tional and rotational forces with respect to the viscosity v — as it appears in the continuous
setting — might be disturbed in the discrete case. As a consequence, the velocity error scales
with the factor 1/v, which gets big in the case of vanishing viscosity. We show that the
MCS method does not only provide optimal convergence errors, but is also pressure robust,
hence we provide error estimates that are independent of v and the pressure approximation.

We conclude with section 6.3.4, where we provide a local post processing procedure.
Thereby, we retrieve optimal convergence of the error of a lifted velocity approximation
(measured in a discrete H-norm). Using the results of [76, 77] it is possible that this post
processing can be defined in such a way that the lifted velocity is still exactly divergence
free.

6.3.1 Interpolation operators

We start with the definition of interpolation operators for the velocity and the pressure
space. To this end we denote by Z,,+ the Raviart-Thomas interpolator of order k that
is locally based on the degrees of freedoms given by lemma 13. There holds the following
approximation results:

Lemma 28. For any m > 1 and any smooth u € H*(Q, RY) N H™(Ty,, R?) the interpolation
operator Ly« is well defined and there holds the interpolation result

lu — Teprullin S B ullgs ),
for all s < min(k + 1,m). Similarly, if u € H™(div,Q), we have the approzimation result
v — Zpreull maiv,0) S P2 lull s div,.o),
for all s < min(k+ 1,m).

Proof. We first show the continuity of Z;,+ in the norm | - ||1 ,. By definition, we have

1
|Zepsulin = > IVIgprulfd+ D EH[[(IRTkU)t]]H%-
TeTh FeF,

First, we bound the element terms by a triangle inequality,
IVZprrullr = |VIgpreu+ Vu — Vu|r < ||V(u = Zgpeu)|lr + ||l g ()
As proposition 2.5.3 from [11] gives the estimates

l(u = Ippew)llr < hllullgqy  and |V (u = Zgpu)llr < lullg ), (6.25)
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the stability of the element terms is proven. Similarly, we add and subtract the function u
on the facets to split the jump into two terms, thus

1 1
> STy < 3+ - Tegenla.
Fery, TeTh

Next, using standard scaling arguments and a multiplicative trace inequality, see theroem
1.6.6 in [17], we get

1(u = Zrprw)elfr S A4 (u = T o)l 5z
S (W2 ]lu = Zgwullp) (B2 |lu = T geull g o))

1
S = Zepew)lir (311w = Zegew)lir + [V (u = Tegsu)llr).

Again using (6.25) we get 1/h|[(u — Zpprw)il3p < llull g1 () implying continuity,

1Zereultn S Y Nl < lullfn -
T

The rest follows with a standard Bramble-Hilbert argument (see lemma 4.3.8 in [17] or in
the original work [14]) using that (Id — Zr7+)g = 0 for ¢ € P*(T;,,R?). The proof for the
second statement follows from proposition 2.5.3 and 2.5.1 in [11]. O

Similarly, we define the standard BDMPF-interpolator by Tppae and there holds the
following approximation result.

Lemma 29. For any m > 1 and any smooth u € H*(Q, RN H™(Ty,, R?) the interpolation
operator L gk s well defined and there holds the interpolation resull

lu = Zgpppullin S 0 ullgs),
for all s < min(k + 1,m). Similarly, if w € H™(div,Q) we have
lw = Zpp el maiv,o) S 71wl s div.0).
for all s < min(k,m).
Proof. Follows with the same steps as the proof of lemma 28. O
For the pressure space we use the standard element-wise L2-projection given by H];-h .

Lemma 30. For any m > 1 and any smooth u € H™(Ty,,R?) the operator H% s well
defined, and there holds the interpolation result

lu =TI ullo < BS(|ull me(7s),
for all s < min(k + 1, m).

Proof. See for example in [17], [11] or [43]. O

86



6 The MCS method

We conclude this section with the definition of an interpolation operator for the discrete
stress space. Using the global degrees of freedom of Z¥(7},), a canonical interpolation oper-
ator Zzr can be defined as usual. On each T' € Tp,, the interpolant (Zzxo)|r coincides with
the canonical local interpolant Izx(p)(o|r) defined using the local degrees of freedom given

by the set ®(T), see equation (5.29). Note that these degrees of freedoms are unisolvent,
see theorem 15, thus are appropriate for the definition of an interpolation operator. Then
we have

¢(0 — Iziyo) =0  forall ¢ € (7). (6.26)

Recalling the map M from (5.22), note that M~ (o) = det(FL)FroF;" . In a first step
we show that interpolation and mapping with respect to M commutes.

Lemma 31. For any o € HY(T,R¥9) there holds
MY Iro) = (M o).

Proof. Since both the left and right hand sides are in the local space Ek(f), it suffices to
prove that

~

HM L (Iro) — (M7 10)) =0 for all ¢ € B(T). (6.27)

For the first type of interior degrees of freedom on T, given by definition (5.28), we have
for all # € P*=1(T, D) (due to definition (6.26)) the identity

/TIEk(f)(M_la):FTﬁFfldiz/TM_la:FTAﬁFfldi.

As F; = 1d, this yields

/T[M_I(ng(T)a)—IEk(f)(./\/l_la)] :FTﬁFfld:f::/T[M—l(fak(T)a)—M—la] :fdi

= /(IEk(T)U —0): PraFy dz =0,
T

where we used the equality of interior degrees of freedom on 7" in (6.26). With the same
argument we see for all polynomials /i € P*(7,R) that the second type of interior degrees
of freedom, see definition (5.25), vanishes, as

/tr(M_l(IEk(T)U) - IEk(f)(M_lo)) Dpdz = / tI'(M—l(IEk(T)O') —~ M o) pdi
T T

= / tr(Izrpyo — o) : pdz =0,
T

where we used a standard pullback pu o ¢ = i and the properties of the mapping M, see
lemma 16 and (6.26).

We continue with the facet degrees of freedom. We only consider the three-dimensional
case as the two-dimensional case is simpler and follows then with very similar steps. On any
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arbitrary facet FeF, (f) choose two arbitrary edges Ex, E» with unit tangential vectors
t1 and fs. Using a dual tangential basis §; and $9 such that §; - ti = i, we expand

M Izi (1) (T)o = 0)ne = [Hf M (Izk (o — 0)]31 + [ty M (Izkpyo — 0)] 2.

Next, we choose arbitrary 71,79 € }P’k(ﬁ ,R) and define

IS o o«

= t t
det(Fp) 'V det(Fay)

A

Let r; = 7#; o ¢p. Using again a biorthogonal basis s1, s3 with respect to unit tangents t;
and t9 of the mapped edges F1 and Fs, we have r := rit; +rato. Thus, the proper mapping
of the normal-tangential trace, see lemma 16, yields

M (Izk ()0 = 0)]nt = det(Ff)det(Fi, ) [t1 (Izs ()0 — 0)n)é1
+ det(FQE)det(F&)[tg(lgk-(T)a — o)nlss.

Then, this identity shows with similar steps as above
-1 -1 o
/F[./\/l (Izk(1y0) — IEk(f)M 0)|nt - 7 d3
= /[Ml(fak(T)a — )|t - 7 d5
E
= / [trlr(IEk(T)O' — U)n]msl . tl dx +/ [tg(ITO' - 0’)77,]7’282 . tQ ds
F

F
- /F (X (Iro — o)n)s: + (£X(Iro — o)n)ss] - ity + rata] ds

= / (Iroc — 0)pt - rds =0,
F
where the last step is due to the equality of the facet degrees of freedom in (6.26). O]

Next, we show that the interpolation operator on the reference element is continuous.

Lemma 32. For any o € Hs(f, RIX4) with s > 1 there holds

||15k(ff)0‘|f+ Z I—k(T ntH% =S HUHHs(f)'
FE}—h(T)

Proof. As I, i is an element of =¥ (f), lemma 19 shows that it is sufficient to estimate
only the volume term. The estimate then follows directly using a nodal basis with respect
to the degrees of freedom given by ®L & and {®' : F € F,(T)} and that the L*-norms
on elements and facets of those polynomlal basis functions are uniformly bounded. One
then derives an estimate

lzemyollz Sllolz+ > lowlls
FeF,(T)

By the continuity of the trace we conclude the proof. O
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We can now finally show the following approximation result.

Theorem 21. For anym > 1 and any o € {1 € H™ (T, R¥>*?) : [r,4] = 0} the interpolant
I=ro is well defined and there holds the approxzimation result

llo = Izeoll2) + [ Y hll(o = Izxo)ndl [} S Rollolls(r), (6.28)
FeFy

for all s < min(k, m).

Proof. Let 6 = M~Y(o|r). By lemma 31, M~1(0 — Izk(pyo) = 6 — Iz (70 Thus, for each
element T' € T;, we have, using lemma 16, that
2 2 1 A A2 A A 2
lo = Zznayrl i + bll(o = Tzxry@)atl B ~ 15 (16 = Loy 312 + 16 = Iony @)l 37)-

Next, note that the unisolvency of the reference element degrees of freedom, see theorem 15,
shows that

6 — Iz 76 =0 forall 6 € P*(T,R™).
Lemma 32 further shows continuity of the operator Id — ng(f)a thus we apply the Bramble-

Hilbert lemma (lemma 4.3.8 in [17]), and we get

1y/,. R R R 1
=1 (10 = L@l + 16 = Loy @ntlllz) < 75101 7

A standard scaling argument shows that

. d
|O-‘§{9(j’\’) ~ h28+ ’Uﬁ—IS(T)‘

O]

We conclude this section with an approximation result of the stress interpolator Iz in
natural norms.

Theorem 22. For anym > 1 and any o € {1 € H™(Tp,, R : [1,4] = 0}, the interpolant
I=ro is well defined and there holds the approximation result

lo = Izxollean S A°llolme(7,), (6.29)
for all s < min(k,m).

Proof. Theorem 21 yields that the term including the L?-norm of || - ||cq s converges with
optimal order. It remains to estimate the term including the bilinear form bsp. To this end
let v, € RT*(T;,) be arbitrary. Adding and subtracting I15 Vo, and TT*[(vs),] on the
element and facet terms, respectively, we have

bon(0 — Izko,vp) =

-y /(U—IEM) P (Id - T )V da — Y /(U—IEM) 5 Vo, da
T T

TETn TET,
— I=k0 )nt * _ 17k vy )¢| ds o —I=k0)py - k vp)e] ds.
+F;h/F<a Tevoy - (1d — T [(on)] d +F;h/F< T - T [(un)e] d
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6 The MCS method

By the local definition of the interpolator I=k, see equation 6.26, the second and the fourth
sum vanish. By the Cauchy-Schwarz inequality and rewriting the jump with its contribution
from both element sides we then get

bon(o — Isko,on) < [ llo = Isvoll oy + \/ S 0l — Teeo )il
FeF,

_ 1
> 1 =T Vel + [ 2l 0d =TI (on): 3
TeT, TeTh

Using lemma 22, we obtain

bon(o — Ievoron) < | llo — Ievorll 2oy +\/ S° hll(o — Teeo )il 3 | Ion i,
FeF,

and thus, again by theorem 21,

ban(o — Izro, vp)
sup

VR ERTH(TH) th”H(div,Q)

S WElo | s o7y

6.3.2 A standard error estimate

With the interpolation operators defined in the last section we can now show optimal
convergence of the finite element errors. For the ease of notation we define

Iy, = Tppn, Iy, =Iz, Ig, =115 . (6.30)

Theorem 23 below shows that the solutions of the system (6.6) provide optimal convergence
of the stress and the pressure errors. Further, as mentioned at the beginning of this section,
we have optimal convergence of a discrete velocity error given by the difference of the
solution and the corresponding velocity interpolation of the exact solution. Note that the
standard velocity error ||u — ]| is only of order O(h*) (assuming a smooth exact solution).
This can be easily seen, as the according velocity interpolation operator Iy, only provides
approximation results in a discrete H'-norm of order k, see lemma 28.

Theorem 23 (Optimal convergence). Assuming homogeneous boundary conditions (6.8),
let w € HY(Q,RY) N H™(T,,RY), 0 € HY(Q,D)N H™ (T3, D) and p € Q N H™ Y(T;,, R)
be the exact solution of the mized Stokes problem (4.6). Further let up, o and py, be the
solutions of the MCS method (6.6). For s = min(m — 1,k + 1) there holds

1 1 1
SUlo =oanlls, +llp = pallQn) + llun = Ivyullvi, S B°(llollas(zy + - el as))-
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6 The MCS method

Proof. In a first step we use the triangle inequality to divide the error into an interpolation
error and a discrete measure of error

1
(o =anllzy +lp = prllQn) + llun = Iv,ullv,
1
S S(lo = Is,olls,lp = IupllQn)

| =<

+ = (lIz,0 = onlls, + [1gup = pullQy) + llun — Ty, ullv;-

14

By the approximation properties of the L?-projection, see lemma 30, and the interpolation
operator Iy, , see theorem 21, we already have for s = min(m — 1,k + 1),

1 1 1
3l = I, lls, + o= Taurlan) <0 (S1olay + vl ).

Next, corollary 4 and theorem 18 yield

1
WH(IV}LU — Uh, IEhU — Oh; Ith - ph)”*

< sup B(Iv,u — up, I, 0 — on, 10,0 — P Vhs Thy Qh)
~ v €EVRY \/Ij”(vhaTFHQh)”*
ThE€XR,qrhEQR
< sup BUnmu—wlno =0 1gp = pivh Th )
~ v €VRY \/;”(UthFHQh)”*

ThE€XR,qrh€QR

We continue estimating each term of B separately. First note that due to the polynomial
order of the space ¥, we have that locally div(r,) € P*~Y(T,R?) and 7, € P¥(F,R) for
all T € T, F € Fj,. By the definition of the Raviart-Thomas interpolator, based on the
degrees of freedom given in lemma 13, and the element wise L?-projection we then have

bgh(Th, Ith - u) = Z / diV(Th) : (Ivhu - u) - Z / [[(Th)nn]](fvhu - u)n ds =0.
TeTh T FeFy, F
Similarly, we have
bor (I, 0 — o,vp) = — Z /(Igha —o0): Vo, do+ Z /(Igha — )t - [(vp)e] ds.
TeTn T FeFy F

Applying the Cauchy-Schwarz inequality then yields

1
bon(Is,0 — 0y v) S 7 1,0 =olls, + | D blUs,0 = )uelld | VVllvnllys,-
FeF,

For the terms including the bilinear form b; we observe with the same arguments as above

b= wan) = 3 [ div(tu - wa =0
Te7;, /7T

1
bi(vn, Ig,p —p) S WHUhHVh%HIQhP —pllg,-
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6 The MCS method

Together with the continuity of a these findings yield

B(Ivhu —Uu, IEhO— — 0, Ith — P;Vh, Th, Qh)

1
S H(OJZ;LC’—G’IQ;IP—I?)H*JFW > hlls,o = 0)nelF | 1@y 7y 0) ]l
FeFy

Thereby, theorem 21 and the approximation properties of the L2-projection (30), conclude

1 1 1
WH(IV,LU — up, In, 0 — o, 10,0 — pu) ||« S hs(;HUHHsm) + ;HpHHS(’Th))

O]

We also aim for a similar result in natural norms. The proof follows very similar steps
including some slightly different estimates. As the natural norm on the velocity space is
given by the H(div)-norm, lemma 28 shows that we now have optimal rates also for the
velocity error.

Theorem 24 (Optimal convergence in natural norms). Assuming homogeneous boundary
conditions (6.8), let u € H'Y(Q,RY) N H™(T;,RY), 0 € H'(Q,D) N H™ (T, D) and p €
QN H™ (T, R) be the exact solution of the mived Stokes problem (4.6). Further let uy,,
on and pp, be the solution of the MCS method (6.6). For s = min(m — 1,k + 1) there holds

1 1 1
SUlo =onllecan +lp = prllen) + llv = unllm@ive) S B Cllollms ) + - lIplasm)-
Proof. We use the triangle inequality to divide the error into an interpolation error and a

discrete measure of the error. By lemma 30, lemma 28 and theorem 22, the interpolation
error already converges with optimal order

1

—(lo = Izyollcan + lIp = Ioupll2@y) + v = v | v )
<ps (1 1
S0\ Cllollas ) + S lIpllas ) ) -

Next, we use discrete inf-sup stability, see corollary 5, to get

1
\ﬁ\!(fvhu —up, I, 0 —op, 10,0 — D) ||
< sup B(Iy,u — up, I, 0 — on, 10, D — Ph; Vhs Thy qh)

vp €V \/’7||(Uha7'hth)||**
ThE€EXR,qnE€QR

S sup B(IVhU_u7I2h0_0—7Ith_p; vh77_h7qh)

VR EVR \/;H(UhaTth}L)H**
ThE€XR,qnE€QR
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6 The MCS method

We estimate each term separately. In contrast to the proof of theorem 23, the Cauchy-
Schwarz inequality and the same steps as in the proof of theorem 22 now yields

1
b2h(IEhU —o,un) S W HIZhU - O-th + Z hH(IZhO' - U)ntH% \/Ij”vhHH(div,Q)a
FeFy,

1
bi(vn, Ig,p — 1) S \/;”UhHH(div,Q)WHIth = pllz2 )

Adding up all terms we conclude with the same steps as in the proof of the previous
theorem. O

We conclude this section by proving that the L?-norm error of the velocity uj, again
measured in a proper sense, has an improved convergence rate. This results is in particular
needed in section 6.3.4. The proof of the enhanced convergence rate is based on the standard
Aubin-Nitsche technique. To this end let z € H*(Q, R?) and p € L?(2,R) be the solution
of a standard variational formulation in a velocity-pressure setting (4.4). Then we need the
following regularity assumption (shift theorem)

vlizll 2 rey + 1Pl @r) S 122 (6.31)

Theorem 25 (Optimal order of the L?-norm error). Assuming homogeneous boundary
conditions (6.8), let u € HY(Q,RY) N H™(T,RY), ¢ € HY(Q,D) N H™ (T;,,D) and p €
QN H™ (T, R) be the exact solution of the mived Stokes problem (4.6). Further let uy,,
oy, and py, be the solution of the MCS method (6.6). Further assume that the solutions z
and p of the problem (4.4) fulfill the reqularity estimate (6.31). For s = min(m — 1,k + 1)
there holds

1
[ v, u — unllr2(0) S hSH;HUHHSmy

Proof. The proof follows along the same lines as for example in [111] and is based on a
standard Aubin-Nitsche technique. To this end let z and p be the solutions of problem
(4.4) with the right hand side f = —(Iy,u — up), and define 7 := vVz. With standard
techniques (testing with smooth functions with compact support), the solution fulfills the
equivalence

—div(vm) + Vi = —(Iyu —up) in L*(Q,RY).

Testing this equation with —(Iy, u —uy) and integrating by parts in the pressure term (note
that uj, € H(div)) we have

v — w22 = /Qdiv(ﬂ) (T — up) da + /Q div(Iy, u— up)pda.

As the Raviart-Thomas interpolator Iy; preserves the divergence, and the discrete solution
uyp, is exactly divergence free, the second term vanishes. Next, due to assumption (6.31),
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6 The MCS method

the viscous stress function 7 is continuous across element interfaces, thus there holds on
all facets F' € Fj, that [(7)nn] = 0, and above equation can be written as

v, u = up 72y

/div( ) (I, u — up) da
—Z/dw - (Iy,u — up) do — Z /[[ on] (Iv, w — up)pn ds

TeT FeF,

(6.32)

Zbgh<7T, Ivhu - ’U,h).

Similarly, as 7 = vVz in L?(Q, R%*?), we can test this equation with o — oy, and get

/Qiﬂ-:(a—ah)dx—/ﬂ(a—ah):VZ:O.

As z is continuous, we have that [z;] = 0 on all facets F' € F},, yielding

1
/ -7 : (0 —op) dx +bop (0 — op, 2) = 0. (6.33)
Q

1%

Now, let 7 := Iy, m and Z = Iy, z. The regularity assumption of the solutions o and u and
the consistency theorem 18 shows that we have the Galerkin like orthogonality

a(o — op, ) + bop (7, u — up) + bop(o — op, 2) + b1(Z,p — pp) + b1(u — up,qn) =0, (6.34)

where ¢ can be chosen arbitrarily. Next, note that by the definition of the interpolator

Iy, we have that

bon (7, Iy, u — u) Z / div(7) - (Iy,u — u)dz — Z / Ton] Ly, u — u)pds = 0,
TET, FeFy,
and thus
bon (T, u — up) = bop (7, u — Iy, u + Iy, w — up) = bop (7, Iy, u — up,). (6.35)
As div(z) = div(Z) = div(u) = div(up) = 0, summing up equations (6.32), (6.33), (6.34)

and (6.35), a Cauchy-Schwarz estimate including a scaling for the facet terms similarly as
in the proof of theorem (23), yields

v, u—un |20

< (I = 7l + [ 32 Bl = Buell} + vl — 2, )

FeF,

1
(;HU —onllpaey + [ Y Bll(o = on)nill3 + [y, u - uh”Vh)'
FeF,
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6 The MCS method

Thereby, equation (6.31) and the properties of the interpolation operators show that

I =2y + | D Pl(w = el F S hllwll ey S hllTv,u—unll,
FeFy

and similarly also v|[z — Z[lv, < W||z||g2() S hll1v, v — up|. Lemma 19 then yields

> hll(o = on)ntll® S bl = Is,o)mlB+ [ Bl(Us,0 — o)l 3

FeFy FeFy Fer,

< W ol e ) + 5,0 = 0l @) + o = anllzq)

thus, we conclude the proof by theorem 24 and theorem 23. O

6.3.3 A pressure robust error estimate

We define the continuous Helmholtz projector H as the rotational part of a Helmholtz
decomposition (see [53]) of a given load f € L?(Q, R?)

f=VO0+&=Vo+H(f),

with § € HY(Q)/R and ¢ =: H(f) € {v € Hy(div,Q) : div(v) = 0}. For the following
abstract we assume that I'p, = I'. Testing the second line of (4.26) with an arbitrary
divergence free test function v € {v € Hy(div, ) : div(v) = 0}, we see that

(div(e), v) Ho(div,0) = — (), V) Ho(div,0)s

hence 0 = vVu is steered only by a part of f, namely H(f). If the right hand side is
perturbed by a gradient field Ve, then o and u should not change because H(f + Va) =
H(f). In the work [83] this relation was discussed in a discrete setting. If a discrete method
fulfills this property, it is called pressure robust because one can then deduce an H'-velocity
error that is independent of the pressure. In particular, standard inf-sup stable methods
of a velocity-pressure formulation — as for example the Taylor-Hood method, see [11, 85] —
show error estimates that read as

1
V(iu— < inf ||V(u— — inf — . 6.36
IV(u —un)llr2) S v;felvh IV (u —vn)ll20) + > thth 1P — qnllL2 () ( )

Here we see that the velocity error might get big if the viscosity tends to get very small
v — 0, as the scaled term including the best approximation of the pressure might blow up.

In recent works, as for example in [16, 82, 79, 70], it was shown that a modification of
the right hand side allows to obtain pressure robust error estimates, which read as

IV = un)lrze) S inf [[V(w—=wvn)lzz@ )+ Bl g -

The second term on the right hand side is induced by a consistency error due to the
modified right hand side. As we can see, the velocity error does not depend on the pressure
discretization and the viscosity v anymore.
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6 The MCS method

The convergence results of theorem 23 and theorem 24 also include the scaled term
1/v||p||gs(7,)- However, in recent works it was proven that H(div)-conforming methods
are pressure robust, see for example [30, 81], and a similar result also holds true for the
MCS method (6.6). To this end we provide optimal error estimates of the stress and the
velocity error that are independent of the pressure, thus we show pressure robustness.

Theorem 26 (Pressure robustness). Assuming homogeneous boundary conditions (6.8),
let w e HY(Q,RY) N H™(T,,RY), 0 € HY(Q,D)N H™ YT, D) and p € Q N H™Y(T;,, R)
be the exact solution of the mized Stokes problem (4.6). Further let up, o and pp, be the
solution of MCS method (6.6). For s = min(m — 1,k + 1) there holds

1 1

Cllo = anlls, +llun = Iy ullvi, S P°llollasz),
and

1 < st

;Ha — oplledn + ||u— UHH(div,Q) Sh ;HUHHS(T%L)‘

Proof. The proof follows the same steps as the proof of theorem 23 and theorem 24. Again,
one first splits the error using a triangle inequality into an interpolation error and a discrete
measure of the error. The first part can be bounded with the corresponding interpolation
operators. Next, note that due to lemma 25 we can similarly as in corollary 5 derive inf-sup
stability of B(up, op,0;vp, 7, 0) with respect to the norm ||(-,-,0)||« on the product space
VY x S x {0}. Together with the consistency theorem 19, this yields

B(Ith — Up, IEhU — Oh, 07 Uhy Th 0)

Vv eV VNI (on 70, O)I-

1
7||(Ivhu - uh?-[EhO- — Oh, O)H* < sup

THhEX}
< sup B(Ivhu - U,_[EhO' - 070; Uh, Th70)
>, N R B

ThEX

The rest follows with the same arguments as before. For the estimate in natural norms
one also show inf-sup stability of B(uy, oy, 0;vp, 7, 0) with respect to the norm ||(+, , 0)|].x
using similar steps as in theorem 20. O

6.3.4 An exactly divergence free post processing

We conclude this section with the definition of a local post processing. As we have dis-
cussed in section 6.3.2, the velocity error ||u — uy||y;, does not converge with optimal order.
However, in the following we show that it is possible to define a new velocity field u; with
an enhanced accuracy. Note that uy is given by solving local element-wise minimization
problems, thus no global problem has to be solved. The goal is to obtain an improved
convergence order O(h**1) of the velocity error measured in a discrete H!-norm. Our post
processing is motivated by the ideas of the work [111, 112], thus we use the accurate solu-
tion o, and the optimal order of |luj, — Iy, u|| for the definition of a velocity lifting. Note
that such post processing schemes are particularly known for hybridized DG methods, see
for example [9, 33, 26, 90, 28, 34, 98].
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6 The MCS method

In this thesis a crucial ingredient is that the solution of the post processing scheme
satisfies the property div(uj) = 0 exactly. To this end we use a reconstruction operator
that was introduced in the works [76, 77]. Let V}* := BDM**1(T,) be the standard BDM-
space as defined by equation (5.9). Then we define the relazed Brezzi-Douglas-Marini space
of order kK + 1 as

VT = {u € PPN (T, RY) T [u,] = 0 on all F e F, ). (6.37)

Functions in the space V; " are “almost normal continuous”. Only the highest order
modes can be discontinuous. The BDM-space and its relaxed counterpart are connected
by a reconstruction operator with the following properties.

Lemma 33. There exists an operator R : V}Z"_ — V¥ such that

Rvrllin S llvrllsm,

and Rvj, = vy for all vi € Vi*. Further, if the element wise property div(vy|r) = 0 is
fulfilled for all T € T, then div(Ruvy) = 0 globally.

Proof. Follows by lemma 3.3 and lemma 4.8 in [76]. Further, one simply sets the hybrid
variable on the skeleton as the mean value of the two neighbouring elements to replace the
corresponding HDG-norm with the DG-norm. The projection property follows from the
definition of R in [76]. O

Remark 5. A simple choice of R is given by a (DG) generalization of the classical BDMF-
interpolator as it has been used in [61]. As this interpolation operator might produce a big
computational overhead, a different version of R was introduced in [76] that is based on an
averaging of coefficients. This is possible due to a special basis for BDMkH(ﬁ), whose
normal components form a hierarchical L?-orthogonal basis on faces.

On V}:‘ " we now define the following minimization problem:

1V (v57) = oull7- (6.38)

*7— . .
u, = argmin =

IVh (v;;’_fuh):[)

Note that there exists a solution of this minimization problem as for example uy, fulfills the
constraints (thus the admissible set is not empty) and the functional is convex. The final
solution of the post processing step is now given by u} := R(u; ), and there holds the
following pressure robust error estimate.

Theorem 27. Assuming homogeneous boundary conditions (6.8), let uw € H'(Q,R?) N
H™(Th,RY) and 0 € H'(Q,D) N H™ (T, D) be the exact solution of the mized Stokes
problem (4.6). Further let uy, be the solution of the MCS method (6.6) and let uj, be the
post processed solution defined as above. There holds vy, € Vi and div(uy) = 0. Further,
for s =min(m — 1,k + 1) there holds

1
lu = uhllin S B llollms(m)-
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6 The MCS method

If we further assume that the solution of the dual problem (6.6) fulfills the regularity as-
sumption 6.31, we have

hs-I—l

1
HU—UZHB(Q) N ;HUHHS(T;L)-

Proof. As Iy, (u;”” — up) = 0, we have by the definition of Iy, (based on the degrees of
freedom given in lemma 13), that for all ¢, € P*(T,R) and T € Ty,

/ div(uy ™ )gn dz = —/ uy -V dm+/ uy” -ngpds =
T T aT

= —/ up - Vap dx—{—/ up, - nqp ds = / div(up)gp dx = 0.
T oT T

Here we used that div(up) = 0. Thus, the first two statements follow from lemma 33. Now
let Iy~ be the standard BDM* L interpolator, then we have by the continuity of R and
the identity Rfvh*u = Ivlfu that

lu —upllin < llu—Tysullip + [RUIveu —uy ) lon < llu— Tveallyp + [lu = uy ™16

Thereby, the approximation properties of the interpolation operator IV};«, see lemma 29,
show that the first term already converges with the proper order. A triangle inequality
(where we add and subtract different functions in the element and facet terms) yields

1

lu =y "I < b S vVu—onllz+ Y llon — vVuy |7 (6.39)
TeT T€TH
1 1 .
+ > 7 e — Iv-u)lF+ Y 7 v =y )il
FeFy FeFy

In the following we bound each element term and facet term separately. We start with
the element terms and define wy, := Iy+u + up — Iy, u € V)", Due to the properties of the
interpolation operators, we have on each element T' € T}, that div(wp|r) = 0, and

5 (wy, — up) - n = <H1}Ivh*u + My, — Iy, u — H’}uh) ‘n
- <H’1‘$I‘/}fu - H’;Ivhu) n= (H’fpu - H’;u> n=0,

This shows that wy, is an admissible function for the minimization problem (6.38), and so
we have for the solution u};’_ by a triangle inequality,

lon — vVuy " | < [lon — vVwlF < |lon — VVIV;uHQT + lvVuy, — vV Iy, ul/%

<llon = oll7 + llo = vViIveulf + |vVup — vV I, ul7.
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As 0 = vVu, this yields for the element terms of (6.39) the estimate

1 o
(D vu—onlf+ Y llow—vu )

TeTh TeT

< > lo = oullF + [[vVu — vV Iysullf + [y Vuy, — vV Iy, ul7

TET,

1
2

1
< lo—onlls, + v = Tvpulliy + lun = T, ullt

We continue with the facet terms of (6.39). The first sum can be bounded by [|u—Ivull15
and converges with the proper order. For the second sum we have

> I — il

FeFy

<Y %”[[(Ivh(fvﬁ«u—u;‘;‘))t]]H%Jr > %H[[((Id—fvh)(fvgu—UZ’_))t]]H%

FeF, FeF,
1 1 .
<) 7 (IICv, e — un)ldlF+ D 7 IC(Ad = I, )(Ivew — uy )ill%-
FeFy FeFy
Here we used that Iy, Iv:u = Iy, u (as V3 C Vj¥) and Ivhu};’_ = Iy, up = uy, (as uZ’_ is the

solution of (6.38)) in the last step. Thereby, theorem 26 shows that the first sum again
has the proper convergence rate. Next, as Iy, preserves element wise constant functions,
we have for each F € F,

I = 1y, ) (g =)Dl = 5 T — g (1~ TE0) (e — i )l

The jump can be estimated by the contributions from each side, thus a trace inequality
(with a scaling argument) yields for a := (Id — Iy, )(Id — H%)(IV;u —u,") the estimate

1 1 1
Al@dlE< > l@uldr< > IValF + 5lali.
TET TeTh
FNoT#0 FNOT#0

As Iy, is continuous, we have
IVall3+ oyllalfy < V01 = ) (g — Ol + 5510 — T (g — )l
< IV(vu—u "),
where we used a Poincaré inequality for the L?-norm on 7. As

IV (v = uy g < IVIveu = ol + lon —uy~ 17

7,

< ||VIv:u— ol + llo — onlly + lon —up ™
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we can bound the facet terms with the same estimates as for the element contributions.
Finally, we conclude the proof by the approximation properties of Iy~ and theorem 26.
For the estimate of the L?-norm error first note that we have, similarly as before,

lu —upll2) < lu— Tveull 2y + IRIveu —uy )l 2

< lu = Ivrul 2 + [Hvyu — up || 22 (0)-

The first term already has the proper convergence order. Next, we have
[ Tvru —uy ™ |20y S Hvi,(Tvrw — uy ")l 2o + [1(Id = Iy, ) (Tvrw — w7 )l 22 (o)
= |Tv,u — unll L2 (o) + 1(Id = Iv; ) (v v — uy ")l L2 (e -
For the second term we get by the properties of Iy, the local estimate
1(1d — ) (a2

<D R|VIveu—Vu T r
T

1 1 1
< h<VI* - — —|lo — ~op, — Vuy ™ )
S ZT: IVIv;u = —olir + ~llo —onlr + 1 -on = Vu, ™ |Ir
Now, using the same steps as above to bound |o, — Vu, ™ |7, we get

. — 1
1(1d = Ly, ) (Tvru = w2y S B llollmmy + llulla ).
We conclude the proof by using theorem 25 for the term ||1y, u — upl|2(q)- O

We want to make a short comment on the implementation: In order to solve the mini-
mization problem (6.38) we solve local problems defined as follows. Let

ViH(T) = PM*YT,RY),  M;(T) :=PFY(T,R?), A;(T):=P*Fn(T),R),

then we solve on each element T" € T}, the problem: Find u}, py, A\; € Vi*(T) x My (T) x Aj,
such that

/uV(ui}) : V(vﬁ)dx—i—/p}i-v;dm—i—/ /\Z(v;i)nds:/ah : V(vp)da,
T T or T

/ up - qp doe = / up, - qp, dz,

T T

/ (w3, ds = / (un)niiy ds,
oT oT

holds true for all v; € V,*(T), ¢ € M;(T) and p; € Aj(T). Then, we define the global
function uZ’_ such that its restriction is given by the local solutions w7, thus uZ’_ 7 =}
for all T' € Tp. Note that the constraints are given by the functionals of the Raviart-Thomas
interpolator Iy, . By the definition of the jump it is then easy to see that Hk[[(uz_)n]] =
0, hence uZ’_ € V,:‘ . A simple integration by parts argument and the local element-
wise orthogonality on P*~1(T,R?) further shows div(u;" |r) = 0, leading to a point-wise
divergence free function R(u;™).
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7 The MCS method with weakly imposed
symmetry

This chapter is dedicated to defining a discrete formulation for the symmetric Stokes for-
mulation given by equation (4.41). As we have seen in section 4.4, there exists a weak
formulation of this set of equations that is based on the new function space H (curldiv, §2).
In particular, we used the subspace of trace free, symmetric and matrix-valued functions
denoted by >%¥™, and showed stability with respect to the corresponding norms.

The discrete method that we present in this chapter is based on similar findings as in
the previous chapter, thus our goal is to use again an H (div)-conforming discrete velocity
space and the new developed stress space Ek(ﬁl) The definition of the stress space (see
section 5.3) is based on the construction of low order constant basis functions, designed to
study normal-tangential traces, and the definition of the covariant Piola mapping, given
by equation (5.22). Although the mapping M is designed to preserve normal-tangential
continuity, it does not retain symmetry. Thus, assuming a given matrix & is symmetric, the
mapped function M(&) might not be symmetric. By these observations we realize that the
finite element space ZF (7T1,) is not well suited to discretize the symmetric stress space X%Y™.
This motivates us to incorporate symmetry of a discrete stress variable o, € ZF(T3) only
in a weak sense.

Imposing symmetry in a weak sense is a well known technique and is especially known
for the discretization of the elasticity problem, see for example [5, 6, 12, 48]. In particular,
we want to mention the work of Stenberg [111], as the analysis is based on similar norms
that we aim to use in this thesis. To provide solvability, Stenberg enriched the stress space
by curls of local element bubbles. By construction, these enrichment functions lie in the
kernel of the divergence operator and are only “seen” by the weak-symmetry constraint
allowing to prove discrete inf-sup stability. For the definition of the MCS method with
weakly imposed symmetry we also use a local element-wise enrichment of the stress space
as it is discussed in the next section.

Before we introduce the method we define a new formulation of the equations (4.41). To
this end we introduce the vorticity function by

1 0 — curl(u) B
w(u) == 5 (curl(u) 0 > ford =2, and
1 0 —(curl(u))s  (curl(u))2
w(u) = 5 (curl(u))s 0 —(curl(u)); | for d =3,
—(curl(w))2  (curl(u))1 0

and derive the following identity

Vu = %(Vu + (V)T + %(Vu — (Va)") = e(w) + w(u).
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7 The MCS method with weakly imposed symmetry

As tr(w(u)) = 0 and tr(Vu) = 0, this leads to the relation dev(c) := vVu — vw(u).
Note that in the continuous setting this relation is equivalent to (4.41a). Finally, due to
skw(o) = skw(e(u)) = 0, we get the following set of equations

%dev(o) —Vu+w(u) =0 in Q, (7.1a)
div(e) = Vp=—f in £, (7.1b)

div(u) =0 in Q, (7.1c)

skw(o) =0 in Q, (7.1d)

Un =9gpn on I'py, (7.1e)

ut =gpy on I'py, (7.1f)

—Onmm +D=9Nn on I'yp, (7.1g)

—ont =gng on Iy (7.1h)

7.1 An enrichment for the stress space - the symmetric bubble matrix

As a motivation of the local enrichment, we first discuss the techniques Stenberg introduced
in [111]. To this end we define the local bubble function

bro= J[ N forall T €T, (7.2)

iEth(T)
Then, the matrix-valued enrichment space of Stenberg was given by
{o e PP (T R« (041,...,044) = curl(bpq) for i = 0,...,d},

with ¢ € PF=1(7;,, RU4=1/2) " As div(curl(brq)) = 0, the additional basis functions lie in
the kernel of the momentum equation, thus are only seen by the constraint imposing weak
symmetry. Note, however, that the polynomial orders of the resulting enrichment functions
are k+ 1 and k£ + 2 in two and three space dimensions, respectively, thus with respect to
computational costs, the three-dimensional case is less efficient.

The enrichment we use is motivated by the additional functions that were first intro-
duced by Cockburn, Gopalakrishnan and Guzman in [27]. Therein, the authors tackled the
question if it is possible to retain the good convergence properties of Stenbergs method in
[L11], but to reduce the number of additional basis functions and the polynomial order in
three dimensions. Introducing the so called symmetric bubble matriz the authors of [27]
were able to define certain curl-bubbles and achieved the desired properties.

It turns out that a slight modification of the bubbles defined in [27] can also be used to
enrich the discrete stress space ZF(7;). This is astonishing as these additional functions
need to fulfill the following properties: First, they need to lie in the kernel of the distri-
butional divergence given by equation (5.12) of theorem 13, and second, we use a different
mapping for the discrete stress space as in the original work [27]. Using these bubbles it
is possible to prove discrete inf-sup stability with the classical approach based on scaling
arguments with respect to a given reference element. This is done with the same norms
used in Stenbergs work [111] and is the key result of section 7.3.
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7 The MCS method with weakly imposed symmetry

Following the lines of [27] we define for d = 3 the symmetric bubble matriz by

B:= Y (Aishi2Aio1) VA ® VA € PY(T,R™Y), (7.3)

iGIvh (T)

where the indices on the barycentric coordinate functions are always calculated modulo 4.
In two dimensions the bubble function is simply given by B := by, see equation (7.2). Next,
we denote by ]P’fkw’ L (T,R%4) the L2-orthogonal complement of the set Pflzwl (T, R%*4) in
Pk (T, R¥?), thus

skw

Plicw, L (T,RYY) = {ry € Pl (T,RY) 2 (g, 53,)7 = 0 for all s, € PN (T, R )}

skw

This leads to the enrichment space

0%y, := {dev(curl(curl(ry)B)) : m, € H ]P’fkw’l(T, RX)},
T€Th

In contrast to the original work [27], we defined our enrichment bubbles including the
deviator, which is motivated by the equivalence (7.1a). Further, note that in two dimensions
the inner curl is applied on each row of rp, and the outer curl is applied on each scalar
component of the vector curl(ry)B. Thus, if we have for example

_ 00,5 o
TR = <g 004) , this gives curl(curl(r)B) = ( 832 (aglz ) Do (8510‘ )) '

The definition of the symmetric bubble matrix motivates to define a transformation by
CC(B):= Fy"Bo¢y Frt, (7.4)

which reads as a covariant transformation (see section 5.3.2) from the left and from the
right. The definition is motivated by the following findings. First, note that the barycentric
coordinate functions A; are mapped by the standard pullback, thus the gradient can be
written in terms of the gradient of a barycentric coordinate function on the reference
element;:

VA = @S\ZFEI.
Hence, by the definition of the symmetric bubble matrix (7.3) we have
B = Z ()\i—s)\i—z)\i—l)V)\i QR VA = Z (j\i_gjxi_gj\i_l)F;T@S\i &® @j\lFfl = CC(B)
ielvh(T) ie]Vh(T)

For two dimensions the bubble B is simply mapped by a pullback. Using the above mapping
we can preserve the proper trace of the matrix bubble as stated in the following lemma.

Lemma 34. Let B be the symmetric bubble matrix on the reference element and let g
be an arbitrary matriz. The products qB and Eq have vanishing tangential trace on oT.
Similarly, for any T € Ty, let B = CC(B’). Then the products ¢B and Bq have vanishing
tangential trace on the boundary OT. By these findings we further observe that the function
curl(¢B) has a vanishing normal trace on OT.
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7 The MCS method with weakly imposed symmetry

Proof. For the result on the reference element we refer to lemma 2.3 in [27]. The proof on
JT follows the same lines using VA; = VS\ZFT_ 1. Now note that on the surface T we have
the identity curl(¢B) - n = curly((¢B):), where curl; is the surface curl (see e.g. [11]). By
this we conclude that (curl(¢B)), = 0. O

Corollary 6. Let o € 6%}, there holds
[(0)] =0 onall F € Fp.

Proof. This is a direct consequence of lemma 34 and equation (4.2). O

7.2 A discrete variational formulation

Using the enrichment space §X; we can now derive a discrete variational formulation of
equation (7.1). To this end let £ > 1, then we define the stress space by

S i= %y, @ 0%,

and similarly ZL N = 2N @ 0X,. Note that due to corollary 6, all functions in E;rl are
normal-tangential continuous and are polynomials up to order k + 1, thus we have

nh cEktt, (7.5)

Whereas the pressure in equation (7.1) can be interpreted as a Lagrange multiplier for
the incompressibility constraint div(u) = 0, the function v := w(u) is responsible for the
symmetry constraint (7.1d). In order to discretize v we introduce the space

Wy, = P8 (T, R, (7.6)

Functions in W}, can be mapped from the reference element such that skew symmetry is
retained, thus for a given v, € W}, there exists a function 4, € IP’ka(T ,R¥*4) such that

Yo =Fp An o o7 Bt (7.7)

Again, we use the Raviart-Thomas space of order k as the velocity space, Vj, = RT* (Tn),
and define the product space Uy, := V;, x W)j. Further, we use the same pressure space Qp
as it was chosen for the standard MCS method, see equation (6.3).

We follow the same steps as in section 6.1 to derive a new discrete variational formulation.
The discrete velocity and pressure space are chosen conformingly with respect to V' and
@, thus we can use the bilinear forms defined in section 4.3, see equations (4.27) and
(4.28). Motivated by identity (5.12) of theorem 13 we further realize that we can use the
bilinear form by, defined by equation (6.4) to use it as an approximation of the bilinear
form b as it appears in the continuous setting (4.43). It remains to define a bilinear form
for the symmetry constraint. As the discrete velocity and the discrete vorticity can both
be interpreted as a dual variable, thus they act as a Lagrange multiplier to fulfill certain
constraints on the discrete stress, we define the bilinear form

bin : {r € H' (T R™Y) s [r] = 0} x ({v € H'(ThRY) : o] = 0} x LA(Q.R™Y)) 5 R
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7 The MCS method with weakly imposed symmetry

b, (T => /dw odz+ Y /T ndz — Z/ [Tan]vn ds . (7.8)

TeTh TeTh FeFy,

Thus, 05;, is a combination of by, and the symmetry constraint. Using these bilinear
forms the discrete MCS method with weakly imposed symmetry now finds: oy, un, Yn, Pr €
ZLN X Vh,D X Wy, x @y, such that

a(on, Th) + b5, (Th, (Un, ¥0)) = (9D.t5 (Th)nt)Tp for all 7, € B} |
b5, (s (Vn, 1)) 4 b1(vhs pr) = —(f;vn)e + (9N, Vn)Ty,,  for all (vp,mn) € Vi x Wy,
b1(un,qn) =0 for all g, € Q.

(7.9)

7.3 Discrete inf-sup stability

As in section 6.2 we only consider the case of homogeneous boundary conditions (6.8) for
the stability analysis. The analysis we discuss in this section is based on the same norms
used in the work [111]. To this end let v;, € V}, and ny, € W, then we define

=D etz + >_ & ClLon) I

TG'Th FE.Fh

+ ) llw(vn) = nallF-

T€Th

1(on, )1y, =

Whereas the first norm reads as a symmetric H'-like DG norm, the second norm further
measures the differences between the discrete vorticity of a velocity vy, and a given field .
In lemma 40 below it is shown how the product-space norm ||(-, )|y, is related to norms
defined on the parts Vj, and W}, separately. Beside that we choose the norms

||7'h||222 =mlE, = Imli2q YmeS), and laally, = lanl}2) VYan € Qn

Before we prove discrete inf-sup stability of the system (7.9) we provide some norm equiv-
alences in the next section.

7.3.1 Norm equivalences

The first equivalence is similar to the result of lemma 20. Note that the projection on the
facets is of one order higher.

Lemma 35. For all vy, € Vy,

o m)E, ~ Y- (le(n)lF + llwlvn) —mmllF) + > EHHF oon =

TeT, FeF,
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7 The MCS method with weakly imposed symmetry

Proof. One side of the equivalence is obvious by the continuity of the II}.. For the other
direction first note that

PN < I3 + 3 1on — Thon)d 3
As TRMy;, € PY(T, RY), we have again by the continuity of 1%
10(on = Tgon)JlIF = 1(1d — k) [(vn — o) l7 < [[1(on — T op) ] |17
We conclude the proof using the estimate (5.5). O
Lemma 36. For all T € T;, and v, € RT*(T) there holds the equivalence
leCvm)lI7 ~ 1T~ [dev (e (on) ][I + || div(vn) |17
= |[I*Hdev(Vop, — w(wn)IF + || div(op)|[7,
and the estimate
1(1d = " Nw(en) 17 < [ diven)li7,  and [[(1d = ") Vop[|7 < | div(vn) |17

Proof. The proof follows along the same lines as the proof of lemma 22. Let v, € V}, be
arbitrary. In a first step we solve the same problem (6.12) to find a function wy, € RT*(T)
such that div(wp) = div(vy). Further vy, can locally be written as v, = a + wy, with
a € PE(T,RY) and the estimate

Vw7 ~ [ div(ws)||7.
This yields
le(on)llz = lle(a +wn)llr < [[dev(e(a))llr + lldev(e(wn)) |l + || div(vn) [
< [[dev(e(a))lr + [Vwnllz + [ div(vn)[lz
< lldev(e(a))llr + || div(va)||r
= [ dev(e(a) 7 + || div(vn)]|7-
As a = vy, — wy, we conclude
le(on)llr < 1T dev(e(vn) 7 + T dev(e(wp))l|7 + || div(vs)||z
S I dev(e(vn) 17 + [IVwn iz + || div(vs) |7
< I dev(e(vp)) |7 + || div(vp)||7-

It remains to show the second statement. First, note that due to the definition of the
function w(-) we have ||w(vp)||7 ~ || curl(vy)||7. Thus, using the representation from above,
we see

1(1d = T Hew(op) 17 < [1(0d = T curl(a) 7 + [|(1d — T°7) curl (wp,) |7
As a € P*(T,R%), the first term vanishes, thus with the arguments from above
1(1d = 1" curl (wp) |7 < [[VawnlF < | div(vs) |7

The estimate for the gradient also follows with the same steps and the local representation
of vy, see also in the proof of lemma 22. O
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7 The MCS method with weakly imposed symmetry

Lemma 37. Let pp € ]P’Skw(T,]RdXd) and set and T, = dev((;l?l(c/u\rl(,uh)B)). Then there
holds the norm equivalence

I7all 3 ~ llewrl(un) |l 3-

Proof. If c/u\rl(,uh) = 0, then obviously also the left side is zero. We claim that the converse
is also true. Indeed, if 7, = 0, then putting s = d~! tr(curl(curl(,uh)B)), we have

curl(curl(uh) 3) = s1d. (7.10)

Taking the divergence on both sides, we find that Vs = 0, so s must be a constant on 7.
Then, applying the normal trace operator on both sides of (7.10) and on each facet, we
realize that sn = 0, which yields s = 0. Hence, we have the equation curl(curl(uh)B) =
0, which in turn implies that 0 = (curl(curl(,uh)B,Mh)T = (curl(,uh)B,curl(,uh)) = 0.
Therefore, lemma 2.2 in [27] proves c/u\rl(uh) = 0. O

Lemma 38. For all T € Ty, and ny, € Wy, there holds
IVl ~ || carl(nn) | 7-

Proof. The proof is based on a scaling argument and norm equivalence on finite dimen-
sional spaces on the reference element. To this end let 7, = Fépr npFr. We start with the

three-dimensional case. As F} is constant, a simple calculation shows that (;1?1(7711) =

(;1?1(}77? mF) = Ff (gl?l(nhF ). Using the well known formula of the curl of a covariant
mapped function (n,F' reads as a function where each row is mapped with the covariant
transformation) we conclude for d = 3

C/u?l(FTTnhF) = F}Pc/u?l(n}lF) Ff curl(ny,)Fp " det Fr.
In two dimensions a simple calculation first shows that
curl(F}, Fr) = Ff (curl(v, Fr)).

Next, again i Frr results in a matrix where each row of v} is mapped with the covariant
mapping. In two dimensions this then yields the identity

Fch/u\rl('y}LFT) = det FrFcurl(v)).
A scaling argument then gives in both dimensions

IVoliz ~ R CVaRl3  and [ curl(m)[F ~ A% lcurl(iy)|3-

In the following we show the norm equivalence ||(;1?1(77h) |4 ~ IV, |+ by proving that both
sides only contain constant functions in the kernel. This obviously holds true for the right
side. In three dimensions the curl of a skew symmetric matrix reads as

0 —(Mn)3  (n)2
curl(fy) = curl | ()3 0 —(h
—(Mn)2 (M1 0
02, ()2 + Oz ()3 —0z, (1)n)2 — 03, (n)3
= =0z, (a1 O3, (Mn)1 + Oy ()3 —04,(1n)3
— 035 ()1 — 0z, (1n)2 02, ()1 + Oz, (1n)2
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7 The MCS method with weakly imposed symmetry

Thus, if we assume ||c/u\rl(77h)||T = 0, the off-diagonal entries above show that

(r)1(21, T2, 23) = (Mn)1(21),
(n)2(Z1, T2, T3) = (n)2(22),

(7n)2(21, 2, £3) = (7n)3(23),
and the entries on the diagonal yield
0z, (Mn)2 + O35 (Mn)3 = 0, 0z, (M )1 + 023 (k)3 = 0, Oz, (7)1 + 9z, ()2 = 0.

From the above equations we see that the entries (7,);, ¢ = 1,2,3, have to be constant.
In two dimensions the equivalence is obvious as the curl operator is simply given by the
rotated gradient. O

Lemma 39. For all T € Ty, and (vp,nmp) € Uy, there holds
le(ur)llF + [l (vn) — nalF
~ [ Hdev(Vor, — mi)][1F + B2 curl(ny) |7 + || div(vs)|7-

Proof. We start by showing a Pythagoras-Theorem like equivalence. Adding and subtract-
ing w(vp,) we have the identity

/ [T [dev(Voy, — np)]|? dz = / T [dev(Vuy, — w(vp) + w(vy) — np)][* da
- T

_ /T T (dev(Von — w(vn))|?
+ 2(T1F dev(Vup, — w(vp))] : T w(vp) — )]
T () — i e

Due to the orthogonality of symmetric and skew symmetric matrices the mixed term van-
ishes, yielding

10 [dev(Von, — ) = 105 [dev(Vor, — w(on)] I3 + 15 eo(on) — ml 3 (7.11)

For the proof of the lemma we first show that the left side can be bounded by the right
side. Using lemma 36 and equation (7.11) we have

le(on) |17 < ITTF [dev(Voy, — )] |17 + || div(vn)]|7
Next, note that
lw(vp) =l < TP w(vs) — )7 + |(Id = T (w(on) — na) 13-

Using identity (7.11), the first term can trivially be bounded by ||TI*~![dev(Vvy, — n)]||3..
For the second term we have with lemma 36 and lemma 38

1(Id — ") (w(vp) — ) [|F < [1(1d — T Hw(op) |17 + [[(Id — T ) |17
< || div(vp) 7 + P2Vl 7
< || div(vp)|F + B?|| curl(ny) |1 7-
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7 The MCS method with weakly imposed symmetry

To bound the right side we use (7.11), lemma 36 and the continuity of the projection,
T {dev(Von — nu)]|IF + I div(op) 7 < lle(on)l|F + llo(u) — ma]/7-

As curl(w(IT™qy,)) = 0, we obtain, using an inverse inequality for polynomials (see [117])
and estimate (5.4),

12| curl(ny) |7 = B?|| curl(np, — w1 vp)) |7 < [lnn — w (I o) |17
<l = w(on) 7 + l|lw(vn) — w(IT0y) |17
~ = w(on) |7 + || curl(vp, — Ty )|
S Nl — w(on)lIF + lle(on) 17
which concludes the proof. O

Lemma 40. For all T € Ty, and (up,y) € Uy with v, L PO(T,R*?) there holds

Vel z2(0) ~ (vn ) U,

inf ||
v EVR

inf .
N I o [T

Proof. We start with the first equivalence. It is easy to see that the right side can be
bounded by the left side by choosing v, = 0. For the other direction we have, using
lemma 39 and lemma 38,

inf |[(vn, va)llu, 2 Al curl(yn)l L2y ~ RIVARIL20) ~ 1l 22(0)5
v EVR
where we used vy, L PO(T,R%*9) in the last step. For the other equivalence, again the right
side can be bounded by the left side by choosing 7, = w(uy). For the other direction note
that

inf ||(uh7 nh)”%]h = HuhH%h,sym + Z Hw(uh) - nh”% > thuih,sym7
NhEWH TeT,
thus the other direction follows trivially. O

7.3.2 Stability analysis

Similarly as in section 6.2.2 we are aiming to use Brezzi’s theorem 6 to show discrete inf-sup
stability. To this end we prove all the conditions needed in the following.

Lemma 41 (Continuity of a and by and b3,). The bilinear forms a,by and b5, are contin-
UOUS:

a(on, Th) S V_1||Uh||E;V_1||Th||EL, for all oy, m, € T},
55 (T, (VR, 1)) HThHE;fZH(Uhanh)HUM for all 7, € 3, (vn, 1) € Un,

H(vh70)HUhHQh||th fOT’ all (Uhao) € Uhth c Qh'

IZANRAN

bl (,Uhv Qh>
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7 The MCS method with weakly imposed symmetry

Proof. The continuity of a and b; follow by the Cauchy-Schwarz inequality. For b5, we
have

b3 (Th, (Vh, Mn)) Z/ (Von —m)dz+ > /Tnt (vn)e] ds.

TeTh FeFy

Using the estimate
IVon =l < Vo = w(on)ll7 + llw(vs) = 1l7,
we conclude the proof by the Cauchy-Schwarz inequality and lemma 19. O

With respect to the bilinear forms b; and b3, we define the kernel as

Kye = {(Th: qn) € Zn x Qn 2 b1(vn, qn) + b5, (0, (vn,np)) = 0 for all (vp, np) € Un}.

Lemma 42 (Coercivity of a on the kernel). For all (o4, pn) € Kz there holds

1 2
L(lonllgy +llpnllan)* £ alon,on).

Proof. The proof follows with the same steps as the proof of lemma 24. Again, bounding
the symmetric norm trivially by the full norm, we find for all py, € Qp, a v, € V}, with

diV(’Uh) = Ph, and ||’Uh||%,h7sym 5 thHQh
For np, := w(vy) € W}, we then immediately also have the estimate
(v m)llu,, < lpnll@y
thus
2l[pal[g,, = b1(vn, ph) = =b3p(on, vn) < llolls 1o, m) 1oy S ol pnlley-
The rest of the proof follows similarly as in the proof of lemma 24. O

We continue with the proof of the discrete LBB-condition. For this we proceed similarly
as in section 6.2.2 and first show two lemmas needed for the final result. Whereas the first
lemma proves a LBB-condition for the symmetry constraint, the second lemma discusses
inf-sup stability of the discrete divergence of stress variables.

Lemma 43. Let v, € Wy, be arbitrary. There exists a 7, € 2}: such that

[ s 2l eurlon) oy .-
Further let up, € Vi, be arbitrary, then additionally we have

0on (7h, (wns yn)) Z (Pl ewrl(Mllz2() = I div(un)lz2(@) 17l -
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7 The MCS method with weakly imposed symmetry

Proof. Let v, € Wy be arbitrary. Using the proper transformation for skew symmetric
matrices we define for each T € 7}, the function

#1 = dev(curl(curl(Ff v, F) B)),

where curl is the curl operator with respect to the coordinates on the reference element.
Using these locally defined functions we set

Th = Z M(#h).
TeTh

In the following we show that this is an admissible choice, thus that 73, is an element of
EL. We start with the three-dimensional case. By the definition of the covariant Piola
transformation M, see equation (5.22), and the proper mapping for the bubble matrix, see
equation (7.4), we observe on a fixed element T € 7}, that

. . 1 o
M(curl(curl(nghF)B)) = WF;Tcurl(curl(FgwlF)F}FBFT)F}F.

With the same argument as in the proof of lemma 38 we can write the curl on the reference
element 7' in terms of the curl on the physical element 7. Using this identity twice we
deduce

F; Teurl(curl(Ff~y, F)FE BPp)FE = Fy Teurl(Ff curl(yy,) Fy " det FrFf BFp)FE
= det FTFT_T(;J?I(F% curl(y,) BFr)F}
= (det Fr)*F T Ff curl(curl(y,) B)Fp T FF
= (det Fr)? curl(curl(v,)B).

As the mapping M and the deviator commutes, see lemma 16, this shows
Th|7 = (det Fr)dev(curl(curl(yy)B)).

Further, we have that II¥(r4|7) € ¥ and (Id — IT¥)(73|7) € 8%, thus by corollary 6 and

lemma 34 we conclude that 7, € ZL.
Next, note that due to the skew symmetry of 7, we have on each element T € Ty

/ Tt ypda = / det Frrdev(curl(curl(y,)B)) : v, dx
T T

= / det Fr curl(curl(vy,)B) : v, do .
T

Integrating by parts and using lemma 34 this yields

/ Th Y de = / det Fr curl(y,)B : curl(ny,) dz .
T T

As |det Fr| ~ h? and || Bllso ~ | >jcp VN ® VA |loo ~ 72, we conclude

/ Tt n da 2 b curl(y,) |2
T
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7 The MCS method with weakly imposed symmetry

Next, lemma 37, lemma 18 and a standard scaling argument further show that
I17nlly ~ [ eurl(va)ll 20

which proves the first part of the lemma for d = 3.
In two dimensions we first have with similar steps as in the proof of lemma 38 that

curl(curl(FE 4, Fr)B) = Ff cutl(curl(v, Fr)B) = (det Fr) Ff curl(curl(y,) B).

According to the definition of the enrichment space, the outer curl operator is applied on
each scalar component of the vector Curl(vh)B . By the properties of the discrete de Rham
complex (in two dimension), the resulting field is mapped with the (inverse) Piola mapping,
which yields

(det Pr)Ff curl(curl(y,) B) = (det F)?Fifcurl(curl(v,) B)Fy L.

Summing up the above results and using the classical pullback for the bubble we have
similarly as in three dimensions that

M (curl(curl(FT4, F)B)) = (det F) curl(curl(y,) B).

With the same arguments as in the three-dimensional case this shows that 7, € ni 5, and
an integration by parts argument yields

/ Th Y dx 2 h2|| curl('yh)H%.
T

A scaling argument as above (using || Bl ~ O(1)) further shows ||74[|st ~ | curl(y) 220,
h

from which we conclude the first statement of the lemma.
Now let uj, € V, be arbitrary. For d = 3 we observe as [(7,)nt] = 0 (see lemma 34) that

b5y (Th, (Un, Y1) Z /Th Vuy, dx + Z /Th Yhdx .
TET, TET,

With the above results the second sum can be bounded from below by h|| curl(vh)H%Q(Q).
By the definition of 73, we can split the first sum into two parts

— Z /Th Vuy der = Z det FT/ curl(curl(y)B) : Vuy, dz

T€ETh TeTs
det FT

Z / Id tr(curl(curl(y4)B)) : Vup dx .

TeT

For the first sum we observe by an integration by parts argument on each element T € Tj,
separately that

/ curl(curl(y,)B) : Vuy, dz
T

= /(curl(yh)B) s curl(Vuy) dz —/ (curl(y4)B) x n : (Vuy)eds =0,
T oT
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7 The MCS method with weakly imposed symmetry

where lemma 34 was used to prove that the boundary terms vanish. Thus, all together this
yields

det F’
NG CTIEYS) B Y / 1d tr(curl(curl(y,) B)) : Vg, da -+l curl(y4) 220
TET, T
det F
s ed T / tr(curl(curl(ys) B)) div (un) da +h| curl(v) [ 22qy
TET T

2 —[Feurl(yn)ll 2@yl div(un) | 22(0) + ol curl(va) 1720

where we used an inverse inequality for polynomials in the last step. Using |75/t ~
h

| curl(ys) || 2 () we conclude the proof (the two dimensional case follows similarly). O

Lemma 43 states that it is possible to choose a stress function 73, which lies almost in the
kernel of the distributional divergence operator. The facet contributions vanish completely,
and the (low order) element contributions are bounded from below (with a minus) only by
the divergence of the velocity ujy. This is one of the key results needed to show stability of
the global system.

Next, we define the following norm on the product space Up,

k—1
1 (ons ) 1F 1 := Y TG dev (Vo — m)lIF + Z \HF (on)e] -
TeT, FG]'—h

For the discrete solution up € Vi, and ~, € W), of (7.9) we have that w(uy) =~ 7, and
div(up) = 0, and thus the first term in this norm is approximately IT*~!e(u). Therefore, for
divergence free velocity functions and a proper 7y, the norm ||(vp, m1)||v, « can be interpreted
as a (projected) symmetric discrete H!-norm of the velocity similarly as the norm || - [|1 11
defined it in section 6.2.2.

Lemma 44. Let (up,yn) € Uy be arbitrary. There exists a T, € E;& such that

b3 (Ths (s 0)) 2 1 (wn, v 12, 110
and [|7n]| g1 < Nl Cuns v )l -

Proof. The proof follows along the same lines as the proof of lemma 25, and is based on
a decomposition of the space ¥; = Zf @ Zz, where EZ contains element-wise normal-
tangential bubbles, and EF contains basis functions associated with the facets given by S
with the property that SF € PO(F,n7) and ||SE |2 = 1 on the facet F and equal (0,0) on
all other facets. Given any (up,vn) € Up, we now define similarly to equation (6.15), the
function

0= Z Z (ST - T dev(Vuy — ) ARST,

TE'ThFE]:h
T].lL = Z Hl uh ]])SF
FeFy
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7 The MCS method with weakly imposed symmetry

Note that the choice of 7 in terms of (ST : TIF"1dev(Vuy — 4))AEST is admissible as
I*=1dev(Vuy —71)) is a polynomial of degree k — 1, and EIL = X @ 63y contains poly-
nomials up to order k. Using the norm equivalences stated in lemma 19 and the proper
mapping for up and vy, we easily see that

_ 1
I 12 < Z [TT*dev(Vuy —v4))||7, and Imall?s < Z E"Hlﬂ(uh)tw%-
horeT " rer,

We conclude the proof by a proper linear combination of T]g and 7']1, and the same lines as
in the proof of lemma 25. 0

Theorem 28 (Discrete LBB-condition). Let (up,vn) € Wy, be arbitrary. There holds

(1
sup bl(uha Qh) + th(Tha (uha’yh)) z ”(

up, M) vy, -
(Th,an)ES] X Qp HThHEZ + llanllen 7 '

Proof. We choose 7'}1, T}% € E}; according to lemma 43 and lemma 44, respectively, and scale
them such that

I7alls; = Rl ewrl(y)llz@)  and I7llsy = Il (uns )l -

Next, we further choose ¢, = div(uy), which is possible due to the choice of the velocity
space Vj, and the pressure space (). This yields that by (up,qn) = Hdiv(uh)Héh. For
T = 047',1 + 7',3 and Bqp, where a, 5 € R are constants to be chosen later, it follows

b1 (un, qn) + V35 (hs (un, y0)) =Bl div(un) G, + b3, (mh, (un, 1)) + U55(7i, (wns 1))
2B div(up)llg, + oh?|| curl(y4)[72 ()
— ahl| curl(yn)|| 2oy | div(un) @, + | (wn, ) I, -

Using Young’s inequality for the mixed terms and choosing o > 1 and 8 > o?/2 we get

br(un, qn) + V35 (7 (un, 1)) 2 1 div(un) 1§, + b2 ewrl(yn) 1220y + Il (s v 15, 11

and [|7 |1 +llanll@n S [l div(un)llQn + Rl curl(y)l L2 (@) + Il (un; ) v, 1. We conclude the
proof by using lemma 39 (separately on each element) and lemma 35, which yields

I div(un)lIE, + h? | curl(v)lI 72 + [l (wns )1, 1

_ _ 1
= > 115 dev(Von — u)liF + b curl(ya) 7 + || div(un) |3+ ) I L(on) ] 17

TETh FeFy,
2 2 1 1 2 2
~ Y lleCun)lF + llw(un) =l + > 7 I wn)el Il ~ Nl Cun, vl -
TET, FeF,
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7 The MCS method with weakly imposed symmetry

We are now able to show existence and uniqueness of the discrete solution. To this end
we define the bilinear form

BE(“ha YhsOhs Phs Uhs Mhy Th qh)
:= a(on, Th) + b1(un, qn) + b1(vh, pr) + 054 (n, (Vn, M) + 054 (Th, (Uns V1)),

and the norm [ (un, Yu, on, o) l«.c 3= VP (un ) o, + 5 (lonll sy + llpallen)-

Corollary 7. The bilinearform B; is inf-sup stable with respect to || - ||+, thus there exists

a constant B > 0 such that for all nonzero functions (o, un, Yn,Pn) € E}LL X Vi, x Wi, x Qn
there holds

< } Be(ufh’Yhaa-haph;vh77]ha7—h7Qh)
| (whs Yoy 0hs PR |5 S sup .

(0n,11m) EVi X Wi, | (ks 0 Thy @h) ||,
ThEEI”QhEQh

Let f € L?(,R?Y) and assume homogeneous boundary conditions (6.8). There eists a
unique solution (o, Un,Yh,Dn) € ZL N X Va,p x Wy, x Qp of the MCS method with weakly
imposed symmetry (7.9) with the stability estimate

1
%, Yhs Oy Ph s e S\ﬁﬂfﬂm(g)'

Proof. This follows along the same lines as the proof of corollary 4 using lemma 41, lemma
42, theorem 28 and Brezzi’s theorem 6. O

Theorem 29 (Consistency). The mass conserving mized stress formulation with weakly
imposed symmetry (7.9) is consistent in the following sense. If the exact solution of the
mized Stokes problem (7.1) fulfills the reqularity property u € H'(Q,RY), o € H'(Q,R¥*4),
v =w(u) € L2(Q,RY) and p € L*(Q, R), then

BE(uv Y50, D5 Vhy Ny Th, Qh) = (_f7 Uh)ﬂ + (gD,ta (Th)nt)FD,t + (gN,Tn vn)FNma

for all (vp,mp) € Vi, X Wy, qn € Qn, and 1, € Xy, Further, there holds consistency on the
subspace of divergence free velocity fields

B(u,7,0,0; 00, M, Th, 0) = (= f,vn)0 + (90,6, (Th)nt)Tp, + (INms Un)T s
for all (vp,mp) € V¥ x Wy, and 7, € .

Proof. Follows with the same steps as in the proof of theorem 18 and theorem 19. O

7.4 Error estimates and post processing

Beside the operators defined by equation (6.30) we further set Iy, := HkTh . As we also
aim to prove an enhanced convergence rate of the L?-norm error measured in a proper
sense, we again assume that the solution z € H'(Q,R?) and pu € L%*(Q,R) of a symmetric
version of the standard variational formulation in a velocity-pressure setting (4.40) fulfills
the regularity property equation (6.31).

There holds the following error estimate.

115



7 The MCS method with weakly imposed symmetry

Theorem 30 (Optimal convergence). Assuming homogeneous boundary conditions (6.8),
let we HY(Q,RY) N H™(T,,RY), 0 € HY(Q,D)N H™ (T3, D), p € QN H™ (T}, R) and
v =w(u) € L*(Q,R) N H™ (T, R) be the exact solutions of the symmetric mized Stokes
equations (7.1). Further, let up, on, v and pp, be the solution of the MCS method with
weakly imposed symmetry (7.9). For s = min(m — 1,k + 1) there holds

Ll = onllgy + 1o~ pullgn) + e — Ty — il

! 1
S Cllollasy + Ipllas ) + 17l m)-

Assume that the solution (z,u) of problem (4.40) fulfills the regularity estimate (6.31).
Then, for s = min(m — 1,k + 1), there holds

1 1
[ v, u — unllr2) S h8+1(;||0||H5(Th) + Pl + Il (7))

Proof. This follows with the same steps as the proof of theorem 23. First, we split the
error into an interpolation error and a discrete measure of the error

1
Ulo = anlls, +1lp = palln) + llun = Ivyw, v = mllu,

1 k
< ;(HU —Is,olls, + llp = 1pllg,) + IV — Iw, vl 2 (@)
1 k
+ ;(I\fzhff —onlls, + TP = prllQ,) + llun — v, u, Iwy, ¥ — Ynllu, -

By the approximation results of the interpolation operators, the first three terms already
converge with optimal order. Next, we use discrete inf-sup stability theorem 7 and consis-
tency, see corollary 29, to get

1
ﬁll(fvhu —up, Iw, v — Yhy I, 0 — o, I — i) ||

< s Be(Iv,u — un, Iw,, Y — Vh: I5,0 = 01, T — pps o, 1y Thy G)

~ v MR €V X Wi, \/;H(vh777h77—haqh)u*
ThEZ;r”thEQh

< g Bevu—wlwy =y In0 =0 = pion n Ty 4n)

~ VM EVR X W WH(UMUMTMQ}L)H*
THhES) . an€Qn

Next, each term of the bilinear form B, is estimated separately. For the terms including
the bilinear form b5, we have by the properties of Iy,

55 (Th, (v, u — w, Iy, ¥ — 7))

= Z /TdiV(Th) Iy, u —w)+ 1« (Iw,,y — ) do — Z /F[(Th)nn]](lvhu—u)nds

TeT FeF,

1
S e, Hw,y = vll2 @) S WHThHgLﬁH(OJWﬂ = Dvs>
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7 The MCS method with weakly imposed symmetry

and for the other term, adding and subtracting HkT; IV,

bgh(lzho- — 0, (Uhv Tlh))

=y /Igha—a;(ld—ng—l)thdx— > /Igha—a:(ld—nlj;l)vuhdx
T T

TeTh TeT
+ > /(Igha—a)nt-[[(vh)t]] ds+ ) /(Igha—a):nhdx.
Fer, ' TeTh T

By the definition of the interpolator Iy, the second sum vanishes. Further, as I, 0 — o is
orthogonal on constants, we have the equality

> /T(Igha—a):nhdm: > /T(Igha—a) : (Id — 19y, daz .

TeT TeTh

Next, lemma 40 shows that ||(Id—TI%)np || < ||vk, 7ullv;,, thus by lemma 36 and the Cauchy-
Schwarz inequality this yields

1
b;h(IEhU — 0, (Uhﬂlh)) 5 ﬁ HIZhO- - U||2h + \/ 2 hH(IEhU - U)ﬂtH%’ \/;HU’M 77h||Uh‘
FeFy,

For the terms including the bilinear forms a and b, we proceed as in the proof of theorem 23.
Adding up all results from above yields

BE(Ith —u, IWh7 - 77IEhO- — 0, Hkp — P3;Vhy Nhs Th, Qh)
< (10, Iwiy =7, 5,0 = 0,0 = D)l + 1/Vl 5,0 = llgy ) 1,70, 0)l

We conclude with the interpolation properties given by lemma 28, theorem 21 and the
optimal approximation properties of the L?-projection, see lemma 30. The improved con-
vergence order of the L?-norm error follows with an Aubin-Nitsche technique similarly as
in the proof of theorem 25. O

Theorem 31 (Pressure robustness). Assuming homogeneous boundary conditions (6.8),
let w € HY(Q,RY) N H™(T,,RY), 0 € HY(Q,D) N H™ (T}, D) and v = w(u) € L2(Q,R) N
H™ (T}, R) be the evact solutions of the symmetric mized Stokes equations (7.1). Further,
let up, op, and y, be the solutions of the MCS method with weakly imposed symmetry (7.9).
For s = min(m — 1,k + 1) there holds

1 1
;||0' - O'hHE;fL + lun — Ty, u,y — Wllo, S hs(;HUHHs(Th) + 1Yl s (7))
Proof. The proof follows along the lines of the proof of theorem 26. Note that discrete

inf-sup stability with respect to the subspace of divergence free velocity functions Vho is
given by lemma 43, lemma 44 and lemma 39. O
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7 The MCS method with weakly imposed symmetry

Remark 6. Using a Korn inequality as given by lemma 1 in [50] there exists a constant
ci such that

lonllin < ek llvnllinsym  for all vy € V.

This yields for all (vy,vn) € Uy, the estimate

vl 7o = D Il < D llw(wn) = wmllF + D lwlon)liF < exllun — v,y — i, -
TeT TeTH TeT

Thus, the results of theorem 30 and theorem 31 can be extended to prove optimal convergence
of I = Wnllz2(q). However, in contrast to the results given by theorem 30 and theorem 31,
the constant then depends on the Korn constant ck .

We conclude this section with the definition of a local element-wise post processing as it
is defined in section 6.3.4. To this end let V;¥ = BDM"(T,) and V,"~ as in (6.37). We
define the minimization problem
lve(vy ™) — onll?, (7.12)

*,— .
A

Iy, (v~ —up)=0
and set u} := R(u," ). There holds the following result.

Theorem 32. Assuming homogeneous boundary conditions (6.8), let u € H'(Q,R?) N
H™(Th,RY) and o € HY(Q,D) N H™ (T, D) be the evact solutions of the symmetric
mized Stokes equations (7.1). Further, let up be the solutions of the MCS method with
weakly imposed symmetry (7.9) and let uj be the post processed solution defined as above.
There holds uy € V;* and div(u}) = 0. Further, for s = min(m — 1,k 4 1) there holds

1
e = i1 pm S 527y

If we further assume that the solution of the dual problem (7.9) fulfills the regularity as-
sumption 6.31, we have

hs+1

1
lu —upllz2) S ;HU”HS(T;L)'

Proof. Follows with the same steps as in theorem 27. Note that this includes stability of
the reconstruction operator R in the norm || - [|1 4 sym. This follows with the same steps as
the proof of lemma 3.3 in [76] changing the gradient to the symmetric gradient. O
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8 Numerical examples

In this chapter we present three numerical examples to verify our methods and to validate
the findings of section 6.3 and section 7.4. All numerical examples were implemented within
the finite element library NGSolve/Netgen, see [105, 104] and www.ngsolve.org. We added
the finite element basis of Z¥(7,) to the library and used the Python interface NGS-Py for
the implementation of several examples.

To this end we define the computational domain by © = [0, 1]d. We want to explore the
velocity field driven by the volume force determined by f = —div(c) + Vp with the exact
solutions

1
u = (curl(y2)), and p:=2z°+9° — 3 for d = 2, (8.1)
1
u = (curl(ys, b3, 13)), and p:=a° 45> + 2° — 3 for d = 3. (8.2)

Here, 99 := 2%(x — 1)%y2(y — 1)? and 3 := 2%(z — 1)%3%(y — 1)%2%(z — 1)? define a given
potentials in two and three dimensions, respectively. Further, we choose the viscosity
v = 1073, In both space dimensions the velocity solution fulfills homogeneous Dirichlet
boundary conditions v = 0 on Jf2. Depending on the choice of o we either solve the
standard Stokes problem, see equation (4.6), or the symmetric version, see equation (4.41).

8.1 Optimal convergence rates

The first example is dedicated to the analysis of the convergence rates. In table 8.1 and
table 8.2 we listed several errors for varying polynomial orders k = 1,2,3,4 in the two-
dimensional case for the choices 0 = vVu and o = ve(u), respectively. For the symmetric
version we have further added the error of the vorticity approximation. Beside the errors
the experimentally determined orders of convergence are given in brackets. As predicted
by theorem 23 and theorem 30, the L?-norm error of the stress variable o}, the pressure
pr, and the vorticity wy, (in the symmetric case, see also remark 6) converge with optimal
order. In contrast to this, the L?-norm error and the discrete H'-seminorm error of the
velocity solution uj show a reduced order as the velocity was only approximated in the
Raviart-Thomas space of order k. Note, however, that the post processed velocity solution
uy, shows the expected improved accuracy as proven in theorem 27 and theorem 32. The
same observation can be made for the three-dimensional case for varying polynomial orders
k =1,2,3 in table 8.3 and table 8.4. Note that all calculations were done with respect to
the choice I'p,, = I' and I'y; = (). Thus, whereas the normal part of the homogeneous
boundary conditions of the velocity is incorporated as an essential boundary condition
in the discrete velocity space, the homogeneous tangential velocity is given as a natural
boundary condition.
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8.2 Pressure robustness

The second example is dedicated to the analysis of pressure robustness. To this end we
choose the same example as before, thus the exact solution is given by equation (8.1). Due
to the construction of this example the right hand side naturally splits into two different
parts given by

f=—div(o) + Vp.
Using the Helmholtz projector (see section 6.3.3) we immediately see that
H(f) = —div(o) = — div(vVu),

thus the discrete velocity solution should only be steered by — div(¥Vu) and the discrete
pressure should (obviously) only depend on Vp. In the following we study the behaviour
of the presented methods in the case of varying viscosities. In particular, we are interested
in what happens in the limit v — 0. Then, the two parts of the force f scale differently
as it was discussed in section 6.3.3. To validate our findings we compare the H!-seminorm
error of the velocity solution of our methods with the errors of the velocity solution of the
standard Taylor-Hood method, see e.g., [20] and [53]. In order to compare the results we
choose the polynomial orders such that the post processed solution ujy, which is defined ac-
cording to section 6.3.4, and the solution of the Taylor-Hood method, denoted by wu;", have
the same convergence order. Further, we only present the results for the non-symmetric
case 0 = vVu, as the symmetric case behaves similarly. In figure 8.1 we can observe that
the error of the Taylor-Hood method increases as v — 0 and behaves as if it was scaled by
a factor 1/v for small values of v. This is the phenomenon we discussed in section 6.3.3:
Clearly, the Taylor-Hood method is not pressure robust (and does not provide exactly
divergence-free numerical velocity). This results in a velocity error estimate as it is given
by equation (6.36). In contrast, the velocity errors of the MCS method (see equation (6.6))
appear not to be influenced by varying values of v. This behaviour is observed for several
polynomial orders and matches the predictions of theorem 26.

8.3 Mixed boundary conditions

In the last example we want to show that the MCS method is well suited for all different
kinds of boundary conditions as given in (4.6). To this end we again solve the Stokes
equations with the exact solutions denoted by (8.1), but with a different choice of the
boundaries. In particular, we set in two dimensions

Ipn=((0,1) x {0}) U ({1} x (0,1)) and Tp,= ((0,1) x {1}) U ({1} x (0,1)), (8.3)
and in three dimensions

T =((0,1) x (0,1) x {0}) U ({1} x (0,1) x (0,1))
U ((0,1) x {0} x (0,1)) U ((0,1) x {1} x (0,1)) (8.4)
Ipe=U ({1} x (0,1) x (0,1)) U ((0,1) x (0,1) x {1}).
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8 Numerical examples

The Neumann boundaries are then given by
FN,n =T \ FD,n and FN,t =T \ FDJ.

According to (4.1) this results in all four different types of boundary conditions. As dis-
cussed in chapter 5, our finite element spaces are suited to incorporate the essential bound-
ary conditions (4.6d) and (4.6g) into the finite element spaces V3, and ¥, respectively. On
'y, we add the right hand side term

/ (_Unn +p)vn ds,
1—‘N,n

where o and p are the exact solutions given by (8.1). In table 8.5 we present the finite
element error for the symmetric case in two dimensions for the polynomial orders k = 2, 3, 4.
Similarly as in the first example the L?-norm error of the discrete stress, the pressure and
the vorticity converge with optimal order. Further, the H!-seminorm error of the post
processed velocity solution u; shows the enhanced accuracy. This matches the predictions
of theorem 27. The same observation can be made also for the non-symmetric case in
three dimensions for the polynomial orders k = 2,3, see table 8.6. Note, however that in
both cases the L?-norm error of the post processed solution does not show the increased
convergence rate O(h*+2). It seems that the regularity assumption (6.31) is not fulfilled. In
the work [60] the authors discuss the regularity of Stokes flows on polygonal domains in two
dimensions. In particular, they quote the works [91, 92], saying that the velocity solution
of the Stokes problem shows a reduced regularity H"(Q, R?), with r = 2 for pure Dirichlet
boundary conditions and r < 2 with other boundary conditions. Hence, we can not apply
the Aubin-Nitsche techniques used to prove the increased convergence rate of ||u — uj ||o.
Nevertheless, by the findings from above, we conclude that the presented methods are
capable of handling all different kinds of boundary conditions.

T T T T T T
104 [ a
1027 | - HVU_VUZHO
—— [|[Vu = Vo
— k=1, kyxg=2
1007 — y WTH
— k:2, kTH:3
1072 : k=3, kru=4
*—0—90 0 0
1074 1 a
1076 | 1 .

| | | | |
10781075 1074 1072 10° 102

Figure 8.1: The H'-seminorm error for the MCS method and a Taylor-Hood approximation
for k = 2,3,4 and varying viscosity v.
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case) for the the problem (8.1) in the two-dimensional case with v = 1le™3 and

polynomial orders k = 1,2, 3, 4.

Table 8.1
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Table 8.2



8 Numerical examples

1Tl | IV —up)llo (eoc) [lu—uillo (eoc) flo —onllo (eoc) [Ip—pallo (eoc)
k=1
28 246-107%  (—) 1.49-107* () 2.23-107% (- ) 7.45-107% ()
224 2.03-107%  (0.3) 9.38-107° (0.7) 1.31-107* (0.8) 3.11-1072 (1.3)
1792 9.19-107*  (1.1) 2.21-107° (2.1) 4.57-107* (1.5) 9.52-107% (1.7)
14336 2.61-107*  (1.8) 3.20-107% (2.8) 1.27-107* (1.8) 2.53-107° (1.9)
114688 6.71-107°  (2.0) 4.10-1077 (3.0) 3.26-107° (2.0) 6.44-107* (2.0)
k=2
28 1.46-107%  (—) 6.10-107° ( —) 1.20-1072 ( —) 6.75-1072 ( —)
224 5.38-107%  (1.4) 1.14-107° (2.4) 2.49-107* (2.3) 1.55-107°% (2.1)
1792 1.75-107*  (1.6) 1.90-107° (2.6) 4.91-107° (2.3) 2.62-107* (2.6)
14336 2.46-107°  (2.8) 1.33-1077 (3.8) 6.75-107°% (2.9) 3.53-10° (2.9)
114688 3.24-107°%  (2.9) 8.84-107° (3.9) 8.85-1077 (2.9) 4.50-107° (3.0)
k=3
28 3.26-107*  (-) 1.16-107° ( —) 2.34-107* (—) 2.37-107® ()
224 1.39-107*  (1.2) 2.24-107% (24) 5.61-107° (2.1) 2.51-107* (3.2)
1792 2.10-107°  (2.7) 1.56-1077 (3.8) 6.39-107°% (3.1) 2.98-107° (3.1)
14336 1.83-107%  (3.5) 6.65-107° (4.6) 5.33-1077 (3.6) 2.05-107° (3.9)
114688 1.24-1077  (3.9) 2.21-107*° (4.9) 3.54-107% (3.9) 1.31-1077 (4.0)

Table 8.3: Finite element errors for the solutions of the MCS method (6.6) (non-symmetric
case) for the problem (8.1) in the three-dimensional case with v = le™3 and
polynomial orders k = 1,2, 3.

ITI | lle(u—wup)llo (eoc) [lu—uslo (eoc) [lo—anllo (eoc) [lp—pullo (eoc) |lw —wrlo (eoc)
k=1
28 1.53-107% (-) 1.36-107* (- ) 1.46-1073 (- ) 7.45-107% (—) 1.06-107% ()
224 811-107* (0.9) 5.42-107° (1.3) 8.15-107* (0.8) 3.11-1072 (1.3) 6.70-107* (0.7)
1792 3.17-107%  (1.4) 1.32-107° (2.0) 3.16-107* (1.4) 9.52-107% (1.7) 3.17-107* (1.1)
14336 9.20-107° (1.8) 1.93-107% (2.8) 8.98-107° (1.8) 2.53-107% (1.9) 9.05-107° (1.8)
114688 | 2.38-107° (1.9) 2.48-1077 (3.0) 2.31-107° (2.0) 6.44-107* (2.0) 2.34-107° (1.9)
k=
28 5.01-107%  (—) 4.30-107® (- ) 5.76-107* ( —) 6.75-107% ( — ) 4.88-107* ( —)
224 2.08-107* (1.3) 9.65-107% (2.2) 1.58-107* (1.9) 1.55-107% (2.1) 1.35-107* (1.9)
1792 5.70-107%  (1.9) 1.51-107°% (2.7) 3.87-107° (2.0) 2.62-10~* (2.6) 3.57-107> (1.9)
14336 7.87-107%  (2.9) 1.06-1077 (3.8) 5.42-107% (2.8) 3.53-107° (2.9) 5.24-107¢ (2.8)
114688 | 1.04-1075 (2.9) 7.00-107° (3.9) 7.15-1077 (2.9) 4.50-107% (3.0) 7.02-107" (2.9)
k=3
28 1.76-107*  (—) 1.28-107° (- ) 1.67-107* ( —) 2.37-107* (- ) 1.27-107* ( —)
224 5.75-107°  (1.6) 2.42-107% (2.4) 4.43-107° (1.9) 2.51-107* (3.2) 2.98-107° (2.1)
1792 6.81-107% (3.1) 1.68-1077 (3.8) 4.95-107% (3.2) 2.98-107° (3.1) 3.62-10~° (3.0)
14336 5741077 (3.6) 7.31-107° (4.5) 4.11-1077 (3.6) 2.05-107% (3.9) 3.02-107" (3.6)
114688 | 3.98-107% (3.9) 2.46-107'° (4.9) 2.76-107% (3.9) 1.31-1077 (4.0) 2.03-107% (3.9)

Table 8.4: Finite element errors for the solutions of the MCS method (7.1) (symmetric
case) for the problem (8.1) in the three-dimensional case with v = le™3 and
polynomial orders k = 1,2, 3.
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8 Numerical examples

IT1 | lle(u —ui)llo (eoc) [lu—uillo (eoc) [lo —anllo (eoc) [[p—pullo (eoc) [lw —wnllo (eoc)
k=
28 7.62-1072 (—) 5.16-107% ( —) 6.44-1072 ( — ) 3.72-107% ( ~ ) 5.02-1072 ( )
224 | 3.67-107% (4.4) 1.23-107* (5.4) 3.00-107% (4.4) 5.31-107* (2.8) 2.43-1072 (4.4)
1792 | 1.73-107* (4.4) 2.82-107° (5.4) 1.43-107* (4.4) 6.75-107° (3.0) 1.15-107* (4.4)
14336 | 1.09-107° (4.0) 7.75-107% (5.2) 8.92-107° (4.0) 8.47-107° (3.0) 6.88-107° (4.1)
114688 | 1.07-107% (3.3) 3.30-107° (4.6) 8.63-1077 (3.4) 1.06-107° (3.0) 6.32-1077 (3.4)
k=3
28 1.97-107% (—) 9.90-107° ( — ) 1.46-107% ( —) 7.19-107° ( — ) 1.01-107% ( —)
224 | 5.83-107° (5.1) 1.35-107° (6.2) 4.17-107° (5.1) 5.70- 107 (3.7) 3.65-107° (4.8)
1792 | 2.97-107% (4.3) 2.83-107% (5.6) 1.91-107° (4.4) 3.65- 1077 (4.0) 1.77-107° (4.4)
14336 | 1.82-1077 (4.0) 8.25-107%° (5.1) 1.15-1077 (4.1) 2.29-107® (4.0) 1.08-107" (4.0)
114688 | 1.15-107% (4.0) 2.73- 107" (4.9) 7.19-107° (4.0) 1.44-107° (4.0) 6.85-107% (4.0)
k=4
28 2.49-107° (—) 1.07-107% ( —) 2.46-107° ( —) 8.79-107% ( —) 9.69-107°¢ ( )
224 | 3.04-107% (3.0) 4.74-107% (4.5) 2.16-107° (3.5) 4.36- 1077 (4.3) 1.11-107% (3.1)
1792 | 9.08-107% (5.1) 7.46-107'° (6.0) 6.54-10% (5.0) 1.36-107% (5.0) 3.33-107% (5.1)
14336 | 2.78-107° (5.0) 2.57-107" (4.9) 2.00-107? (5.0) 4.26-107'% (5.0) 1.01-107° (5.0)
114688 | 9.67- 107" (4.8) 2.37-107* (0.1) 6.76- 10~ (4.9) 1.33- 107" (5.0) 4.38- 10~ (4.5)

Table 8.5: Finite element errors for the solutions of the MCS method (7.1) (symmetric case)
for the problem (8.1) in the two-dimensional case with v = 1e~3 and polynomial
orders k = 2,3, 4, with boundary conditions according to the splitting (8.3).

171 | IIV(u—up)llo (eoc) Jlu—uillo (eoc) [lo —onlla (eoc) [[p—pnllo (eoc)
k=2
20 1.53-107%  (—) 7.77-107° (—) 1.26-107% ( —) 6.75-1072 ( )
80 5.59-107*  (1.5) 1.28-107° (2.6) 2.57-107* (2.3) 1.55-107% (2.1)
320 1.78-107*  (1.6) 2.02-107% (2.7) 5.03-107° (2.4) 2.62-107* (2.6)
1280 2.48-107°  (2.8) 1.59-1077 (3.7) 6.88-107°% (2.9) 3.53-107° (2.9)
5120 3.26-107°%  (2.9) 1.47-107% (3.4) 8.98-1077 (2.9) 4.50-107°% (3.0)
k=3
28 3.30-107*  (—-) 1.55-107° (- ) 2.38-107* () 237-107% ()
224 1.49-107*  (1.1) 3.21-107% (2.3) 5.87-107° (2.0) 2.51-107* (3.2)
1792 2.14-107°  (2.8) 2.44-1077 (3.7) 6.53-107°% (3.2) 2.98-107° (3.1)
14336 1.85-107%  (3.5) 1.50-107% (4.0) 5.40-107" (3.6) 2.05-107° (3.9)
114688 1.23-1077  (3.9) 9.25-107'° (4.0) 3.57-107% (3.9) 1.31-1077 (4.0)

Table 8.6: Finite element errors for the solutions of the MCS method (6.6) (non-symmetric
case) for the problem (8.1) in the three-dimensional case with v = le™3 and
polynomial orders k = 2,3, with boundary conditions according to the split-
ting (8.4).
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9 Open questions

In this thesis we tried to establish a new understanding of the mathematical structure of
the incompressible Stokes equations. Based on the new results in the continuous setting we
introduced two finite element methods and presented a detailed a priori analysis. Neverthe-
less, the variational formulation and the stability analysis (in the continuous setting) that
we presented in chapter 4 are based on the assumption that we impose Dirichlet boundary
conditions for the velocity in normal direction on the whole boundary, thus I'p,, = T
However, as illustrated by the numerical examples in section 8, the corresponding finite el-
ement methods are suitable to deal with all different kinds of boundary conditions. As the
discrete methods were motivated by the continuous setting, this suggests that the stability
analysis for the continuous formulation can also be extended to the case I'p, # I'. In the
following we try to motivate this setting and lead the reader to the point where, to the best
knowledge of the authors, the (standard) theory can not be applied.

In order to incorporate partial boundary conditions the obvious choice of the velocity
space is now given by V' = Hor,  (div,§2). With similar findings as in chapter 4 we want
that the divergence of stress variables can continuously act on velocity functions. Thus,
the appropriate stress space is given by

H(cwrldiv, Q)(Tp,) = {0 € L*(Q,R™) : div(s) € Hor,,, (div, )"},

with the norm
2
<O-7 U>H07FD,n (le)

lolZ = lola + | suwp
vetorp , (div) HUHHO,FD’n(div)

Then, similarly as before we define the stress space as the matrix trace-free subspace
Y= {0 € H(curldiv,Q)(I'py,) : tr(c) = 0,0, =0 on I'n4}.

Next, we aim to follow along the same steps as in section 4.3 to define a variational formu-
lation. To this end we test equation (4.6a) with a test function 7 € ¥. Assuming that 7 can
be approximated by a series of smooth functions 7; with [ € N this then leads (assuming
enough regularity of the exact solution u) to

1
/ —0:7 dx—i—/ div(m) - uda:—/ (T1)nnunds =0 VI e N.
VR4 Q T'n,,
The crucial question now is how the resulting equation looks like if we pass to the limit

[ — oo. In contrast to the derivation as in section 4.3, where the limit was given by
equation (4.25), it is not obvious if we get a similar result, which would read as

1 1
/ —0:7 dx—i—/ div(n) - udz —/ (T1)nnvn ds 4 / =0 7dr +(div(7), w m, 1 (div)-
Qv Q T'n, Qv n P
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9 Open questions

In particular, this is not trivial as there exists no continuous normal-normal trace operator
that can be applied for functions in H(curldiv,Q)(I'p). In fact, this question is related
to the definition of the distributional divergence. To this end let ¢ € {1 € C®(Q,RY) :
tpp =0o0nI'p,}, then we would like to define

|

<d1V(7—)7 ¢>HO!FD (dlv) : _/T : VQb dx+/ Tnt ' ¢t dS) (91)
" F\FD,TL

where the last integral has to be understood as a duality pair. Then, assuming enough
regularity, an integration by parts argument yields the identity that is needed to pass to
the limit above. Although it seems feasible that the functional div(r) € Hor,, , (div)* can
be decomposed into a part which continuously acts on « on the domain €2, and a part that
continuously acts on u, on the boundary I' \ I'p ,,, we are not aware of any decomposition
results such that the above results can be defined rigorously.

Such a result would be the key ingredient that is needed to define a well-posed varia-
tional formulation and to give a precise stability analysis. If we assume that functions in
H(curldiv,Q)(I'p,,) can be approximated by smooth functions and that the distributional
divergence div(7) is given according to definition (9.1), the stability analysis would follow
with very similar steps as in section 4.3.1. Continuity of the bilinear forms and kernel
coercivity of a(+,-) follow as in the proofs of lemma 8 and lemma 9, respectively. An inf-sup
result for the term (div(7),u) Hor,, . (div) can be proven as in the proof of lemma 12 and

would include to solve the auxiliary problem: Find @ € V := H*(Q,R%) N Hy ., (div) such
that

/QdeV(VfL) : dev(V0) dx—i—/

at.@tdSZ/u.@der/div(u)div(@)dx Vo e V.
Ip Q Q

According to lemma 11 this problem is solvable if I'p,, N T'p; # 0, which was one of the
assumptions at the beginning of chapter 6. The Robin-type boundary conditions on the
boundary I'p + are needed to show that the choice o = dev(Va) is admissible, thus to prove
(o, tw)rw(ry,) = 0 for all tw € TW(I'y;) and o € X. We hope that future contributions
will tackle the analysis of dual spaces for Sobolev spaces with vanishing traces only on a
part of the boundary such that a stability analysis in the case I'p , # I' can be presented.

127



Bibliography

M. Abramowitz. Handbook of Mathematical Functions, With Formulas, Graphs, and
Mathematical Tables. Dover Publications, Incorporated, 1974.

R. Adams. Sobolev Spaces. Academic Press, 1970.

Anderson, J. Computational Fluid Dynamics. Computational Fluid Dynamics: The
Basics with Applications. McGraw-Hill Education, 1995.

G. Andrews, R. Askey, and R. Roy. Special Functions. Encyclopedia of Mathematics
and its Applications. Cambridge University Press, 1999.

D. N. Arnold, F. Brezzi, and J. Douglas Jr. “PEERS: a new mixed finite element
for plane elasticity”. In: Japan J. Appl. Math. 1.2 (1984), pp. 347-367.

D. N. Arnold, R. S. Falk, and R. Winther. “Mixed finite element methods for lin-
ear elasticity with weakly imposed symmetry”. In: Math. Comp. 76.260 (2007),
pp. 1699-1723.

D. N. Arnold et al. “Unified analysis of discontinuous Galerkin methods for elliptic
problems”. In: STAM journal on numerical analysis 39.5 (2002), pp. 1749-1779.

G. A. Baker, W. N. Jureidini, and O. A. Karakashian. “Piecewise solenoidal vector
fields and the Stokes problem”. In: STAM J. Numer. Anal. 27.6 (1990), pp. 1466—
1485.

P. Bastian and B. Riviere. “Superconvergence and H(div) projection for discon-
tinuous Galerkin methods”. In: Internat. J. Numer. Methods Fluids 42.10 (2003),
pp- 1043-1057.

Batchelor, G.K. An Introduction to Fluid Dynamics. Cambridge Mathematical Li-
brary. Cambridge University Press, 2000.

D. Boffi, F. Brezzi, and M. Fortin. Mized Finite Element Methods and Applications.
Springer Series in Computational Mathematics. Springer Berlin Heidelberg, 2013.

D. Boffi, F. Brezzi, and M. Fortin. “Reduced symmetry elements in linear elasticity”.
In: Commun. Pure Appl. Anal. 8.1 (2009), pp. 95-121.

D. Braess. Finite Elemente - Theorie, schnelle Loser und Anwendungen in der Elas-
tizitdtstheorie. Springer, 2013.

J. H. Bramble and S. R. Hilbert. “Estimation of Linear Functionals on Sobolev
Spaces with Application to Fourier Transforms and Spline Interpolation”. In: STAM
Journal on Numerical Analysis 7.1 (1970), pp. 112-124.

J. H. Bramble. “A proof of the inf-sup condition for the Stokes equations on Lips-
chitz domains”. In: Math. Models Methods Appl. Sci. 13.3 (2003). Dedicated to Jim
Douglas, Jr. on the occasion of his 75th birthday, pp. 361-371.

128



Bibliography

[16]

C. Brennecke et al. “Optimal and pressure-independent L? velocity error estimates
for a modified Crouzeix-Raviart Stokes element with BDM reconstructions”. In: J.
Comput. Math. 33.2 (2015), pp. 191-208.

S. C. Brenner and R. Scott. The Mathematical Theory of Finite Element Methods.
Texts in Applied Mathematics. Springer New York, 2007.

S. C. Brenner. “Korn’s inequalities for piecewise H' vector fields”. In: Math. Comp.
73.247 (2004), pp. 1067-1087.

F. Brezzi. “On the existence, uniqueness and approximation of saddle-point prob-
lems arising from Lagrangian multipliers”. In: Rev. Francaise Automat. Informat.
Recherche Opérationnelle Sér. Rouge 8.R-2 (1974), pp. 129-151.

F. Brezzi and R. S. Falk. “Stability of higher-order Hood-Taylor method”. In: STAM
J. Numer. Anal. 28 (1991).

F. Brezzi, J. Douglas Jr., and L. D. Marini. “T'wo families of mixed finite elements for
second order elliptic problems”. In: Numerische Mathematik 47.2 (1985), pp. 217—
235.

F. Brezzi, J. Douglas, and L. D. Marini. “Recent results on mixed finite element
methods for second order elliptic problems”. In: In Balakrishanan, Dorodnitsyn, and
Lions, editors. Vistas in Applied Math., Numerical Analysis, Atmospheric Sciences,
Immunology, 1986.

F. Brezzi et al. “Mixed finite elements for second order elliptic problems in three
variables”. In: Numerische Mathematik 51.2 (1987), pp. 237-250.

A. Buffa and P. Ciarlet Jr. “On traces for functional spaces related to Maxwell’s
equations. I. An integration by parts formula in Lipschitz polyhedra”. In: Math.
Methods Appl. Sci. 24.1 (2001), pp. 9-30.

P. Ciarlet. The Finite Element Method for FElliptic Problems. Classics in Applied
Mathematics. Society for Industrial and Applied Mathematics, 2002.

B. Cockburn, B. Dong, and J. Guzméan. “A superconvergent LDG-hybridizable
Galerkin method for second-order elliptic problems”. In: Math. Comp. 77.264 (2008),
pp. 1887-1916.

B. Cockburn, J. Gopalakrishnan, and J. Guzman. “A new elasticity element made
for enforcing weak stress symmetry”. In: Math. Comp. 79.271 (2010), pp. 1331-1349.

B. Cockburn, J. Gopalakrishnan, and R. Lazarov. “Unified hybridization of discon-
tinuous Galerkin, mixed, and continuous Galerkin methods for second order elliptic
problems”. In: SIAM Journal on Numerical Analysis 47.2 (2009), pp. 1319-1365.

B. Cockburn, G. Kanschat, and D. Schétzau. “A locally conservative LDG method
for the incompressible Navier-Stokes equations”. In: Mathematics of Computation
74.251 (2005), pp. 1067-1095.

B. Cockburn, G. Kanschat, and D. Schétzau. “A note on discontinuous Galerkin
divergence-free solutions of the Navier—Stokes equations”. In: Journal of Scientific
Computing 31.1-2 (2007), pp. 61-73.

129



Bibliography

[43]
[44]
[45]

[46]

B. Cockburn, G. Kanschat, and D. Schotzau. “The local discontinuous Galerkin
method for the Oseen equations”. In: Math. Comp. 73.246 (2004), 569-593 (elec-
tronic).

B. Cockburn and F.-J. Sayas. “Divergence-conforming HDG methods for Stokes
flows”. In: Math. Comp. 83.288 (2014), pp. 1571-1598.

B. Cockburn et al. “A hybridizable discontinuous Galerkin method for steady-state
convection-diffusion-reaction problems”. In: SIAM J. Sci. Comput. 31.5 (2009),
pp. 3827-3846.

B. Cockburn et al. “Analysis of HDG methods for Stokes flow”. In: Mathematics of
Computation 80.274 (2011), pp. 723-760.

B. Cockburn et al. “Local Discontinuous Galerkin Methods for the Stokes System”.
In: SIAM J. Numer. Anal. 40.1 (Jan. 2002), pp. 319-343.

M. Costabel and A. McIntosh. “On Bogovskii and regularized Poincaré integral op-
erators for de Rham complexes on Lipschitz domains”. In: Mathematische Zeitschrift
265.2 (2010), pp. 297-320.

M. Dubiner. “Spectral methods on triangles and other domains”. In: Journal of
Scientific Computing 6.4 (1991), pp. 345-390.

F. Dubois, M. Salaiin, and S. Salmon. “First vorticity-velocity-pressure numerical
scheme for the Stokes problem”. In: Comput. Methods Appl. Mech. Engrg. 192.44-46
(2003), pp. 4877-4907.

G. Duvaut and J. Lions. Inequalities in mechanics and physics. Grundlehren der
mathematischen Wissenschaften. Springer-Verlag, 1976.

H. C. Elman, D. J. Silvester, and A. J. Wathen. Finite elements and fast iterative
solvers: with applications in incompressible fluid dynamics. Oxford University Press,
2014.

A. Ern and J. Guermond. Theory and Practice of Finite Elements. Applied Mathe-
matical Sciences. Springer New York, 2013.

A. Ern and J. L. Guermond. “Mollification in strongly Lipschitz domains with appli-
cation to continuous and discrete de Rham complexes”. In: Comput. Methods Appl.
Math. 16.1 (2016), pp. 51-75.

A. Ern and J. L. Guermond. Theory and Practice of Finite Elements. 1st ed. Applied
Mathematical Sciences 159. Springer-Verlag New York, 2004.

L. C. Evans. Partial differential equations. Providence, R.I.: American Mathematical
Society, 2010.

M. Farhloul. “Mixed and Nonconforming Finite Element Methods for the Stokes
Problem”. In: Canadian Applied Mathematics Quarterly 3.4 (Fall 1995).

M. Farhloul and M. Fortin. “A new mixed finite element for the Stokes and elasticity
problems”. In: SIAM J. Numer. Anal. 30.4 (1993), pp. 971-990.

130



Bibliography

[47]

M. Farhloul and M. Fortin. “Review and complements on mixed-hybrid finite ele-
ment methods for fluid flows”. In: Proceedings of the 9th International Congress on
Computational and Applied Mathematics (Leuven, 2000). Vol. 140. 2002, pp. 301—
313.

M. Farhloul and M. Fortin. “Dual hybrid methods for the elasticity and the Stokes
problems: a unified approach”. In: Numer. Math. 76.4 (1997), pp. 419-440.

G. Fu, Y. Jin, and W. Qiu. “Parameter-free superconvergent H(div)-conforming
HDG methods for the Brinkman equations”. In: IMA Journal of Numerical Analysis
(2018), dry001.

G. Fu and C. Lehrenfeld. “A Strongly Conservative Hybrid DG/Mixed FEM for
the Coupling of Stokes and Darcy Flow”. In: Journal of Scientific Computing 77.3
(2018), pp. 1605-1620.

G. Fu, W. Qiu, and Y. Jin. “Parameter-free superconvergent H(div)-conforming
HDG methods for the Brinkman equations”. In: (Feb. 2018).

W. Gautschi and G. Inglese. “Lower bounds for the condition number of Vander-
monde matrices”. In: Numerische Mathematik 52.3 (1987), pp. 241-250.

V. Girault and P.-A. Raviart. Finite element methods for Navier-Stokes equations:
theory and algorithms. Vol. 5. Springer Science & Business Media, 2012.

V. Girault, B. Riviere, and M. Wheeler. “A discontinuous Galerkin method with
nonoverlapping domain decomposition for the Stokes and Navier-Stokes problems”.
In: Mathematics of Computation 74.249 (2005), pp. 53-84.

J. Gopalakrishnan, P. L. Lederer, and J. Schoberl. “A mass conserving mixed stress
formulation for the Stokes equations”. In: arXiv preprint arXiv:1806.07173 (2018).

J. Gopalakrishnan and W. Qiu. “Partial expansion of a Lipschitz domain and some
applications”. In: Front. Math. China 7.2 (2012), pp. 249-272.

P. Grisvard. Elliptic Problems in Nonsmooth Domains. Classics in Applied Mathe-
matics. Society for Industrial and Applied Mathematics, 1985.

P. Grisvard. Singularities in Boundary Value Problems. Recherches en mathématiques
appliquées. Masson, 1992.

S. Gross and A. Reusken. Numerical Methods for Two-phase Incompressible Flows.
Springer Series in Computational Mathematics. Springer Berlin Heidelberg, 2011.

B. Guo and C. Schwab. “Analytic regularity of Stokes flow on polygonal domains
in countably weighted Sobolev spaces”. In: J. Comput. Appl. Math. 190.1-2 (2006),
pp. 487-519.

J. Guzmén, C.-W. Shu, and F. A. Sequeira. “H (div) conforming and DG methods for
incompressible Euler’s equations”. In: IMA Journal of Numerical Analysis (2016),
drw054.

A. Hannukainen, R. Stenberg, and M. Vohralik. “A unified framework for a posteriori
error estimation for the Stokes problem”. In: Numer. Math. 122.4 (2012), pp. 725—
769.

131



Bibliography

[63]

R. Hiptmair. “Finite elements in computational electromagnetism”. In: Acta Numer.
11 (2002), pp. 237-339.

R. Hiptmair, J. Li, and J. Zou. “Universal extension for sobolev spaces of differential
forms and applications”. In: J. Func. Anal. 263 (2012), pp. 364-382.

R. Hiptmair and W. Zheng. “Local multigrid in H(curl)”. In: J. Comput. Math.
27.5 (2009), pp. 573 603.

S. Hofmann, M. Mitrea, and M. Taylor. “Geometric and transformational proper-
ties of Lipschitz domains, Semmes-Kenig-Toro domains, and other classes of finite
perimeter domains”. In: The Journal of Geometric Analysis 17.4 (2007), pp. 593~
647.

P. Houston, C. Schwab, and E. Sili. “Discontinuous hp-finite element methods for
advection-diffusion-reaction problems”. In: SIAM Journal on Numerical Analysis
39.6 (2002), pp. 2133-2163.

J. S. J. Gopalakrishnan P. L. Lederer. “A mass conserving mixed stress formulation
for Stokes flow with weakly imposed stress symmetry”. In: preprint arXiv:1901.04648
(2019).

J. S. J. Gopalakrishnan P. L. Lederer. “A mass conserving mixed stress formulation
for the Stokes equations”. In: preprint arXiv:1806.07173 (2018).

V. John et al. “On the divergence constraint in mixed finite element methods for
incompressible flows”. In: STAM Review 59 (2017), pp. 492-544.

O. Karakashian and T. Katsaounis. “A discontinuous Galerkin method for the in-
compressible Navier-Stokes equations”. In: Discontinuous Galerkin methods (New-
port, RI, 1999). Vol. 11. Lect. Notes Comput. Sci. Eng. Springer, Berlin, 2000,
pp. 157-166.

G. Karniadakis and S. Sherwin. Spectral/hp element methods for computational fluid
dynamics. Oxford University Press, 2013.

J. Kénno and R. Stenberg. “H(div)-conforming finite elements for the Brinkman
problem”. In: Math. Models Methods Appl. Sci. 21.11 (2011), pp. 2227-2248.

J. Kénné and R. Stenberg. “Numerical computations with H(div)-finite elements
for the Brinkman problem”. English. In: Computational Geosciences 16.1 (2012),
pp. 139-158.

P. Lederer. “Pressure-Robust Discretizations for Navier—Stokes Equations: Diver-
gence - free Reconstruction for Taylor—-Hood Elements and High Order Hybrid Dis-
continuous Galerkin Methods”. MA thesis. Vienna Technical University, 2016.

P. L. Lederer, C. Lehrenfeld, and J. Schoberl. “Hybrid Discontinuous Galerkin meth-
ods with relaxed H (div)-conformity for incompressible flows. Part 1”. In: to appear
in SINUM (preprint arXiv:1707.02782) (2017).

P. L. Lederer, C. Lehrenfeld, and J. Schoberl. “Hybrid Discontinuous Galerkin meth-
ods with relaxed H (div)-conformity for incompressible flows. Part II”. In: to appear
in ESAIM: M2AN (preprint arXiv:1805.067) (2018).

132



Bibliography

[81]

[82]

P. L. Lederer and J. Schoberl. “Polynomial robust stability analysis for H(div)-
conforming finite elements for the Stokes equations”. In: IMA Journal of Numerical
Analysis (2017), drx051.

P. L. Lederer et al. “Divergence-free Reconstruction Operators for Pressure-Robust
Stokes Discretizations with Continuous Pressure Finite Elements”. In: SIAM J.
Numer. Anal. 55.3 (2017), pp. 1291-1314.

C. Lehrenfeld. “Hybrid Discontinuous Galerkin methods for solving incompress-
ible flow problems”. In: Rheinisch- Westfalischen Technischen Hochschule Aachen
(2010).

C. Lehrenfeld and J. Schéberl. “High order exactly divergence-free Hybrid Discontin-
uous Galerkin Methods for unsteady incompressible flows”. In: Computer Methods
in Applied Mechanics and Engineering 307 (2016), pp. 339 —361.

A. Linke, G. Matthies, and L. Tobiska. “Robust Arbitrary Order Mixed Finite El-
ement Methods for the Incompressible Stokes Equations with pressure independent
velocity errors”. In: ESAIM: M2AN 50.1 (2016), pp. 289-3009.

A. Linke. “On the role of the Helmholtz decomposition in mixed methods for in-
compressible flows and a new variational crime”. In: Computer Methods in Applied
Mechanics and Engineering 268 (2014), pp. 782-800.

J. Lions and E. Magenes. Probléemes aux limites non homogenes et applications.
Problémes aux limites non homogenes et applications Bd. 1. Dunod, 1968.

K.-A. Mardal, J. Schéberl, and R. Winther. “A uniformly stable Fortin operator for
the Taylor-Hood element”. In: Numer. Math. 123.3 (2013), pp. 537-551.

N. Meyers and J. Serrin. “H = W”. In: Proc 8.R-2 (1974), pp. 129-151.

P. Monk. Finite Element Methods for Mazwell’s Equations. Numerical Analysis and
Scientific Computation. Oxford University Press, 2003.

J. Necas. Les Méthodes Directes en Théorie des Equations Elliptiques. Masson, 1967.

J. C. Nedelec. “Mixed finite elements in R3”. In: Numerische Mathematik 35.3
(1980), pp. 315-341.

N. C. Nguyen, J. Peraire, and B. Cockburn. “An implicit high-order hybridizable
discontinuous Galerkin method for linear convection—diffusion equations”. In: Jour-
nal of Computational Physics 228.9 (2009), pp. 3232-3254.

M. Orlt. “Regularitatsuntersuchungen und Fehlerabschatzungen fiir allgemeine Randw-

ertprobleme der Navier—Stokes Gleichungen”. PhD thesis. Stuttgart University, 1998.

M. Orlt and A.-M. Séndig. “Regularity of viscous Navier-Stokes flows in nonsmooth
domains”. In: Boundary value problems and integral equations in nonsmooth do-
mains (Luminy, 1993). Vol. 167. Lecture Notes in Pure and Appl. Math. Dekker,
New York, 1995, pp. 185-201.

Panton, R.L. Incompressible Flow. Wiley, 2013.

J. E. Pasciak and J. Zhao. “Overlapping Schwarz methods in H (curl) on polyhedral
domains”. In: J. Numer. Math. 10.3 (2002), pp. 221-234.

133



Bibliography

[95]

[96]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

A. S. Pechstein and J. Schoberl. “An analysis of the TDNNS method using natural
norms”. In: Numerische Mathematik 139.1 (2018), pp. 93-120.

A. S. Pechstein and J. Schéberl. “Tangential-displacement and normal-normal-stress
continuous mixed finite elements for elasticity”. In: Math. Models Methods Appl. Sci.
21.8 (2011), pp. 1761-1782.

A. S. Pechstein and J. Schoberl. “The TDNNS method for Reissner-Mindlin plates”.
In: Numer. Math. 137.3 (2017), pp. 713-740.

W. Qiu and K. Shi. “A superconvergent HDG method for the Incompressible Navier-
Stokes Equations on general polyhedral meshes”. In: CoRR abs / 1506.07543 (2015).

P.-A. Raviart and J. M. Thomas. “A mixed finite element method for 2nd order
elliptic problems”. In: Mathematical aspects of finite element methods (Proc. Conf.,
Consiglio Naz. delle Ricerche (C.N.R.), Rome, 1975). Berlin: Springer, 1977, 292—
315. Lecture Notes in Math., Vol. 606.

W. H. Reed and T. Hill. “Triangular mesh methods for the neutron transport equa-
tion”. In: Los Alamos Report LA-UR-75-479 (1973).

S. Rhebergen and G. N. Wells. “A Hybridizable Discontinuous Galerkin Method for
the Navier—Stokes Equations with Pointwise Divergence-Free Velocity Field”. In:
Journal of Scientific Computing 76.3 (2018), pp. 1484-1501.

B. Riviere. Discontinuous Galerkin methods for solving elliptic and parabolic equa-
tions: theory and implementation. Society for Industrial and Applied Mathematics,
2008.

B. Riviere. Discontinuous Galerkin methods for solving elliptic and parabolic equa-
tions. Vol. 35. Frontiers in Applied Mathematics. Theory and implementation. So-
ciety for Industrial and Applied Mathematics (SIAM), Philadelphia, PA, 2008,
pp. xxii+190.

J. Schoberl. C++11 Implementation of Finite Elements in NGSolve. Tech. rep. ASC-
2014-30. Institute for Analysis and Scientific Computing, 2014.

J. Schoberl. “NETGEN An advancing front 2D/3D-mesh generator based on ab-
stract rules”. In: Computing and Visualization in Science 1.1 (1997), pp. 41-52.

J. Schéberl. Numerical Methods for Maxwell Equations. Lecture notes. Technische
Universitat Wien, 2009.

J. Schoberl and S. Zaglmayr. “High order Nédélec elements with local complete
sequence properties”. In: COMPEL-The international journal for computation and
mathematics in electrical and electronic engineering 24.2 (2005), pp. 374-384.

D. Schétzau, C. Schwab, and A. Toselli. “Mixed hp-DGFEM for incompressible
flows”. In: SIAM Journal on Numerical Analysis 40.6 (2002), pp. 2171-2194.

P. W. Schroeder and G. Lube. “Divergence-free H(div)-FEM for time-dependent
incompressible flows with applications to high Reynolds number vortex dynamics”.
In: arXiv preprint arXiv:1705.10176 (2017).

134



Bibliography

[110]
[111]
[112]
[113]

[114]
[115]

[116]

[117]

[118]

[119]

A. Sinwel. “A New Familiy of Mixed Finite Elements for Elasticity”. PhD thesis.
JKU Linz, 2009.

R. Stenberg. “A family of mixed finite elements for the elasticity problem”. In:
Numerische Mathematik 53.5 (1988), pp. 513-538.

R. Stenberg. “Some new families of finite elements for the Stokes equations”. In:
Numer. Math. 56.8 (1990), pp. 827-838.

A. Toselli. “hp discontinuous Galerkin approximations for the Stokes problem”. In:
Mathematical Models and Methods in Applied Sciences 12.11 (2002), pp. 1565-1597.

D. Tritton. Physical Fluid Dynamics. Oxford Science Publ. Clarendon Press, 1988.

E. E. Tyrtyshnikov. “How bad are Hankel matrices?” In: Numerische Mathematik
67.2 (1994), pp. 261-269.

R. Verfirth. “Error estimates for a mixed finite element approximation of the Stokes
equations”. In: RAIRO Anal. Numér. 18.2 (1984), pp. 175-182.

T. Warburton and J. Hesthaven. “On the constants in hp-finite element trace inverse
inequalities”. In: Computer Methods in Applied Mechanics and Engineering 192.25
(2003), pp. 2765 —2773.

S. Zaglmayr. “High order finite element methods for electromagnetic field compu-
tation”. PhD thesis. JKU Linz, 2006.

S. Zhang. “A New Family of Stable Mixed Finite Elements for the 3D Stokes Equa-
tions”. In: Math. Comp. 74.250 (2005), pp. 543-554.

135



Curriculum Vitae

Personliche Daten

Name Philip Lukas Lederer
Geburtsdatum  07.02.1990
Geburtsort  Stadt Salzburg / Salzburg
Nationalitiit Osterreich
Ausbildung

seit 05,2016

11/2014-04/2016
10/2010-11/2014
06,/2009

Projektmitarbeiter am Institut fiir Angewandte und Numeri-
sche Mathematik, TU Wien, Osterreich

Masterstudium Technische Mathematik, TU Wien, Osterreich
Bachelorstudium Technische Mathematik, TU Wien, Osterreich
Matura, Hohere technische Bundeslehranstalt Salzburg,
Osterreich

Wissenschaftliche Publikationen

e J. Gopalakrishnan, P. L. Lederer, and J. Schoberl: A mass conserving mized stress
formulation for Stokes flow with weakly imposed stress symmetry, (arXiv:1901.04648)

e J. Gopalakrishnan, P. L. Lederer, and J. Schoberl: A mass conserving mized stress
formulation for the Stokes equations, (arXiv:1806.07173)

e P. W. Schroeder, V. John, P. L. Lederer, C. Lehrenfeld, G. Lube, and J. Schoberl: On
reference solutions and the sensitivity of the 2d Kelvin-Helmholtz instability problem,
Computers and Mathematics with Applications (to appear), (arXiv:1803.06893)

e P. L. Lederer, C. Merdon, and J. Schoberl: Refined a posteriori error estimation for
classical and pressure-robust Stokes finite element methods, Numerische Mathematik
(to appear), (arXiv:1712.01625)

e P. L. Lederer, C. Lehrenfeld, and J. Schoberl: Hybrid Discontinuous Galerkin methods
with relazed H(div)-conformity for incompressible flows. Part II, ESAIM:Mathematical
Modelling and Numerical Analysis (to appear), (arXiv:1805.06787)



Bibliography

e P. L. Lederer, C. Lehrenfeld, and J. Schoberl: Hybrid Discontinuous Galerkin methods
with relaxzed H(div)-conformity for incompressible flows. Part I, STAM Journal of
Numerical Analysis (to appear) (arXiv:1707.02782)

e P. L. Lederer, and J. Schoberl: Polynomial robust stability analysis for H(div) - con-
forming finite elements for the Stokes equations, IMA Journal of Numerical Analysis,
drx051 (2017), 1-29.

e P. L. Lederer, A. Linke, C. Merdon, and J. Schéberl: Divergence-free Reconstructi-
on Operators for Pressure-Robust Stokes Discretizations With Continuous Pressure
Finite Elements, STAM Journal of Numerical Analysis, 55 (2017), 1291-1314.

Wien, 12. Februar 2019

Philip Lukas Lederer

137



	Introduction
	Structure of this thesis

	The equations of fluid motion
	Fundamental laws
	The continuity equation
	The momentum equation

	Incompressible Newtonian fluids
	The Navier-Stokes equations
	Creeping flows - The steady Stokes equations
	Boundary conditions


	Variational framework
	Preliminaries, basic notations and functional spaces
	Abstract theory

	A new variational formulation of the Stokes equations
	A stress formulation for the Stokes equations
	The stress space H(curldiv)
	An equivalent definition
	Density of smooth functions
	A trace space for H(curldiv,)

	The MCS formulation
	Stability analysis

	The symmetric version of Stokes equations
	Stability analysis


	Finite Elements - a discrete stress space
	Triangulation and preliminaries
	A discrete space for the approximation of H(div)
	A discrete space for the approximation of H(curldiv,)
	Lowest order basis functions and normal-tangential bubbles
	The covariant Piola mapping
	A stress finite element
	Arbitrary order shape basis functions
	A global basis


	The MCS method
	A new variational formulation
	Discrete inf-sup stability
	Norm equivalences
	Stability analysis in a discrete H1-norm
	Stability analysis in natural norms

	Error estimates
	Interpolation operators
	A standard error estimate
	A pressure robust error estimate
	An exactly divergence free post processing


	The MCS method with weakly imposed symmetry
	An enrichment for the stress space - the symmetric bubble matrix
	A discrete variational formulation
	Discrete inf-sup stability
	Norm equivalences
	Stability analysis

	Error estimates and post processing

	Numerical examples
	Optimal convergence rates
	Pressure robustness
	Mixed boundary conditions

	Open questions
	Bibliography

