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Abstract

In this dissertation, we develop the foundation for a framework that unifies variational
multiscale analysis and discontinuous Galerkin type methods. We adopt the variational
multiscale principles while using finite element approximation spaces that are flexible
on Dirichlet boundaries, or even allowed to be completely discontinuous from element
to element. We show that many classical methods follow as particular choices of scale
decomposition in the variational multiscale paradigm. The methods that we derive as
such are Nitsche’s method for the weak enforcement of essential boundary conditions,
Bassi-Rebay’s 15 method, the Interior Penalty method, the Local Discontinuous Galerkin
method and the Hybridizable Discontinuous Galerkin method. We derive explicitly the
projection operators corresponding to each of these formulations. This illustrates that
these ‘non-conformal’ methods and the accompanying penalty terms are in complete
agreement with the variational multiscale formalism. At the same time, knowledge of these
projectors guides our fine-scale modeling efforts. We develop a residual-based model that
incorporates the non-vanishing fine scales at the element boundaries. Our model includes
additional boundary terms with new model parameters. For all model parameters, we
propose a parameter estimation strategy that is effective for both lower- and higher-order
basis functions. Our numerical experiments illustrate that the classical residual-based
fine-scale model exhibits overly diffusive behavior at boundaries with weakly enforced
conditions. The additional terms in the new augmented model counters this defect and

improves the quality of the boundary layer approximation.
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CHAPTER 1

Thesis introduction and outline

Finite element analysis has become an indispensable tool in the engineer’s toolbox. Yet,
the finite element method is not infallible and it has to be used with care. We illustrate this
in Figure 1.1, which shows finite element approximations of two differential equations. One
is purely second-order and a first-order term has been added to the other. The boundary
conditions and source functions are such that both exact solutions are the same. These
differential equations are linear, one-dimensional and steady-state. They are close to
the simplest conceivable problem formulations. While the finite element approximation of
Figure 1.1a is nodally exact, the solution shown in Figure 1.1b is such a poor approximation
that it is effectively useless. Why does this happen? The variational multiscale paradigm

is a product of the answer to this question.

1.0 4 Exact solution 1.0 4 Exact solution
0] —— Finite element solution [0} —— Finite element solution
0.8 4 0.8 «eeee Variational multiscale solution
0.6 0.6
0.4 0.4 E
0.2 0.2 '..'.
0.0 0.0 .
—0.2 0.2 \ /
0.00 0.05 0.10 0.15 0.20 0.25 4 0.30 0.00 0.05 0.10 0.15 0.20 025 5 030
i ion: a? , _ 100 100w ; a 2 .
(a) Poisson equation: 001439 = z3v-7€ . (b) Including first-order term: {-¢—0.017=¢ = 0.

Fig. 1.1: Exact and finite element solution of two ordinary differential equations.
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It is not that the finite element basis functions are not capable of representing the solution:
the solutions of both differential equations are the same and Figure 1.1a shows a perfect
result. It is also not that the weak formulation of the latter is flawed: it still defines the
exact solution and if we would refine the finite element mesh we would converge to it.
The answer is a combination of both these points: the necessary interpolation error of
the coarse approximation is blown up due to the unstable nature! of the the differential
equation. It is thus the lack of “fine scales” in the approximation that causes the “coarse
scales” to behave erratic. This suggests a pathway for remedying the situation: the effect
of the missing scales on the coarse-scale solution needs to be included. The variational
multiscale method offers a strategy for determining exactly what that fine-scale effect has
to be. For the example of Figure 1.1b this means that a slight modification of the finite
element formulation allows us to retrieve the nodally exact solution shown with the dotted

blue line.

1.1 Research objective

In this dissertation, we explore these ideas for non-standard finite element methods. We
consider Nitsche’s method of weak imposition of essential conditions, and various discon-
tinuous Galerkin methods. Examples of computations that make use of such finite element
formulations for the problem of Figure 1.1b are shown in Figure 1.2. The figure illustrates
the release of the constraint on the Dirichlet boundary for Nitsche’s method, and the
release of all inter-element continuity for the Interior Penalty method. The constraints
are weakly enforced in the finite element formulation via the addition of penalty and
consistency terms on the relevant boundaries. Both these finite element approximations
show an increased solution quality compared to the plain finite element approximation.
Based on this increased stability, these discontinuous Galerkin type formulations have
had significant impact on the application of finite element methods for fluid mechanics.
Nevertheless, the solutions in Figure 1.2 are not perfect, and especially the solution of
Figure 1.2a still requires some variational multiscale type stabilization. Currently, mergers
between these methods and the variational multiscale method are limited to a straight-
forward combination of both formulations. The goal of this dissertation is to develop a

more rigorous unification.

!With the functional analysis theory from Chapter 2 we can quantify this “instability” as the ratio of
“coercivity” over “boundedness” of the relevant operators.
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1.0 4 Exact solution 1.0 1 Exact solution
10} —— Finite element solution (/) —— Finite element solution
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 0.0
~0.2 ~0.2 1
0.00 0.05 0.10 0.15 0.20 0.25 o 0.30 0.00 0.05 0.10 0.15 0.20 025 5 0.30
(a) Nitsche’s formulation with penalty (b) Interior Penalty formulation with
parameter 1 = 6. penalty parameter n = 6.

Fig. 1.2: Illustrations of two ‘non-standard’ methods for the problem of Figure 1.1b.

We have two main objectives:

— To make the variational multiscale paradigm applicable for discontinuous Galerkin type

formulations.

— To devise a residual-based model for the fine scales, suitable for these finite element

frameworks.

The first point focuses on theory and formalism. The second on approximation and

validation by numerical experiments.

There are clear challenges involved with both objectives. The variational multiscale
method is based on a decomposition of a well-posed weak formulation, but discon-
tinuous Galerkin type methods do not conform to these formulations. Additionally, the
penalty terms required to stabilize discontinuous Galerkin methods appear to be purely
‘numerical’, which disagrees with the essence of the variational multiscale methodology.
In regard to the fine-scale modeling, the order of continuity of the approximation field has
always been a delicate issue during the design of the residual-based models. A reevaluation

of the model approximations is required when completely discontinuous spaces are used.

1.2 Outline

This dissertation is structured in three parts. Part I focuses on the variational multiscale
method on familiar terrain: conformal finite element approximation. This part is largely

literature based, although we present some novel ideas and provide our own perspective.
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Parts IT and III concern the core of the research. In those parts, we extend the variational
multiscale ideas to non-standard finite element formulations. In Part II, we focus on
the weak enforcement of essential conditions through Nitsche’s method, and in Part III
on the use of discontinuous Galerkin formulations. We show that these finite element
formulations emerge naturally from the variational multiscale framework, and we develop

suitable fine-scale models.



PART 1

Conformal finite element spaces




Introduction

In this introductory part, we provide an overview of all the terminology, notation and
concepts that we require in this dissertation. The core ideas of the variational multiscale
method could be explained with just a few illustrative examples in Chapter 1, but to build
from them a rigorous framework of analysis requires careful construction of the foundation
and attention to detail. An appreciation of these details will be crucial for the extension
of the variational multiscale principles to the ‘non-standard’ finite element methods that

we focus on in Parts IT and III.

Part I is structured as follows: in Chapter 2 we summarize some definitions and theorems
from functional analysis that we use repeatedly. We discuss various function spaces, their
duals and the pairings between them, different types of mappings, projections and space
decompositions, weak formulations of partial differential equations and the conditions for
their well-posedness. This is the core theory on which all the following relies. Chapter 3is a
literature review of the variational multiscale method. We discuss the decomposition of the
weak statement, the inversion of the fine-scale problem and different fine-scale modeling
efforts. Finally, in Chapter 4, we extend this theory to mixed formulations. There, we
derive some preliminary results that are of importance when we consider discontinuous
Galerkin methods.



CHAPTER 2

Functional analysis background

In this chapter, we provide a brief summary of the required functional analysis background
compiled from various sources [3, 27, 76, 81, 160]. It embodies the core theory on which
the variational multiscale principles developed in the subsequent chapters are built: we
discuss function spaces, projections, space decompositions, weak formulations of partial
differential equations, and their well-posedness. Frequent reference to this chapter will be

made in all the following work.

2.1 Function spaces

In the context of functional analysis, a “space” refers to a set of “elements”. The notation

that we will use to define a set is as follows:
S={1,z— 22 R}, (2.1)

where, in this example, S is the set composed of the number 1, the square function z — 2,

and the set of all the real thee-dimensional vectors.

We are typically interested in spaces that possess a linear structure. These are called

“vector spaces”.
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Definition 2.1 (Vector space). The set V is a real vector space when any linear combi-

nation of each of its entries is also a member of V:

ueV,veV sau+bvelV VaeRbeR. (2.2)

The C"(Q2) family of function spaces may be an intuitive example. These are the sets of
all functions defined on € such that their n-th derivative is continuous. C°(Q) functions
have no continuous derivatives, and C*°(2) functions are infinitely differentiable. Since
differentiation is a linear operation, any weighted combination of a function in C™(Q) is
still in C™(2). Hence these are vector spaces. These are natural spaces to consider when

dealing with the classical forms of partial differential equations.

In the analysis of weak formulations of partial differential equations (to be specified later),
we do not only require our spaces to satisfy this linearity requirement, we also require
them to be “complete”. Completeness means that the limit of any converging sequence
(a Cauchy sequence) of elements of V is also in V. This notion requires a measure to
define convergence, i.e., some definition of the magnitude of the (difference between the)

members of V. We call this measure of magnitude a “norm”:

Definition 2.2 (Norm). An operator that acts on the elements of a set and produces a

scalar:

I-1:V—=R
(2.3)
u = Jul
while satisfying the following properties:
Jul =0 u=0, (2.4a)
lau| = |al|u] VueV,a€R, (2.4b)
lu+v] < Jul + o] YueV,veV. (2.4¢)

With this definition of ‘magnitude’ at hand, we call a complete vector space a Banach

space:

Definition 2.3 (Banach space). A vector space endowed with a norm, that is complete

with respect to that norm.
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Often, it is not only useful to have a measure for the magnitude of the elements of V, but
also a measure for the interrelation between these elements. For instance, we wish to be

able to establish concepts such as orthogonality. We do so by means of an inner product:

Definition 2.4 (Inner product). An operator that takes two entries of a set and produces

a scalar:
() :VxV =R
(2.5)
u,v = (u,v),
while satisfying the following properties:
(au+v,w) = a (u,w) + (v,w) Yu,v,w €V xVxV andVa R, (2.6a)
(u,v) = (v, u) Yu,v €V XV, (2.6b)
(u,u) = Jul? Vuey. (2.6¢)

So, the inner product of u € V with itself represents the square of its magnitude, i.e., the

square of its norm.

This new construct allows us to define another type of vector space, namely the Hilbert
space:

Definition 2.5 (Hilbert space). A Banach space where its norm is induced by an inner

product.

Vector, Banach and Hilbert spaces are quite general. They apply to sets of various types of
objects. As we are interested in solving partial differential equations, we concern ourselves
with spaces of functions. The functions that we consider require different types of regular-
ities to ensure that the different types of differential operators act on them in meaningful

ways. This leads to the definition of the Lebesgue and Sobolev spaces.

Definition 2.6 (Lebesgue space). The Lebesgue spaces LP(S)) (where we only consider
1 < p < o) are Banach spaces of functions defined on domain Q which are p-power

integrable:

I7(Q) = {u(Q) : (/Q |uyp)1/p < oo} 2.7)
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This space is endowed with a norm, under which it is complete:

lulzey = ( /Q )" (2.8)

For p = 2, this norm is induced by the following inner product, making L*(Q) a Hilbert

space:

(u, ’U)LP(Q) = /qu. (2.9)

Definition 2.7 (Sobolev space). The Sobolev spaces W*P(Q) C LP(Q) (where we only
consider s > 0 and 1 < p < 00) are Banach spaces with the following reqularity require-
ments:

gl 4,

Wer(©) = {u € Q) 5rar g m
d

€ LP(Q) Va € N§ with |af; < s},  (2.10)
where d is the spatial dimension of Q (i.e., @ C RY), Ng is the set of zero and the natural

numbers, and | - |1 is the 1-norm, defined as the sum of the absolute values of the vector.

These (partial) derivatives should be understood in a weak sense.

Definition 2.8 (Weak derivative). The weak derivatives of a function are defined in the
sense of their action on a test function, and can be determined via integration by parts

rules:

oled g, |a|1 8|a|1 y . -
/ax-axsd_ / ox - - ad ve Cg(Q), (2.11)

where C§°(Q2) is the space of infinitely (strongly) differentiable functions that are zero on
the boundary of ).

The weak derivative is defined for a much larger class of function than the strong derivative.

Indeed, only in the sense of weak derivatives do the Sobolev spaces form a complete space.
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The norm associated with this completeness is:

ol y
lulwsr@) = Y HWHLP(Q)- (2.12)

x
|1 <s 1

Just like for the Lebesgue spaces this norm is induced by the following inner product in

the special case of p = 2:

glali g, glali 4
WSP(Q Z /8x szt Q- Oxyt

(2.13)

This makes the W*2(Q) spaces Hilbert spaces, which we henceforth refer to as H*(1).

Other spaces that can be relevant in the context of partial differential equations are:
H(div; Q) := {u € [L*(Q)]?: V-u € L*(Q)}, (2.14)
and

H(curl; Q) := {u € [L*(Q)]?: V x u € [L*(Q)]%}. (2.15)

So far, all these function spaces have the (open) domain 2 C R? associated to them. The
functions in these spaces are required to display a certain regularity in this d-dimensional
domain, defined through integrability. As a result, they are typically undefined on (d—1)-
dimensional sets (which have a “Lebesgue measure” of zero). This is somewhat problematic
as we often need to manipulate or prescribe quantities on the (d—1)-dimensional boundary
of Q, denoted 9. If the boundary is sufficiently smooth (which we assume in all the
following) then it turns out that there exists an unambiguous extension of some u € H*(Q)
to a unique function ulsg € L?(0€)). The operator that takes u and produces its “trace”

u|pq is called the “trace operator”:

Definition 2.9 (Trace operator). The unique bounded linear operator:

T:HY(Q) - L*(09Q) (216
2.16
U — Tu = ulaq,

that defines the trace of u on 9S) in such a way that it returns the restriction of u on 02

when u it is a member of C1(€).
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As implied by this definition, functions in L?(Q2) do not have well-defined traces on 9.
Similarly, for functions in H!(f2) the derivatives can not be uniquely defined on the
boundary. This will be a recurring limitation that has to be dealt with in this disser-
tation. On the other hand, both the functions and the derivatives of functions in H?()
are elements of H'(Q), such that we may determine their trace and the traces of their
derivatives. We then define the space of functions H =3 (0Q) C L%(09) as all the possible
traces of functions in H*(Q2) for s > 1. Subsequently, we may define the subspaces

H{(Q) € H*(Q) as all functions with zero traces and zero traces of their derivatives.

Now that we have defined various function spaces, we may ask ourselves which objects
can act on the functions in these spaces. The just described trace operator is an example,
and so are differential operators. Both of these may be interpreted as mappings between

Sobolev spaces. Similarly, we can define functionals as mappings to the real number line:

Definition 2.10 (Linear functional). A mapping from a vector space to R:

£:V =R
(2.17)
u s l(u),
that is linear:
lau+v) = al(u) + {(v) Vu,v e VxVandVaeR. (2.18)

Again, we can collect functionals into sets. Of relevance to the Lebesgue and the Sobolev
spaces are sets of all possible linear functionals that may act on all functions in LP(2) or

H§(Q) to produce a real number. These sets of functionals are the so-called dual spaces
of LP(2) or H{(Q2).

Definition 2.11 (Dual space). The dual space of a vector space V is the set of all bounded

linear functionals that can act on each of the members of V.

We will typically denote the dual space of some arbitrary set V as V* (in most literature
it is denoted with a prime but we have reserved this symbol for fine-scale quantities),
although in the particular case of H§(2) we write them as H*(€2). We may then connect
functionals in dual spaces with functions in the respective space. This is what we call a

duality pairing.
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Definition 2.12 (Duality pairing). The action of some functional in V* on some function

in V. We denote this as V*<£,v>v. The result of this operation is a scalar.

The writing notation for duality pairings looks suspiciously much like that of an inner
product. Indeed, an important theorem in functional analysis makes a connection between

duality pairings and inner products. This is the Riesz-representation theorem.

Theorem 2.1 (Riesz-representation). If V is a Hilbert space with norm (-, -)V, then for

every functional £ € V* there exists a unique function k € V such that:
L(v) = (), = (k,v),, VoeV. (2.19)

This theorem permits us to write duality pairings that involve Hilbert spaces simply as

(£,v) which reduces the notational clutter.

2.2 Mappings, projections and decompositions

In the previous section, the term “mapping” was already used, and indeed norms, inner
products, the trace operator and functionals are all examples of mappings. In this section,
we collect some nomenclature used to describe different types of mappings. Then we
state some definitions and basic results for the particular mappings that are central to

variational multiscale analysis: projections.

A mapping is quite general: it is some operation that takes an element from some space
and produces (or “maps to”) an element in some other space. The input space is called

its domain, and the output space its codomain.

Definition 2.13 (Domain and codomain). For the mapping # :V — W, the space V is

its domain, and VW its codomain.

There is no guarantee, however, that every element in the codomain is being mapped to,
nor that every element in the domain maps to a nontrivial (non-zero) element. This calls
for the definitions of the range (or image) and the kernel (or nullspace) of a mapping.

Figure 2.1 illustrates the meanings of domain, codomain, range and nullspace.

Definition 2.14 (Range or image). The range of A4 :V — W is the set of elements
w € W for which there exists v € V such that #v = w. This set is denoted ran(.4).
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Fig. 2.1: Illustration of basic mapping terminology.

Definition 2.15 (Kernel or nullspace). The kernel of # :V — W is the set of elements
v €V such that #v=0¢& W. This set is denoted ker(A).

Clearly, the definition of the nullspace requires that there is some element in WV that can
be identified as the null-element. If VW is a Banach space, then this element corresponds

to the |w|w = 0 < w = 0 requirement.

With the foundation of mappings laid out, we can define special kinds of mappings.

Definition 2.16 (Injection). A mapping A4 :V — W is injective (or “one-to-one”) when
Mu=Mv=u=vVueV,veV (ie., every element in V maps to a unique element in

A ). This mapping is said to map “into” W.

Definition 2.17 (Surjection). A mapping A :V — W is surjective when Yw € W Ju €
Vi Mu=w (ie., every element in W is being mapped to by at least one element in V).

This mapping is said to map “onto” W.

Definition 2.18 (Bijection). A mapping .# :V — W is bijective when it is both injective
and surjective (i.e., there is a “one-to-one correspondence” between each element in V and

each element in W).

The concepts of injective, surjective and bijective mappings are illustrated in Figure 2.2.
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a 1 a—t1 1 a 1
2 b
b b 2
I 3 R 2
> 3 ¢
¢ 4 d+1 3
(a) Injective but (b) Surjective but (c) Bijective.
not surjective. not injective.

Fig. 2.2: Three classes of mappings: injective, surjective and bijective.

So far, the spaces in relation to our mappings have not been categorized. They may be
arbitrary sets. If we map between Banach spaces, where the concept of ‘magnitude’ is
meaningful, some useful properties may be inferred. Let us define a neighborhood around
vo with ‘radius’ d, as Vo = {v € V : |ug — v|y < d,}. Similarly we define a neighborhood
around wy = A vg with radius d,, as Wy = {w € W : |wp — w|w < dw}. We can then

define continuous mappings, bounded mappings and coercive mappings:

Definition 2.19 (Continuous mapping). Let .# :V — W map between normed vector
spaces. A is continuous if for any output radius d, around wg = M vy we can find an
input radius d, such that #v € Wy Yv € Vy. That is, the mapping of the subdomain Vj

falls completely in the region Wy.

Definition 2.20 (Bounded mapping). Let .# : V — W be a linear mapping between

normed vector spaces. M is bounded if there exists some C > 0 such that:

| vy < Cloly  YveV. (2.20)

A linear operator is bounded if and only if it is continuous. The smallest C for which
Eq. (2.20) holds is called the boundedness coefficient. This boundedness coefficient satisfies

all the norm-axioms (see Definition 2.2) and may be identified as the norm of the operator:

Definition 2.21 (Operator norm). The norm of a bounded operator is:

)= sup 1L

2.21
venioy vy (2.21)
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Boundedness, and the resulting definition of the operator norm, concerns the upper limit
to the ‘scaling’ induced by the mapping. In a similar sense, mappings can have a lower
limit to this magnitude change. A mapping with this property is said to be “coercive”:

Definition 2.22 (Coercive mapping). Let .# : V — W be a linear mapping between

normed vector spaces. M is coercive if there exists some C > 0 such that:

|-#v|yw > C|v|y Yoe). (2.22)

The largest C' for which Eq. (2.22) holds is called the coercivity constant.

We can define mappings where the domain and codomain are the same set. This means
that we can apply the mapping recursively. If the result does not change under this

recursive operation, then we call this mapping “idempotent”.

Definition 2.23 (Idempotency). An idempotent mapping # :V — V satisfies:

M(Mv) = MV Voel. (2.23)

Finally, we are in the position to define a “projector”.
Definition 2.24 (Projector). An idempotent mapping & : V — V between vector spaces.

Often, we will write a projector as & : V — W instead, where W C V. It is then implied
that W is its range, meaning that & is also a surjective mapping. In all the following
we assume that VW must contain the zero element. This is necessarily true for linear

projections, which are the ones that we will use.

The inner product was introduced to establish the notion of orthogonality among the
elements in Hilbert spaces. Two functions u and v are orthogonal in some inner product
when (v,u) = 0. We can now design projectors that map v € V orthogonally onto W,
in the sense that the remainder (the difference between v and Z?v) is orthogonal to all
weW.

Definition 2.25 (Orthogonal projection). A projection & :V — W that satisfies:

(v—Pv,w) =0 YweWw, (2.24)

for some inner product (-,-).



2.2. Mappings, projections and decompositions 17

Straightforward manipulation of Eq. (2.24) gives:
(v — Pv, Pv) — (v— Pv,w) = (v— Pv,Pv—w) =0, (2.25)
which may be used to write:

v — 2|2 < |Jv—Pv|*+2 (v — Pv, Pv — w)+ | Pv — w|?
= v —Pv+Pv —w|?
=|v—w|® YweWw. (2.26)

This statement can be written alternatively as:
— Pv| = inf |v— 2.27
[v—Zv] = inf Jv—w], (2.27)

which says that v is the solution w € W that is the optimal approximation in the
norm induced by the inner product. For example, the L2-projection, denoted &2, 2, is the
orthogonal projection where Eq. (2.24) concerns the L?-inner product and which results
in ;>0 that is the best approximation to v in the L?-norm. Similarly, ﬁHé minimizes
the error in the H}-norm, which is defined as the H!-seminorm (as this is an equivalent

oyl
norm in Hy).

Given a projector, we can decompose some element v € V into two components: one in the
range of the projector v := v, and a supplement v’ := v — 0. Due to the idempotency
property of the projector this supplement satisfies Zv' = Pv — P Pv = Pv — Pv =0,
meaning that it lies in the kernel of &. Any v € ¥V may thus uniquely be decomposed as
v =70+ with v € ran(£?) and v' € ker(Z?). The spaces ran(Z?) and ker(Z?) form a
direct sum decomposition of V = ran(%?) @ ker(Z):

Definition 2.26 (Direct sum decomposition). The decomposition of a space V into two
subspaces Wi C V and Wo C V such that anyv € V may be uniquely written as v = wy+wo

where w1 € Wy and wo € Wh. We then write:
V=W &W>. (2.28)

Equivalently, two spaces W1 and Wa form a direct sum decomposition of V if and only if:
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V=W UW,, (2.29a)
Wi NWy ={0}. (2.29b)

Remark 2.1. It will prove important to realize that the direct sum decomposition
YV = W) @ Ws is not defined purely by V and Wy. Given those two spaces there are many
complements Wa that satisfy the decomposition. For instance, Ws may be the kernel of
any projector with ran(2?) = Wy. Definition 2.25 illustrates that such a projector is by

no means unique.

2.3 Partial differential equations and weak formulations

Partial differential equations (PDEs) may be cast in the framework of the previous sections

in a number of ways. Consider the following abstract form of a partial differential equation:

Lu=f in Q, (2.30a)
Constraints , (2.30b)

where L is some differential operator acting on the function w in such a way that it produces
the data f, while u satisfies the imposed constraints. We can interpret the operator £
as a mapping. The type of data that we wish to consider represents the codomain of
the mapping. The domain from which £ maps depends on the nature of the differential
operator as well as the constraints. For example, if £ represents the Laplace operator and

if we only permit sufficiently smooth solutions, then we may interpret £ as the mapping:
L=A:{veC*Q): v satisfies the constraints} — C°(Q). (2.31)

The PDE then poses the question, “which permissible solution u corresponds to the
data f7” This question revolves around the bijectivity of the operator £. As the domain
of £ is considered to be C2(2), Egs. (2.30) and (2.31) concerns “classical solutions” of the
partial differential equation. This means that the differential operator is required to act

on the solution in a meaningful way pointwise.
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It turns out that problem statements of the form of Egs. (2.30) and (2.31) are unnecessarily
restrictive and, moreover, tentatively difficult to analyze. Instead, we may consider the
PDE and its solutions in a weak sense. Weak solutions are only required to have meaning
if they are ‘tested’ against other (more regular) functions. So, u is a weak solution of
Eq. (2.30) if (and only if):

/Q(Eu—f)w:() Vuw e Ce(Q). (2.32)

Any classical solution is also a weak solution, but more solutions are possible since we are
no longer restricted to C™(2) functions. Given this notion, we can reformulate Eq. (2.30)
in a Sobolev space setting via the method of weighted residuals. We wish to find u such
that:

/Qﬁuw:/gfw Vw € L*(Q). (2.33)

Since the test functions have meaning under the operation of square integration, we are
now permitted to consider f € L?(2) which is a superset of the space C°(£2). Similarly, the
differential operator can now make use of the Sobolev spaces of Definition 2.7. These are
the suitable function spaces as their regularity conditions revolve around weak derivatives
(see Definition 2.8). We define a new L as:

L=A:{ve H*Q): v satisfies the constraints} — L*(12). (2.34)

A solution of Egs. (2.33) and (2.34) is called a “strong solution”. Any strong solution
satisfies Eq. (2.32) and, by that definition, is thus also a weak solution. Additionally,
when f € CY(€2) the problem statement of Eqs. (2.30) and (2.34) is equivalent to that of
Egs. (2.30) and (2.31) and, under the assumption of unique solvability, we would retrieve

a classical solution.

Equation (2.32) implies a different interpretation of differential operators. Since Lu only
has meaning when it acts on w we may define it in a functional sense. As it acts on
functions in a specific space, namely L?, we can say that Lu lies in the dual space of L?,

with the duality pairing:

L2*<,Cu,w>L2 :/,Cuw. (2.35)
Q

In this setting, the differential operator no longer maps from a function space to another
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function space, but instead from a function space to the dual of a function space. For the

example of the Laplace operator this reads:

L=A:{ve H*Q) : v satisfies the constraints} — L?*. (2.36)

Continuing along this line, we may formulate the problem in an even weaker sense. Sticking
to the example of the Laplace operator, we still interpret £ to be a mapping to a dual

space. However, we now define that dual operator as:

L=A:H)Q,00p) = H(Q,00p) (237
u = —(Vu,V-), = B(-u), .
where, from now on and unless specified differently, the inner products are LZ-inner
products on the indicated domains. With the use of Definition 2.9 we may identify
H}(Q,00p) as the functions in H!(2) whose trace is zero on dQp C 9. The dual
of that space is denoted H~1(Q2,9Qp).

In order to make use of this formulation for £ in Eq. (2.30), we have to change the
right-hand side to incorporate the constraints. For the Laplace operator, we consider
“essential” and “natural” boundary conditions. The essential boundary conditions are
Dirichlet conditions, which specify the value of the trace of the solution on 9Q2p. Suppose
that we find some function ug in H'(Q2) that satisfies the Dirichlet constraints (which
we assume exists, else the problem formulation is flawed), then we may decompose the
solution to the PDE as u = ug+ug. The new unknown function ug is zero on the Dirichlet

boundary, and is thus a member of H{ (£, 9Qp). The new right-hand side becomes:

F = (f7 )Q - (gN7'>8QN + (vudvv)g = L() € H_1<9789D)7 (238)
where gy is the data corresponding to the natural boundary condition. In the current
case this is a Neumann condition, which specifies the normal derivative of the solution

on Of)y.

With these definitions of the duality pairings of Lug and F, the PDE may be written in

three equivalent ways:

Find ug in H}(Q,0Qp) such that: Lug = F, (2.39)
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which will be referred to as the “operator form”. Or:

Find ug in Hy (2, 0Qp) such that: (Lug,w) = (F,w) Yw € Hy(Q,00p), (2.40)
or, purely after a change of notation:

Find ug in Hy (9, 09p) such that: B(w,ug) = L(w) Yw € H}(Q,0Qp),  (2.41)

which is the most common notation when it comes to finite element methods. All these
formulations are analogous. A solution of Eq. (2.39), (2.40) or (2.41) is called the weak
solution. Naturally such a solution is also a weak solution according to the definition of
Eq. (2.32). All classical solutions and all strong solution also satisfy the above relations.
Whether a solution exists for all of the possible data, and whether or not this solution is

unique, is discussed in the following section.

2.4 Linear and bilinear forms

Let us proceed with a generalized form of Eq. (2.41):

Findue Vst YVweV:
B(w,u) = L(w), (2.42)

where L : V — R is a “linear form”, a linear functional operating on elements of the

Banach space V, and B : V x V — R is a “bilinear form”.

Fundamentally, this problem formulation is not restricted to partial differential equations
and function spaces. It merely concerns (bi)linear mappings acting on Banach spaces. The
definitions concerning mappings from Section 2.2 thus also apply to these mappings. For
instance, we can define bounded and/or coercive (bi)linear forms. Recall that for linear
functionals boundedness implies continuity and vice versa. So, the linear form is bounded
and continuous if there is some positive constant o, such that L(w) < o |w|y Yw € V,
where the smallest o, that satisfies this inequality is defined to be the norm of L(-). The
bilinear form is bounded and continuous if there is some positive constant g such that
B(w,u) < ag|w|ylu|y Yw,u € V x V. Additionally, B(-,-) is coercive if there exists
a constant « such that B(w,w) > afw|? Yw € V. This is sometimes referred to as

“V-ellipticity” or “positive definiteness” of B(-,-).
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Coercivity and boundedness are important properties as they ensure that the problem
of Eq. (2.42) is well-behaved. Here, ‘well-behaved’ means that some small perturbation
in the data (right-hand side) does not cause major changes the solution. Indeed, given

coercivity of B(-,-) and boundedness of L(-) we directly obtain:
1
ofulyy < B(u,u) = L(w) < [Llfuly = July < —|Z], (2.43)

which relates the magnitude of the solution u to the magnitude of the data L(-). A larger

coercivity constant means more stable solution behavior.

Additionally, the coercivity and boundedness of B(-,-) and L(-) guarantee solvability of
Eq. (2.42). This is captured in the famous Lax-Milgram theorem.

Theorem 2.2 (Lax-Milgram). Consider a problem of the form:

FindueV st. VweV:

B(w,u) = L(w) . (2.44)

A unique solution u exists if B(-,-) and L(-) are continuous and if the bilinear form is

coercive.

In many cases, the Lax-Milgram theorem is the right tool to prove existence and uniqueness
of a (finite element) solution. Coercivity carries over to subspaces, such that coercivity of
the continuous bilinear form also guarantees solvability of the conformal finite element
formulation. However, there are also cases where the theorem does not suffice. For
example, some variational problems result in B(-,-) : VxW — R (so, of “Petrov-Galerkin”
type), which are not captured by Theorem 2.2. Additionally, this theorem says “if” and
not “if and only if”. Indeed, many problems in physics and engineering lead to non-coercive
bilinear forms. Of special importance are constrained minimization principles, which lead

to problems of the form:

Find u, A\ € V x @ s.t. Vw,peVx Q:
B((w, 1), (1, ) = a(w, u) + b(w, A) + b(u, ) = L(w) (2.45)

This formulation can be shown to be non-coercive with the simple counter example
B((0,1),(0,)) = 0V € Q. To address these issues, we require a more general and

stronger condition. Following the naming convention proposed in [76], we refer to this as
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the Banach-Necas-Babuska condition, or BNB condition for short:

Theorem 2.3 (Banach-Necas-Babuska). Consider a problem of the form:

FindueV s.t. VweW:

B(w,u) = L(w), (2.46)

where B(-,-) and L(-) are continuous operators. A unique solution u exists if and only if:

B
48 >0 s.t. inf sup M >0, (2.47a)
ueV wew |w|w|uly
Bw,u)=0VueV = w=0. (2.47b)

The second condition, Eq. (2.47b), may equivalently be stated as:

B
wp Bl

e = Yw >0 Vw e W\ {0}, 2 48
vey Tulvlwlw \ {0} (2.48)

which ensures that the contradiction of Eq. (2.47b) does not hold (i.e, if w # 0, then
B(w,u) #0 Yu € V). In Eq. (2.48), v, is just some w-dependent real number that the
inequality requires to be positive. A slightly stronger condition that implies Eq. (2.48)
and thus Eq. (2.47b) is to say that there exists a lower bound to 7,:

B
3y > 0s.t. inf sup M > . (2.49)
weW uey wlwluly
When W = V we see that the Lax-Milgram theorem represents the requirement that
Eqgs. (2.47a) and (2.49) hold for the choices w = u and u = w, respectively, which, again,
is sufficient but not necessary. Based on Egs. (2.47a) and (2.49), we often say that well-

posedness relies on “inf-sup stability” of the bilinear form.

Theorem 2.3 poses a sufficient and necessary condition for the well-posedness of our varia-
tional formulations. The downside is that it is often difficult to prove. Additionally,
different from coercivity, inf-sup stability does not carry over to subspaces. That means
that proving Theorem 2.3 for the continuous case does not mean that a (conformal) finite

element approximation is well-posed.

When applied to problems of the form Eq. (2.45), the inf-sup condition can be rephrased
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in a format that is slightly easier to handle. In relation to these types of problems, it is

often referred to as the Ladyzhenskaya-Babuska-Brezzi (or LBB) condition.

Theorem 2.4 (Ladyzhenskaya-Babuska-Brezzi). Consider a problem of the form:

Findu, A€V x Q s.t. Vw,qgeV x Q:
a(w,u) + b(w,\) = L(w) , (2.50a)

b(u,q) =0, (2.50b)

where a(-,-), b(+,+) and L(-) are continuous linear operators. Define the direct sum decom-
position of V = V'@ VL, where VO = {v € V : b(v,q) = 0V q € Q} and V* is its orthogonal

complement. This formulation permits a unique solution under the conditions:

Ja >0 st alw,w) > a|w|} YweV?, (2.51a)

b
48 >0 s.t. inf sup M

> 3. (2.51b)
1€Q yeyt [wivlale

Note that the supremum over V1 in Eq. (2.51b) is the same as the supremum over
all of V, such that this condition can be (and in most references is) written as

infyeg sup, ey % > . The form of Eq. (2.51b) has a more natural place in the

following proof.

Proof. Different from previous definitions and theorems we will prove this theorem, as
we will make use of the same line of arguments in subsequent chapters. First we prove

existence and uniqueness of a solution u, then the existence of and uniqueness of .

If a solution u exists, then, according to Eq. (2.50b), it lies in V¥ (which is non-empty, as

it contains v = 0 at the very least). We then write Eq. (2.50a) as relation for u:

Find u € V° s.t. Vw € VW .

a(w,u) = L(w) — b(w,\) = L(w), (2.52)

where b(w, \) = 0 as this only concerns w € V°. Under the assumption of Eq. (2.51a) and

with the Lax-Milgram theorem, this permits a unique solution u.
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Next, we write Eq. (2.50a) as a relation for A for a given u:

Find A € Q s.t. Vw € V-

b(w,\) = L(w) — a(w,u) =: L*(w). (2.53)

This weak formulation only concerns test functions in V* as it is trivially satisfied for
any w € V9. For this problem statement the condition of Eq. (2.51b) is exactly the first
BNB condition. The second BNB condition is naturally satisfied by construction of the

space V. Theorem 2.3 then states that Eq. (2.53) permits a unique solution \. O

Remark 2.2. A conformal finite element approzimation of Eq. (2.50) would result in the

following system of equations:

A b u F
= , (2.54)

bT 0 | |A 0
where A€ R™™ and be R"™™.  The condition of Eq. (2.51a) concerns the positive
definiteness of the submatriz A in the kernel of b, and the condition of Eq. (2.51b)

requires m < n and amounts to the full-rankedness of submatriz b.



CHAPTER 3

The variational multiscale method

In this chapter, we introduce the variational multiscale (VMS) method. Starting with a
historical overview in Section 3.1, the original objectives that lead to the development of
the VMS framework are reviewed. In Section 3.2, we address the formal inversion of the
fine-scale problem and we show that for symmetric coercive problems this formalism leads
to conformal finite element formulations. In Section 3.3 we introduce approximations to
arrive at residual-based fine-scale models. We discuss its relation with stabilized methods

and with turbulence models.

3.1 A paradigm for computational mechanics

While the principle ideas behind the variational multiscale method can be traced back
to 1995 [109], the approach was formalized in the seminal 1998 article “The variational
multiscale method - a paradigm for computational mechanics” by Hughes et al. [115].
The aim was to provide a physical rationale behind the various stabilized methods that
had been introduced for fluid mechanics application in the preceding 15 years [38, 39,
116, 117, 118]. Without stabilization, Galerkin approximations of advection-based PDEs
tends to yield oscillatory solutions. The oscillations become more extreme as the advection
dominates. This is illustrated in Figure 3.1, which shows an example simulation of a model
problem that is used repeatedly throughout this dissertation. Clearly, the finite element
solution is not satisfactory. We are lead to ask the question “what s the optimal coarse-
scale representation of an exact solution?”. If we manage to formulate an answer, then
we are quickly lead to the followup question “how do we obtain that solution rather than
any other?” These are the key question around which the variational multiscale paradigm

revolves.
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op =0

e

dp=a+y
(a) Boundary conditions (b) True solution for |a| = 0.8 (c) Galerkin approximation on
and advective direction. and k = 0.003. a coarse mesh.

Fig. 3.1: Example unstable behavior for a Galerkin approximation of the linear
advection-diffusion equation a - V¢ — kA¢ = 0 on a unit square with a hole.

After its introduction in the 1940s [68, 105] and its naming in 1960 [45], the finite element
method quickly gained momentum for solid mechanics application [141, 180, 189, 200]. In
that field of study, weak formulations originate from minimization of energy functionals,
leading to symmetric and coercive bilinear forms. The resulting Galerkin approximation
of the continuous problem is optimal in the energy norm, which answers the earlier
questions. However, these are ‘a posteriori’ answers in the sense that we did not impose
this requirement in the construction of the finite element scheme (we will fix this in
Section 3.2.3). The same Galerkin approximation applied to the just described fluid
mechanics PDEs yields less favorable discrete solutions. A discrete representation of some
function is not unique. We could use any projection operator (see Definition 2.24) and
define the result to be the coarse-scale representation of that function. So then, how do we
obtain that solution, rather than any other? Consider first the continuous form of some

weak formulation:

Find ¢ € W s.t. Vw e W:
B(w,$) = L(w), (3.1)

where W is an infinite-dimensional Sobolev space. Clearly, computers are not equipped for

handling spaces that are infinite-dimensional, so we discretize. A Galerkin approximation

follows from confining ¢ and w to a finite-dimensional subspace W":

Find ¢" € Wh s.t. Yl e Wh .
B(u", ¢") = L(u"). (3.2)

This procedure has a somewhat ad-hoc feel to it: while Eq. (3.1) unambiguously defines
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the ‘true solution’ as a member of W, there is no guarantee that Eq. (3.2) with some
arbitrary sampling of functions in W for the construction of W" produces solutions that

in any way represent that true solution. Indeed, for the example of Figure 3.1 it does not.

A natural conclusion, and a conclusion that drove the development of the VMS
framework, is that the loss of fine-scale information induced by confining ¢ to some finite-
dimensional subspace of W is the source of the loss of stability for advection based PDEs
[109, 115, 124, 125]. An alternative approach was proposed. Rather than reducing the
dimensionality of the space W, it is decomposed into the finite-dimensional “coarse-scale”
finite element approximation space W", and an additional infinite-dimensional “fine-scale”
(or sometimes “subgrid-scale”) space YW'. The solution ¢ and the test function w may then
be represented by a coarse-scale function in the finite element basis complemented by a

fine-scale contribution:

(Z) — ¢h + ¢/7 (33&)
w=w"+w. (3.3b)

If Eq. (3.1) satisfies the conditions of Theorem 2.3, then it permits a unique solution ¢.
We now also require that Eq. (3.3a) yields a unique decomposition into ¢ and ¢ for any
possible solution ¢ € W. In the language of Section 2.2, this means that W" and W' must

form a direct sum decomposition of W:

w=whaow'. (3.4)

By making use of these definitions and the linearity of the bilinear and linear forms, the

weak formulation of Eq. (3.1) decomposes as:

Find ¢",¢' € Wh x W' s.t. V', 0’ e W x W' -
B(w",¢") + B(w",¢') = L(w"), (3.5a)
B(w',¢") + B(w',¢) = L(w') . (3.5b)

Equation (3.5a) concerns the test functions w” that live in the finite-dimensional space W".
This is the “coarse-scale problem”. It forms a finite set of equations and for a given ¢’ it
represents a finite element formulation. Equation (3.5b) is the “fine-scale problem”, which

concerns all the remaining test functions in the infinite-dimensional space W'.

If we compare Eq. (3.5a) with Eq. (3.2), then we see that there was a missing term in the
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Galerkin approximation. This term takes into account the fine-scale effects onto the coarse-
scale solution. It may represent the stabilizing effect of stabilized methods, or the subgrid-
scale effects of turbulence models. It is the term that, if formulated properly, allows us
to retrieve the ‘optimal’ solution ¢" according to whatever definition of ‘optimality’ we

choose to adhere.

“what is the optimal coarse-scale representation of

We must now answer the question
an exact solution?” For each function ¢ € W we must select an optimal representation
@™ € W' in the coarse-scale space: we are dealing with a mapping from W onto W". This
mapping is ‘onto’, as, naturally, we wish to map functions in W" to themselves: if the true
solution lies in the coarse-scale space then this is the optimal representation. Recall from
Definition 2.23 that this property of a mapping is called “idempotency” and such mappings
are called “projectors” by Definition 2.24. Looking ahead, idempotency of the mapping
involves the variational consistency of the resulting finite element formulation. Another
property that we might require is linearity: if w” € W" is the optimal representation of
w € W and v* € W" is the optimal representation of v € W, then it seems natural to
define the optimal representation of ¢ = av + bw as ¢" = av® + bw" (a and b being real

numbers). So, we are dealing with linear projectors.

We thus proceed under the assumption of having selected a linear projection operator of

the form:
DW= Wh, (3.6)

Common choices of linear projectors are the “orthogonal projectors” of Definition 2.25.
These project orthogonally with respect to some inner product such that the resulting

coarse-scale solution is optimal in the corresponding norm.

In any case, the projection defines the sought-after solution pair ¢, ¢’ for a given ¢:

o= 24 e Wh, (3.7a)
¢ =¢p—Pp eW. (3.7b)

From Eq. (3.7b) we may also infer the definition of the fine-scale space W'. Due to the
assumed linearity of the projector, Eq. (3.7b) requires #¢ = 0V ¢ € W'. The fine-scale

space is thus defined as the kernel of the projector:

W' = ker(2). (3.8)
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This definition of W’ satisfies the direct sum decomposition of Eq. (3.4). Consequently,
the multiscale weak formulation of Eq. (3.5) is well-posed, and the coarse-scale solution

obtained from that weak formulation will be the one defined in Eq. (3.7a).

3.2 Formal inversion of the fine-scale problem

Of course, the goal is to solve for the coarse-scale solution ¢ without having to explicitly
compute the fine-scale solution ¢’. To do so, we need to substitute some form of closure
in place of the fine scales that occur in the coarse-scale equation. This closure, in turn,
should originate from the fine-scale equation. In the following, we express the fine scales
in terms of the coarse scales, and substitute this result into the coarse-scale equation. To
a very large extent, this section is based on [80, 122], although Sections 3.2.2 and 3.2.3

offer an original perspective on the theory and the proposed derivation.

3.2.1 The fine-scale Green’s operator

At the end of Section 2.3, three equivalent notations were introduced to describe the same
weak formulation. Adopting the duality pairing notation of Eq. (2.40) to the multiscale
formulation of Eq. (3.5) gives:

Find ¢",¢' € Wi x W' s.t. V', 0’ e W x W' -
(L™ "y + (L, W) = (F,w"), (3.9a)
(L") + (L, w') = (F,w'), (3.9b)

where L¢ and F are the functionals corresponding to B(¢, -) and L(-). We assume that the
bilinear forms (£¢", w") and (L£¢',w') are inf-sup stable, i.e., they satisfy the conditions
of Theorem 2.3.

By moving all the terms that do not involve fine-scale trial functions in Eq. (3.9b) to the

right-hand side, we obtain:

Find ¢/ € W s.t. Yw' e W'
(L w') = (Fouw') = (Lo w') = (F — L& '), (3.10)

where the coarse-scale solution ¢" is treated as data. This problem permits a unique

fine-scale solution for each coarse-scale function by virtue of the assumed inf-sup stability.
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We associate with the left-hand side the fine-scale differential operator £ : W — W'* and
with the right-hand side the coarse-scale residual Ry € W'*. By using these operators

we rephrase Eq. (3.10) once more:

Find ¢' € W' s.t. :
L'¢ =TRyn. (3.11)

This ‘operator form’ of the weak statement was introduced in Eq. (2.39), and will alleviate

notional difficulty in the following.

As this problem is invertible, meaning that the operator £’ is bijective, we can associate
a new operator to this inversion. We call this operator the fine-scale Green’s operator,
denoted by G’ : W* — W . The fine-scale solution follows from the coarse-scale residual

as:
¢/ — g/R¢h . (312)

The operator G’ is somewhat elusive: it inverts the differential operator but only maps to
the fine scales. In contrast, the more familiar Green’s operator G inverts £ for all of W.
To get a better understanding of G’, and to find its relation with G, we can reformulate

the fine-scale problem.

From Section 3.1 we know that the fine-scale space consists of all functions in W for which
the projection yields the zero function. W’ is thus a constrained space. An alternative
formulation of the fine-scale problem follows from releasing this constraint from W’ and

incorporating it weakly with the aid of a Lagrange multiplier:

Find ¢ in W and \* € Wh* s.t.
Le + PTN =Ry, (3.13a)
P¢ =0. (3.13b)

This equation involves £, which maps from W to W*. The inverse calls for the classical

Green’s operator G. Using G to relate ¢’ to AP gives:

¢ =GRy — 2TA"). (3.14)
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Substituting the result in Eq. (3.13b) yields the following requirement:

PGRyn — PGPTN' = 0. (3.15)
This may be rewritten as an expression for \:

N = (262 ' PGR 4, (3.16)

which, in turn, may be substituted in Eq. (3.14) to arrive at an expression for ¢’ that only

involves the classical Green’s function and the coarse-scale residual:
¢ =GRy — GPT(PGPT) T PGR 4 . (3.17)

By factoring out the residual it is clear that the fine-scale Green’s operator relates to the

classical Green’s operator via:
G =G-G2" (22" PG (3.18)

Substitution of Eq. (3.12) into the coarse-scale problem of Eq. (3.9a) while using Eq. (3.18)
to define the fine-scale Green’s operator results in a well-posed discrete formulation that

will yield the optimal coarse-scale solution:

Find ¢" € W' s.t. VP e Wh:
(L™ Wy — (LG L™ 0"y = (F,why — (G F,wh). (3.19)

3.2.2 The fine-scale Green’s function

In some cases, the fine-scale Green’s operator may be represented by a convolution integral
with a “fine-scale Green’s function”. This function will take a central role during the fine-
scale modeling later on. In the following, we show that (under certain conditions) such
a function exists and we show how it relates to the classical Green’s function. Atop the

assumptions that were made in the previous sections, we also assume:

< The bilinear part of the weak formulation is coercive (which is more restrictive than

the inf-sup stability assumed earlier).

— W is sufficiently regular to permit point evaluations (this requires W c H*(R?)
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with s > d/2, e.g., a subspace of H'(£2) when Q is one-dimensional [1]).

As an alternative to the second requirement we might replace point evaluations by a highly
localized averaging operation, although that suggestion is more of practical relevance than

of interest to this theoretical foundation.

Consider again the (constrained) fine-scale problem:

Find ¢/ € W s.t. V' e W'
(LS w') = (Ryn,w'). (3.20)

Recall that we interpret the operator £ as the mapping £ : W — W'* defined as:
Ly = B(-,¢), (3.21)

with B(+,-) the bilinear form of the weak formulation. We may now define an adjoint

operator that satisfies:
Ly W)y = (L', ¢') V¢ e W andVu' e W'. (3.22)
Based on Eq. (3.21), the adjoint operator £* is simply defined as:

L' = B(w',-). (3.23)

As a consequence of the second assumption, the following linear functional is bounded and

lies in W'™*:
(0z,¢") = ¢(), (3.24)

where d, is the Dirac delta distribution at location .

We now wish to find a test function w’ € W' such that Eq. (3.23) induces this functional:

Find w’ € W' s.t. V¢’ e W' :
(L', @) = (05, 0) . (3.25)

Since we assumed that all the involved operators are bounded and the bilinear form B(-,-)

is coercive, we may conclude from Theorem 2.2, the Lax-Milgram theorem, that this
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weak statement permits a unique w’(y) € W. We denote this function ¢'(z,y), the fine-
scale Green’s function. Note that x, the first argument, corresponds to the sampling in
Eq. (3.24), and that y, the second argument, is the variable for a function in W. All
differentiation and integration implied by Eq. (3.25) thus involves the y coordinate.

With some final manipulation we see that the fine-scale solution may be obtained from a

convolution integral with the fine-scale Green’s function:

¢'(x) = (LG (x,y),0") = (L', ¢ (x,y)) = (Ryn, ' (x,9))

3.6
= L(¢'(z,y)) — Blg'(z,9),9"). (3:20)

The fine-scale Green’s function is thus the function in W’ that solves Eq. (3.25) for any
¢’ € W. To find a relation with the classical Green’s functions, which solves the same
problem but in an unconstrained space, we can rephrase and enforce the constraints in

W' with Lagrange multipliers.

In this dissertation, all projectors will involve optimality conditions of error potentials of

the form:

P W — Wh

(b = arginf %E(gb - ¢h7¢ - ¢h) )
¢)h€Wh

(3.27)

where %E(, -) denotes the symmetric and coercive bilinear form that represents the error
potential. Additionally, all coarse-scale spaces will be spanned by a finite number of bases
(say, n). The constraints on the fine-scale space imposed by Eq. (3.27) may then be
inferred from the Gateaux derivative of the potential. They may be written in any of the

following equivalent forms:

Ew" ¢—¢") =0 Yw" € Wh = span{N;}7, , (3.28a)

E(zn: WiNj, ¢ — ") =0 Y[y, ,d,)" €R?, (3.28b)
=1

E(Nij, ¢ —¢") =0 fori=1,---,n, (3.28¢)

{piyd — ") =0 fori=1,---,n, (3.284)

where p; : YW — R are the functionals induced by E(Nj,-). They thus define the set of
functional constraints (u;, ¢') = 0 satisfied by any ¢/ € W'.
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In unconstrained form, the adjoint fine-scale problem reads:

Find w/,A € W x R" s.t. V&', g € W x R" :

(L0, @) + (AT, ¢') = (82, ¢') (3.29a)
(q"p, ')y =0, (3.29b)
where we introduced the vector of functionals g = [, - - - , pn] T for ease of notation. Note

the analogy with Eq. (3.13).

In more familiar ‘Green’s function notation’, we are looking for the fine-scale Green’s

function that satisfies:

w ew',

n (3.30)
Lrw' = 0p — 35 Nipi € W*.

i=1

The first requirement in Eq. (3.30) follows from Eq. (3.29b), while the second requirement

still involves the unconstrained dual space due to Eq. (3.29a).

To obtain an expression for w’ independent of the Lagrange multipliers A, we use a
reduction procedure analogous to the one for the fine-scale Green’s operator. From

Eqgs. (3.29b) and (3.30) we obtain the following expression for the Lagrange multipliers:

w =L, — AT (3.31a)

(@ i, L6 —ATL T ) =0 = o)
(@ AT ) = (¢ £5716,) Vg eRT,

N, £F 7 gy = (pay £5716,) fori=1,---,n. (3.31¢)

These steps are analogous to Egs. (3.14) to (3.16).

The right-hand side of Eq. (3.31c) forms a set of n scalars, i.e., a (row) vector. Similarly,
the left-hand side represents a multiplication between a vector of scalar Lagrange multiplier
and a matrix of scalars. Post multiplying with the inverse of the matrix of scalars gives

an expression for the vector of Lagrange multipliers:

N = (£ 1o,) (T, £ 7 ) o (3.32)
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We substitute this back into Eq. (3.31a) to solve for v’ = ¢'(z,y):

—1
g(x,y) = L7710 — (uh, L 718) [(u L7 )| e e (3.33)

The first term in this expression is the classical Green’s function. The remainder is a

vector-matrix-vector multiplication that ensures that ¢'(z,y) € W'.

3.2.3 The Galerkin approximation for symmetric coercive problems

The formalism of the previous two sections allows us to obtain the optimal coarse-scale
representation of the true solution of a PDE, directly from the given data. Again, ‘optimal’
refers to the chosen projector. For PDEs that result in a symmetric and coercive bilinear
form, such as compressible linear elasticity and heat diffusion, Galerkin’s method yields
solutions that are perfectly satisfactory coarse-scale representations. For such problems,
there is no need for including fine-scale effects. In this section, we interpret this important

result from a variational multiscale point of view.

In the case of a symmetric and coercive bilinear form, the weak formulation stems from a

potential minimization:

¢ = arg min {%B(gf), ) — L(¢)} . (3.34)

peEW

Often, %B (¢, @) represents the system’s internal energy and L(¢) the external work. The

continuous weak formulation for this problem may be stated in operator form as:

Find ¢ € W s.t. :
Bo = F. (3.35)

After decomposition of W, the multiscale weak formulation becomes:

Find ¢", ¢/ € Wi x W' s.t.
Bhoh + By = F", (3.36a)
B¢ + B¢ =F, (3.36b)

where the domains and codomains of the various instantiations of the B operator and the

F functional should be self evident.
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Suppose also that we choose the following projection operator for the definition of the

coarse scales:

P W — Wh
¢ = arginf/ 1B(Cb —¢", ¢ — ¢"") = arginf 1B(gb’, ¢ . (3.37)
¢heth 2 (z)hey\;hs~2 2

This projection returns the optimal approximation in the energy norm. The variational

formulation of this minimization represents the constraints on ¢'. In operator form it says:

B¢ =0. (3.38)

The unconstrained fine-scale problem then reads:

Find ¢’ in W and \* e Wh* st. -
B¢ + B"\" =R, (3.39a)
B¢ =0. (3.39b)

Taking G to be the inverse of B, we obtain from Eq. (3.18) the fine-scale Green’s function
G’ as:

G =G -gBT(BGB)'BG, (3.40)

and the closed coarse-scale formulation becomes:

Find ¢" € W' s.t. :

- R . (3.41)
B'"¢" + B(G — GBT (BGBT)'BG) Ry = F".
Focusing on the impact of the fine scales, we may simplify the expression:
BG — BGBT (BGB")'BG =BG — BG =0, (3.42)
such that the coarse-scale formulation simplifies to:
Find ¢" e W' s.t. :
(3.43)

Bh¢h:Fh.

We are left with the finite element formulation corresponding to the Galerkin approxi-

mation of the continuous problem.
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This analysis reproduces a well-known fact: plain finite element solutions of symmetric
coercive problems are optimal in the energy norm [110, 180, 200]. We have merely put
this knowledge in the context of the variational multiscale method. Arguably, this is the
better perspective: the question “what is the optimal coarse-scale representation of an
exact solution?” is nontrivial and fundamental. “The best approximation in the energy
norm” should be an a priori answer from which the finite element formulation follows,

rather than a coincidental a posteriori result.

3.3 Fine-scale models and residual-based stabilized

methods

From the first section of this chapter we know in what sense the fine scales impact the
coarse-scale equation, and from the second section we know how to compute that impact.
Turning this theory into practice, is, alas, not entirely trivial. For PDEs with some level of
complexity, analytical expressions for the Green’s function are not known, and solving the
Green’s function problem numerically largely defeats the point of the variational multiscale
methodology (although efforts in this direction have been made in various contexts [62,
63, 128, 146, 147, 148]). Even if the fine-scale Green’s function is known, incorporating the
expression for the fine scales in the coarse-scale equations would result in an extremely
costly double integration. All of this becomes even less feasible if we are dealing with
nonlinear PDEs, where this process would have to be repeated after each linearization.
Clearly, we are looking for ways to approrimate the effect of the fine scales. In this section,
we discuss a number of modeling efforts that have been made in this regard. Often, these
focus on the numerical solution of turbulent flow, i.e., the Navier-Stokes equations at

moderate to high Reynolds numbers.

Shortly after its introduction, the principle ideas behind the variational multiscale method
were recast in the framework of large eddy simulation (LES) of turbulent flow [119].
Large eddy simulation relies on a ‘filtering operation’ to define the filtered solution
fields and the filtered Navier-Stokes equations [165]. The aim of the numerical method,
which is most often a finite volume method, is to approximate these filtered fields. The
filtered equations include subgrid-scale effects, which need to be modeled in order for the
numerical method to capture the turbulent nature of the flow. This procedure strongly
reminds of the variational multiscale method, but the subtle difference of using a filtering
operation in LES introduces some conceptual difficulties [156, 165]. Firstly, the filtering

procedure, which is often left completely implicit, becomes ambiguous towards the domain
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boundary. Secondly, there are now two levels of approximation: the filtering step and
numerical approximation step. Both of these problems vanish in the variational multi-
scale framework, where the coarse scales are defined as some projection onto the finite-
dimensional approximation space and we are only left with the numerical approximation

step.

Nevertheless, the filtered equations in LES and the coarse-scale equations in VMS bear
close resemblance. Hence, the subgrid-scale models that are used in LES have been
explored as fine-scale models in the VMS framework. These subgrid-scale models are
inspired by the physical nature of turbulence. Turbulence theory tells us that the scale
interaction that occurs is mostly of a dissipative nature [188]. Based on this observation,
typical practice in LES modeling is to add a so-called “eddy viscosity”. Early versions of
the model are ‘static’ in the sense that the diffusion coefficient is kept constant [138, 172],
and later versions are ‘dynamic’ with a diffusion coefficient that depends on flow charac-
teristics [88, 139]. Similarly, the fine-scale occurrences in the VMS framework were first

modeled as appropriately scaled diffusion terms [112, 119, 120, 145].

We also know that the energy dissipation in turbulent flow has a cascading character:
kinetic energy from larger scales trickles down to neighboring smaller scales. At the
bottom of the cascade are the Kolmogorov scales, where diffusion dominates and the
energy dissipates as heat [99, 135, 136]. Replacing the subgrid-scale terms in the filtered
LES equations by an eddy viscosity does not model this effect. However, in a finite element
framework and with the variational multiscale method at hand we can mimic this behavior.
If we use a hierarchical basis for our finite element discretization, then we can incorporate
the eddy viscosity only for the bases with the highest polynomial order or the most local
support [64, 104, 119, 120, 126, 127]. This is sometimes called a “three-scale model”: there
are coarse scales that exchange energy with intermediate scales which dissipate energy to
the fine scales. The fine scales are those that are modeled with the diffusive term. Such
models have also been used in combination with discontinuous Galerkin finite element
formulations [65, 66, 67, 158], where the hierarchical integrated Legendre basis is used
regularly [47].

A problem with eddy viscosity models, and thus also the equivalent diffusion models in
the VMS framework, is that they purely act as energy sinks. They do not account for
backscatter, which is the feeding of energy from the fine-scale solution back into the coarse-
scale solution. Additionally, they are not variationally consistent: the exact solution no
longer satisfies the discrete formulation. More complete, and variationally consistent,
fine-scale models can be derived by making use of the formal inversion of the fine-scales

discussed in Section 3.2. We saw that the fine-scale problem is analogous to the coarse-
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scale problem, but with a new source term. This source term involves the residual of the
coarse-scale solution. This realization lead to the development of the so-called “residual-
based fine-scale models” [2, 18, 19, 41, 131, 143].

If we assume sufficient smoothness of the coarse-scale space W", then we may perform

integration by parts such that the duality pairing with R in Eq. (3.26) may be written as:

¢'(x) = (Ryn, g'(x,y)) = L(¢(z,y)) — B(g'(z,y), ¢")

= /(f — LM ¢/ (z,y) dy =: /R¢h g (x,y)dy, (3.44)
& O

where £ now represents the strong form differential operator which maps between Sobolev

spaces.

The weighted occurrence of the fine-scale solution in the coarse-scale equation suggests

the following approximation:

/ﬁ*wh
Q

[,*wh

J(x YR (y) dy dz
K

Q

O
L' (x /g (7, y)Ryn(y) dy dx
. (3.45)

%

L (x // Z,y)dydz Ryn(x)dz

/
K!
/
;I[c*wh ) T R () da,

where 7 approximates the operator G’ in a ‘homogenized’ sense over an element K. It is

defined as the element average of the fine-scale Green’s function:
_ 1 L (2, ) dy da 3.46
T'_‘K’//gngvy ydz. (3.46)
K K

The introductory work on the residual-based turbulence model makes use of higher-
order NURBS basis functions [2, 19]. These satisfy the required order of continuity that
is assumed in Eq. (3.44). For conventional C’-continuous finite element methods, the
expression of Eq. (3.44) introduces inter-element Dirac-layers [97, 115, 124]. These can
be taken into account in the model of Eq. (3.45), as illustrated for instance in [129]. In
practice, however, the residual-based model of Eq. (3.45) is also directly implemented in

nodal finite element frameworks [87, 91, 181, 198]. The implicit assumption is that the
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fine scales vanish on element boundaries [109, 115, 125]. This assumption is valid in the
one-dimensional case when the HJ-projector is employed [123]. In almost all other cases

this is an approximation.

If the differential operator £ involves an advective operator, i.e., an operator of the form
a-V, then Eq. (3.45) introduces a terms (ra-Vuw", a- Vcbh)g. This is a diffusive term that
acts in the streamline direction. The empirically motivated eddy viscosity thus emerges
naturally from the VMS framework [157, 183, 184]. The associated diffusion tensor is
Ta ® a, and 7 has a mathematical foundation as the average fine-scale Green’s function.
More so, since the Navier-Stokes equations are nonlinear, mixed and partly vector valued,
Eq. (3.45) implies the addition of many more modeling terms. Different from the extra
diffusive term, which is coercive and stabilizes the formulation, some of these other terms
tend to have a destabilizing effect. This reminds of the back-scatter of energy from the fine
scales to the coarse scales that was missing in the eddy viscosity models. Finally, based on
the choice of projector that defines the variational multiscale split, the fine-scale Green’s
function satisfies an orthogonality relation with the lower scales [122]. In the example of
higher-order discretization of a one-dimensional linear advection-diffusion equation and
an H}-projector, the parameter 7 only has a nonzero value when it involves the bases of
the highest order polynomials. This is in complete agreement with the three-scale models

discussed earlier, which were motivated from a physical perspective.

At this stage, a reference back to the stabilized methods mentioned at the beginning of this
chapter is in order. Many stabilization techniques, such as the streamline upwind /Petrov-
Galerkin (SUPG) stabilization of advective terms, pressure stabilized/Petrov-Galerkin
(PSPG) stabilization of the incompressibility constraint, Galerkin/least squares (GLS)
stabilization, and now also variational multiscale stabilization, may be written in the
following form [72, 109, 124]:

Find ¢" € W' s.t. VP e Wh:

B(w", ¢") — Z (Tﬁswh,ﬁth)K = L(w") — Z (1 Low™, s (3.47)
KeT KeT

where the parameter 7 is then called the stabilization parameter. Different stabilization
methods are obtained for different choices of the differential operator L. The variational
multiscale method suggests that £4 should be chosen as the adjoint differential operator.
Depending on the problem at hand, we can make a choice of projector to arrive at SUPG
or PSPG. In retrospect, we see that these formulations actually incorporate the multiscale
nature of the solution [19, 62, 121, 122, 125, 183, 184]. The strength of this perspective is
that it implies a rationale behind the construction of 7 via Eq. (3.46) [35, 98, 187].



CHAPTER 4

The variational multiscale method for

mixed formulations

Most of the analysis proposed in the previous chapter implicitly dealt with partial differ-
ential equations in their “primal form”. They concern a single solution field which
may or may not be tensor valued. The sought after solution is called the “primal”
variable. Examples of primal variables are the temperature in the heat equation and
the displacement vector in the equations of linear elasticity. Often, we are interested in
physical systems where multiple variables interrelate: the velocity vector and the pressure
for the Stokes equations, or the heat and heat-flux in a temperature problem. Loosely
speaking, a weak formulation that involves multiple variables is called a “mixed formu-
lation”. Their relevance to this thesis is twofold: variational multiscale analysis mostly
focuses on fluid mechanics where mixed formulations are ubiquitous, and, secondly, the
discontinuous Galerkin formulations of Part III are often derived by introducing additional

variables.

4.1 Mixed formulations in science and engineering

Mixed formulations arise in roughly one of two ways: either the strong form of the partial
differential equation involves multiple (physical) states, or the additional variables are

introduced via weak enforcement of constraints.
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4.1.1 Systems of partial differential equations

We need as many equations as we have unknowns. If the strong form of the PDE concerns
multiple variables, we thus need multiple PDEs to describe them: we are dealing with
a systems of partial differential equations. This would occur whenever a multi-physics
problem is considered: the chemical constituents and temperature in combustion, the
electric potential and displacement fields in piezoelectric solids, or the displacement and
velocity fields in fluid structure interaction. Sometimes, the multi-physics aspect is so
fundamental that the sets of equations have been given their own names. Examples
are Maxwell’s equations of electromagnetism, Euler’s equations of gas dynamics, and, of
course, the Navier-Stokes and Stokes equations of incompressible flow. The latter is often

used as the prototypical example when it comes to mixed formulations:

-V - 2uViu—pI)=f in Q, (4.1a)
V-ou=0 in Q) (4.1b)

U =1up on 0fp, (4.1c)
2uViu-n—pn=t on 00y, (4.1d)

where w is the velocity vector, p the pressure and f the body force, each defined in
the d-dimensional spatial domain @ C R? The boundary data consists of up, the
enforced displacement on the Dirichlet boundary 9Qp, and t, the prescribed traction

on the Neumann boundary 0.

A mixed formulation would follow from such a system of partial differential equations by
multiplying each equation by a suitable test function, integration over the domain € and
integration by parts wherever suitable. For example, if we consider homogeneous Dirichlet

boundary data:

Find w,p € [HE(Q,000)]% x L3(Q) st. Vv, q € [HL(Q,00p)] x LA(Q) :

/QMVSu VS'U—Q/pV ’U—/f v+/tv (4.2a)

0p
/V uqg=0. (4.2b)

If 9 is an empty set, then p would only be defined up to an arbitrary additive constant
which would need to be removed from L?(£2) to make the formulation well-posed. This
weak formulation is of the form of Eq. (2.45), and we can use Theorem 2.4 to prove

well-posedness.
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Even if the physics involves only a single state, we may still choose to formulate the PDE
as a system of PDEs by introducing “auxiliary variables”. Take, for instance, creeping flow
through a porous medium. If we assume that the permeability tensor is isotropic such that
it may be written as kI, then the pressure field ¢(x) (or more accurately the “piezometric

head”) in the medium will reach a steady state described by a Laplace equation:

-V .- (kVp)=0 in Q, (4.3a)
¢=¢p  ondp, (4.3b)
kV¢-n =gn on Iy . (4.3c)

According to Darcy’s law [70], the velocity profile may be derived from the pressure field as:
u=—-kVo. (4.4)

When we introduce this definition of the velocity as an auxiliary variable, then Eq. (4.3)

can be restated as:

u=—krVo in 2, (4.5a)
V-ou=0 in Q, (4.5b)
¢=¢p on Ip, (4.5¢)
—u-n =gy on 0y . (4.5d)

Equation (4.5) is called a “reduced order form” of Eq. (4.3). This term refers to the
fact that we stated a second order differential equation as a set of first order differential

equations. For homogeneous Neumann data, a mixed formulation for this set of PDEs is:

Find u, ¢ € Ho(div; Q, 0Qn) x L*(Q) s.t. Vv, q € Hy(div; Q,0Qn) x L*(Q) :

/fflu-'v—/gzbv'v:—/qﬁ[)v‘n, (4.6a)

Q Q op
—/V-uqu, (4.6b)
Q

where Hy(div;2,0Qy) is the space of vectors with square integrable divergence and

vanishing normal components on 92y .

From an engineering perspective, the underlying physics is more directly represented in
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Eq. (4.5) than it was in Eq. (4.3). The first line represents the modeling (constitutive)
equation. In the case of Darcy’s law it is a reformulation of Newton’s second law for porous
media flow. The second line is the incompressibility constraint. The Neumann condition
can be identified as the imposed inflow /outflow. Based on these observations, there are a

number of reasons to favor Egs. (4.5) and (4.6) over Eq. (4.3) as the basis of analysis [27].

Firstly, in many applications the auxiliary variable is the quantity of interest. Also in
this example of porous media flow the velocity profile is likely to be of more interest
than the piezometric head. Other examples include the stress/strain in solid mechanics
applications to determine material failure and the heat flux in the (convection-)diffusion
equation to understand the necessity of installing insulatory devices. In all these examples,
the variable of interest does not occur in the primal formulation. To obtain it, the finite
element solution would need to be post-processed with numerical differentiation (i.e., via

Eq. (4.4)), which reduces the order of accuracy of the scheme.

Another important reason lies in the explicit occurrence of the constraint in the finite
element formulation. For the Stokes equation, the alternative would require the use of
‘divergence free’ finite element approximation spaces. Construction of such spaces on
arbitrary meshes is highly complex [101]. For the Poisson equation of Eq. (4.3), the primal
formulation would result in a finite element scheme that is not inherently mass conser-
vative [142], for which it would require specialized post-processing [140]. The weak incor-
poration of the incompressibility constraint serves as a handle for crafting finite element
formulations that naturally satisfy such constraints. Suitably chosen spaces would produce
solutions that are pointwise divergence free [77, 78, 79, 133]. This is a vivid branch of
research that goes under various names: structure preserving methods [82], compatible
discretization [6, 26], mimetic methods [36], discrete exterior calculus [71, 102] and finite

element exterior calculus [4, 10].

A third reason concerns the imposition of boundary conditions. For a Poisson problem,
we typically think of the Dirichlet conditions as the essential conditions. Indeed, these
are the ones that we may impose on H'(f2) through the trace operator of Definition 2.9
to produce Hi(Q,00p). In the mixed form of Eq. (4.6), the primal variable is a member
of L?(f2), for which functions do not admit a unique trace. We are thus not permitted
to incorporate Dirichlet data in the space definition. Rather, it shows up naturally as
right-hand side data in the weak statement. The space for the auxiliary variable does
permit a trace operation: one that defines the normal component on the boundary. This
is precisely the operation required to impose the Neumann condition, which thus becomes
that essential condition that we can include strongly in the definition of the function space.

The swap of the essential and natural conditions may result in higher quality finite element
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approximation. For instance, when the Dirichlet conditions result in sharp layers, strong
imposition tends to produce oscillatory solutions. Weakly imposed conditions are more

‘forgiving’” due to the relaxation of the constraint.

Finally, a reduced order form enables the use of finite element approximation spaces that
would otherwise fail. For example, PDEs that involve high orders of derivatives, such as
the fourth order biharmonic operator used to describe the deflection of thin shells or the
fourth order Cahn-Hilliard equation to describe phase-field evolution, cannot directly be
solved by using off-the-shelf C°-continuous finite element function spaces. By writing the
partial differential equation in a reduced order form, the existing technology is once again
suitable [25, 110, 167, 174, 175, 199].

4.1.2 Weak enforcement of constraints

Classically, variational formulations correspond to minimization problems:

¢ = arginf J(¢) := arg inf{ %a(qS, o) — L(gi))} ) (4.7)

PEW pEW

where a(-, -) is some symmetric coercive bilinear form and L(-) some linear form. Suppose
that we are looking for the function that minimizes the potential functional J(¢), under
the condition that ¢ satisfies a constraint. Examples could be essential boundary condi-
tions [11], coupling conditions [12, 93] and incompressibility. We could incorporate these

constraints in the minimization through the admissible functions:

¢ = arginf J(¢), (4.8)
peWw
Bé=0

where B is the operator corresponding to the pairing (B¢, q) = b(¢,q) = 0Vq € Q that
represents the constraint. This is perfectly valid, and often leads to well-posed formula-
tions. In some cases, this is precisely the adopted procedure: essential conditions are often
imposed nodally in finite element implementations. For other constraints, Eq. (4.8) leads
to very complex definitions of the function spaces for which it is challenging to find finite

element subspaces.

Instead, we may incorporate the constraint weakly. We rephrase the constrained
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minimization [34]:

¢ = arginf { sup (J(¢) + b(, q))} : (4.9)

PEW qeQ

For any function that does not satisfy the constraint, the supremum over Q will produce
an infinite value. The infimum over W must thus be some function that does satisfy the
constraint. Note that this only defines the function ¢; the functions ¢ € Q just represent
more independent test functions that ensure the constraint is enforced. To arrive at a
‘square’ system, we must introduce another solution variable in @. We can compose a

“dual problem” as:

A= ar/{gesgp { u}g&/ (J(w) + b(w, )\))} : (4.10)

The solution to this dual problem is the Lagrange multipliers associated with the

constraint.

We define a new potential J*(w, q) = J(w) + b(w, ¢). The convexity of the potential J(w)
and the linearity of the constraint b(w, ¢) allows us to make the following statement about
the ¢ and A that solve Egs. (4.9) and (4.10) [27]:

J(d,q) < T (P, \) < T (w, ) VweWand Vg e Q. (4.11)

The solution pair ¢, A thus represents a “saddle point” or “equilibrium point” of J*(w, q).
At an equilibrium point the Gateaux derivative of J*(w, ¢) vanishes for both the w and the
q fields. We are thereby lead to search for the ¢ and A that correspond to the variational

statement:

Find p, \ e W x Q st. Vw,ge W x Q:
a(w, d) +b(w,A) = L(w), (4.12a)
b(¢,q) =0. (4.12b)

We are again left with a weak formulation of the form of Eq. (2.45), for which well-

posedness depends on Theorem 2.4.

The example of the Stokes equations and Darcy equations in the previous section were

not by accident. Both mixed formulations may also be derived from a constrained
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minimization perspective. In both cases, the incompressibility constraint gives:

b(v,q):—/V-vq. (4.13)
Q

For the Stokes equations:

J(v):/uvsvzvsv—/f-v—/t'v, (4.14)
Q Q

2199

and for the Darcy equations:

1
J(v):/ﬁnflv-v— / ¢ppv-n, (4.15)
Q oQp
where the admissible functions u must satisfy the essential Neumann condition, Eq. (4.5d).
This alternative derivation of the same formulations illustrates the tight relation between

variational principles and PDEs, also in the context of mixed formulations.

Remark 4.1. We will repeatedly need to define the saddle points ¢, A of some functional
J*(w,q). To avoid the cumbersome notation of Eqs. (4.9) and (4.10), we make use of the

following simplified notation:

¢, A = arginf argsup J* (¢, \), (4.16)
PpEW AeQ

which should thus be understood in the sense of:

¢ = arg inf { sup J* (¢, q)} ) (4.17a)
PEW qeQ

A= inf J*(w,\)¢. 4.17b

ar;g;escl)lp{u}gw (w, )} ( )

4.1.3 Finite element spaces

Finite element methods based on reduced order forms of PDEs were first proposed in
the 1960s [84, 85, 86]. It soon became clear that stable results could not be guaranteed
without a careful selection of the discrete subspaces in the Galerkin approximation. For

the examples of Eqgs. (4.2) and (4.6), this means that we are restricted in our choices of
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finite element spaces for the pressure and velocity, or else spurious oscillations spoil the
numerical results [27, 29, 83]. We now know that the pair of spaces must satisfy the inf-sup

condition from Theorem 2.4.

Early research thus focused on finding suitable pairs of approximation spaces. In the case
of the Poisson problem of Eq. (4.6), this required constructing finite-dimensional subspaces
of H(div, ), which lead to a number of new finite elements. The famous examples are
the Raviart-Thomas finite element [159]:

RT,(gn) = {v" € H(div, Q) : v"| . €[PP(K)] + 2 PP(K) VK € T,

(4.18)
v-n=7Iygy on 00y},
and the Brezzi-Douglas-Marini family of finite elements [31, 32]:
BDM,(gn) = {v" € H(div,Q) : v"| . €[PP(K)]? VK € T, (419)

v-n=27Iygy on 00y} .

In these space definitions, PP(K) is the space of polynomials and P the space of homoge-
neous polynomials, both of order p and defined on the volume K. Each K represents an
element of the mesh 7. The operator Z; is defined as the interpolation associated with
the definition of the degrees of freedom in the finite element triplet [44, 76]. Early error
and stability analysis of finite element formulations with these approximation spaces was

performed in [7].

The mixed Stokes formulation also involves gradient operators, such that the velocity
field must lie in [H} (€2, 02 D)]d. Various pressure/velocity approximation pairs have been
experimented with [27, 110]. Among those with proven stability characteristics are the
Taylor-Hood elements [28, 33, 182] and the Crouzeix-Raviart elements [43, 69]. Pairs
that show spurious oscillations in the pressure field may still be used if the solution is

post-processed [111], or by adding pressure stabilization [116].

4.2 Multiscale mixed formulations and suitable projectors

The mixed formulation of the Stokes and Poisson problems of Eqs. (4.2) and (4.6) are
well-posed, but the use of an improper finite element discretization gives unstable results.
It is thus again the loss of fine-scale information that results in poor solution behavior.

We turn to the variational multiscale method to remedy the situation.
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In Section 3.2.3, we showed that a Galerkin approximation of an energy minimization
yields the same finite element formulation as a variational multiscale formulation with
as a choice of projector the minimizer of the energy norm. Similarly, we can interpret
the Galerkin approximations of mixed formulations as variational multiscale formulations
with specific projection operators. Stable formulations for ‘bad’ finite elements may still
be obtained by altering the projection operator. We illustrate this procedure for the Stokes
problem. The first step is a variational multiscale decomposition of the weak form. Some
care must be taken in regards to the definition of the fine scales, as emphasized by the

following lemma.

Lemma 4.1. Let &2 be an arbitrary surjective projector that maps as follows:
PWxE = (Wx D) =wh x s, (4.20)

Despite the decoupling of the range of & into W' and X", it can not be guaranteed that

the kernel decouples as such. That is, in general:
IW., Y st ker(2) =W x Y. (4.21)

Proof. The projection of some pair (w,0) maps to a w-dependent point in the range

of &:

P(w,0) =: (wh, o) e W x 1. (4.22)
The fine-scale supplement lies in the kernel of &2:

(I — P)(w,0) = (w—wh, —c") € ker(2). (4.23)

From Eq. (4.22) we know that o € X" and thus that (0,0%) € W" x 3. Due to the

idempotency and surjectivity of &2, this solution pair maps to itself:

2(0,0") = (0,0"). (4.24)
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If ker(22) = W' x ¥/, then from Eq. (4.23) —of € ¥, which would mean:
2(0,0") = (0,0). (4.25)

Equation (4.25) contradicts with Eq. (4.24) except for the special case that ¢/ = 0. This

would only hold for all w if & decouples as:
P(w,0) = (Pyw, Ps0), (4.26)

which is only a special case of projector &2. O

With the conclusion of this lemma in mind, we obtain the following multiscale decompo-

sition of the Stokes formulation:[-0.75cm]

Find u”, p" € V" x Q" and u/,p' € (V x Q)’
st Vol ¢ e Vi x Qfand v/ ¢ € (V x Q) :

/ZMVS(uh+u’):sth—/(ph+p')V-vh:/f-vh—i— / t ol
9) 9) Q

o0p

/2w$(uh+u’):vsv’ —/(ph+p’)v-'v’ :/f-'v’+ / t-v,

9) ) 9) o0
—/V-(uh+u’) " =0,

)
—/V~(uh+u’) ¢ =0,

o)

where:

V x Q= [HN(Q,000)]  x L2(Q) = (V' x 9" & (V x Q). (4.28)

Suppose that we choose the following optimality condition as our projection operator:

PVYx Q- YV«

u,p +— arginfargsup /,uvs(u —ul): Vi (u —ul)
uheyh pheQh

~ [V o=,

Q

(4.29)
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Following the procedure established in Section 3.2.3, we rewrite this projector as a set
of constraint functionals. These correspond to the variational statement that defines the

equilibrium point of the saddle-point problem:

— (Z/LVSVh, Ve(u — uh))Q + (V- v p— ph)Q =0 vl e Vi, (4.30a)
(V- (u—u),p"),=0 Vot e Q. (4.30Db)
These functionals define the fine-scale space (V x Q) = ker & as all pairs u/,p’ that
satisfy:

— (2uVE, Vo) + (V- p), =0 Vvt e V' (4.31a)
(V- p"),=0 vl e Q. (4.31b)

Since all fine-scale pairs u/, p’ satisfy these relations for all test functions v*, p*, we may
choose v = v and p"* = ¢" and add Eq. (4.31a) to Eqgs. (4.27a) and (4.27c). This
elimination of the fine scales, directly implied by the chosen projector, leaves us with a

conformal Galerkin approximation of the Stokes problem:

Find u”, p" € V" x Q" s.t. Vo', ¢" € V" x Q" :
/2uvsuh:Vs'vh—/phv-vh:/f-'vh+/t'vh, (4.32a)
Q

Q 121955)

Q
—/V-uh @ =0. (4.32b)
Q

Stated inversely, solutions to the conformal Galerkin approximation of the Stokes problem
are projections of the exact solution with Eq. (4.29) as the projection operator. Since the
continuous weak form is well-posed, well-posedness of the coarse-scale problem depends on
well-posedness of the projection operation. Apparently, this is not the case for arbitrary
sets of finite element approximation spaces. We have two options: either we follow the
approach of Section 4.1.3 and search for stable discretization pairs, or we change the

projection operator.

For many unstable solution pairs the problem lies in the pressure field. If it permits a
‘zero-energy’ pressure solution, then the stiffness matrix becomes singular. If, with the use
of iterative solvers, we still manage to find an inverse, then these zero-energy modes show
up as (checkerboard-like) spurious oscillations. Suppose that we wish to use an equal-order

C-continuous interpolation pair for the velocities and the pressures. Such a discretization
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is notorious for suffering from spurious oscillations. We can remove this zero-energy mode

by adding an H}-weighting in the projection operator:

PVYx Q- VY x ol

u,p +— arginfargsup /,uvs(u —uh): Vi (u —ul)
uheyh pheQh I

~ [Votu—u) o) - [ Ve V- ).
Q Q

(4.33)

In order for the gradient to be a valid operation on every p € Q we must change the space
Q to H'(). Since this is more constrained than the original L?(Q2), the second LBB

condition is still valid and the original weak statement is still well-posed.

Going through the same steps would result in the following coarse-scale equations:

Find u”, p" € V' x Q" sit. Vol ¢ e VI x Q"
/2uvsuh:sth—/phv-vh:/f-vh—l—/t-vh, (4.34a)
Q Q ) o

—/V-uh qh+/'pr'-th =0, (4.34Db)
Q Q

where a fine-scale pressure solution remains. We can model this with a residual-based
model originating from the momentum equations. This results in the ‘stabilized’ weak

formulation of the Stokes equation [116]:

Find u”,p" € V* x Q" s.t. Vo', ¢" e V' x 9 :

/Q,uvsuh:sth—/phv-vh:/f-vh—l—/t-vh, (4.35a)
Q Q Q oQp

- / V-ul ¢+ / pspaRym - V' =0, (4.35b)
Q Q

where Ry; is the residual of the momentum equations and 7pgpg is the pressure-
stabilized /Petrov-Galerkin stabilization parameter. It relates to the homogenized fine-

scale Green’s operator (see Section 3.3) and to the weighting factor v in Eq. (4.33).

These steps exemplify a procedure that we use repeatedly in Parts II and III of this
dissertation. We decompose a weak formulation into coarse-scale and fine-scale compo-

nents, and find the projector that leads to the Galerkin approximation in the elliptic case.
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This projector may not be suitable for the approximation space under consideration, so we
add a weighting of an error to the error potential. Then, we use the optimality conditions
of the error potential, equivalently interpretable as the constraint equations that define

the fine-scale space, to eliminate many of the fine scales in the coarse-scale equations.

As we focus on advection-diffusion model problems, the relevant elliptic case is the Poisson

equation. For the mixed formulation, the multiscale decomposition reads:

Find u”,¢" € V" x Q" and v/, ¢’ € (V x Q)
st. Vol ¢ e Vi x QM and v/ ¢ € (V x Q) :

/ﬁ_l(uh+u’) -l —/(¢h+¢’)v-vh =— / ppv"-mn, (4.36a)

o) O o0

/nfl(uh+u') -v’—/(¢h+¢’)V~v’ =— / épv' -mn, (4.36Db)

o) Q o0p

— /V (uh+ )" =0, (4.36¢)
)

—/v-( hya)gd =0, (4.36d)
)

where now:
V x Q:= Hy(div; Q,00x) x L*(Q) = (V' x @M (V x Q). (4.37)

We obtain a conformal finite element formulation from the following optimality projector:

PV xQ— VY« ol

u,p > arginfargsup /lﬁfl(u —u) - (u—ul)

uh th ph c Qh 3

[\

(4.38)
[V u—ut)e- o).
Q

This projection operation is well-posed for a suitable chosen pair of approximation spaces.
These may involve the Raviart-Thomas or Brezzi-Douglas-Marini type elements discussed
in Section 4.1.3.

By multiplying the error potential by negative one, we are permitted to switch the spaces
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associated with the infimum and the supremum:

P:OxY— QhxYh

¢,u + arginfargsup J*(¢',u’).
pheQh yheyh

(4.39)

In subsequent chapters, we assume x to be constant such that we may divide the error
potential in Eq. (4.38) by it. Additionally, we will add an advection operator such that
we require the space Q to be H'(2). Through integration by parts, the error potential

may then be written as:

7o) = [V~ [+ n98 P+ [l e (4.40)

Q Q a0p

where the norms are Euclidean vector norms.

This representation of the projector and the error potential provides an interpretation

from an optimization perspective. The first term and the infimum over ¢ concern an

h

H}-norm optimality, and the supremum over u” concerns an L?-norm optimality via the

second term. For both optimality conditions the boundary term acts like a source of error.



Conclusion

In this part of the dissertation, we have laid out the foundation on which we build in
Parts II and III. There, we adopt the variational multiscale principles for ‘non-standard’
formulations. In Part II we focus on the weak imposition of essential conditions by means
of Nitsche’s method, and in Part III we consider a multitude of discontinuous Galerkin
formulations. These finite element methods are often referred to as “non-conformal”,
as the approximation spaces are not subspaces of the function spaces relevant to the
continuous weak formulation. Additionally, the added flexibility of the approximation
spaces at element or domain boundaries raises question regarding the inversion of the fine-
scale problem and the ensuing residual-based models. With the detailed understanding
of the original variational multiscale method developed in Part I we can pinpoint exactly

where the challenges lie and proceed to tackle them.



PART 11

Weak imposition of essential

boundary conditions




Introduction

From the previous introductory chapters it should be clear that the variational multi-
scale paradigm plays a central role for approximating the solution of flow related PDEs
with finite element methods. The resulting residual-based models encapsulate stabilized
methods and turbulence models. These principles have stood at the forefront of making

the finite element method applicable for fluid-mechanics applications [72].

Another methodology that has been shown to yield favorable results for CFD applications
is the use of weakly imposed Dirichlet boundary conditions [22, 23, 24, 65, 158]. Typically,
Nitsche’s method is the method of choice for weakly enforcing essential boundary condi-
tions. While Nitsche’s method was initially proposed in relation to energy minimization
functionals [153], both its symmetric and nonsymmetric variants have since been studied
extensively in fluid-mechanics applications [22, 23, 24, 40]. One of the main drivers for
the significant recent interest in weakly enforced boundary conditions is their importance
in immersed finite element methods [164, 166, 168, 169]. Notable references in the context
of fluid mechanics include [21, 103, 106, 107, 132, 197, 198]. For immersed finite element
methods, the approximation space is no longer tailored to fit the domain boundary and
the boundary conditions can not easily be enforced strongly in the approximation space.
Hence, there is a need for the weak enforcement of the essential boundary conditions by

manipulation of the variational formulation.

At first glance, the variational multiscale method and Nitsche’s method appear to be at
conflict: the basis for a variational multiscale decomposition is a well-posed continuous
weak formulation, but Nitsche’s method requires flexible spaces at Dirichlet boundaries
and involves penalty terms that become unbounded in the continuous limit. Additionally,
the fine-scale solution, by design, does not vanish on the Dirichlet boundary, which, as
discussed in Section 3.3, violates one of the key assumptions on which traditional residual-
based fine-scale models are built. The next few chapters embody our recent efforts for
mitigating these issues [177, 178, 179].
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This part of the dissertation is structured as follows. In Chapter 5, we derive a variational
multiscale finite element formulation of the advection-diffusion equation and we show
that Nitsche’s method arises from a particular choice of fine-scale closure. In Chapter 6,
we develop the fine-scale model that takes into account the non-vanishing fine scales at
the Dirichlet boundary and provide estimates for the involved model parameters. The
complete formulation is summarized in Section 6.6, where we also show that the resulting
bilinear form is coercive and hence that the finite element formulation permits a unique
solution. In Section 7.1, we verify the theory for a one-dimensional model problem, and in
Section 7.2 we computationally investigate the performance for a two-dimensional model

problem that involves multiple boundary layers.



CHAPTER 5

The continuous problem and its

variational multiscale decomposition

5.1 Multiscale weak formulation with flexible spaces at
Dirichlet boundaries
The classical model problem for variational multiscale analysis is the steady advection-

diffusion equation. Let © C R? denote the spatial domain with boundary 9. The

governing equations in strong form read:

a-Vo—-V-kVo=f in Q (5.1a)
$p=¢p on O0Qp, (5.1b)

KkOpp =gy on GQ}, (5.1c)

KOp¢ —a-ng =gy on 0Qy, (5.1d)

where the dependent variable ¢ = ¢(x) maps Q) into R. The source function f : Q — R,
the Dirichlet data ¢p : 0Q2p — R and the Neumann (or Robin) data gy : 0Qny — R
are exogenous functions that are assumed to be members of H'/2(-) on their respective
domains. The advective velocity a = a(x) is a given solenoidal vector field (V-a = 0) and
the diffusivity & is strictly positive. The Dirichlet and Neumann (or Robin) boundaries
0Qp and 0Ny are complementary subsets of the boundary 09, i.e., 9Q = 9Qp Uy,



5.1. Multiscale weak form with flexible spaces at Dirichlet boundaries 61

and the superscripts + and — indicate outflow (@ -m > 0) and inflow parts (a - n <
0) respectively. On the boundary, the normal gradient is denoted 9, = n - V¢. By

convention, n denotes the outward facing unit normal vector.

To obtain the weak formulation we multiply by a test function and integrate by parts
wherever suitable. Different from classical functional (and variational multiscale) analysis
we keep the traces of our function spaces on the domain boundary variable. This requires
the use of Lagrange multipliers for the enforcement of the Dirichlet boundary conditions.
To ensure inf-sup stability of the resulting bilinear form, we substitute the known data
on the inflow part of the Dirichlet boundary in the advective term. We then obtain the

following weak formulation:

FindgpeWand A€ Qs.t. Vwe Wand g € Q:
—(a-Vw,¢), +(a-nw, ), + (Vw,kVo), + <)\,w>8QD
= (waf)ﬂ + <wagN>69N - <(I : nwv¢D>aQ57

<Q7 ¢>BQD = <Q7 ¢D>8QD’ (52b)

(5.2a)

where (-, - ), denotes the L%inner product on domain €, and (-, -) 50 denotes a duality
pairing (see Definition 2.12), which is to be interpreted in the sense of an L2-inner product
on the surface. In its current form, the suitable functional spaces may be identified as
W = HY(Q) and Q = H-'/2(9Qp). Equivalence of the strong and weak forms, Egs. (5.1)
and (5.2), dictates that A = —kd,¢. This is stated in the following lemma, which also

concerns the well-posedness of the weak formulation.

Lemma 5.1. Equation (5.2) is well-posed, given sufficient reqularity of the data and the
domain it is equivalent to the strong form of Eq. (5.1), and from this equivalence it follows

that \ = —kOno.

Proof. This is a classical example of a mixed formulation, and the theory outlined in
Section 2.4 largely applies. Well-posedness (or “inf-sup stability” in the current context)
follows from Theorem 2.4, the LBB theorem. To make this theorem completely applicable
we restate Eq. (5.2) as a mixed formulation with homogeneous essential conditions. We
replace ¢ by ¢g + ¢g, where ¢4 is some function in H'(Q) whose trace is equal to ¢p on

0Q2p. Such a function exists, as ¢p was assumed to be a member of H1/2(8QD), a trace
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space of H'(Q2). The new weak formulation may be written as:

Find ¢, A e W x Q s.t. Vw,g e W x O :
a(w, ¢o) + b(w, A) = L(w) — a(w, ép)

b(¢>0> Q) =0.

The LBB theorem requires that a(-,-) is coercive on the kernel of b(-,-) and that b(-,-) is
inf-sup stable. The inf-sup stability of b(-,-) follows from the choice ¢g = ¢ on IQp. The
kernel of b(-,-) is denoted HE(Q2,09p) and consists of all functions in H'(Q) whose trace
is zero on 0S2p. The bilinear form a(-,-) is coercive on this space: the diffusive term itself
is coercive as the H'-seminorm is equivalent to the H'-norm for the H}(Q2,9Qp) space of
functions, and the advective terms only positively contribute to the coercive as is proven

later in Lemma 6.2. Equation (5.2) is thus a well-posed weak formulation.

Equivalence with the strong form follows from integration by parts while making use of

V -a = 0. After clustering of the integrals we obtain:

(w7 av¢ -V K‘V¢ - f)Q - <wagN +a- n¢ - Ran¢>aQE o <w7gN - “an¢>8§2}

+{(w,a-n(pp —¢) + A+ ﬁ@n¢>895 + (w, A+ m@n@mg =0. (5.4)

As this holds for all w € H!(f), each individual term must vanish. This leads to
the volumetric and Neumann parts of the strong form: Egs. (5.1a), (5.1c) and (5.1d).
Additionally, from the choice of ¢ = ¢ — ¢p in Eq. (5.2b) it follows that ¢ = ¢p on 0Qp.
The terms in Eq. (5.4) on the Dirichlet boundary then produce A = —kd,¢. O

The variational multiscale approach splits the trial solution and test function spaces into
coarse and fine scales. The coarse scales live on the finite element grid, whereas the fine

scales are determined via a model equation. This decomposition may be written as:
wW=wrew, (5.5)

where W" is the space spanned by the finite-dimensional discretization and the fine-scale

space W is an infinite-dimensional complement in /. The components of the solutions
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and test functions decouple as

6 =¢"+¢, (5.6a)
w =w" + ', (5.6b)

with coarse scales ¢, w" € W' and fine scales ¢/, w’ € W'. The direct sum decomposition

in Eq. (5.5) is associated with a projection operator:

wh =Pw e Wh, (5.7a)
w=(F - P)weW, (5.7b)

where & : W — W" is the projector and .# : W — W is the identity operator. Formally,
this projector is incorporated in the weak formulation through the definition of the fine-
scale space W'. It follows from Eq. (5.7b) that W' = Im(.¥ — &) = kerZ?. Then, the
direct sum decomposition of Eq. (5.5) ensures the unique decomposition that satisfies
Egs. (5.6) and (5.7). Using this multiscale split we arrive at the following alternative —

equivalent — weak statement:

Find ¢" e W', ¢/ e W X € Q s.t. Y e Whw' e W, qge O
— (a- V', ¢"+ @)+ (Vo £V "+ £V )+ (@ - nw", 6"+ &),

(A w0, = (W fg + (W' gn) g, — (@ nwh’¢D>3QB’ o
— (@ Vu',¢" +¢) + (Vo' 5V¢" + 5V¢) g + (@ nw',¢" +¢),0. (5.8b)
A W), = (W fg + (W' gn)yq, —(a- nw/’¢D>BQB’
(08" + ¢ pa,, = (0 9D)aq,, - (5.8¢)

Equation (5.8a) is the “coarse-scale problem”, and can be interpreted as a relation for ¢"
for a given \ and ¢’. The Lagrange multiplier is taken care of by substituting the known
expression in the continuous case, viz. A\ = —k0,¢" — k0,¢'. Similarly, the “fine-scale
problem” of equation (5.8b) can be conceived as a relation for the fine-scale component
¢’ € W'. This space, however, is infinite-dimensional and is thus not amenable to discrete
implementation. Hence, in equation (5.8a) a closure model will be substituted in place of

the fine-scale solution.
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5.2 Nitsche’s method as a partial fine-scale closure

Next, we show that a particular fine-scale closure condition leads to Nitsche’s classical
formulation. Our goal is to illustrate that Nitsche’s method and the accompanying penalty
terms are not in conflict with the VMS theory, but rather can be interpreted naturally
in the VMS framework as a particular choice of fine-scale closure. Consider the following

projection operator, which we will refer to as the Nitsche projector:

Py W — W
6 - argint [ Sk(Vo— V") - (Vo - Vo) — [ w(0.6—0.0") (0~ 6"
¢heth 2 QQD

+ / %K/TI*(QZ) . ¢h)2 ] (59)
o0

where n* is a factor that weighs the added boundary term. We ‘choose’ to define it as:

0 on 0y,

. “n on 00,
n = B (5.10)

n on 09,

n+ = on 99},

for which the reason will become clear momentarily.

The functional that is minimized involves an integral of the normal derivative of functions
in W on the boundary of 2. Recall from Definition 2.9 and the surrounding discussion that
this operation is not permitted for functions in H'(€2). In order for these integrals to be
well-defined for all w € W, we require a redefinition of W. We set W =V U C2(Q2). The
space CgE(Q) is whatever C°-continuous finite element approximation space we identified
as W and V is defined as V = {¢ € H'(Q) : A¢ € L?(Q)}. The following operation is

allowed for functions in V:
/ anm:/v.(vm):/ A¢v+/V¢-Vv Vo e HY(Q), (5.11)
o0 Q Q Q

which defines 9,¢ on the boundary. As we are considering data of the form f € L?(1),

the true solution ¢ will automatically be an element of this new space.

Given a function ¢ € W, the function ¢" € W" that minimizes the functional in Eq. (5.9)
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may be determined by taking the Gateaux derivative. This results in the following discrete

weak statement

— (V" kY6 = Vo) + (", k0,6 — £0,0") 50, + (KOO", 6 — &™) o

h h h h h h (5.12)
— (k"0 = ")y —(@-mv", o —¢") 0 =0 Vo' e W,

Before continuing, let us first assess that (or when) Eq. (5.9) indeed defines a projection.

Lemma 5.2. Under the assumption that 7 is ‘large enough’, the mapping Py is surjective

and idempotent, and hence a projection onto W" (see Definition 2.24).
Proof. The above conditions may be written as:

1. ran(Zy) = Wh.

2. PyPno = 9N¢ Ve W.

They may be combined into a single statement: Py¢" = ¢" Vo € Wh.

The mapping W — W" is equivalently defined by Eq. (5.12), which may be written as:
By (v,¢") = By(v,¢)  YveWh. (5.13)

Let us first assume that By(,-) is coercive on W". By the assumed regularities, the
operators are also bounded. From the Lax-Milgram theorem it then follows that Eq. (5.13)

permits a unique solution. The projection of some ¢" € W" may be obtained by solving:
By (v, ¢") = By(v,¢") = B,(v,¢" — ") =0 VoeWwh. (5.14)
By choosing v = ¢ — ", and from the coercivity property B(v,v) > 0:
Bu(¢" =" 0" —¢") =0 = ¢" — " =0 = ¢" =" (5.15)

The Py-operator from Eq. (5.9) is thus a projection if By(-,-), defined by Egs. (5.12)

and (5.13), is coercive on W". Coercivity of By(-,-) is a requirement on 7, as will be
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discussed in a different context in the next chapter. Refer to Lemma 6.3 for the proof, as

well as for an expression for a minimal n that is ‘large enough’. O

If we replace ¢ — ¢" by ¢ in Eq. (5.12), then we obtain the following associated optimality

condition for the fine scales:

— (V" kV¢), + (V" K0nd) g, + (kO™ o,

(5.16)
— (wm™, ¢/>8QD —(a-no", ¢ )pgr =0 Vol e Wi,

Typically, in the variational multiscale framework, one would attempt to invert the fine-
scale problem of Eq. (5.8b) while satisfying the requirement posed by Eq. (5.16). However,
the particular structures of the coarse-scale problem and the Nitsche projector allow for a
more direct inversion of (part of) the fine scales in the coarse-scale equation [178]. First,
we recognize that the fine-scale terms in Eq. (5.16) on the Dirichlet boundary may be
written in terms of the coarse-scale solution through the definition ¢/ = ¢ — ¢" = ¢p — .
Then, since Eq. (5.16) holds for all v € W", we may choose v" = w" and add the obtained
equality to the coarse-scale problem of Eq. (5.8a). By following this procedure we are left

with Nitsche’s formulation of the advection-diffusion problem:

Find ¢" € W' s.t. Yl e Wh .
= (a-Vu',¢" + ¢)g+ (- nu', ") + (V' kV6") g — (W', 50,6") o
— (RO, ")y + (W kb )y = (W, f)g— (a- "wh’¢D>aQB

(5.17)
+ <wh7 9N>BQN - <K'anwh7 ¢D>BQD + <wh7 ﬁn¢D>BQD’

where only one fine-scale term remains. We emphasize that both the symmetric term of
Nitsche’s method as well as its penalty term originate from the fine-scale inversion per
Eq. (5.16).

Remark 5.1. If we write the remaining fine-scale term as (Esmbwh, d)’)Q, then we observe
that the appropriate fine-scale model (read: stabilization technique) in conjunction with
Nitsche’s method involves the SUPG operator Lgap = —a - V. Typically, in variational
multiscale stabilized methods, the adjoint differential operator Lgap = —a -V — V - KV
is proposed. However, since the diffusive part of the fine-scale terms has already been
incorporated via the introduction of the Nitsche terms, the diffusive operator no longer

occurs in the fine-scale term.
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5.3 A short study on the Nitsche projector

The projector defines the scale decomposition of Eq. (5.5) via Eq. (5.7). This means that
it impacts the appropriate modeling choices in the development of the fine-scale model.
Before continuing the fine-scale modeling, we thus first dedicate a short study on the
Nitsche projector. The ensuing analysis will heavily rely on the work by Hughes and
Sangalli in [122], which is rehearsed in Section 3.2, who performed the same analysis using

the H}- and L2-projectors.

A projector may be defined by a finite number of functional constraints; as many as the

dimension of W":

P = ¢" such that:

5.18
{piyd — @™y =0 i=1,..,dim(W"). (5-18)

As was proposed in Section 3.2, the p; functionals for the Nitsche projector may be
inferred from the weak statement of Eq. (5.16). By performing integration by parts
on its first term while interpreting the resulting integral in the sense of distributions,
the functional constraints follow from substituting the various candidates for v". For
a one-dimensional domain with a set of nodes I' = {z1, z2,..,2,} and element domains
T = {[x1,22], .., [Zn_1,2,]} and a typical nodal finite element construction of W" with

polynomial order p, we find:

P = ¢" such that:

(¢ —¢") = p(i) — ¢ (i) = 0 for z; € T'\ 99p, (5.192)
{pyp — ¢") = [1(d — ¢M)x? =0 for KeTand 0<qg<p-2, (5.19b)
(1,0 — &") = KOu (& — &")|, — rn(d — ¢™)|, =0 for z; € 00, (5.19¢)
(1,6 = ¢") = KOu(¢ — O], — (k0 + a- n)(¢ ¢")|, =0 forz; € 9Qf. (5.19d)

The first requirement dictates nodal exactness of the finite element formulation, and
together with the second requirement these define the H}-projector [122]. The last two

originate from the extra degrees of freedom on the Dirichlet boundary.

Remark 5.2. The central role of the projector can be useful for the interpretation of
the obtained finite element solution. For instance, for the current example of Nitsche’s

method, a better approximation of the true diffusive flux on the Dirichlet boundary could
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be obtained by rewriting Egs. (5.19¢) and (5.19d):

—kOpd = —KOn " + Kn(o" — dp) on  900Qp, (5.20a)

— KO = —kIpd" + (kn +a-n)(¢" — ¢p) on 00}, (5.20b)

The same expressions were also proposed in [22] by Bazilevs et al., although motivated

based on discrete conservation laws.

Remark 5.3. In [94], Harari and Albocher perform a spectral analysis of Nitsche’s formu-
lation. Their work shows that its spectrum consists of i) traditional modes that are
independent of the Nitsche parameter and which vanish on Dirichlet boundaries, and ii)
modes that depend on the Nitsche parameter and are locally supported in a layer along
the Dirichlet boundaries. In Eq. (5.19), we observe a similar split in the (functional)

constraints imposed by the Nitsche projector.



CHAPTER 6

A residual-based multiscale model
with non-vanishing fine-scale

boundary values

6.1 Inversion of the fine-scale problem

For our finite element scheme to yield solutions close to ¢ = Py ¢, the weighted integral
of ¢’ in Eq. (5.17) needs to be accurately modeled. The model for the remaining fine-scale

quantity originates from the inversion of the fine-scale problem of Eq. (5.8b).

Consider the following form of Eq. (5.8b), the fine-scale problem:

Find ¢/ € W' s.t. Vu' e W':
a(w',¢) = (w’,f)Q + <w/’9N>aQN_ (a- nw’,ngD>aQ]5 —a(w',¢") — bW, \). (6.1

As was proposed in Section 3.2.2, we change to duality pairing notation and introduce the

adjoint operator L£*:

Find ¢/ € W s.t. V' e W'
(L', ¢") = (Rygn,w') — b(w', \). (6.2)
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where, from Eq. (5.8b), these pairings are defined as:

(Lw',) =—(a-Vu', )+ (a-nuw', )0, + (Vu' kY- )g, (6.3a)
(R, w') = (W', g + (', gn) o = (@ mw' D)y -
+(a- V' ¢") g = (a-nw',¢") 0 — (Vo' kVe") (6.3b)
= (W, )+ (W' 9n) pq = (@m0, 6p) - — (L"),
b(w',A) = (\u')

20 - (6.3¢)

Next, we look for the test function w’ such that the pairing with £*w’ induces a point

sampling at x, that is:

Find w' € W s.t. V¢’ e W'
<£*w/7 ¢/> = d)/(x) = <5r7 ¢,> ) (6.4)

where we thus assume that §, lies in the dual space of W'. This is the case when W' C
H*(R?) with s > d/2, with in particular W' C H'(R) [1]. Clearly, this assumption is
rather restrictive, and in practice it may be circumvented by replacing §, with a localized

averaging operator.

The weak statement of Eq. (6.4) with the bilinear form of Eq. (6.3a) represents an
advection-diffusion equation for w’ with Robin boundary conditions on Q. The negative
sign in front of the velocity vector means that the advective field is effectively reversed.
The Robin condition is thus imposed on the inflow part of 92, which makes this is a

well-posed problem.

Recall from Section 3.2.2, and specifically Eq. (3.30), that Eq. (6.4) defines the “fine-scale

Green’s function” as:

g (z,y) e W for fixed x,
dim(Wh)
L' (x,y) = 6z + 2 i)

(6.5)

For ease of notation later on, £* acts on the y-dependence of ¢'(x,y). The u; functions
refer to the functional constraints imposed by the projection operation. For the Nitsche
projector in the one-dimensional case they are those of Eq. (5.18). Effectively, the sum

provides a relaxation such that ¢’(x,y) may be found in the constrained space W'.
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When we substitute this fine-scale Green’s function as w’(y) in (6.2), we obtain:

dim(Wh)

(L7 (), ) = (0. ') + g (eipis ¢') (6.6)

:qb/(x) = <R¢h,g/(x,y)> - <>‘79/(I7y)>aQD ’

where the summation vanishes due to Eq. (5.18). This relation determines ¢’ from a given

coarse scale ¢ = Py ¢ and a given Lagrange multiplier \.

6.2 Adoption of the H; fine-scale Green’s function

Problematically, the solution for the fine scales still depends on the Lagrange multiplier,
which we wish to remove from the final formulation. Additionally, the fine-scale Green’s
function in Egs. (6.5) and (6.6) corresponds to the Nitsche projector but most literature
on the variational multiscale method focuses on a scale decomposition by means of the

Hg-projector:

Py :Hy — W' N Hy
1
¢ — arginf [ —k(Ve—Veh) . (Vo —Veh). (6.7)
¢>heWhmH3Q 2

To solve the issue with the Lagrange multiplier, and to maintain the connection with

existing fine-scale models, we reintroduce the H{ fine-scale Green’s function as follows:

In(T:y) = gy (@.9) + 7 (,y) . (6.8)

The newly added subscripts indicate the projector with which the fine-scale Green’s
function is associated. The g’H1 Green’s function corresponds to the solution of the
0

following weak statement:

Find g}{é € ker(,@Hé) st. Vo' € ker(@Hé) :
(L) = (60,0, (6.9)
Following the procedure outlined in Section 3.2.2, we rephrase this as a formulation

where the constraints are released from the function spaces and are enforced weakly with

Lagrange multipliers. As emphasized in Section 5.3, the set of functional constraints p;
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corresponding to the projector @Hg is a subset of those of Zy. If we order the set p; such
that coinciding occurrences come first, and if we collect the coinciding occurrences in the

vector p, then we may write in place of Eq. (6.9):

Find g};1,d, Ao € W x RAMOVINHY) o =1/2(90) )
st. Ve, d, g0 € W x RERMOVINHG) o r=1/2(9Q) ) -

(L7 @)+ (d 1, ') + (M0, 8) gy, = (00, 0) (6.10a)
(d p.gh) =0, (6.10b)
(90, 91110 962, = 0- (6.10c)

Note that we also added the Lagrange multiplier Ay to enforce the homogeneous Dirichlet
constraint. Thereby we are allowed to use the space W in this alternative, yet equivalent,

formulation. From Eq. (6.10a) we thus observe:

dim(WPnH})

5*9}{5 =0z — Ao — Z di(x) i € W*. (6.11)
i=1

Using this relation, as well as the analogous relation for ¢gfy from Eq. (6.5), we derive a

condition for the ‘remainder’ §' = giy — g7:
0

dim(WPNH}) dim(W"h)
LG (x,y) = Ao + Z (ci(z) + di(x)) pi + Z ci(x) p . (6.12)
i=1 i=dim(W'NH{)+1

We can now derive the relation for the fine scales while making use of the H} fine-scale

Green’s function. We substitute the decomposition of Eq. (6.8) into Eq. (6.6), and rewrite

as follows:
¢ (z) = <R¢>h79/Hé +3) - <)"ng01 + §/>39 (6.13a)
d),(CC) = <R¢h7g;{1> - <>\,g;{é >(99D + <R¢h,gl> - <)\,§,>8QD 5 (613b)
¢'(z) = <R¢h79}{3> - <)\79}{3 >aQD +{L£°7, ), (6.13c¢)
¢'(@) = (Rons ga) + (Mo, ) o, - (6.13d)

From Eq. (6.13b) to Eq. (6.13¢) we make use of Eq. (6.2). From Eq. (6.13c) to Eq. (6.13d)

we substitute the known value of 9}{1 = 0 on Dirichlet boundaries in the first Lagrange
0
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multiplier term, and we substitute the relation of Eq. (6.12) in place of £*g§’. Recall from
Eq. (5.18) that all the terms associated with the summations in Eq. (6.12) vanish when
¢ = Py, If we also substitute the known fine-scale solution ¢/ = ¢p — ¢" on the

Dirichlet boundary, then the expression for ¢'(x) becomes:
Cb,(x) = <Rq5h7g;'{é> + <)\07 ¢D - ¢h>8QD . (614)

Remark 6.1. The inversion posed by Eq. (6.14) is no longer unique; it is satisfied for
solutions ¢" = Py ¢, but also for solutions ¢ = @Hg ¢. Howewver, the partial fine-scale
closure discussed in Section 5.2 is not satisfied by ¢ = QZH(} ¢. The formulation obtained
after substitution of Eq. (6.14) into Nitsche’s coarse-scale formulation of Eq. (5.17) will
hence be uniquely satisfied by ¢" = Py ¢.

We are now able to use the familiar H} fine-scale Green’s function. Additionally, the
Lagrange multiplier A no longer occurs in the expression for the fine scales. Instead, we
are left with the pairing with a new Lagrange multiplier, Ag. This term takes into account
the non-zero fine-scale boundary value at the boundary with weakly enforced essential
conditions. The original residual-based model assumes that the fine-scale solution vanishes
on element boundaries [19]. Since we aim not to make this assumption, this will be the

key term that we retain to obtain a more suitable fine-scale model.

Recall that )¢ is the Lagrange multiplier of the adjoint problem of Eq. (6.9) that enforces
the zero Dirichlet condition on the H{ fine-scale Green’s function on dQp. The pairing

with Ag may thus be written as:

(X, 0p = ") pq = - |, Hy (2,9) (6(y) - ¢"(y)) dy, (6.15)

with H being some differential operator. The operator H follows from the equivalence
between the weak form of Eq. (6.9) and its strong form, similar to what was derived in
Lemma 5.1. We obtain:

H=—kn-V,. (6.16)

After integration by parts, the duality pairing with the ‘weak’ residual may be written as
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a volumetric integral. Then, Eq. (6.14) becomes:

¢'(z) = /Qg}lé (,y) Rgn(y) dy —/aQD Hyy (2,9) (6 (y) — 6" () dy. (6.17)

6.3 The classical one-dimensional case

Even though we just derived an exact expression for the fine-scale solution, we are merely
interested in its effect on the coarse scales. The only term in the coarse-scale formulation
of Eq. (5.17) in which ¢’ appears is the advective term. Substitution of Eq. (6.17) gives

the fine-scale contribution to the coarse-scale equation as:

—/a~th¢’dx:—//a~th(x)g'Hl(a:,y)Rgbh(y)dydx
Q oo 0

6.18

[, @V @By (e (6p() ~ ¢'(0) dy o
The double integration and the limited availability of Green’s functions makes the closure
relation of Eq. (6.18), albeit exact, unsuitable for computational use. Simplifications
via approximations need to be introduced. The strategy that we will employ repeatedly
in this dissertation is to reformulate such that exactness is maintained in the case of
constant physical parameters on a one-dimensional domain, while ease of implementation

is established in the general case.

In the one-dimensional case, the nodal exactness induced by the '@H(} projector results
in an element-local fine-scale Green’s function [122]. The double integrals in Eq. (6.18)
can thus be split in contributions of individual elements. The newly added term only
affects elements that lie adjacent to the Dirichlet boundary, where the precise value of
the fine-scale solution is known as ¢ = ¢p — ¢". Let us consider the contribution of one

element that shares a node with the Dirichlet boundary:

—/ a‘thqﬁ’d:c:—// a-th(a:)ghl(x,y)R(bh(y)dydx
K KJK 0

(6.19)
_ / / a - V" (2)Hgy (z,y) (6p(y) — ¢"(y)) dy dz.
K JoKNoQp 0

To simplify, we use the polynomial representation of the test function wh‘ ;. and the

residual R gn When W" is constructed with p-order nodal elements and the source

Ik
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function f is at most polynomial order p — 1, then:

—a-Vu'(z) = —aZwimi—l forz € K, (6.20a)

P
Ron(y) =Y Rjy’~! fory € K. (6.20b)
We also have the following properties of the fine-scale Green’s function g}p(x, Y):
0

//xqg'Hl(x,y)yrdydm:0 when g <p—lorr<p-—1, (6.21a)
KJK 0

/ / 27 Hgy (z,y)dydz = 0 when ¢ < p. (6.21b)
K JOK 0

Property (6.21a) is shown in [122], and we prove (6.21b) in Theorem 6.1 in he following
section. Substituting Eq. (6.20) into Eq. (6.19) while using Eq. (6.21) yields:

_ X h .1 _ ~ p—1\ / p . p—1
/Ka Vuw" ¢’ dz /K/Ka(wpp:c )gHé(x,y)(pr ) dy dx

(6.22)
— a (0, p P~ YNHg, 1 (2, — " dydx .
/K /amaQD (@ppa? ") Hgp (z,y) (¢p(y) — ¢"(v)) dy
We assume a to be constant in K, and we extract a and all other constants from the double
integrations. We then integrate the two right-hand side terms over K and F' := 0K NoS)p,
respectively, and we divide them by |K| and |F:

h P! y! > 1
—/Ka-Vw QS’dw:—/ app hP~ 1 |K\// = 1gH1 x y)h dydx] R,hP™dZ

p—1
/awpphp 1 \F]/ /ZP ngHl x y)dydx} (¢op(2) — ¢"(2)) di, (6.23)

where we can identify the following model parameters:

xP— 1 p 1
T = ]K|/ / = 19H1 x y) T dydz, (6.24a)
Pt
v = ]F|// Hng x,y)dyde. (6.24b)
The multiplication and division by hP~! in Eq. (6.24) (h being the element size)

ensures that the parameters in Eq. (6.24) remain dimensionally consistent with varying

polynomial order.
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6.4 Fine-scale Green’s functions and +’s vanishing

moments

The fine-scale Green’s function associated to the H}-projector has been studied extensively

in [122]. The authors prove the element local nature of g%, (z,y) in the one-dimensional
0

case. They also show that in a single element, the fine-scale Green’s function can then be

obtained from the element local classical Green’s function:

h h
Iy @v) = 9@ ) = | [g(e)dy - [y 2g(,9)dy

-1

h h h h h
Of ;f aP~2g(z,y)dzdy --- g ({ aP2yP2g(z,y) do dy Of P 2g(x,y) da

which was also derived in Section 3.2.2, and specifically Eq. (3.33). Refer to [98, 124] or
[179] for the expression for g(z,y). The resulting functions for p = 1,2 and 3 are plotted
in Figure 6.1. For this particular case, the fine-scale Green’s function for p = 1 is exactly

the element local classical Green’s function g(z,y).

The derivation in Section 6.3 requires vanishing ‘moments’ of the fine-scale Green’s
function, as stated in Eq. (6.21b). We prove that this holds for ggl (x,y) in the following
0

theorem.

@y

(a) g1 (@,9) = g(x,y). (b) g (,y). (©) g5 (2,9).

Fig. 6.1: Fine-scale Green’s functions on one element for different polynomial coarse-
scale basis functions. Using k = 0.02 and a = 0.8 on an element of size h = 1.
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Theorem 6.1. Define a y-like parameter that depends on coarse-scale polynomial order

p and a Qth moment:
-]
0 F

then from the definition of ggl (z,y) in Eq. (6.25) it follows that:
0

(z,y)dydz, (6.26)

0 ifQ <p,
AP = (6.27)

g ifQ=p.

Proof. The equality 9P = ~ for Q = p follows directly from the definition of ~. For
@ < p we substitute the definition of the fine-scale Green’s function from Eq. (6.25).
After carrying out the integrations in Eq. (6.25), the first vector becomes independent
of the y-variable, and the last vector independent of the z-variable. The center matrix
is filled with constants. This means that the differential operator and integration from
Eq. (6.26) act on different vectors and they can thus be separated. After re-ordering of

derivatives and integrals we obtain:

Q, hon 1
FOP =y @ — | [ [ 297 g(z,y) dz dy
00

O—=

h
Ofo‘lyp‘Qg(fc, y) dz dy
hh hho -1
z,y)dxd e P=2g(x,y)dxd 1,1
[ [ 9(w.y)dzdy STy g(,y) de dy o (6.28)

h h h h
g ({ aP~2g(x,y)dzdy - g { 2P 2yP=2g(x,y) dx dy APl

For ease of notation we denote the involved vectors and matrix ¢Z, C™! and £. By
recognizing that ¢? is the Qth row of C we can write ¢/ = eQC where eq is a vector

of zeros with a 1 at the Qth row. Substitution into the matrix-vector multiplication yields:
: 1 - 1 - 1 1
W= = (TCTE = - efCCT e = P — epf =9 it = 0. (6:29)

Note that this only holds for @) < p, since C has p — 1 rows. O
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6.5 Fine-scale closure generalization

Up until now, all derivations have been exact. To make use of the integral expressions
in Eq. (6.23) on multidimensional domains, we approximate them by the following inner

products:

— / atbpph’ 'TRWPTIAE ~ —(a V', megRyn) . (6.30a)
K

- /F adyph?'y (¢p — ¢") di ~ —(a- Vo', yerr (b0 — ")) s - (6.30b)

As Eq. (6.30b) indicates, we only make use of the newly proposed term at the outflow
Dirichlet boundary F' := 0K ﬂ@QJIS. This is where the boundary layers occur, and where
the weak enforcement of the Dirichlet conditions results in impactful fine-scale boundary

values.

All the approximations involved in the final finite element formulation may be traced
back to these two equations. Essentially, they shift the modeling effort onto the effective
stabilization parameters 7o and veg. We propose to design 7. and ~veg such that these
are approximations of 7 and ~y that take into account the change of (bi)linear forms, while
being suitable for multidimensional computations for arbitrary order polynomial basis

functions.

6.5.1 Estimation of operator impact

In the one-dimensional case, the bilinear forms of the left-hand and right-hand sides of

Eq. (6.30) may be written as:

Buo(w", ") = (a (&5 1}) Lot 7 () Lot (6.31a)

Buyol(w ,¢h = (a 2w, 7egLe") . | (6.31b)
Bpay(w",¢") = (a (hp : ) D7 W ,’V¢h>aKm3% , (6.31c)
Boay(w", ¢") = (a Zrw" e 6" psepes - (6.31d)

In Definition 2.21 we defined the norm of an operator as the maximal ‘magnitude change’

between input and output. We use this measure to quantify the ‘impact’ of the above
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bilinear forms:

h 4h
|B| := sup [Bw, ¢7) : (6.32)

220, £ g 20 | 2w 2 i) | 20" 20
i >0z

where we have chosen to define the norm of the bilinear forms with respect to the H'-
seminorm of its arguments, as this seminorm is one of the terms in the optimality condition

induced by the Nitsche projector according to Eq. (5.9).

We choose e and e such that the impact of these bilinear forms equal: |Bye| = | Byol I
and | Buay| = | Boay|- If we assume constant parameters in K, and the advective dominant

case such that £¢" may be approximated by az: qﬁh then we obtain:

D P
pp—1 2 ”(aazp i) aaggp )K” pp—1 2 ” OxP h”%2(K)
) —7 L L (6.33a)
(& & )kl =0 | Zwh|?
oz "0z /K —wh¢0 Ox L?(K)

s (Il /1550 o)

Yeoff R Y (hP 1) H<axp'7 >F” _’)/(hpil) %wh¢o
e = — .
(p—1)! ||< > ” (p—1)! asup (|5%wh|’F/"5%wh”L2(K))
g w0

(6.33b)

The inverse inequalities in these expressions are computable by hand [95]. For linear,
quadratic and cubic coarse-scale basis function, the relations between the parameters 7og

and 7, and 7. and v become:

T, 0% forp=1,
Teff, Yeff & { 127, V37 forp=2, (6.34)
1807, 2v5~ for p =3.

6.5.2 T-parameter approximation for p € {1,2, 3}

In literature, we find that the 7-parameter that is used with higher-order basis functions
is often the same as that for p = 1 (i.e., obtained from the element local Green’s function),
sometimes with a p-dependent mesh size scaling. In this section, we propose an approxi-
mation of 7 for linear, quadratic and cubic elements based on the actual fine-scale Green’s
functions. These are devised such that they limit to the exact expressions in the advection
(7o) or diffusion (74) dominated cases. Using the definition of 7 from Eq. (6.24a), together

with the fine-scale Green’s functions from 6.4, the following exact expressions for 7 may
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be computed for p = 1,2 and 3, respectively [39, 109, 122]:

h (24 Pe— (2 — Pe) exp(Pe)) h
= = — P . 5
7 5q] ( —Pe + Peexp(Pe) Sa) e (6.352)
h (12 +6Pe+ Pe? — (12 — 6Pe + Pe?) exp(Pe) h
- = P 6.35b
& 72|a| < —2Pe — Pe? 4 (2Pe — Pe?) exp(Pe) 2|al &a(Pe), )
_h 120 + 60Pe + 12Pe? + Pe3 — (120 — 60Pe + 12Pe? — Pe3) exp(Pe)
™ = 1800/ —12Pe — 6Pe2 — Ped + (12Pe — 6Pe2 + Ped) exp(Pe)
h
= — & (P .
2‘0,‘ §3( 6) ) (6 350)

where Pe = # is the element Péclet number and £ is the upwind function. From these

equations we obtain the following advective and diffusive limits:

h h?
= 1 = — = 1 — .
Ta PeliTQOOT1 2 |a,\ ’ TLd Pegnm'Tl 12k ’ (6 36&)
h h?
— = 6.36b
7—2,(1 72 |a| 9 TQ,d 720,{/ ’ ( )
h h?
_ _ , 6.36
3¢ = 1800 [a]’ 734 = 95900k (6-36¢)

The following approximation strategy for 7 is used frequently in stabilized methods [19,
116, 170, 186, 187]:

1
TR —— (6.37)

\/771_2—1—7'(1_2

To determine the effectiveness of the scaling for the various polynomial orders, we
substitute Eq. (6.36) into (6.37). In all cases, we can rewrite the expression to obtain

the effective approximate upwind function. For example, for linear elements:

1 h 1 ho-
" ef L 1s2  2la]1+36Pe 2 2l 1(Pe) (6.38)
h? ha

Figure 6.2a illustrates how the approximate upwind functions &(Pe) relates to the exact
upwind functions of Eq. (6.35). The figure shows that the approximation of 7 according to
Eq. (6.37) has the correct asymptotic limits, and converges to these limits at the correct

rates. We observe that this holds true for each polynomial order.
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6.5.3 ~-parameter approximation for p € {1,2, 3}

In a similar sense, we wish to construct an approximate -, based on generic (spatial
dimension independent) parameters, that share the asymptotic scaling behavior of the
exact one-dimensional expression. The exact expressions of v may be computed from
Eq. (6.24b) as

h (24 2Pe, —2 exp(Pen)) h
== =: — (1(Pe,), 6.39
Ny Pe,, — Pe,, exp(Pey,) 2 G(Pen) ( 2)
h (12 + 8Pe, + 2Pe2 — (12 — 4Pe,,) exp(Pe,,) h
= — =: —((P 6.39b
AT < 2Pe,, + Pe2 — (2Pe,, — Pe2) exp(Pey,) 2 Ga(Pen). ( )
b (120 + 72Pe,, + 18Pe¢; + 2Pe} — (120 — 48Pe,, 4 6Pe; ) exp(Pey)
737 %60 12Pe,, + 6Pe2 + Pe3 — (12Pe, — 6Pe2 + Pe3) exp(Pen)
h
=: 5 3(Pey), (6.39¢)
for p = 1,2 and 3, respectively. Pe, = “T"h is a boundary type element Péclet number.

Since we only make use of « on the outflow boundary (a-n > 0), we exclusively consider

Pe,, > 0 in the following. The advective and diffusive limits of these expressions are:

V0 = Pelirgoopyl =0, MN,d = » EmOJr% 5 (6.40a)
h

V2,0 = 0, ’YQ’d = E s (6.40b)
h

V3,0 =0, V3d =65 (6.40c¢)

g / p=1

Exact ¢ €
ot e—"" e Approximate £ | s Approximate ¢
10° 10° Pe 10 107" 10° 10' Pe 10
n
(a) Upwind function, scaling of . (b) Boundary function, scaling of ~.

Fig. 6.2: Exact & and ( functions and their approximations for the one-dimensional case.
Showing the correct scaling behavior.



6.5. Fine-scale closure generalization 82

Since these limits do not depend on a nor on k, the approximation strategy of Eq. (6.37)
is not viable. Instead, we deduce the following scaling of + based on its definition from
Eq. (6.24b):

v o |H]| 7, (6.41)

where |H| represents the scaling induced by H as defined in Eq. (6.16), and 7 is a modified
7-like quantity that takes into account the difference in domain of integration between
and 7 in Eq. (6.24). H scales linearly with x and inversely with length, such that we may
choose |H| \/?df1 . By adopting a similar approximation for 7 as Eq. (6.37), we obtain:

1 K

|

R Cs\/ KT =c . 6.42
7 ° d \/ c1tat + 62752 S\/C1Td7a2 + CQTJI ( )

cs takes into account the shape effect of the element as the measure of the relevant

boundary versus the measure of the element interior:

_ NF|

= A4

where the multiplication with h ensures a mesh size independent scaling, and A should
be the representative element size that is used in the approximation of 7 through 7, and
74. Throughout this dissertation we use the longest element edge. In the one-dimensional
case |F| =1 and |K| = h, such that ¢; = 1.

The coefficients ¢; and ¢y are introduced to capture the difference in scaling between 7
and 7. They can be determined from Eq. (6.42) by ensuring the correct limiting behavior
of v in the one-dimensional case. For example, for linear elements, substituting the limits
of Eq. (6.36a) results in:

h 1 h -
~0 2 M (pe). 6.44
nEy \/11261P6% T3¢ 2 G (Pen) (6.44)

By ensuring that Eq. (6.44) has the same asymptotic limits as Eq. (6.39) and also has the
same convergence rate towards zero, we obtain ¢; = 3 and cg = 1/3. The same strategy
results in ¢; = 1.25 and ¢ = 0.2 for p = 2 and ¢; = 7/9 and ¢ = 1/7 for p = 3.
Figure 6.2b shows the approximate and exact boundary functions and confirms that the
approximation of  displays the correct asymptotic scaling behavior for all polynomial

orders.
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6.6 Summary of the finite element formulation and

analysis of existence and uniqueness of a solution

As touched upon in Remark 6.1 in Section 6.2, the uniqueness of the fine-scale inversion is
not a trivial issue. Additionally, the required simplification and modeling steps discussed
in Section 6.5 may raise further questions regarding the existence of the approximate
coarse-scale solution. In a finite-dimensional functional setting, existence and uniqueness
follow directly from the coercivity of the bilinear form, which we analyze in this section.
We first summarize the complete finite element formulation, including all the modeling

terms and parameters.

With all the modeling terms included, the finite element formulation becomes:

Find ¢" € W' s.t. Yuwl e Wh .
B(wha ¢h) = BA(wha ¢h) +BD(whv ¢h) +BVMS,Q (wha ¢h) +BVMS’QQE (whv ¢h)

= (wh,f)Q + <whagN>aQN - <a ' nwh’¢D>BQB

6.45
- <K'a’nwh7 ¢D>BQD + <wh7 KU¢D>BQD ( )
+ (a . vwh Teff, f)Q + <a : th Veff, ¢D>3QB:
where the advection and diffusion parts of the bilinear form are:
Ba(w",¢") = —(a-Vu', ¢"), + (@ -nw", ¢") . | (6.46a)
Bp(w",¢") = (vVu", V"), — (s, 0"
( )h“ h< >‘9hQDh (6.46b)
- <Hanw 7¢ >BQD + </€7’]’LU 7¢ >3QD )
and where the two variational multiscale components are:
Byysa(w",¢") = (a-Vu' rg,a -V =V - kVe")g (6.47a)
BVMS,an (w",¢") = (a-Vu' yeq, ¢h>8ﬂg ’ (6.47b)

with Q the sum of open element domains.

Expressions for the parameters 7.4 and g are collected in Table 6.1. These expressions
take into account all the considerations discussed in Sections 6.5.1 to 6.5.3. As the table

shows, we have formulated all model parameters such that they depend exclusively on 7 4
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and 7 ¢4, i.e., those relating to linear elements. The exact approach for computing these
limiting values remains flexible. For example, one could incorporate the Jacobian of the
element mapping [19, 23], use element local length-scales and Péclet numbers [187], or use
the analytical expressions of Eq. (6.36a) and the element diameter (which is the adopted
approach throughout this dissertation).

In the coercivity analysis of this finite element formulation, we assume that a and x are
constant in  and that the grid is (quasi) uniform, such that also 7, 7, and 74 can be
chosen as global constants. The derivations can trivially be modified for non-uniform
grids or non-constant @ and k and elementwise parameters 7, 7, and 74. We further

assume that the parameter 7.¢ satisfies:

L [Vw"[3,
<C < f — 6.48
Teff —= dTl,d w 12]/\}]1 2/“.', ”Awh’”2 K ) ( )

The first inequality is satisfied due to the harmonic mean structure of 7., where the Cy’s
follow directly from Table 6.1 as 1, and = for linear, quadratic and cubic basis functions,

respectively. On a one—dlmenswnal mesh7 thls means that Cqry g = B2 and 2 In

12k’ 60k 140k *
this one-dimensional case, the inverse estimate in Eq. (6.48) may be explicitly computed,

and for polynomial orders of 1, 2 and 3. The condition

h?
' 24k 120
of Eq. (6.48) is thus satisfied. We expect similar results in multiple spatial dimensions for

resulting in maxima of co

meshes with reasonable quality.

Table 6.1: Overview of Teg and e expressions for different elements and polynomial degrees.

1 1
Teff : B E——" P E—
‘ Tiq S+ 3 9 71,a2 +25 T1,d2 25 12925 T d
K K
Yeff : C — C — —
¢ s 37’1 a1 a 24 17'1(} s QTLdle + 4717(} 157, 7'1 a 24 15T
h
Element: — h \ Ib

i/l

i

¢s (Eq. (6.43)): 1

Sk =
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Finally, we require that 7 satisfies:

1
n>4(T) + 2Ty) 7 (6.49)
with:
||8nwh”<29§2 1
T = W Joop (= 6.50
N (620
la- Vw2
Ty = sup 095 (6.50b)

— — 19 X .
whewn a-Vwg ok

We carry out the coercivity proof for the different components of the bilinear forms
separately, and then look at the formulation as a whole. We start with determining a

relation between the model parameters veg and Teg.

Lemma 6.1. For p = 1, 2 or 3, the expressions from Table 6.1 are such that 7.z is
bounded by 7.5 according to:

ygﬁ < 3¢ KTeff - (6.51)

Proof. We write the e and 7eg expressions from Table 6.1 in the following general form:

1
€ - 9 652
Toff \/(CaTl,a)_2 + (Cqt1,0) 72 (6.52)

K 1
Veff = Cs \/ . (6.53)

T4\ (C171,6) 72 + (Coty g) 72

Dividing veg by 7eg and squaring gives:

<’Yeﬂ>2 _ 2 (Cai,a)® + (Cqr1,40) >

. 6.54
Teff T4 (CiT1,a) 2+ (Corig) 2 (6.54)

After multiplying both sides by Cy1y 4 and using Cqry g > 7, we obtain:

o2 “1_-2
Cyrig <%ff>2 - 2 CaCq 1o +Cq T g > 1o <M>2 — VLfo (6.55)
T\ Teft S (C1m1a) 24 (Coma) 2 T T \Tent Toff
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The fraction may be bound from above as:

o, c, 3c2k forp=1,
2 max(=%, 7~ )(Ty , + T max (&4, A
Jeft < 2, (e 2) (i + i) _ b)) _9  (6.56)
< 11 D) s 1 1 1csk forp=2,
Teff mm(c—12 0—22)(7'1 0t Td) mln(C—% C—g)
%czm forp=3.
Equation (6.51) follows from the maximum of the three cases. O

Lemma 6.2. The bilinear form in Eq. (6.46a) satisfies the following coercivity result:
Ba(w",w") > L\/lanuw"|3, Yuw"eW", (6.57)

where the norms are L?-norms on the indicated domains.

Proof. Direct substitution of ¢" = w" into Eq. (6.46a) results in:
Ba(w" w") = —(a-Vu',w"), + (@ -nw" W), . (6.58)

Making use of the property V - a = 0, the first term may be rewritten as follows:

N[

—/V-(%a(wh)Q) :—f/a-n(wh)Qz %/ a-n| (wh)2—%/ a-n| (W2, (6.59)
Q

o0 oN— o0+

Substitution into Eq. (6.58) completes the proof. O

Lemma 6.3. Under the condition posed by Eq. (6.48), the bilinear form in Eq. (6.46Db)

satisfies the following coercivity result:
Bp(w",w") > 3k [Vw"[§ + (n — 2T1)s|w"|3g, V" e W', (6.60)

where the norms are L?-norms on the indicated domains, and Ty is given in Eq. (6.50a).
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Proof. Direct substitution of ¢" = w" into Eq. (6.46b) results in:
B (wh,wh) = n| Vel — 2 (kw0 + il 3, . (6.61)

By using Young’s inequality to bound the nonsymmetric term, we obtain:

—2 (K Opw", w™)

\Y]

h R
o0 2 —exl 0w o, — Z|u"[3a,,

v

K
—eT1R[Vw" [ — ;llwhH%QD 7 (6.62)
where T} is defined in Eq. (6.50a). Choosing the parameter from Young’s inequality as
e = 1/(2T1) completes the proof. O

Lemma 6.4. Under the condition posed by Eq. (6.48), the wvolumetric variational

multiscale term in Fq. (6.47a) satisfies the following coercivity result:
h . h h h h h
Byys o, w") 2 regla- Vo' | — 1r|Va"[g Yo' e W, (6.63)

where the norms are L?-norms on the indicated domains.

Proof. Direct substitution of ¢ = w” results in:
BVMSQ(wh, w) = rgla -Vu|? + (Ve a - Vo', g /{Awh)ﬁ . (6.64)

With Young’s inequality we bound the second term from below:

BVMS’Q(wh,wh) > 7@ - Vu'|? — sTetla V|2 - %Teme”AwhHQ. (6.65)

Using the assumed bound of 7eg from Eq. (6.48) completes the proof. O

Lemma 6.5. The boundary variational multiscale term in FEq. (6.47b) satisfies the

following coercivity result:

BVMS,BQJB (,wh’ ¢h) > _%Tfiﬁ”a thH?) - SCETQﬁHwhHgQE vwh € Wh7 (6'66)

where the norms are L?-norms on the indicated domains.
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Proof. After substitution of ¢" = w", we obtain:

2
1 esr

h ,.h h h h
Byys o (W w") = (@ -Vu", yegw >8QJB > —1ela-Vuw ||gQB —35

h 2
”w ”ag%

2
7
~LeTola - Vulfh — 42l 2, (6.67)

v

The first inequality follows from Young’s inequality with parameter ¢, and the second
inequality as well as the parameter T3 originate from the inverse estimate of Eq. (6.50b).
Choosing the parameter ¢ = 7e5/(27%) and using the result of Lemma 6.1 to relate Teg

and ~eg completes the poof. O

Theorem 6.2. The combined bilinear form of Eq. (6.45) satisfies the following coercivity

result:
h . h h h h h
B(w", ") >regla Vol + Sly/lanjw®Bo + 1l Vet I + tnslu®l3q, . (6.68)

which holds ¥ w™ € W". The norms are L?-norms on the indicated domains.

Proof. Direct substitution of ¢ = w" in the bilinear form, and using the results of

Lemmas 6.2 to 6.5, results in:

B(wh, wh) = BA(wh, wh) + BD(wh, wh) + BVMS,Q(wh, wh) + BVMS,@QE (wh, wh)

> sly/la-njw" 3 + 55 [V G + (n = 21)k[w |30, + s7et la - Vo"[3,

= 30 VW' — ferla - Vo' |g - 3 S Tonw" 5o,
= i7ela-Vw[§ + 51y |a-nw 5o + 1| Ve [}

+ (n— 2Ty — 3ETo)k|w"|3q, - (6.69)

Using the assumption on 1 from Eq. (6.49) completes the proof. O

Remark 6.2. Note that both Nitsche’s method (Lemma 6.3) and the VMS method (Lemma
6.4) rely on the first term in Eq. (6.61) for their stability. As a result, the combined use
of VMS and weakly enforced boundary conditions requires a larger /T ratio compared to

the typical choice of n = 2Ty for the standard Nitsche’s method [74].



CHAPTER 7

Numerical experiments

7.1 Numerical verification for a one-dimensional model

problem

We present a number of numerical experiments to verify the derivation from Sections 6.1
to 6.3, and to investigate the accuracy improvement that may be achieved by using the

new residual-based fine-scale model of sections 6.5 and 6.6.

7.1.1 Linear basis functions

Figure 7.1 shows the result for a simulation with @ = 0.8, k = 0.02 and n = 2/h on
the domain Q = [0,0.3], discretized with three linear elements. The solid green line
shows the exact solution ¢. With the current discretization, the boundary layer falls
completely within a single element. We obtain the exact coarse-scale solution, indicated
with the black line, by projecting the exact solution onto the finite element mesh with the
Nitsche projector from Section 5.2. The blue dotted line is obtained by only using the
classical VMS term, equivalent to v = 0, whereas the red dashed solution incorporates

the exact augmented VMS model from Eq. (6.23) with the exact parameter definitions
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from Eq. (6.24). Finally, the line with the circular markers shows the result when the

generalized model of sections 6.5 and 6.6.

It is a celebrated fact that for this model problem the VMS method with strongly enforced
boundary conditions results in nodally exact solutions [115]. The results of Figure 7.1a
show that this property is lost when the boundary conditions are enforced weakly, and that
the under-resolved boundary layer affects the approximation on a large part of the domain.
Figure 7.1b shows that the magnitude of the fine-scale solution on the outflow boundary
of the domain is considerable. Hence, the assumption of vanishing fine scales, which is
critical in the derivation of the classical VMS model (emphasized in Section 3.3), is severely
violated. In contrast, the augmented VMS model is exactly the Nitsche projection of the
exact solution. As a result, the nodal exactness of the computational solution is retrieved
and the adverse effect of the boundary layer is constrained to a single element. Due to
the relative simplicity of this problem, solution obtained with the generalized model is
only affected by the estimation of the model parameters. As it is nearly identical to the
exact coarse-scale solution we conclude that, at least for this simple case, the estimation

strategy is effective.

Remark 7.1. It is well known that for the current case the classical VMS term simplifies
to a (consistent) diffusion term. Interestingly, in a similar sense the augmented term in
the VMS formulation simplifies to a reduced diffusion in the symmetric part of Nitsche’s
formulation. In this context, the solution obtained by using the classical VMS model may be
interpreted as excessively diffusive in the boundary layer, which is (consistently) counter-

acted by the augmented VMS term.

0.8
’1.0 R Exact ¢ d Exact ¢/ = ¢ — P¢
" Exact ¢ = P¢ e
081 wevee Classical VMS 061
=== Augmented VMS
0.6 1 Generalized model 0.4
0.4
0.2
0.2
0.0 L
P O
02 . . . . . —0.2 . . . . .
0.00 0.05 0.10 0.15 0.20 025 4 030 0.00 0.05 0.10 0.15 0.20 025 4 030
(a) Coarse-scale solutions. (b) Fine-scale solutions (errors).

Fig. 7.1: One-dimensional results using three linear elements.
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7.1.2 Higher-order basis functions

We use the same problem formulation but discretize with three higher-order elements.
With quadratic basis functions and n = 3/h we obtain the solutions from Figures 7.2a
and 7.2b, and with cubic basis function and n = 6/h we obtain the solutions from
Figures 7.2c and 7.2d. We can largely draw the same conclusions as for the linear basis
functions: the fine-scale solution deviates significantly from zero at the outflow boundary.
As a result, the solution quality of the classical VMS model is spoiled. By using the
augmented VMS model we obtain the Nitsche projection of the exact solution. This gives
a nodally exact solution, where the adverse effect of the boundary layer is contained within

the boundary element. These points are all compliant with the theory of Section 5.2.

Additionally, we observe that the solution for the approximate augmented VMS model is
very close to the exact coarse-scale solution. For the linear basis functions we concluded
that the estimations of the model parameters are effective. We can now also conclude
that the approximation of the differential operator described Section 6.5.1 is effective, at

least for this one-dimensional case.

0.8
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—0.2 4
02 ; ; ; ; ; ~0.2 . . . . e
0.00 0.05 0.10 0.15 0.20 025 4 030 0.00 0.05 0.10 0.15 0.20 025 4 030
(a) Coarse-scale solutions, p = 2. (b) Fine-scale solutions (errors), p = 2.
0.8
’1.0 B Exact ¢ ¢/ Exact ¢/ = ¢ —Po
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(c) Coarse-scale solutions, p = 3. (d) Fine-scale solutions (errors), p = 3.

Fig. 7.2: One-dimensional results using three quadratic or cubic elements.
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7.2 Numerical experiments for a two-dimensional model

problem

Next, we present numerical experiments for a two-dimensional domain. All the model

approximations become important, and their effectiveness can be assessed.

7.2.1 Linear basis functions, high and low advective dominance

We consider a model problem of a unit square with a circular hole of radius 0.24 in the
center. Dirichlet conditions are enforced on all boundaries; ¢p = 0 around the circular
cut-out, and ¢p = x + y around the square. The advective field acts across the diagonal
with a magnitude of 0.8, the diffusivity is kK = 0.01 or k = 0.003, and we use n = 10/h.
Figure 7.3a schematically illustrates the model problem, and Figure 7.3b shows the solution
for k = 0.01 obtained with a highly refined mesh. The solution features multiple boundary

layers at various orientations.

The performance of the models can most clearly be assessed by investigating the resulting
fine-scale solutions. These are shown in Figures 7.4 and 7.5 for k = 0.01 and & = 0.003,
respectively. In Figures 7.4a and 7.5a classical VMS stabilization is used (i.e., v = 0), and
Figures 7.4b and 7.5b show the results for the augmented model. Additionally, we project
the overrefined solution onto the coarse-scale function space using the Nitsche projector,
and show the resulting fine-scale solution in Figures 7.4c and 7.5¢. This represents the

‘exact’ fine-scale solution.

I
o

¢p

y ¢p=x+y

(a) Problem specification. (b) Solution for |a] = 0.8 and « = 0.01.

Fig. 7.3: Two-dimensional model problem for linear basis functions.
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(a) Classical VMS model. (b) Augmented VMS model. (¢) Projected solution.

Fig. 7.4: Fine-scale solutions ¢ — ¢" (errors) for linear basis functions, |a| = 0.8 and x = 0.01.

(a) Classical VMS model. (b) Augmented VMS model. (c) Projected solution.

Fig. 7.5: Fine-scale solutions ¢ — ¢" (errors) for linear basis functions, |a| = 0.8 and x = 0.003.
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(a) For |a| = 0.8 and x = 0.01. (b) For |a| = 0.8 and x = 0.003.

Fig. 7.6: Fine-scale solutions on the cut-planes from Figures 7.4c and 7.5c¢.
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The observations made for the one-dimensional case almost directly transfer to this two-
dimensional problem. The Nitsche projector aims to constrain the impact of the high
gradients to the boundary layer elements, without spoiling the results further into the
domain. This is illustrated by large fine-scale solutions in only a single row of elements
adjacent to the outflow boundary. When the classical VMS model is used, we observe a
significant thickening of the range of nonzero fine scales; interpretable as excessive diffusion
in the coarse-scale solution. When we add the additional modeling term this thickening
is decreased, which leads to nearly the same solution quality as that obtained with the

Nitsche projection. We observe these effects irrespective of the Péclet number.

To further illustrate the significance of the change, we show all three solutions on a cut-
plane in Figure 7.6. Note, in particular, the similarity of Figure 7.6b and the corresponding
figure for the one-dimensional case (Figure 7.1b). The fine-scale solution corresponding
to a completely non-stabilized computation is also plotted to put the overall improvement

of the solution quality into context.

Convergence in the L2- or H!-(semi)norms are not indicative of solution quality for the
current case; L?-projections of shocks lead to highly oscillatory solutions such that the
non-stabilized solution often achieves the lowest L?-error, and neither the classical nor the
augmented VMS model aims to achieve optimality in the H'-seminorm as the boundary
conditions are not enforced strongly. Rather, the use of weakly enforced boundary condi-
tions implies the optimality condition of Eq. (5.16), satisfied by solutions that minimize
Eq. (5.9). The error of interest is thus the one with respect to the ‘optimal’ solution; the
exact coarse-scale solution obtained with the Nitsche projector. This error indicates the
performance of the fine-scale model. This error is plotted for different mesh densities in

Figures 7.7a and 7.7b. Figures 7.4 to 7.6 correspond to the third data point in these conver-

= o , No stabilization =
T \“xm\ =o= (lassical VMS T
E] SN —— Augmented VMS 3
= ~ =
E =
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|
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10794

10! VDOFs 102 10! VDOFs 102
(a) For |a|] = 0.8 and k = 0.01. (b) For |a| = 0.8 and x = 0.003.

Fig. 7.7: Error with respect to the exact coarse-scale solution, using linear basis functions.
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gence graphs. Both graphs show a considerable reduction in error when the augmented
VMS model is used, which persists throughout mesh refinement. We observe that the
(L2-)error reduction from classical to augmented VMS is often of the same magnitude, if

not larger, than from non-stabilized to classical VMS.

Remark 7.2. Analogous to the one-dimensional case, the augmented VMS term
decreases the diffusivity in the symmetry part of the Nitsche formulation. Different
from the one-dimensional case, this becomes vector-valued and the formulation becomes
a streamline directed modified diffusion on the boundary. One could interpret this as a
boundary equivalent of the streamline diffusion that the classical VMS terms revert to for

the same case.

7.2.2 Higher-order basis functions

Next, we change the geometry to a square with a polygonal exclusion, as depicted in
Figure 7.8. An exact geometry representation can be achieved, which, for these higher-
order basis functions, is important for accurately computing the boundary integrals for
the Nitsche projection Zy¢. We focus on the advection dominated case of |a] = 0.8 and
x = 0.003, and we use n = 4p?/h.

Figures 7.9a to 7.9c show the fine-scale solutions for quadratic basis functions obtained
with the classical VMS model, the augmented VMS model and the Nitsche projector,

respectively. We observe that the classical VMS model with the parameter estimation

¢op=x+y

(0,0)
¢p =0

(a) Problem specification. (b) Solution for |a| = 0.8 and x = 0.003.

(-0.25,0.25)

Fig. 7.8: Two-dimensional model problem for higher-order basis functions.
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developed in Sections 6.5.1 and 6.5.2 already performs remarkably well. The boundary

layers are almost exclusively contained in a single row of elements.

When we add the augmented term in the VMS model, the obtained error field quali-
tatively more closely resembles the true fine-scale solution shown in Figure 7.9c. We
do, however, also observe some small oscillations. This is consistent with the decreased
diffusion interpretation proposed in Remarks 7.1 and 7.2. A more detailed analysis of the
resulting error confirms that the solution obtained with the augmented VMS model more
closely resembles the true coarse-scale solution defined by the Nitsche projector. This is
shown in Figure 7.10a, where the resulting fine-scale solution is plotted along a cut-plane,
as well as in Figure 7.10b, which plots the L?-error with respect to the true coarse-scale

solution for various mesh densities.

(a) Classical VMS model. (b) Augmented VMS model. (c) Projected solution.

Fig. 7.9: Fine-scale solutions ¢—¢" (errors) for quadratic basis functions, |a| = 0.8 and k = 0.003.
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Figure 7.9c. to exact coarse-scale solution.

Fig. 7.10: Detailed error behavior for quadratic basis functions.
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70.35 0 0.35,
- .
(a) Classical VMS model. (b) Augmented VMS model. (c) Projected solution.

Fig. 7.11: Fine-scale solutions ¢ — ¢" (errors) for cubic basis functions, |a| = 0.8 and k = 0.003.
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Fig. 7.12: Detailed error behavior for cubic basis functions.

Finally, if we use cubic basis functions, we obtain the results from Figures 7.11 and 7.12.
Similar conclusions may be drawn as for the case of quadratic basis functions: the classical
model with the parameters from Table 6.1 leads to a coarse-scale solution where the
error is contained in the first row of elements. Adding the augmented term results in a
solution that exhibits small oscillations, but nonetheless bears closer resemblance to the
true coarse-scale solution, as measured qualitatively in Figure 7.12a and quantitatively in
Figure 7.12b.

It should also be noted that the Dirichlet boundary conditions are more closely satisfied
with these cubic basis functions, as shown in Figure 7.12a. This is, at least in part, due
to the larger penalty parameter n o< p?. The near-strong enforcement of the Dirichlet

condition leaves a small fine-scale boundary value. The new term in the augmented
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model becomes almost inoperative, and the classical VMS model suffices. Indeed, the
difference between the augmented and classical models is not as pronounced as it was in
earlier simulations. These results convey that the augmented model provides fine-scale
corrections in the pre-asymptotic regime, and vanishes (asymptotically) when such fine-

scale corrections cease to be relevant.



Conclusion

In this part of the dissertation, we have unified the theories of variational multiscale
analysis and weakly enforced essential boundary conditions into one consistent framework.
Individually, these instrumental numerical methods have shown great value in the context
of fluid mechanics. With their merger, we are in a position to develop a fine-scale model

that is appropriate for use in combination with Nitsche’s method.

When the Dirichlet boundary conditions are enforced weakly, the standard H}-projector
is no longer applicable for the scale decomposition around which the variational multiscale
method revolves. Instead, we propose a new projector, which we call the Nitsche projector.
We show that adoption of this projector in the multiscale formulation naturally leads to
Nitsche’s formulation. That is, both the penalty term and the symmetry term in Nitsche’s

formulation automatically fall into place as part of the scale decomposition.

The model for the remaining fine-scale terms is based on the inversion of the fine-scale
problem, which, in turn, is formally posed in the kernel space of the projector. We
show that the functional constraints that define the H{}-projector are a subset of those
corresponding to the Nitsche projector, such that we can largely base the inversion of the
fine-scale problem on existing theory. An important difference in the context of weakly
enforced boundary conditions is that the assumption of vanishing fine scales on element
boundaries is no longer applicable for elements adjacent to the Dirichlet boundary. As a
result, the fine-scale model that we obtain is the classical VMS model plus an additional
boundary term. This ‘augmented’ term takes into account the non-vanishing fine scales
on the Dirichlet boundary. It may be interpreted as a consistent streamline diffusion in

the symmetry term of Nitsche’s formulation.

Additionally, we develop approximations for the modeling parameters 7 and v based on
the fine-scale Green’s functions. These expressions and approximation strategies are also

suitable for discretization with higher-order basis functions.

With this new model, and these new parameter definitions, we retrieve nodally exact

solutions on one-dimensional meshes for all polynomial orders. This is an important
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property of the classical VMS model, which was lost when the boundary conditions are
enforced weakly. On two-dimensional domains, we observe that the augmented model
more closely resembles the actual coarse-scale solution defined by the Nitsche projector,
as measured in an L? sense. This holds for all polynomial orders. For quadratic and cubic
basis functions, the model without the augmented term already performs very well with
the newly developed 7 approximations. The error due to the boundary layer is contained
in a single row of elements. For linear basis functions, however, the classical VMS model
leads to a boundary layer that is too thick. This is almost completely mitigated when

the augmented model is added to the formulation.



PART III

Discontinuous Galerkin methods




Introduction

Reed and Hill were studying neutron transport when they introduced the first discon-
tinuous Galerkin finite element method in 1973 [161]. The hyperbolic PDE that they were
aiming to solve would yield unstable results had they used a conventional finite element
approach, and, at the time, residual-based stabilized methods had not been developed.
Their alternative approach of using discontinuous basis functions coupled by numerical
fluxes appeared not to need any additional stabilization. Of course, we now know that the
numerical fluxes are a form of stabilization [30]. Based on this property, it has become

one of the prevalent finite element methods when it comes to solving hyperbolic problems.

The equations that govern the realm of fluid mechanics are also often of a hyperbolic
type. While the pressure field in the incompressible Navier-Stokes equations behaves
elliptically, the behavior of the velocity field limits to either that of a parabolic or a hyper-
bolic PDE, depending on the Reynolds number. The compressible Navier-Stokes equations
are completely parabolic/hyperbolic, and the Euler equations of gas dynamics are purely
hyperbolic. The natural degree of stability that well designed discontinuous Galerkin
formulations demonstrate is one of the reasons for their popularity in fluid mechanics appli-
cations, especially when higher-order approximation is required [195]. The second reason
is that fluid mechanics revolves around conservation laws: mass, momentum, energy, etc.
As the support of the test functions is limited to individual elements, many discontinuous
Galerkin methods satisfy element local conservation of the discrete approximations of these
quantities [52, 54] (an important side note here is that continuous Galerkin methods can

also be proven to satisfy element-local conservation of derived quantities [113, 114]).

As both the variational multiscale paradigm and the discontinuous Galerkin framework
have had a substantial impact on the application of finite element methods for fluid
mechanics, it seems natural to explore synergies between them. Various efforts in this
direction have been made. In [65, 66, 67], Collis et al. devise a ‘three-scale’ VMS turbu-
lence model in a discontinuous Galerkin framework, which they call the “local variational
multiscale” method. In [61], Codina et al. add modeling terms to discontinuous Galerkin

formulation inspired by the remaining fine scales on element boundaries. In [63], Coley and
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Evans propose to use discontinuous ‘bubble functions’ to discretize the fine-scale problem.
Finally, in [123], Hughes et al. use a VMS decomposition of a solution defined with a
discontinuous Galerkin method to separate continuous and discontinuous scales, thereby
reducing the computational cost of the original discontinuous Galerkin method. In all
of these approaches, the VMS procedure is added ‘on top’ of a discontinuous Galerkin
framework (or vice-versa). A consistent unification of the paradigms is still left to be
devised. In this part of the dissertation we thus aim to answer the key questions “what is
the optimal coarse-scale representation of an exact solution?” and “how do we obtain that
solution” with discontinuous coarse scales in mind. As we saw in Section 3.3, the answers
to these questions are intimately related with the design of turbulence models, which
is just as relevant for discontinuous Galerkin methods as it is for continuous Galerkin
methods, see, e.g., [14, 53, 65, 66, 137, 144, 149, 155, 190, 195]. Secondly, much like
how residual-based stabilized methods were developed in the '80s and understood in the
context of VMS decades later, just so might it be possible to put the stabilizing effects of

discontinuous Galerkin methods under the same umbrella.

Even more than Nitsche’s method, which was the focus of Part II, the very nature of
discontinuous Galerkin methods appears to conflict with the fundamentals of the varia-
tional multiscale method. Discontinuous Galerkin methods are often referred to as “non-
conformal” methods, as the approximation spaces are not subspaces of those relevant to
the original weak formulation. Variational multiscale analysis relies on a decomposition of
the spaces of that original weak formulation. Additionally, the penalty terms required to
ensure that discontinuous Galerkin formulation are inf-sup stable become unbounded in
the limit of infinite-dimensional function spaces. Even the modeling of the fine scales in
the variational multiscale framework hinges on sufficient continuity of the finite element
basis: the introductory work on the residual-based turbulence model made use of higher-
order NURBS basis functions [2, 19]. To make the theory applicable for conventional C-
continuous finite element basis functions, the fine scales must incorporate inter-element
Dirac-layers [97, 115, 124] or mimic their effect [129]. In practice, the standard residual-
based model is also implemented in nodal finite element frameworks [87, 91, 181, 198],
which effectively means that the fine scales are assumed to vanish on element bound-
aries [109, 115, 125]. In the original 1995 paper this was already called a “rather strong
assumption” [109]. Certainly in a discontinuous Galerkin framework, where the coarse

scales jump, these assumptions are not valid.

In the following, we build on the ideas developed in Part IT and extend them to tackle all
the above mentioned challenges. This will allow us to develop fine-scale models suitable

for discontinuous Galerkin methods. At the same time, we will see that we may interpret
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these discontinuous Galerkin formulations as particular choices of scale decompositions.
Just like for Nitsche’s method, this illustrates that the penalty terms involved in these
finite element formulations are not purely numerical: they follow from the earlier two key

questions.

The remainder of this part is structured as follows: Chapter 8 is a review of the standard
approach for deriving discontinuous Galerkin methods. This will help put the alternative
variational multiscale perspective into context, which we develop in Chapter 9 and in
Chapter 10. These chapters focus on primal and mixed formulations respectively. In both
cases, we show that the VMS perspective can serve as a unifying framework from which a
wide variety of discontinuous Galerkin finite element formulations can be derived as special
cases of projection operators. Knowledge of these projectors guides the development of the
fine-scale model in Chapter 11. We use this model in numerical experiments in Chapter 12,

where we explore the impact of the various modeling terms.



CHAPTER 8

Crafting discontinuous (alerkin

methods

The most suitable flavor of finite element method for approximating the solution of a
partial differential equation naturally depends on the nature of the equation. Partial
differential equations may roughly be categorized as “elliptic”, “parabolic” or “hyperbolic”.
The prototypical examples being the Laplace equation, the heat equation and the wave
equation. While the precise definition of this classification is quite delicate, we can roughly
distinguish between these classes by considering the flow of information. Figure 8.1 shows
example solutions of the three prototypical PDEs in two (or ‘one-plus-one’) dimensions.
In the case of the Laplace equation, information flows in all directions. For the heat
equation, the information flows in both directions in space but only moves forward in
time. For the purely hyperbolic wave equation, the information flows forward in time and

along a direction in space that depends on initial conditions.

(a) Elliptic, e.g., (b) Parabolic, e.g., (¢) Hyperbolic, e.g.,
oz + ¢yy =0. ¢t — Pzx = 0. Dttt — Pza = 0.

Fig. 8.1: Different types of partial differential equations.
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(a) Continuous Galerkin. (b) Space-continuous, (c) Discontinuous Galerkin.
time-discontinuous.

Fig. 8.2: Different discretization techniques.

Based on these observations, it makes intuitive sense to discretize the domain of elliptic
equations with basis functions that span multiple elements in all directions. This is the
case for the classical C-continuous finite element method, as illustrated in Figure 8.2a. For
parabolic equations this does not appear to be a natural choice: basis functions that root
in the future have no business affecting the solution in the past. Instead, one could make
use of a space-continuous time-discontinuous finite element method. A basis function
associated with such a method is illustrated in Figure 8.2b. Extrapolating, the use of
completely discontinuous basis functions appears to be a natural choice for hyperbolic
problems, see Figure 8.2c. This motivates the use of discontinuous Galerkin methods for

treating hyperbolic PDEs.

8.1 Hyperbolic conservation laws
The general form of a system of hyperbolic conservation laws reads:

d

Eui—kv-fi(u)zo fori=1,---,s, (8.1)
where u is a vector of the s state variables and f,(u) are the vector valued “flux functions”
for each of the states. For linear equations, the flux functions take the general form
f.(u) = D;u, where D; is a (possibly spatially dependent) correlation matrix in R% x R*.
Examples are the scalar advection equation where D becomes the advective field, and the

wave equation of Figure 8.1c for which w = [ug, u,]T, D1 = [0, —1] and D = [~1,0].

To show that this is indeed a conservation law, we integrate over some arbitrary volume §2:

jtui—i-/v-fi(u):;t/ui—k/fi(u)-n:(), (8.2)
Q Q Q o0
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which states that the total u; in {2 evolves purely based on the flux through the boundary
surface. If f;(u) is continuous in space (and hence single valued on 99), then the same
relation on some neighboring volume would dictate that whatever flows out of €2 flows into

its neighbor, implying conservation of u;.

Developing a discontinuous Galerkin method that approximates Eq. (8.1) begins with

multiplying with a test function and integrating over an open element domain K:

/jtuiv,;—i-/v-fi(u)vi:o- (8.3)
K K

We integrate the flux term by parts and sum over all n elements in the mesh 7 = {K;}7_;,

which we assume to be a tessellation of the complete domain:
n
Z / —U; U — /fl -Vu; + / fi(u) -mnv;=0. (8.4)
=1 K, oK

Next, we define the ‘broken’ domain  as the union of all open element domains, and the

mesh skeleton I' as the union of all element interfaces:

Q=] K;, (8.5a)
i=1

r =] oK;, (8.5b)
=1

Io:=T)\ 00 (8.5¢)

We also make use of the following interface identity:

3 /w nv—/ {{v}}+/{{w}} [o], (8.6)

=1 ok,

where we define the jump operators as:

vtnt v n" on Iy,
[v] = { ’ (8.7a)

mn on 0F),

wT -nt+w -n~  only,
{ 0 (8.7b)

w-n on 082,
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and the average operator as:

(vt +v7) on Iy,

on 0f).

N[ =

v} = (8.8)

<

The pluses and minuses in these definitions arbitrarily refer to the solution fields on either
side of the interface. Note that the jump of a scalar becomes a vector, and that the jump

of a t-th order tensor becomes a tensor of order t — 1 (e.g., a vector becomes a scalar).

By using the definitions from Eq. (8.5) and the interface identity from Eq. (8.6) we can
write Eq. (8.4) as:

/C(lituz‘vi—/fi(u)~Vvi+/[[fi(u)]] {{Uz}}"f'/{{f,(u)}}[[vl]] —0. (8.9)
Q Q r To

Next, we approximate with a finite element method. If we allow solution fields to be
discontinuous from element to element, then the evaluation of the flux function on the
element boundary becomes ambiguous. Various formulations may be obtained by placing
more or less weight on the solution from either side of the interface. Different choices
affect the properties of the concluding approximation method. To make this explicit,
we replace the flux function with a “numerical flux”, denoted ]A"Zi . We are left with the

following discrete representation:

Sbvi— [ £t Vot (171 + [ 15} ] =0. (5.10)
Q Q r To

The numerical flux is a function of w” from either side of the interface:

A

Fo= Fa(uhE uh T (8.11)

Typically, a suitable numerical flux satisfies two properties that mimic the real flux
function: conservativity and consistency. A conservative flux ensures that Eq. (8.10)
conserves u; across interfaces. This requires that the jump of the numerical flux vanishes,
and thus that the normal component of the numerical flux is single valued on element
boundaries. Based on the definition of Eq. (8.11), this means that the normal component

»E . L .
of f, is symmetric with respect to its arguments:
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Consistency requires that the numerical flux equals the true flux if the true (entropy [81])

solution is substituted as its arguments:
Filu,u) = fi(u). (8.13)

Thus far, the setup of the method is reminiscent a finite volume approach. Accordingly,
many of the numerical fluxes that were originally designed for finite volume methods have
also been investigated for discontinuous Galerkin formulations. The following are the most
cited ones [46, 47, 100]:

The Lax-Friedrichs flux:

Filw® u®) - n® = [ fi(uh) + L Fi(uF) + Cui]] - n*,

, (8.14)
with: C = max ’ 0F (w) - n*|,
weS(utu-) ! ou;
where S(u™,u™) is the set of all states in between u™ and u™:
S(ut,u™) ={w e R° : min(u],u; ) < w; <max(ul,u;) fori=1,---,s}. (8.15)
The Godunov flux [89]:
min fi(w) -nt  ifuf <up,
R R e (8.16)
max fi(w) -nt ifuf >,
weS(u+,u-)
The Engquist-Osher flux for scalar conservation laws [75]:
. u* of
fi(ut, uT) -nt = / max (0, 8—(11;) -nF) dw
0 Y (8.17)
uT af n
+ ; min(0, %(w) -n~)dw,

and the Roe flux [163]:

Filu® w®) ot = [Lf,(wh) + L f,wF)] -n* = 13 oI (wh w®) Ve, (8.18)
j=1

where 7/ and M are the j-th right-eigenvector and right-eigenvalue of the linearized flux
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function. The of (u™, uT) coefficients correspond to the representation of u* 4+ u¥ in the
r-basis:
S

o (ut uT) st ut —uF = Zajrj. (8.19)
j=1

The Roe flux is what is called an “approximate Riemann solver” [163]. Such fluxes
are designed to approximate the solution behavior of a “Riemann problem”, which is
a hyperbolic conservation law with discontinuous initial data [81]. Their relevance is
obvious: every time step in a discontinuous Galerkin method concerns the propagation of
discontinuous data. The “van Leer”, “Harten, Lax and van Leer” (HLL) and “Harten,
Lax and van Leer - Contact” (HLLC) [96, 191, 192, 193, 194] fluxes are other examples

of approximate Riemann solvers that are used for discontinuous Galerkin methods.

Remark 8.1. All the flux formulations that have just been cited lead to the same

expression for the linear advection equation:

Front=a-n* {u} + La n|[u], (8.20)

which is conservative and consistent. After rewriting, we can see that this flux exclusively

concerns the upwind value of u. Hence, this is called the upwind flux:

ad
fi n*=a-n* {u} + §la-n|[u] -n*

— la . n:l:(uup + udawn) + %a . (uupnup + udownndown) . n:l:

? (8.21)
— %(uupa + udowna) . n:l: + %(uupa _ udowna) . n:l:
=u?a-nt,
where
u? = lim u(x — ea). (8.22)
e—0t

If a runs tangent to the boundary this definition becomes ambiguous. However, Eq. (8.21)

involves a multiplication with a - n* which would be zero.
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All the aforementioned numerical fluxes couple the discontinuous basis functions in
space. The treatment of the time derivative is a whole other story. Hyperbolic
conservation laws tend to develop sharp layers and shocks. In the nonlinear case,
even the question of uniqueness becomes complicated (requiring the concept of entropy
solutions). Construction of numerical schemes focuses on them being “total variation
diminishing” [90, 171]. Often, this requires the introduction of slope limiting proce-
dures or shock-capturing terms. An honorable mention of the Runge-Kutta Discontinuous
Galerkin (RKDG) method is in order. This method, introduced in the series of papers
[50, 55, 56, 57, 59, 60], was one of the earliest generalized frameworks with proven stability
characteristics. It combines a Runge-Kutta time-stepping algorithm with shock capturing

mechanisms and numerical fluxes to arrive at a scheme that is total variation bounded.

8.2 The second-order elliptic operator

The natural ability to treat hyperbolic terms makes the discontinuous Galerkin method
a welcome addition to the family of finite element methods. Still, the relevance of purely
hyperbolic systems is limited. For increased versatility, it is imperative that we can treat
elliptic (e.g., diffusive) terms [8]. The first methods were developed a few years after the
work of Reed and Hill: between 1975 and 1980 a number of Interior Penalty type methods
were proposed [5, 13, 73, 196]. After about 20 years of minor advances, a resurgence of
methods occurred in the ’90s. All these methods were put in a unified framework in the
seminal 2002 work by Arnold, Brezzi, Cockburn and Marini [9]. Below follows a short

summary of the theory that is relevant to this dissertation.

As a model problem for the second order elliptic operator, we will consider the steady

state diffusion equation with mixed Dirichlet/Neumann boundary data:

—V - (kV¢) =0 in Q, (8.23a)
¢p=¢p  ondlp, (8.23b)
KOp = gN on Oy . (8.23¢)

As highlighted in the previous section, different choices of numerical fluxes lead to different
discontinuous Galerkin methods. By writing the PDE in a reduced order form (see
Chapter 4), we will be able to introduce numerical fluxes for both the primary and the

auxiliary variable, resulting in a wide range of methods. As an auxiliary variable, we
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introduce o as the diffusive flux:

o=—kVo in Q, (8.24a)
V-o=0 in 2, (8.24Db)
¢=¢p on p, (8.24c)
—0-n =gy on 00y . (8.24d)

Following the procedure from the previous section we obtain a weak formulation by
multiplication with a test function, integration over each element separately, per-element

integration by parts and summation:

(v'70)g = (V- 7,0)q — ([T A @)y — {rh [F @)Dy, (8.25a)
— (Vw,0)q + ({w}. lg(o)])r + ([wl. {9() })r, =0, (8.25b)

where the exact flux functions are:

f(¢) =¢, (8.26a)
o. (8.26b)

In order to discretize with piecewise discontinuous basis functions, we replace these by

numerical fluxes:

A

fE=flo*, 0 67, 07), (8.27a)
g =90, 0%, 0T, 07). (8.27b)

We then introduce finite-dimensional spaces for ¢, o and the associated test functions.
Afterwards, we perform reversed integration by parts on (Vw, O')Q to arrive at a formu-

lation with symmetric operators. This general form reads:
Find ¢", 6" e W' x £" st. Vw, 7 € Wh x &/

— (k'm0 g+ (VT 0" g — () AT — Er ) D)y, =0, (8.282)
(w’ V. Uh)f) - <{w}v [[Uh - g]]>p - <[[w]]7 {Uh - g}}>po =0. (8'28b)

The spaces W" and ©" are typically spanned by polynomials restricted to the elements.

Different methods follow from different choices of fi and g*. Table 8.1 provides an

overview of the most used ones, and those that will be considered in subsequent chapters.
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It includes the Interior Penalty (IP) method and its nonsymmetric variant (NIP), the
Baumann-Oden method, Bassi-Rebay’s 15% method (their second method requires an
additional volumetric term in Eq. (8.28a) for stabilization), the Local Discontinuous
Galerkin (LDG) method and the Hybridizable Discontinuous Galerkin (HDG) method.

On the domain boundary, all methods treat the primal flux f the same:

A ¢p
f={¢h

The IP, NIP and Baumann-Oden methods treat the auxiliary flux on boundary facets as:

on 8QD,
on Oy .

(8.29a)

on 0Qp,

g-n= (8.30a)

R —kV¢" - n+ k(6" — ¢p)
—9gnN on 8QN7

where 7 is a positive penalty parameter for the IP and NIP methods, and n = 0 for the
Baumann-Oden method. For Bassi-Rebay’s 15 method, the LDG method and the HDG

method it is treated as:

on 0Q2p,

h o
g-n= { o -+ an(¢" = ép) (8.31a)

—9gN on 8(2]\7 )

where Bassi-Rebay’s 15 method follows from 7 = 0.

Table 8.1: Numerical fluxes on interior facets for various discontinuous Galerkin methods
for the elliptic operator. Adopted from [9)].

Method name Flux f* Flux g+

IP [5] {s"} —{xVo"} + rnlo"]
NIP [162] A T ~{rV"} + rio"]
Baumann-Oden [17] Spht — 1gh¥ —{rVe}
Bassi-Rebay’s 15 [15] {o"} {o"}

LDG [58] {o"}-8-10"] {o"} + Blo"] + rnlo"]
HDG [48] {o"}-B-[¢"]+Clo"]  {o"} + Blo"] + rnl¢"]
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Same as for the hyperbolic model problem, the fluxes of all these methods may be charac-
terized as conservative and/or consistent (or neither). We have chosen to focus exclusively
on consistent methods: when the true solutions are substituted into the expressions of
Table 8.1, then we retrieve the true fluxes of Eq. (8.26). Not all methods are conservative,
however. The dependency on +/— in the primal fluxes of the NIP and Baumann-Oden
methods make them dependent on the side of the facet on which they are evaluated. The

jumps of these fluxes are nonzero and hence the methods are not conservative.

Most of the methods in Table 8.1 are stable and can be proven to converge optimally.
Under refinement this requires n o« h~!. The exceptions are Bassi-Rebay’s 15 method
which is generally unstable (meaning that the inf-sup requirement of Theorem 2.3 does
in general not hold), the Baumann-Oden method which is unstable for p = 1 polynomial
bases and can only be proven to converge sub-optimally in the L?-norm for higher order
bases, and the Nonsymmetric Interior Penalty method which can also only be proven to

converge suboptimally in the L?-norm [9, 37, 40, 162].



CHAPTER 9

The variational multiscale

decomposition for broken spaces

Now that we are familiar with the common approach for deriving discontinuous Galerkin
formulations, we proceed with offering an alternative. In this chapter, we use discontinuous
approximation spaces in the variational multiscale method. We show that the Interior

Penalty formulation emerges from a special choice of scale decomposition.

9.1 Multiscale weak formulation with flexible spaces at

element boundaries

Recall the governing strong form of the steady advection-diffusion equation:

a-Vo—V-kVo=f in Q, (9.1a)
¢p=¢p on JIQp, (9.1b)

KOnd =gy on 00, (9.1c)

kKO —a-np =gy on 0. (9.1d)

We again make the assumptions that the source function is square integrable and that the
advective field is solenoidal: f € L?(Q2) and V-a = 0. Recall that the superscripts + and —

indicate outflow (a -n > 0) and inflow (a - n < 0) parts of the boundary, respectively.
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Next, we decompose € into a collection of open subdomains 7 = {K;}?_ ;. To ensure that

T is a tessellation of €2, the subdomains needs to satisfy:

U{I_{i}?:l = Q, (9.2a)
(K}, =0, (9.2b)

where K; and Q are the closures of K; and Q. Based on this tessellation, we can define

the set of open subdomains €2, and their interface skeleton I':

Q= K, (9.3a)
=1

I:=|J oK; (9.3b)
=1

We will interpret any integral over Q as the sum of the integrals over the subdomains:

n

(dsw)g =D (¢ W), - (9.4)

=1

We denote the interior part of the interface skeleton I'g, the interior interfaces plus the

Dirichlet boundary I'p, and the interior interfaces plus the Neumann boundary I'y:

Ty =T\ a9, (9.52)
I'p ::F\GQN:P()LJaQD, (95b)
'y ::F\GQD:F()U@QN. (95C)

We now wish to pose Eq. (9.1a) on each open domain K;, while adding transmission
conditions on I'y that ensure equivalence with Eq. (9.1). The appropriate transmission
conditions follow from the solution regularity that is implied and required by the PDE.

Since the advective field is solenoidal, we may write Eq. (9.1a) as:
V-(ap —kVe)=f in Q. (9.6)
This description actually more closely represents the origin of the PDE as the conser-

vation law that governs the transport of ¢. Since f € L?(f2), the strong form dictates
V- (ap — kV¢) € L3(Q) and thus (ap — V) € H(div; ). The regularity of this space
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implies the following continuity condition:
lap — V@] =0 on Iy, (9.7)
which is a natural condition. The essential condition follows from the regularity of ¢ itself.

Ultimately, the level of continuity of the solution depends on the data, but at the very

least ¢ will be a member of H'(2). Functions in this space satisfy:
[¢] =0  onTy. (9.8)

By incorporating these transmission conditions, the domain decomposed equivalent
statement of Eq. (9.1) reads:

a-Vo—V-kVop=f in Q (9.92)
[ap — kVP] =0 on Ty, (9.9b)
[]=0 on T, (9.9¢)

¢p=¢p on IQp, (9.9d)

KOnd =gy on 00, (9.9¢)

KO —a-ng =gy on 0y, (9.9f)

where the PDE is thus imposed on the individual subdomains. Looking ahead, this will
allow us to use discontinuous approximation spaces. In order to arrive at that point
from a variational multiscale perspective, we must first rephrase Eq. (9.9) as a well-posed
weak formulation. We do so by incorporating Eqgs. (9.9b), (9.9¢) and (9.9f) naturally,
while enforcing the essential conditions of Egs. (9.9¢) and (9.9d) with the aid of Lagrange
multipliers [11, 93]:

FindpeWand A€ Qst. Vwe Wand ge Q:

—(a-Vw,9)q+(a - nw,¢),5, + (Vw,£V¢)g + (A [w] - 7).
(9.10a)
= (w, f)Q + <wagN>aQN - <a : nw>¢D>395 ’

(¢,[6) - n)p = (a0 6D)yq,, - (9.10b)

where 7 is the outward facing normal on d€), and arbitrarily refers to n* or n~ on interior

facets. Its choice will only impact the sign of the resulting solution for the Lagrange
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multiplier. In its current form, the suitable function(al) spaces may be identified as:

W=H'(Q):={wel*Q): w, c H(K)VK €T}, (9.11a)
Q = H V(Tp). (9.11b)

Well-posedness of this formulation and its equivalence to the strong form is proven in the

following lemma.

Lemma 9.1. The weak formulation of Equation (9.10) is well-posed, it is equivalent to
the strong form of Eq. (9.1), and this equivalence dictates that A = —kV¢-n on 0Qp and
A={a¢p—rVeo} -n onTy.

Proof. Lemma 5.1 contains a proof for the case of weakly enforced (non-homogeneous)
essential conditions and non-broken spaces. In this proof we therefore focus on the broken
spaces and the weak enforcement of the interface condition while assuming homogeneous

essential boundary data. For ease of notation, we write Eq. (9.10) as:

Find o, \ e W x Qst. Vw,ge W x Q:
a(w, ¢) + b(w,\) = L(w) — a(w, ¢p), (9.13)

b(¢,q) =0.

Theorem 2.4, the LBB theorem, states that Eq. (9.13) is a well-posed weak formulation if
a(-,-) is coercive on the kernel of b(-,-) and if b(-,-) is inf-sup stable. The inf-sup stability
of b(-,-) follows from choosing ¢ such that [¢] -7 = g on I'g and ¢ = ¢ on 9Qp. The
kernel of b(-,-) consists of all the functions ¢ for which [¢] -7 = 0 and ¢ = 0 on I'y and
0Qp respectively. The jump condition removes the added flexibility in W over H!().
Combined with the boundary condition this means that we require a(-,-) to be coercive

on H}(9,00p). This is indeed the case (see the proof of Lemma 5.1).

If we assume sufficient regularity of the solution, then we may perform integration by
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parts on each subdomain to obtain:

('LU, a’v¢ -V F‘:v¢ - f)Q - <wvgN+ a - n¢_ Ha’n¢>ag;\, - <w7gN - Kan¢>ag}+v

+ ([w], M+ (£} — fas}), + ({w}, [xVe] - [ad])p, (9.14)
+@mA+a-nwD—¢y+M%@mg+«mA+H&@%m;:0.

As this holds for all w € W, equivalence with the strong form follows from equating each
term to zero individually. From Eq. (9.10b) it also follows that ¢ = ¢p on 9Qp, such that

the last two terms in Eq. (9.14) yields the expression for A on 9Qp. O

The space W defined in Eq. (9.11a) requires no continuity across the interface of subdo-
mains. A coarse-scale subspace of W is thus also permitted to be discontinuous from
subdomain to subdomain (read: element to element). We are then finally in the position
to propose a variational multiscale decomposition relating to discontinuous Galerkin

methods. Consider the following decomposition:
wW=whew, (9.15)

where the coarse-scale space W is some finite-dimensional subspace of W, and the fine-
scale space W' is an infinite-dimensional complement. Naturally, we identify with W" some
discontinuous Galerkin approximation space. The subdomains K; may be interpreted as
the elements of a finite element mesh 7. We then construct W" as the span of piecewise

polynomial functions of order p:

Wh = {w e L*(Q) : w|, e PP(K) VK € T}. (9.16)

Based on the direct sum decomposition of Eq. (9.15), any trial or test function ¢ or w

may be uniquely written as some discontinuous Galerkin solution and some fine-scale

supplement:
p=¢"+¢  reW deWw, (9.17a)
w=w" +w wh e W w' e W', (9.17b)

We consider the case where the direct sum decomposition in Eq. (5.5) is induced by a
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projection:

DWW (9.18a)
w = Pw =:w", (9.18b)

such that the coarse-scale and fine-scale spaces from Eq. (9.15) may be defined as the

range and the kernel of the projector:

W = ran(2), (9.19a)
W' =ker(2). (9.19b)

By using this decomposition of W in the variational formulation of Eq. (9.10), the weak

statement may equivalently be posed as:

Find ¢", ¢/, X e W'sx W' x Q s.t. YV, w',q e Whx W' xQ
— (a-Vu", ¢"+ ¢) o+ (V" kV¢"+ £V ) 5+ (a-nw", ¢"+ ¢'),

SOV Ay, = (0, g + (0 W) (@ MU ) o
— (@ V', 0" + ¢')q + (Vo' iV" + 5V ) + (a - nuw',¢" + o)y (9.20b)
F OV By, = (0, g + (0 W) (@ 70, D)
(¢, [¢"] -2+ [¢'] 7)., = (2, ¢D)yq,, - (9.20¢)

Equation (9.20a) is the “coarse-scale problem”. It involves a finite number of test functions
and a finite number of trial functions, both in the discontinuous Galerkin approximation
space of Eq. (9.16). This means that for a given A and ¢’, the coarse-scale problem forms a
discontinuous Galerkin finite element method. The dependence of the Lagrange multiplier
on ¢" and ¢’ is known (see Lemma 9.1). What remains is to substitute a suitable closure

is place of the fine-scale solution ¢'.

9.2 The Interior Penalty method as a partial fine-scale

closure

The possible fine-scale solutions ¢’ are quite constrained. They must lie in W' = ker(%?)
and are defined according to the projector from Eq. (9.18) as ¢/ = (& — P)¢. Clearly,

the fine scales are intimately related to the choice of projector. Knowledge about the
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projector should guide the development of a closure model. For C°-continuous finite
element approximation spaces, the H}-projector has been shown to yield favorable
properties, both in terms of solution quality and in terms of fine-scale closure model
localization (see Chapter 3). When the coarse-scale basis functions are discontinuous

from element to element, the H&—projector is no longer well-posed. Recall its definition:

‘@Hl :W — Wh
0
¢ — arginf L@(Vqs — V) - (Vo — Vo). (9.21)
¢heth 2

As the potential function only involves gradients, the solution would only be defined up

to a per-element constant.

In Part II of this dissertation, we saw that Nitsche’s method emerges from the VMS
framework when a boundary weighting is added to this potential at boundaries where
the essential conditions are enforced weakly. In a similar sense, we can retrieve the
Interior Penalty method from Section 8.2 by choosing a projector that adds a specific
weighting to the element interfaces. Just like for Nitsche’s method, this illustrates that
the penalty terms involved in these finite element formulations are not purely numerical:
they follow from the key question “what is the optimal coarse-scale representation of an

exact solution?”

The following projection operator is a natural extension of Eq. (9.21) for functions that

are not C’-continuous on the domain. We call this projector the Interior Penalty projector.

;@]p W — Wh
1
6 > arginf [ Sx(Vo— Vo) (V6 - Vo) - [{xV6 — 96"} - [6 - ']
ghewn J 2 (9.22)
Q ) I'p
+ [ Grnto— ¢ lo— ¢,
T
with:

0 on 08y,
an on 907,

n=9n on 9Q7,, (9.23)
n+ on 0O},
n+ %la,;nl onTy.
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As addressed in Definition 2.9, we are not permitted to access 9,6 on T'if ¢ € H'(Q). For

that reason, we redefine W as:
W={we HI(Q) Aw € L2(Q)}, (9.24)

of which the solution to Eq. (9.1) is a member.

Lemma 5.2 also applies to the Interior Penalty projector: Eq. (9.22) is a projection operator
when the associated variational formulation is coercive. This, in turn, is a requirement
on 7. The minimal 7 scales inversely proportional to h and is defined by a per-element

inverse estimate, in a similar sense as the parameters from Lemma 6.3.

The fine-scale space W' consists of all the functions in W who’s projection yields the
zero function. Under the assumption that the variational formulation of the projection
operator is coercive, this means that the integral terms that form the right-hand side data
must be zero. By taking the Gateaux derivative we obtain the following condition for the

fine scales:

¢ € W if and only if Vo € W

— (V" 5V ) o+ ([ AV D+ {&Vo" 1 (6] — ([0 7" [¢'D) = 0.
(9.25)

This knowledge about the definition of the fine scales may directly be used in the coarse-
scale weak formulation. When we choose v = w" in Eq. (9.25) and add the result to the

coarse-scale problem of Eq. (9.20a), then we obtain:

Find ¢" € W' s.t. VP e Wh:
- (a ’ th7 ¢h+ ¢/)Q+ <)‘7 [[wh]] : ﬁ>rD_ <%’a : ’I’L‘[[wh]], H¢/]]>r0 + <a ’ nwhv ¢h>aQ+
+ (Vw", kY g + ([w'], {5V )+ (Ve [0y, — (nl "], [6])r,

= (w", g+ <wh79N>aQN_ (a-nuw”, ¢D>895 : (9.26)

We proceed by using a priori knowledge of the a posteriori solutions ¢", ¢ and .
From Lemma 9.1 we know that A = —k0,¢ on 0Qp and A = {a¢p — kVo} -1 on Iy.
Additionally, the enforced transmission condition Eq. (9.9¢) will mean that [¢'] = —[¢"],
and, finally, on the Dirichlet boundary the fine-scale solution satisfies ¢’ = ¢p —¢". Use of
those identities results in a discontinuous Galerkin formulation of the advection-diffusion

problem with Interior Penalty treatment of the diffusive flux (from Section 8.1) and upwind
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treatment of the advective flux (from Section 8.2):

Find ¢" € W' s.t. Yuwl e Wh .
—(a-Vu', ¢"+ ¢) g + ([w"], {ad'}) ., + ("], (@g") ") + (@ nw", 6") 0,
+ (V' kV¢") g — ([ {xVe ) — ({eVu} [¢"]) + (n[w"], [6"])y

= (w, fo+ <wha9N>aQN —(a-nuwh, ¢D>a§25 : (9.27)

This formulation still includes two fine-scale terms: a volumetric term and an interface

term. We will develop suitable models for these terms in Chapter 11.

9.3 A short study on the Interior Penalty projector

To determine appropriate modeling assumptions, we require more a priori understanding
of the fine-scale solution. The Interior Penalty optimality condition, Eq. (9.25), represents
the projection operator and defines the fine-scale space W'. It dictates a finite number of
functional constraints satisfied by every w’ € W’. Recall from Section 3.2 that this set of

functionals forms the basis for the image of the adjoint of Zp:

Prpp = ¢h such that:

9.28
(ping— ")y =0 i=1,..,dim(W"). (9-28)

Following the approach outlined in Section 3.2.2, the functionals p; can be determined from
the fine-scale constraint equation, Eq. (9.25), by substituting in place of v" the different
bases that span W". In the one-dimensional case we can derive a particularly insightful
set of functionals after slight modification of the constraint equation. We integrate by

parts on each element such that the equation may be written as:

(V- V0", @) + (Ve D)y, + (0" {-V Yy, — ("0 [9]) = 0,
(9.29)

which is required to hold for all v" € W".

In the one-dimensional case, I' is the set of nodes {zg, x2, .., z,} and Q) is the union of the
set of open element domains 7 = {(zo, 1), .., (Tn—1,2n)}. We assume k to be constant.
If we then substitute the function of Figure 9.1a as a test function, Eq. (9.29) requires

¢’ =0 on 9Qy. Similarly, we may substitute the piecewise linear test function illustrated
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in Figure 9.1b to conclude that the fine scales average vanish on all of I'y. Next, we
substitute the piecewise continuous functions for which [v"] is nonzero at a node in T'p.
Examples are shown in Figures 9.1c and 9.1d. This requires {xV¢'} —n*[¢'] = 0 on each
node in I'p. Finally, by substituting the bubble functions of Figures 9.1e and 9.1f the first
term in Eq. (9.29) requires that ¢’ has vanishing moments up to order p — 2, p being the

polynomial order of the approximation space.

These statements combine into the set of u; functionals that represent the Interior Penalty

projector:

Prpd = ¢ such that:

(6 —¢") = {6 —¢"},, =0 forz; €Ty,  (9.30a)
(1,0 — ") = [{xV(p - ¢h>} —(+3la-n))[o—9¢"|,, =0 forz; €T, (9.30b)
(1,0 = 0") = £0u (6 — &™), — w6 — 6")], = 0 for z; € 90y, (9.30c)
(6 — &) = 6O (6 — 6", — (s +a-n)(6—¢")], =0  forz; € 9%, (9.30)
{pyp — ") = [1c(d — @Mt =0 for K e T and 0<q<p—2. (9.30€)

The first statement is especially important: it says that the average of the fine scales
is zero on interior nodes. This will be used for modeling the remaining fine scales in
the coarse-scale formulation. The functionals of Equations (9.30c) to (9.30e) were also
obtained for the Nitsche projector (Eq. (5.19)), and those of Eq. (9.30e) also correspond
to the Hy-projector.
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(a) Vanishing averages, example 1. (b) Vanishing averages, example 2.
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(e) Vanishing moments, example 1.

(f) Vanishing moments, example 2.

Fig. 9.1: Example test functions to arrive at the functional constraints imposed by the
Interior Penalty projector, collected in Eq. (9.30).



CHAPTER 10

The variational multiscale
decomposition for mixed and broken

spaces

10.1 The mixed multiscale weak formulation with broken
spaces

The advection-diffusion equation may be written in a reduced order form in one of two
ways. Either we choose the auxiliary variable to be the diffusive flux —xV¢ or we include
the advective term in the flux-definition as a¢ — kV¢. We choose to proceed with the
former, which reflects a separation of hyperbolic and elliptic terms. In Chapter 8, we
showed that the same separation is employed for devising stable discontinuous Galerkin

methods. The mixed form of the scalar conservation law reads:

—-Vé=rlo in Q, (10.1a)
a-Vo+V.o=f in  Q, (10.1b)
¢ =¢p on 0Qp, (10.1c)

—0-n =gy on 0Q%, (10.1d)
—o-n—a-nd=gy on Oy, (10.1e)

where we again consider data of the form f € L?(Q), gy € HY2(0Qy) and
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¢p € HY?(00p). The advection field a = a(zx) is assumed solenoidal (V - @ = 0) and the

diffusion coeflicient k is assumed to be a positive constant.

We denote by 7 = {€;}/"_; some tessellation of the domain €. Recall from the previous

two chapters the following domain definitions based on this tessellation:

Q = K, (10.2a)
=1

r =] oK, (10.2b)
i=1

Ty :=T)\09, (10.2¢)

I'p ::F\aﬂNzranQD, (10.2(1)

'y ::F\aQD:F()U@QN. (10.26)

Our objective is to state Eqgs. (10.1a) and (10.1b) on the individual subdomains while
enforcing transmission conditions on I'y that ensure equivalence with Eq. (10.1). These
conditions are based on the required regularity of the solutions o and ¢. In the mixed
form of the advection-diffusion equation these must be members of H(div; Q) and H'(f2),
respectively. Note that this is different from the mixed formulation of the Poisson problem,
discussed in Chapter 4, which permitted ¢ € L?(Q2). In the current case we remain
restricted to H'(Q) due to the advective term. The transmission conditions follow directly

from the required continuity implied by these spaces::

[¢]=0  onTy, (10.3a)
[e] =0 onTy. (10.3b)

Equations (10.1a) and (10.1b) are posed on each subdomain, while we add the constraints

from Eq. (10.3) to couple the solution across domain interfaces:

~Vo=r"lo in  Q, (10.4a)
a-Vo+V-o=f in Q, (10.4b)
[e] =0 on T, (10.4c)

[o] =0 on T, (10.4d)

¢ =¢p on 0Qp, (10.4e)

o-n=gn on 0Q%, (10.4f)
—o-n—a-n=gy on Oy . (10.4g)
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If we use this representation of the PDE as a point of departure, then we are permitted
to work with broken spaces in our weak formulation. The continuity requirements of
Egs. (10.4¢) and (10.4d) may be enforced with Lagrange multipliers [11, 12], as we did in
Chapter 9.

Consider the following weak form:

Find ¢,0, A1, 0 e WX X X Qp X Qn+ s.t. Vw,T,q1,020 € W X X X Qp X Qpn+ ¢
— (/1_17',0)@ +(V-T,9)g — (T na¢>aﬂj—v+ (A2, [[T]]>p;: (T n’¢D>BQD’ (10.5a)

— (Vw,aqS)Q +{a- nw,¢>aﬂ+ + (w, V- cr)(2 —({w, o - n>‘99Xr

(10.5b)

+ (A1, [w] 'ﬁ>rD = (w, f)g —(a- nw,qﬁD}aQB — <w,gN>8Q],v ,
(@, [9] - ) = (@1, ¢D) s, - (10.5¢)
(g2, [[0']]>p]+v = <Q279N>891+V, (10.5d)

where, again, 7 arbitrarily refers to n™ or n~ on interior facets, and is the outward facing

normal on 0f2. The suitable function(al) spaces may be identified as:

W =H'(Q)={wel*Q):w|, e H(K)VK €T},

Y =H(div,Q) = {o € [L*()]: 0|, € Hdiv; K) VK € T},
Qp =H '*(Tp),

On+ = HYA(Y).

The proof of the well-posedness of this weak formulation is outlined in the following lemma.

Lemma 10.1. The weak formulation of Equation (10.5) is well-posed, it is equivalent

to the strong form of Eq. (10.1), and this equivalence dictates that \1 = a - n{¢} and
A2 = —{o}.

Proof. The start of the proof is similar to that of Lemma 9.1: the Lagrange multiplier
parts constitute coercive (and thus inf-sup stable) bilinear forms, meaning that they will
permit unique solutions A\; and A\ once the set (¢, o) is known. Their expressions follow

from reverse integration by parts while making use of the imposed continuity conditions.
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This allows us to recast Egs. (10.5a) and (10.5b) in a weak formulation where 3 =
Hy,, (div; Q,09%) (where gy is enforced strongly on 0Q%) and W = qujD(QﬁQD) (¢p

being enforced strongly on 90Qp).

As usual we proof existence and uniqueness for homogeneous strong boundary data such
that we are operating in vector spaces. The alternative case follows from decomposing the

solutions into homogeneous and non-homogeneous parts.

With the new spaces, the mixed formulation may be written in operator form as:

Find ¢, 0 € H3(Q,00p) x Ho(div; Q, 0Qy) :
— Ao+ B¢ =0, (10.7a)
B'o +Cop=F. (10.7b)

The operator A is bijective as its corresponding bilinear form is coercive. It thus has an

inverse. A unique solution o may be obtained for any solution ¢ as:
o=A"'Bs. (10.8)
Substituting into Eq. (10.7b) while writing the operators in duality pairing forms gives:

Find ¢ € H}(Q,00p) s.t. Yw € HY(Q,00p) : (109)
10.9

(BT(A™'Bg),w) + (Co,w) = (F,w).
With the enforced regularity and homogeneous boundary conditions, the duality pairing
(BT, w) represents the L*-inner product (7, Vw),. The (Cé,w) pairing represents the

advective bilinear form.

Equation (10.9) is thus completely analogous to the standard advection-diffusion weak
formulation in H}(Q,0Qp) with zero Neumann conditions on 9QF. Coercivity of this

weak form, and hence unique solvability of ¢, has been proven in earlier chapters. O
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Next, we can introduce finite-dimensional (coarse-scale) subspaces of ¥ and W. These
will be the finite element approximation spaces for the eventual finite element methods.

The following spaces correspond to discontinuous Galerkin methods:

Wh={we L*(Q):w|, ePP(K)VKET}CW, (10.10a)
' ={o e L’ 0|, ePUK)'VKeT}CE, (10.10b)

with p and ¢ the polynomial order of the approximation spaces.

A projector must be defined in order to establish the split of the exact solutions into
coarse-scale and fine-scale components. In this mixed case, the projector should map an

clement (¢,0) € W x I to the mixed coarse-scale space W" x X

P WxE sWhxsh

(10.11)
p,0 = P(d,0).
The coarse-scale and fine-scale components of ¢ and o are then defined as:
(6", 0") = 2(¢,0), (10.12a)
(¢/,0") = (I - 2)(,0), (10.12D)

with .# the identity projector (¢, o) = (¢, o).

From Eq. (10.12b) it follows that the fine scales live in the range of .# — &, or the kernel

of &, which we define as the mixed fine-scale space:

(¢/,0') eker 2 =: (W x ). (10.13)

Recall from Lemma 4.1 that (W x X) does generally not decouple into fine-scale spaces W’

and ¥’. With this consideration in mind, the scale decomposition of the weak formulation
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reads:

Find ¢", 0" € Wh x " and ¢/, 6’ € (W x £) and A1, \o € Qp X Qn+
st. Vo, 7" e W' x P and Vo', 7' € W xX) andVqi,q2 € Qp x Qu+ -
— ( flTh’O_h +U,)Q + (V'Th,(bh +¢I)Q _ <Th'n’¢h+¢/>89;[

(10.14a)
+ (Ag, HTh]DFTv = (th.mn, PD)oq,
— (ko o)+ (V-7 ¢+ ¢) g — (7 m ¢+ &)y,
N (10.14b)
+ (Ag, [[T’]]>F$ = ("1, ¢D)yq
—(a-Vu', ¢" +¢)g + (a-nu", ¢" + ¢') 0 + (A1, [W] - A)
+(wh,V-crh%—V-a’)Q—<wh’,0h-nJrU’-n>8Q;V (10.14c)
= (", f)g = (@ nw", 6p),s0- — (", 98) 0
— (a-Vu',¢" +¢) g+ (a-nu',¢" + ¢") . + (A1, [w'] - )p
+(w',V-ah—i—V-a')Q—{w’,ah-n+0"n>agl—v (10.14d)
= (W', f)g—(a nw,’¢D>8QB - <wlv9N>aQ;V ’
(a1, [¢" + ¢ ) =(a1,6D) 4, » (10.14e)
(@2.[0" + 0T = (g2.93) gz - (10.14f)

If the Lagrange multipliers and fine scales are treated as data, then Eqs. (10.14a)
and (10.14c) represent the mixed coarse-scale problem. In the same way, Eqgs. (10.14Db)
and (10.14d) form the mixed fine-scale problem for given Lagrange multipliers and coarse

scales.

10.2 Discontinuous Galerkin methods as partial fine-scale

closures

Some fine-scale closure is required to obtain a stand-alone finite element method. What we
choose to substitute in place of the fine-scale terms in Egs. (10.14a) and (10.14c) directly
affects the solution behavior, and should be determined based on the projector operator
used to decompose W and 3. In this section, we derive a number of well known discon-
tinuous Galerkin finite element formulations from this variational multiscale perspective.

We pose a ‘sensible’ projection operator, determine the associated fine-scale constraints,
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and out comes the discontinuous Galerkin method. We base these ‘sensible’ projectors
off of those imposed by conformal finite element formulations of the Poisson problem, i.e,
those of Section 4.2.

Bassi-Rebay’s 15 method

Consider the following projection:

@BR:WXE%WhXEh

1
¢,0 +— arginf argsup /§H — kYo + kVo"|?
phewh ghexh J

1
—/ §||cr — ol + KV — /ﬁqu)hH2 (10.15)

Q
+ [Ho—a"} - Ino - wot,
I'p

where the norms are Euclidean norms of the vectors. Note the similarity between this
projector and the one implied by the mixed formulation of the Poisson problem in
Egs. (4.39) and (4.40).

Solutions (¢, 6") of 22(¢, &) are equilibrium points of the functional in Eq. (10.15). They

may be determined by simultaneously equating to zero the first variation with respect to o’

and the first variation with respect to ¢". This results in the following two optimality
conditions, which have to be satisfied for all v € " and all v € W:

— (Vh, —o+ o —kVe+ HVqﬁh)Q — <{{V}}h, [ko — /iqﬁh]]>FD =0, (10.16a)
(— V", —o +0") g — ([s0"], {o - ah}}>FD =0, (10.16b)
or, by replacing all occurrences of & — o and ¢ — ¢ by o’ and ¢', respectively:
V" o'+ kVe) s — ({v"}, [£¢'])p, =0 vl e sh, (10.17a)
(— kVo", =) g — ([xv"], {o'Hr, =0 Vol e W, (10.17b)

which represents the fine-scale constraint that defines all the functions that live in
ker(ﬂBR) = (W X 2)/.

Remark 10.1. Note that the second term of the error potential in Eq. (10.15) adds

both o and kV¢. For the true solution these would cancel. So, if they were omitted



10.2. Discontinuous Galerkin methods as partial fine-scale closures 133

from the potential, then Eq. (10.17) would still hold for the particular pair (¢,o) that
solves the PDE. However, the projector may act on any pair in YW x X. These terms are
thus required to arrive at the fine-scale constraints of Eq. (10.17), which now hold for all

¢ o' e (W xx).

We divide both equations by x (which we assume constant), and perform integration by

parts on both the gradient terms:

(v 0")g = (V- ¢) g + (V'] g ), =0 Vo' exh, (10.18a)
— (", Vo) gy + ({o"} [o'T)y, =0 Vol e Wh. (10.18b)

This representation of the fine-scale constraints may directly be used as a partial closure
in the coarse-scale problem. By choosing v* = w” and v = 7", and by adding the results
to Egs. (10.14a) and (10.14c), we obtain:

Find ¢", 6" e W' x =" s.t. Vo', 7" e Wh x .

- (H_lThv Uh)Q + (V ’ Th? th)ﬁ + <[[Th]]v {¢/}}>F$ + <)‘2’ [[Th]]>rp

(10.19a)
- <Th ', ¢h>aQ; = <Th -n, ¢D>8QD y
— (a-Vu",¢" +¢)g + (a-nu", ¢" + ¢/>6QE + (A, [w"] - ﬁ>FE
+ (W, Vo™ g + ({w"}, [0+, —(w" " o0 (10.19b)

= (wh> f)Q - <(l : nwhv ¢D>8QB - <whvgN>8QXf :

According to Eq. (10.4c) the coarse and fine scales corresponding to the true solution
will satisfy the transmission condition [6'] = —[o"] on the internal edges. Additionally,
on the Dirichlet boundary we know that ¢/ = ¢p — ¢ and on the Neumann boundary
o' -n =gy — o" - n. Finally, the Lagrange multipliers are \; = a - 72 ({¢"} + {¢'}) and
Ay = —{o"} — {#'} as discussed in Lemma 10.1. By using this knowledge of the solution,

we arrive at the following finite element formulation:

Find ¢", 0" e W x " st. Vo, 7P e W' x =P .
— (H_lTh, ah)Q + (V- T, (ﬁh)ﬂ —{[T"], {¢h}}>FN = <7'h n, ¢D>OQD , (10.20a)
— (a- V', ¢ + QS/)Q + <[[wh]]= afo"} + a{{¢/}>ruag+ + (whv V- Uh)(z

10.20b
— ({w"}, [[Uh]]>rN = (", f)g - (a- nwh,¢p>8% B <wh’gN>aQN- ( )
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This represents a discontinuous Galerkin formulation of the advection-diffusion equation
where the diffusive term is treated in the way proposed by Bassi and Rebay in [15] and

the advective term is treated with average fluxes.

In the limit of |a| — 0 Eq. (10.20) becomes Bassi-Rebay’s 15t formulation for the diffusion
problem. We have thus shown that by using this finite element formulation for the Poisson
problem, one formally obtains the coarse-scale solution that best approximates the true
solution according to the saddle point problem of Eq. (10.15). Similarly, if the remaining
fine-scale term in Eq. (10.20) is handled correctly, we would also obtain this ‘optimal’

solution for the advection-diffusion problem.

Remark 10.2. It is well known that this formulation is unstable. This is a result of
both the Bassi-Rebay treatment of the numerical fluzes, and the treatment of the advective
flux with average values. However, the mized multiscale formulation of Eq. (10.14) was
well-posed (see Lemma 10.1), and all subsequent manipulation was consistent with the
true solution. The instability of the finite element formulation can be traced back to the
optimality condition of Eq. (10.15). In its current form, this inf-sup optimality is ill-posed

and hence so is the resulting discontinuous Galerkin method.

Remark 10.3. Despite the mized formulation, only the fine scales of the primal solution
show up in this formulation. These will have to be modeled. Again, they occur as weighted
terms in element volumes, and on element interfaces. In the element volume, the weighting

differential operator is the SUPG operator (—a -V ).

Bassi-Rebay’s 274 method

As addressed in Remark 10.2, Bassi-Rebay’s 15¢ formulation is not well-posed, which
effectively means that the projection operator of Eq. (10.15) is unstable. To remedy
this situation, Bassi, Rebay and coworkers themselves suggested the addition of the term
Seer (nre([¢"]),re([w"])),,, where 7 is a tunable stabilization parameter [16]. In this
stabilization term, r.(¢) is the so-called lifting operator that lifts some function ¢ defined

on an edge e to a function in X", r. : [L'(e)]¢ = =", according to:

(p.7), = (re(p), ), VTexh (10.21)
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Their new formulation can be fitted to our variational multiscale framework via
addition of Y cr [q %77 re([¢ — #"])?® to the projector of Eq. (10.15), and by adding
—>eer (nre([¢']), re([[vh]]))Q to the fine-scale constraint of Eq. (10.17).

Local Discontinuous Galerkin method

Another mechanism to stabilize the optimality condition of the projection operator is the
introduction of penalties on the inter-element solution jumps. In the primal form, we
have shown that such an approach relates to Nitsche’s method and to the Interior Penalty
method. In a mixed formulation, we investigate the Local Discontinuous Galerkin method

and the Hybridizable Discontinuous Galerkin method.

First, we add a weighting to the jump of ¢ — ¢" and on the mixed jumps of ¢ — ¢" and
o — o”. To remain dimensionally consistent with previous penalty terms, the first term

must be multiplied by % and the second term by x. The projection operator becomes:

yLDGHWXZ%WhXZh

1
¢,o0 + arginfargsup /§|| — kV¢ + kV@"|?
phewhr ghesh J

1
- [ Slo = a" + kVo - kTS

Q
+ [{to ="} Ino— w6 + 507 [0 — n')
I'p
~ [ 8-1xé — né'lo — o], (1022)
To

where we make use of the following penalty parameter definitions:

0 on 08y,
an on 89} ,
=49 on 9Q7,, (10.23)
n+ on 09},
n—+ %|a’-{n| on FO ,
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and:
B=Stnt+S n" . (10.24)

Typically, the double valued ‘switch’ parameter ST satisfies ST + 5~ = %, and often also
either ST =0 or S~ =0 [154].

To determine the fine-scale constraints from Eq. (10.22), we write the saddle point problem
in terms of the fine-scale solutions. Of course, these are equivalent to the discretization

errors. The inf-sup statement thus says something about how the error is weighted:

@LDgtWXE%Wh x 2P

1 1
¢,0 > arginf argsup /{5” — KV | - 5“0, + KV¢’||2}

phewh ghesh J (10.25)

e R Sy e o

In Eq. (10.25), ¢' and o’ are defined as functions of ¢" and o” via ¢/ = ¢ — ¢ and
o' = o0 — o". In these relations, ¢ and o are treated as data. We obtain the fine-scale
constraints by equating the first variations of ¢" and ¢” to zero. Then, the following
relations hold V" € " and Vv € W". They define the kernel of the LDG projector:

(V" 0")g + " kYY) g — ("} 50Dy + ("], B - [k T)p, =0, (10.26a)

(kV", 0") g — ([K0"], {o'Hr, +(8- [k0"], [o'T)p, — (n*[xo"], [x¢']), = 0. (10.26b)

0

We divide both equations by x and integrate the gradient terms by parts such that for all
(vl VM) € Wh x 3.

(H_1Vh7 O-I)Q - (V ’ Vha ¢/)fz + <[[Vh]]7 {¢/}>FN+ <[[Vh]]v:3 : [[¢,]]>Fo =0, (10'273)

- (Uh’ V- U/)Q + <{{Uh}’ [[U/]]>FN+ <,3 : [[Uh]]’ [[U/]]>r0 - <Kn* [[Uh]]v [[¢/]]>FD =0. (10'27b)

Just like those in Eq. (10.26), the relations from Eq. (10.27) hold for all pairs (¢/, ') €

h

ker(Zrpg). After choosing v* = w" and v* = 7" we may add the expressions to the
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multiscale coarse-scale formulations of Egs. (10.14a) and (10.14c). We obtain:
Find ¢", " e W' x 2 s.t. Vo', 7" e W x "

— (17", ah)Q + (V-1 ¢h)§2 + ([, {¢/}>FE + (A2, [[Thﬂ>rj(,

(10.28a)
— (", g+ (70,8 19D = (7" - n.0D)yq,
— (a-Vu", ¢" + ¢')g+ (a- nw”, ¢" + ¢,>aQ]+V + (A, [w"] - ﬁ>rj5
+ (W, V- Uh)fz + ({w"}, [o'T)r+ —(w", o )0
N N (10.28b)

+(8- [ [o')p, — (" [w"] ¥y,

= (wh7 f)Q - <a : nwhv ¢D>aQB - <whvgN>8Q;f '

Many of the remaining fine scales may still be related to coarse scales: from the trans-
mission conditions of Eqgs. (10.4c) and (10.4d) we know that the solutions will satisfy
[¢] = —[¢"] and [6'] = —[o”]. On the Dirichlet boundary ¢' = ¢p — ¢" and
on the Neumann boundary ¢’ - n = gy — o” - n, and the Lagrange multipliers are
M =a - n({o"} + {¢'}) and Ay = —{¢"} — {#'}. By making use of this known solution
behavior, while also substituting the penalty parameter definition of Eq. (10.23), we arrive

at the following weak formulation for the coarse-scale solution:

Find ¢", " e W' x 2 s.t. Vo', 7" e W x 3" .

- (RilThv Uh)Q + (V . Th7 ¢h)Q - <[[Th]]7 {¢h}>pN - <[[Th]]7 ﬁ ’ ﬂ¢hﬂ>po

(10.29a)
— <7-h ‘n, ¢D>8QD ’
- (CL ’ th? ¢h + ¢,)Q + <[[wh]]v a{¢/}>r0 + <[[wh]]7 (a¢h)+>rua9+
+ (wh’ V. Uh)(z - <{{wh}}a [[o'h]]>1“N - </3 : [[wh]]’ [[o'h]]>r0
(10.29b)

+ <’ﬂ7 [[whﬂv H¢hH>FD = (whv f)Q - <a' : nwha ¢D>aQB
h h
- <’U) 7gN>3QN + <H77w 7¢D>8QD .
This represents a discontinuous Galerkin formulation where the diffusive term is treated

with a Local Discontinuous Galerkin method as proposed by Cockburn et al. in [58], and

the advective term is treated with an upwind flux.
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Hybridizable Discontinuous Galerkin method

A natural extension of the projection operator from the Local Discontinuous Galerkin

method is to add a weighting to the jump of o — o®. Since we know that o is continuous

h

this will add a penalty to the jump of the coarse-scale solution o”. For dimensional

consistency, we multiply the weighting term by the element diameter h.

@HpgtWXE%WhXEh

1
¢,0 — arginfargsup /5” — &V + KV |?
phewh ghexh J

1 h h|2
— [ Zlo— o + kVH— kY
/ lo ="+ £Vé — £V (10.30)

+ / {o— "} [eo = nd"] + 30l — o'’}

- / {816~ r6"lo — o] + L Chlo — o1},

o

where n* is defined in Eq. (10.23).
By replacing ¢ — ¢" by ¢’ and & — o" by ¢, the projector may equivalently be written as
a saddle point problem for the fine-scale solutions:

Prpc W x s Wh x 5l

1 1
¢,0 > arginfargsup /{5“ — V| - 5”0'/ + Hvﬁb,HQ}

phewhr ghexh
+ [{to} 101+ 3101}
I'p
~[{B 1561001 + ChIoT?}

To

(10.31)

The fine-scale constraints are obtained by equating to zero the first variations of the

coarse-scale fields:

", o)+ (", RV¢)Q—<{{Vh}} [k’ Dy, + (V"] B - [Ty,
+(Ch V"], [0 )y, (10.32a)
(kV0", 0") g = ([50"], {o }}> +(B - [k, [0y,
— (" [Ko"], [k )y, (10.32b)
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When we proceed in the same fashion as we did for Bassi-Rebay’s 15 method and the
Local Discontinuous Galerkin method, then we obtain the following discontinuous Galerkin
formulation, which (in the case that the penalty parameter C relates to 8 and 7 as
4Ckn =1 — B - B) corresponds to Hybridizable Discontinuous Galerkin treatment of the
diffusive flux [48]:

Find ¢", 6" e W' x =" s.t. Vu, 7" e Wi x B .
— (v oM g + (V7" 0" g = (P A" Yy, — (7", 8- [6" )y,

(10.33a)
— (Ch["], [[Uh]]>p0 = (" n,0D) 50,
— (a-Vuh, ¢" + ¢>/)Q + ([w"], a{{¢/}}>p0 + ([w"], (a¢h)+>ru89+
wh, Vo) — (fw"}, [o" — (B [w"],[o"
+ )~ (("} [0y, — (8- [w'L 0"y, o

+ </{77 [[whﬂa H¢hH>FD = (whv f)Q - <a ) nwh7 ¢D>8QB

_ <wh’gN>BQN + <I€77 u}h’ ¢D>8QD .

Remark 10.4. It should be noted that all aforementioned projectors can be obtained
as minimizers of potentials due to the symmetric nature of the resulting discontinuous
Galerkin methods (for the diffusive term). Such a potential minimization interpretation
of the projector is not possible for nonsymmetric schemes such as the Baumann-Oden
method or the Nonsymmetric Interior Penalty method. Coincidentally, these schemes
are non-conservative and their stability characteristics are suboptimal, as addressed in

Section 8.2.

10.3 A short study on the Bassi-Rebay, LDG and HDG

fine-scale constraints

Next, we investigate the fine-scale constraints imposed by the Bassi-Rebay, LDG, and
HDG projectors of Egs. (10.15), (10.22) and (10.30) more closely. Knowledge of the
behavior of the fine scales will guide the fine-scale modeling. At the same time, since
the fine-scale solution may equivalently be interpreted as the approximation error, the
fine-scale constraints provide predictive information regarding the error behavior. Each
of the fine-scale constraint equations (Egs. (10.17), (10.27) and (10.32)) may be written
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in the following general form:

(v 0)g = (V-1 ) + ("], A + (VN o =0, (10.34a)

(Vo' o) g = ("], B)p, = ("0, D)y, =0, (10.34b)
where A’ and B’ are functions of ¢’ and o’ on I', and N’ and D’ are functions of ¢’ and
o’ on 90y and 0 p, respectively. For the Hybridizable Discontinuous Galerkin projector

the expressions are:

A ={¢}+8-[¢] +C[o], (10.35a)
N = ¢, (10.35b)
B ={o'} - Blo'] +xn*[¢], (10.35¢)
D' = o' +rn'dn. (10.35d)

Those for the Local Discontinuous Galerkin method follow from setting C to zero, and

those for Bassi-Rebay’s 15' method from setting n* and B to zero as well.

Error expressions can be obtained by choosing specific functions for v and v" and substi-
tuting these into the fine-scale constraint equations. For example, substituting a test

function v" that is one inside elements K and zero outside of the element results in:

/B’-n—l— / D' -n=0. (10.36)
OK\oQ OKNIND

Similarly, when we choose some constant normalized vector v = 1 inside element K and

the zero vector outside of K, it follows:

7//{_10"~1: /A’l-n+ / N'1-n. (10.37)

K OK\OQ OKNOQ N

These relations predict how the error of the finite element solution behaves, under the
assumption that all the remaining fine scales are accurately modeled. Equation (10.36)
shows that the average quantity of some error measure on the element boundary equals
zero, while Eq. (10.37) relates the total integrated error of " in an element to error

expressions on the element boundary.

We can obtain more detailed expressions by examining a simpler case. If we consider a

one-dimensional problem with a Dirichlet condition on one end, then, by taking K to be
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the complete domain €2, equation Eq. (10.36) dictates:
D=0 at 0Qp . (10.38)
By substituting this result back into Eq. (10.36) and by replacing K with a domain that

runs from the Dirichlet boundary until any node in the internal mesh skeleton I'g we

obtain:

=0 Vx, €Ty. (1039)

Substitution of Egs. (10.38) and (10.39) in Eq. (10.34b) results in the following vanishing

integrals of o’:
(0, Vv")qg =0 VYo" ew, (10.40)

Under the assumption that the polynomial order of the finite element construction of W"
is at least p > 1, the first term in Eq. (10.37) cancels for piecewise constant v". Repeating

the same analysis as above, but using the test function " instead of v", yields:

N =0 ondfQy, (10.41a)
Al =0 Va;ely. (10.41Db)

T

Substituting these identities into the fine-scale constraint of Eq. (10.34a) and choosing

h

any remaining function v, we find:

(o, I/h)Q + (¢, V- Vh)Q =0 Vvvhexh. (10.42)

Table 10.1 summarizes all expressions where A’, B, D’ and N’ have been filled in for
the Bassi-Rebay, Local Discontinuous Galerkin, and Hybridizable Discontinuous Galerkin
methods. These expressions represent the functional constraints imposed by the projectors
if the domain is one-dimensional. They are the tabulated equivalents of Eq. (9.30) for the
Interior Penalty method, and Eq. (5.19) for Nitsche’s method.

Remark 10.5. These expressions bear resemblance to the well known exactness of the
numerical traces of conservative discontinuous Galerkin methods, and the ensuing super-

convergence properties, see, e.q., [42] and the references therein.
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Table 10.1: Functional constraints (i.e., fine-scale identities) imposed by the projection
operators for different discontinuous Galerkin methods in the one-dimensional case.

Bassi-Rebay’s 15 LDG HDG
On I': {o} =0 {o}+8-[¢]=0 {o'}+B-[¢]+Clo’]=0
On I {o'y =0 {o'}-Blo' ]+ [¢'] =0 {o'} —Blo'] +rn*[¢] =0
On 9y ¢ =0 @ =0 ¢ =0
On 9 p: o -n=0 U’-n—”g*QS’:O U’-n—”}?*qS’:O
VK €T /a’xﬁ—lzo VHeEN:1<p<p

K
VKeT: /U'mq+(j¢'xq_1:0 VieN:1<§<q
K

We illustrate that the identities stated in Table 10.1 do in fact hold pointwise in the one-
dimensional case. To avoid having to model any remaining fine scales in the discontinuous
Galerkin methods of Section 10.2, we focus on the purely diffusive case (i.e., a = 0).
For simplicity, we choose k = 1 and we discretize the domain Q = [—1,4] with only
3 elements. We employ the Dirichlet condition ¢p = 6.5 and the Neumann condition
oy = 1.8 at the right and the left boundary, respectively, and the second order polynomial
f = —6x+2.422 as the source function. We use linear basis functions for the construction

of W and quadratics for the construction of X"

Figure 10.1 shows the resulting coarse-scale solution for Bassi-Rebay’s 15 method. We
observe that the average coarse-scale solutions coincide with the exact solution at element
interfaces, rendering the average fine-scale solutions zero at element interfaces. One can
also see that the solution of the coarse-scale primal variable is equal to the exact solution at
the Neumann boundary, and that the solution of the coarse-scale auxiliary variable is exact
at the Dirichlet boundary. This is all in line with the predictions in Table 10.1. Figures 10.2
and 10.3 show the results for the Local Discontinuous Galerkin and Hybridizable Discon-
tinuous Galerkin methods. The parameter choices are n = 3 and 8 = —0.25 (which leads to
C= 6% in Figure 10.3a). As a proof of concept, 7 is chosen as 0 on the Dirichlet boundary
for the HDG computation. The computations illustrate that identities in Table 10.1 hold.
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101 — True solution
¢ — Coarse-scale solution

(a) Primal field ¢. (b) Auxiliary field o.

Fig. 10.1: One-dimensional numerical test results that illustrate the pointwise fine-scale
identities for Bassi-Rebay’s 15¢ method.

101 — True solution o
d’ — Coarse-scale solution

(a) Primal field ¢. (b) Auxiliary field o.

Fig. 10.2: One-dimensional numerical test results that illustrate the pointwise fine-scale
identities for the Local Discontinuous Galerkin method (n =3, 8 = —0.25).

— True solution o
¢ — Coarse-scale solution
sl
61
(o] E
. v Clod
.& i M
-1 % i 2 3 4 4
(a) Primal field ¢. (b) Auxiliary field o.

Fig. 10.3: One-dimensional numerical test results that illustrate the pointwise fine-scale
identities for the Hybridizable Discontinuous Galerkin method (n =3 on I'g and n = 0
on 00p, B =—-0.25).



CHAPTER 11

Extending the residual-based model

for inflow boundaries

Fach of the coarse-scale discontinuous Galerkin formulations derived in the previous two

chapters still include two terms that involve the fine-scale solution:

On interior boundaries: {[w"], afo'bp, (11.1a)

In element volumes: — (a-Vu", g - (11.1b)

In this chapter we develop models for these terms suitable for discontinuous Galerkin finite
element formulations. The model for the term in Eq. (11.1a) relies on the analysis of the
implied projection operators performed in Sections 9.3 and 10.3, and the model for the
term in Eq. (11.1b) is an extension of the model developed in Chapter 6. This chapter
heavily relies on the theory developed in Chapter 6, which is a necessary precursor for

understanding Sections 11.2 and 11.3.

11.1 Fine scales on interior element boundaries

We start with the fine scales in Eq. (11.1a). A similar term did not occur in Part I
nor in Part II of this dissertation, as those concern H'-conforming coarse-scale spaces
where [w"] = 0.

To find an expression for the fine scales on element boundaries, we make use of the condi-

tions imposed by the different projection operators. For each of the methods, we performed



11.2. Fine scales in element volumes 145

a short analysis in the one-dimensional case. This revealed a set of identities that the fine
scales in W must adhere to. For the Interior Penalty method these are stated in Eq. (9.30),
and for the methods with a mixed origin they are collected in Table 10.1. These may be

written as relations for the fine-scale averages. For the four methods we obtain:

{¢'} =0 onTy for the BR method, (11.2a)
{#'} =0 onTy for the IP method, (11.2b)
{¢y=—-B-[¢]=B-[¢"] onTy for the LDG method, (11.2¢)
{¢'} = -B-[¢'] — Clo'] = B-[¢"] + C[e"] on Ty for the HDG method. (11.2d)
In Egs. (11.2¢) and (11.2d) we use the known solution behavior [¢/] = —[¢"] and
[o'] = —[o"] from the transmission conditions. We thus use the substitution of the fine-

scale averages of Eq. (11.2) into Eq. (11.1a) as a closure model. This is a modeling
approximation that becomes an identity in the one-dimensional case, which has been the
general aim for all modeling approximations throughout this dissertation.

Remark 11.1. The above suggestion is relatively straightforward and easy to implement.
Still, it is a simplification that necessarily leads to approximation in the multidimensional
case. We could take a step back and obtain a model for Eq. (11.1a) directly from the fine-
scale constraints imposed by the projector. A preliminary step in this direction was taken
in Fq. (10.37). As the equation illustrates, this would shift the modeling effort to o’ in the

element interior.

11.2 Fine scales in element volumes

We proceed with modeling the fine scales in Eq. (11.1b). Modeling this term was the
focus of Chapter 6, and much of the same theory applies. In summary, we go through the

following steps:
— We phrase the fine-scale problem in terms of the coarse-scale residual and the Lagrange

multiplier.

— We define the fine-scale Green’s function as the test function that induces a point

sampling of ¢'.

— Substitution back into the fine-scale problem solves the fine scales in terms of the

coarse-scale residual and the Lagrange multiplier.
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— To remove the Lagrange multiplier trial function, we decompose the fine-scale Green’s

function into the one associated to the H&—projector and a remainder.

< The H{ fine-scale Green’s function corresponds to a very similar fine-scale problem.
This problem formulation requires the enforcement of conditions on W such that it
becomes a subset of H}, for which we again make use of a Lagrange multiplier formu-
lation. The expression of the new Lagrange multiplier as a function of the H{ fine-scale

Green’s function is known.

— Substituting the decomposition into the expression for the fine scales allows us to
cancel the unknown Lagrange multiplier term while adding the new (known) Lagrange
multiplier term. This new term takes into account the fine-scale boundary values, which

are otherwise assumed to vanish.

In Sections 6.1 and 6.2 we go through these steps in detail. If we adopt the same procedure

while making use of discontinuous approximation spaces, then we obtain:

¢'(x) = <R¢h79}{é> + (o, )y s (11.3)

D

where R is the coarse-scale residual, gqu is fine-scale Green’s function associated to the
0

H}-projector and ) is the Lagrange multiplier whose expression depends on 9;[1'
0

We substitute this expression into Eq. (11.1b), the term that has to be modeled. In
the one-dimensional case, the H{ fine-scale Green’s function decouples from element to
element. By also writing the test function and residual on each element as the polynomial

expansions w" = 30, 4b; 2% and Ron = iy R; 2%, the term simplifies to:

—/ a-Vu' ¢ dz = —/ aszph2p_27'f2pdi—/ albpphp_lvqb'di”. (11.4)
K K 0K

The steps from Eq. (11.3) to Eq. (11.4) require vanishing integral expressions of the H}
fine-scale Green’s function. The reader is referred to Section 6.3, where we perform the
derivation in detail. The model parameters v and 7 are based on the fine-scale Green’s

function as:

1 P! yP~ 1
T = ]K|/ / = ng(.Z‘ Y) — 1 dy dz, (11.5a)

Pl
v = |F| // Hng x,y)dydx, (11.5b)

where the operator H depends on the PDE at hand. It relates to A\g, the Lagrange multi-
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plier for the problem that defines the H& fine-scale Green’s function. For the advection-

diffusion equation we obtain:
H=-kn-V,, (11.6)

Equation (11.4) involves an integral over the element boundary, with the related
parameter v from Eq. (11.5b). It represents the homogenized effect of the fine-scale
boundary value onto the element interior. In Part II of this dissertation, we made use of
the same term on the Dirichlet boundary. There, the exact fine-scale solution is known
in terms of coarse scales as ¢p — ¢". Now that we are using discontinuous coarse scales,
Eq. (11.4) requires us to know the fine-scale boundary values on all element boundaries.
From the definition of the average and jump operators we may write the fine-scale field

on either side of an interface as:

¢F ={¢'} + 3001 n~. (11.7)

The continuity condition requires that the solution satisfies [¢'] = —[¢"]. We thus only
need a closure for the fine-scale averages, for which we make use of the results from
Section 11.1. We obtain:

Pt = —2[¢"]-n* onTy for the BR method, (11.8a)
dF = —1[¢"] - n* onT for the IP method, (11.8b)
¢ =(B—3in*) [¢"] onTy for the LDG method, (11.8¢)
P = (B - %ni) [#"] + C[o"] on Ty for the HDG method. (11.8d)

which are exact in the one-dimensional case. Notice that with the choice 8 = %n_ or
B = %n*’ the one-dimensional Local Discontinuous Galerkin method would yield exact

coarse scales at inflow or outflow boundaries of an element.

The above sets of equations represent an exact closure of the fine scales in the coarse-scale
equations. Some simplifications (and hence approximations) have to be introduced to

make them applicable for multidimensional problems. We propose:

— / awWpp hp_lT}?ph”_l di ~ —(a- vuh, ’TeffR¢h)K ) (11.9a)
K

- /aKaﬁ)pphp_lv ¢'di ~ —(a- Vo', 750" ) p- — (a- Vo' 75z ") s - (11.9D)
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The validity of these approximations depends on the quality of the estimates of the param-
eters Tef, 'y;;f and 4. For one, they must be accurate approximations of the multidimen-
sional fine-scale Green’s function per Eq. (11.5). For higher order polynomials, another
factor of importance is the change in differential operator. This important constituent of
the model parameters is discussed in Section 6.5.1. The multiplicative factors derived in

that section carry over to the parameters for discontinuous Galerkin methods:

Ty v, v forp=1,
Tofty Yo Yo ~ § 127, V34T, V34T for p =2, (11.10)
1807, 2v5~F, 2v5~~ for p = 3.

In Part II, we focused exclusively on the outflow boundary. That is where the boundary
layer leads to large fine-scale boundary values. Ignoring the inflow part of Eq. (11.9b) is
no longer appropriate when discontinuous Galerkin methods are considered. As a direct
consequence of Eq. (11.8), discontinuities in the domain interior lead to non-vanishing fine
scales on both the inflow and the outflow side of any element boundary. Moreover, the
inflow fine-scale boundary value is the one that is advected into the element, and will have
the most significant impact on the element interior. We thus require a new estimate for

the parameter v, the inflow ~.

11.3 ~ -parameter approximation for p € {1,2, 3}

Just like the v approximations for the outflow boundary, the inflow v follows from the

exact expressions. Equation (6.39) stated:

h (2+2Pe, —2 exp(Pen))

= = = (1 (P 11.11

" ( Pey, — Pe, oxp(Pen) 5 C1(Pen), ( a)
12 + 8Pe,, + 2Pe2 — (12 — 4Pe,,) exp(Pey,) h

= =: — (P 11.11b
2T ( 2Pe,, + Pe2 — (2Pe,, — Pe2) exp(Pey,) 2 Ga(Pen). ( )

_ h (120 + 7T2Pey, + 18P¢? + 2Pe3 — (120 — 48Pey, + 6Pe2) exp(Pey,)
760 12Pe,, + 6Pe2 + Pe3 — (12Pe,, — 6Pe? + Pe}) exp(Pey,)

g (Pey), (11.11c)
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for p = 1,2 and 3, respectively. On the inflow boundary we obtain the advective and

anh

diffusive limits by taking Pe, = = < 0. The limits are:
_ . - : h
MNa = Pe}Lgn—oo’Yl =h, Via = Pelsg():n =35 (11.12a)
o = %’ YVoa = % (11.12b)
o = %’ i = %, (11.12¢)

The diffusive limits are the same as those for the outflow boundary. That is to be expected:
if diffusion dominates, then there is no distinction between inflow and outflow. The
advective limits are quite different. For the outflow boundary these limits were zero,
as the boundary data no longer affects the element interior. Of course, the opposite is
true for the inflow boundary: with increasing advective dominance, the inflow boundary

data becomes more and more important in terms of interior solution behavior.
Recall from Section 6.5.3 that the approximation for v followed from its definition in
Eq. (11.5b) as:

v oo |H 7T, (11.13)

where we took |H| o< v/ /74 for the scaling of H. The expression for 7~ takes into account
the change of integration domain of v compared to that of 7. For the inflow boundary we

find that the following approximation is suitable:

c2 (Tld
- —1+4cl <”’“) (11.14)
) —2 .
C1TY 4 + C2Ty g

A

where we have chosen to relate 7~ to the stabilization parameters for the linear case.
Suitable choices of ¢; and c2 will result in the correct scaling of the approximate v~.

Substitution of Eq. (11.14) into Eq. (11.13) results in the following approximation of y~:

K+ 4/-@(% (M)Q

T1,a
1>

—2
C1T1,dT1 4 + C2Ty g

v R Cs (11.15)

where ¢, takes into account the effect of the shape of the element.

In the one-dimensional case, the expressions for 71 4 and 71, are known to be h?/(12x) and
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h/(2|al|), respectively (see Section 6.5.2). Substitution thereof into Eq. (11.15) results in

an approximation that depends on the element Péclet number and scales linearly with hA:

¢ (Pey). (11.16)

_h %%Pe%—i—l . h
2 © 2

’y ~ — i 3 e
e lPes +3co

By taking the limit Pe,, — 0~ we obtain h/y/12co. Matching the limiting values to those
of Eq. (11.12) requires ¢ = 1/3, 12 and 300 for p = 1, 2 and 3, respectively. With these
choices, the limits Pe, — —oo comply with those of Eq. (11.12) (which is the result of the
ansatz of Eq. (11.14)). The remaining parameter ¢; will be used to shift the graph such
that the approximation exhibits symmetry through the correct midpoint in the log-log
plot. With empirical fitting we obtain ¢; = 8/10, 10 and 120 for p =1, 2 and 3.

Figure 11.1 shows the exact and approximate ¢~ functions. For reference, the scaling of
the outflow function (T from Section 6.5.3 is shown in Figure 11.1b. The figure confirms
that the limits of both functions overlap for all polynomial orders. The approximate
function is rotationally symmetric around the correct midpoint. The general shape of
the approximation function is also correct, although we observe undershoots before the
midpoint, and overshoots after the midpoint. This is a result of the exponents of two in the
ansatz function of Eqgs. (11.14) and (11.16). A better fit could be achieved for a different,
smaller, exponent. However, to avoid overfitting for this specific case (one-dimensional
linear advection-diffusion), we will proceed with the functions from Figure 11.1a. An
exponent of two was also used in the construction of the 7 approximation and for the "
approximation in Sections 6.5.2 and 6.5.3 and is widely used in literature as the ‘switching’

exponent in the harmonic mean of typical stabilized methods [19, 186, 187].

Exact ¢~ Exact (.* .
402 b e Approximate ¢~ 1] e Approximate *
0 . 107" 10° 10° 102
10 10 P €n P €n
(a) Inflow boundary function. (b) Outflow boundary function.

Fig. 11.1: Exact (~ and ¢T functions and their approximations for the one-dimensional
case. Showing the correct scaling of v*.
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11.4 Summary of fine-scale model for discontinuous
Galerkin methods

The discontinuous Galerkin formulations for the IP, Bassi-Rebay, LDG and HDG
methods, Egs. (9.27), (10.20), (10.29) and (10.33), respectively, were derived from a
variational multiscale perspective and require the addition of a fine-scale model. The

additional terms that we propose to add to the ‘plain’ formulations are:
Bymspc = —(a- Vu', ¢')q + ([w"],a{d'})y,
~— Z { (a- vwh,TeﬁR¢h)K
T ((@- V)" g ({0} = 510" 77)) e 0
T {(a- Vol i (18} = 316" n ) gce o0

+(a- V", 15 (ép ~ ¢h)>amaﬁg } +([w"], a{ 'Yy, »

(11.17)

where the closure for the fine-scale averages depends on the method, and followed from

Section 11.1 as:

{¢'} =0 onTy for the BR method, (11.18a)
{¢'} =0 onTy for the IP method, (11.18b)
{¢'y=8-[¢"] onTy for the LDG method, (11.18c¢)
{¢'}y =B [¢"]+C[o"] onTy for the HDG method. (11.18d)

The model parameters, 7o, fye} and 7.4 are collected in Table 11.1 for different polynomial
orders and different element types. We relate all model parameters to 71, and 7 g4, the
advective and diffusive limits of the classical stabilization parameter for linear elements.
The preferred method for estimating these limits is up to the analyst (e.g., with the use
of the Jacobian of the element mapping as proposed in [19, 23], or with the definitions of
the local length-scales and Péclet numbers of [187]). In the numerical experiments of the

following chapter we use the analytical expressions from the one-dimensional case:

h
- 11.19
Tl,a 2‘a| ) ( a)
h?
11.19b
Thd = 79, ( )

while using the element diameter h and an elementwise constant diffusivity and velocity

magnitude.
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Table 11.1:
polynomial degrees.

Overview of Teg, 'yOJ;f and vy expressions for different elements and

1 1 1
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CHAPTER 12

Numerical experiments

In Part II of this dissertation we used a continuous Galerkin treatment of the PDE, while
incorporating the Dirichlet conditions weakly. Without a suitable fine-scale model (that
is, stabilization technique), the continuous Galerkin method yields a highly oscillatory
solution. The discontinuous Galerkin method is more naturally stable, which begs the
question, “do we still need a fine-scale model?” In this chapter, we answer this question
with numerical experiments. We also compare the relative importance of the different

components of the residual-based model: the volumetric, the outflow and the inflow term.

12.1 Nwumerical verification for a one-dimensional model

problem

We begin with a number of one-dimensional simulations. All approximations become
identities, allowing us to verify the derivations of the previous sections. We also see how

the different projection operators affect the solution quality.

12.1.1 Outflow boundary layer

One of the promises of discontinuous Galerkin methods is that they are better suited
for approximating solutions with sharp layers. The lack of continuity means that the

interpolation error can be minimized in each element separately. A pure L2-projection
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of a Heaviside function would only spoil the result in a single element, whereas it would
produce strong oscillations throughout the domain when (higher-order) continuous bases
are used. In practice, we do not obtain L2-projections of exact solutions, nor do we aim
to. The earlier analysis revealed exactly the projections that we do aim to obtain. In this
section, we perform numerical experiments concerning an outflow boundary layer. We
make observations regarding the suitability of the different projectors when sharp layers

are present, and we determine the impact of the fine-scale model.

We consider an advection dominated case with |a| = 0.8 and x = 0.01. For each of
the four discontinuous Galerkin methods, we show results for three pairs of polynomial
order bases. These are p,q = (1,2), p,q = (2,3) and p,q = (3,4), where p and ¢ are
the polynomial orders corresponding to W" and ", respectively. We show the primal
solution variable on the left, and the auxiliary variable on the right. In the background
of each graph, the exact solution is shown transparently in green and the plain method
in gray. On the foreground, the formulations include the residual-based model: blue for
only the classical (volumetric) variational multiscale model, purple for the augmented
model when only the outflow is included, and red for the augmented model when both

the inflow and the outflow terms are included.

Figures 12.1 to 12.3 show the results for Bassi-Rebay’s 15* method. Inf-sup stability of the
Bassi-Rebay projector of Eq. (10.15) cannot be proven in general, but unique solutions
do exists for these particular model set-ups. As Bassi-Rebay’s 15 method and the Bassi-
Rebay projector represent the simplest case, this provides a baseline for interpreting all
the following numerical results. In the figures, we observe a significant difference between
each of the variational multiscale models, most significantly so for the simulations of
Figure 12.1 where the lowest order basis functions are used. Recall from Table 10.1 that
the Bassi-Rebay projector in one dimension yields coarse scales with exact averages on
element boundaries. As the jumps are not penalized, the solution exhibits large fine-
scale boundary values on both sides of each node. Hence, also the inflow part of the
VMS model has a meaningful impact. Indeed, only the simulations that make use of the
complete augmented model (i.e., the volumetric term, the outflow term and the inflow
term) satisfy the nodal identities of Table 10.1 and are thus the coarse-scale solutions
defined by the Bassi-Rebay projector of Eq. (10.15). This verifies the correctness of the
residual-based model developed in Chapter 11.
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Fig. 12.1: One-dimensional results of Bassi-Rebay’s 15 method using three p,q = (1,2)
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Fig. 12.2: One-dimensional results of Bassi-Rebay’s 15¢ method using three p,q = (2, 3)
elements.
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In the subsequent three sets of figures, Figures 12.4 to 12.6, we use the Interior Penalty
method with a penalty parameter 1 of 2p/h. Again, there is a notable distinction between
the various degrees of VMS model. Interestingly, and different from the simulations
that involved Bassi-Rebay’s 1% method, this distinction becomes more pronounced
with polynomial order. For the simulations of Figure 12.4, which make use of the
lowest order polynomials, the obtained solution without any VMS model is already
very satisfactory. However, with increasing polynomial order the solution starts to
exhibit oscillations within the element. To some extend this may be countered by
adding the volumetric part of the VMS model, as illustrated by the blue dotted line in
Figure 12.6. However, the figure also show that in order to arrive at a good solution we
also need to include the augmented VMS terms. Those are the solutions that satisfy the
constraints dictated by the Interior Penalty projector (Egs. (9.22) and (9.30)) and are thus

the exact coarse-scale solutions. The identities of Eq. (9.30) have been verified numerically.

In all these figures, the purple dashed line and the red line are nearly overlapping. That
means that the impact of the inflow part of the VMS model is almost negligible. As the
Interior Penalty projector dictates vanishing fine-scale average of the primal field while
penalizing the solution jump, the fine-scale solution is necessarily small at the interior
nodes. Naturally, the inflow and outflow parts of the model have little impact in elements
when the fine-scale boundary values are small. Only at the domain outflow node does
the fine-scale solution still have a large nonzero value, such that it is the outflow part of

the VMS model that has a significant impact.

1.0 A
Exact ¢

o Standard DG ol
0.8 N R
""" Classical VMS
=== Augmented VMS: outflow
0.6 Complete augmented VMS —0.2 -
0.4 4 —0.4 A

0.2 0.6 1

0.0 - os

0.30 0.00 0.05 0.10 0.15 0.20 0.25 T 0.30

0.00 0.05 0.10 0.15 0.20 0.25 T

(a) Primal field ¢. (b) Auxiliary field o.

Fig. 12.4: One-dimensional results of the Interior Penalty method using three
p,q = (1,2) elements.
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Fig. 12.5: One-dimensional results of the Interior Penalty method using three

p,q = (2,3) elements.
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Fig. 12.6: One-dimensional results of the Interior Penalty method using three
p,q = (3,4) elements.

Next, we use the Local Discontinuous Galerkin method and obtain the results shown in
Figs. 12.7 to 12.9. We make use of n = 2p/h and B = % The qualitative behavior of these
solution is a mixture of that of the earlier computations. Just like for the Bassi-Rebay
simulations, the VMS modeling becomes less impactful for the higher-order polynomial
bases. Still, each of the solution fields remains distinguishable, which means that each part
of the VMS model has a contribution. Only when all the terms are added to the VMS
model do we obtain the coarse-scale solution defined by the LDG projector of Eq. (10.22).
For this one-dimensional case the projector dictates the constraints on the fine-scale field
from Table 10.1. Different from Bassi-Rebay’s 15' method, and more like the Interior
Penalty method, these fine-scale constraints lead to high quality coarse-scale solutions.
Specifically, the complete interpolation error is constrained to a single element. Notice
that, due to the choice of B = 3, the first fine-scale constraint in Table 10.1 says {¢'} +
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snt[¢'] = ¢’ = 0 on interior nodes. That means that the coarse-scale solution is exact
at the outflow node of the element. As a result, the poor solution behavior that is a
necessary evil in the boundary layer does not spoil the elements in the bulk of the domain

interior.

Remark 12.1. Typically, B is chosen relatively arbitrarily as a ‘switch vector’ according
to the definition in Eq. (10.24). However, the previous observation provides a logic behind
the choice of the switch orientation: for the Local Discontinuous Galerkin method it should
point in the direction of the steep layers. Typically, this means that it should act in the

direction of the flow, meaning B = %nf
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Fig. 12.7: One-dimensional results of the Local Discontinuous Galerkin method using
three p,q = (1,2) elements.
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Fig. 12.8: One-dimensional results of the Local Discontinuous Galerkin method using
three p,q = (2,3) elements.
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Fig. 12.9: One-dimensional results of the Local Discontinuous Galerkin method using
three p,q = (3,4) elements.

Finally, the simulations in Figures 12.10 to 12.12 involve the Hybridizable Discontinuous
Galerkin method. We again use n = 2p/h and 8 = %, and define the penalty parameter C
as (1—B-B)/(4kn). The conclusions regarding solution quality and model importance are
roughly the same as those of for the Local Discontinuous Galerkin method just discussed.
However, the added penalty term in the definition of the HDG-projection operator of
Eq. (10.30) no longer leads to the favorable fine-scale constraint that caused ¢'* = 0 for
the LDG method. The result is that the solution in the domain interior is still (more or
less so) impacted by the under resolved boundary layer. This is the price that is paid for

making the discontinuous Galerkin method hybridizable.

In summary, for these boundary layer experiments, the impact of the residual-based fine-
scale model has focused on outflow boundary. This is where the residual is necessarily
large. Additionally, since the boundary conditions are enforced weakly, this is also where
the fine-scale solution shows large boundary values. Hence, the outflow part of residual-
based model is crucial for obtaining the exact coarse-scale solution. These conclusions were
also drawn in Part II and they are no different for the discontinuous Galerkin method just

investigated (more or less so depending on the method under consideration).
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Fig. 12.10: One-dimensional results of the Hybridizable Discontinuous Galerkin method
using three p,q = (1,2) elements.
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Fig. 12.11: One-dimensional results of the Hybridizable Discontinuous Galerkin method
using three p,q = (2,3) elements.
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Fig. 12.12: One-dimensional results of the Hybridizable Discontinuous Galerkin method
using three p,q = (3,4) elements.
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12.1.2 Bubble force

To get a sense of the importance of the inflow part of the model, we construct a study
case where the coarse-scale solution exhibits a non-negligible jump around the inflow
section of the domain. We do so by adding a large non-zero source in the first element
of the domain. To ensure that the residual remains a polynomial function, we choose
the source function f to be the quadratic function 230022 in the first one-third of the

domain, and zero in the remaining two-third. This function is illustrated in Figure 12.13.

f
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Fig. 12.13: Bubble force at the inflow section of the domain.

Due to the quadratic forcing, the residual in the first element will be at least quadratic.
The residual-based model would no longer be exact if the polynomial approximation for
¢ would be of order 1 or 2. For each of the four methods, we thus show results only for
the pair p,q = (3,4). Again, the primal solution is shown in the figure on the left, and
the auxiliary variable in the figure on the right. In the background of each graph, the
exact solution is plotted in transparent green and the solution of the plain discontinuous
Galerkin method in transparent gray. In the foreground, the classical volumetric VMS
model is graphed as a dotted blue line, the model that includes the volumetric term and
the outflow term is graphed as a dashed purple line, and the solid red line represents the

complete augmented VMS model.
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Fig. 12.14: Results of Bassi-Rebay’s 15t method for the bubble force problem.
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Fig. 12.15: Results of the Interior Penalty method for the bubble force problem.
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Fig. 12.16: Results of the Local Discontinuous Galerkin method for the bubble force

problem.
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Fig. 12.17: Results of the Hybridizable Discontinuous Galerkin method for the bubble
force problem.

The close-ups in these graphs show that the overshoot produced by the sharp layer in
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the first element causes a lasting overprediction of the primal variable. This effect is
particularly strong for the Interior Penalty method, where the gray line overpredicts the
true value of ¢ by almost 10% in the second and third element. While the classical VMS
model partly remedies the situation, the effect is only completely mitigated by adding the
inflow term of the VMS model. Interestingly, and somewhat in line with the results from
Section 12.1.1, the plain Local Discontinuous Galerkin and Hybridizable Discontinuous
Galerkin methods are quite robust for this high polynomial order, and benefit relatively
little from any of the VMS models. The improvement only becomes clear after significant

7Zoom-in.

12.2 Numerical experiments for a two-dimensional model

problem

For the one-dimensional computations, the fine-scale equation could be inverted exactly
and the exact effect of the fine scales on the coarse scales was known. This is no longer
the case when the spatial domain is two-dimensional. All the modeling assumptions come
into play as approximations. In this section, we use the same benchmark problem as we
did in Section 7.2.2: a square domain with a polygonal cut-out. The problem is described

in Figure 12.18a, and the true solution is shown in Figure 12.18b.

First, to get a sense of the qualitative behavior of the different discontinuous Galerkin
methods, we solve the problem on a coarse mesh with the IP, LDG and HDG formulations.
Unless stated otherwise, we use 7 = 2p?/h in all the following, and 3 as either %n+ or %n_
which is randomly selected. Figure 12.19 shows the primary solution fields for each of these

¢op=x+y

(0,0)
¢p =0

(a) Problem specification. (b) Solution for |a| = 0.8 and x = 0.003.

(-0.25,0.25)

Fig. 12.18: Two-dimensional model problem.
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(a) Interior Penalty method. (b) Local Discontinuous (c) Hybridizable Discontinuous
Galerkin method. Galerkin method.

Fig. 12.19: Discontinuous Galerkin solutions of the two-dimensional model problem.

methods with the pair of polynomial orders p,q = (1,2). Even though no residual-based
stabilization is used, these methods yield stable solutions. We observe that the IP solution
manages to ignore the effect of the boundary layer quite effectively, while the LDG and
HDG solutions appear to place more emphasis on the outflow boundary condition. As a
result, the latter two methods show some local undershoots within the elements adjacent
to the outflow boundary. We also note that the LDG and HDG solutions appear nearly

identical for this particular model set-up.

Next, we investigate the impact of the fine-scale models. For each discontinuous Galerkin
method we compute the solutions after addition of the volumetric part of the residual-
based model, and once more when we add the complete augmented residual-based model.
The one-dimensional experiments have shown that both the inflow and the outflow part
of the augmented model have contributions, and their relative importance depends on
the problem at hand. For these two-dimensional simulations we thus no longer make the
distinction between inflow and outflow modeling terms. We show results for the fine-

scale solution fields of the primary variable, for the polynomial orders p,q = (1,2) and
p.a=(3,4).

Figures 12.20 to 12.22 show the obtained fine-scale solutions for the Interior Penalty
method. In Figures 12.20 and 12.21, the fine-scale solutions are shown in a two-dimensional
plot, and in Figure 12.22 they are shown along a cut-plane. According to these results, the
plain Interior Penalty method shows high quality solutions for both polynomial orders.
For the low order computation, adding the classical fine-scale model has virtually no
impact. Addition of the augmented model pushes the solution error a bit further towards
the boundary. In all cases, the error is constrained to a single row of elements. This is
also the case in Figure 12.21, where higher-order basis functions are used. Addition of
the classical VMS model results in a thickening of the error, which is countered by the

additional terms in the augmented model.
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Fig. 12.20: Fine-scale solutions ¢—@" (errors) for linear basis functions with the Interior
Penalty method and |a| = 0.8 and x = 0.003.
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Fig. 12.21: Fine-scale solutions ¢—¢" (errors) for cubic basis functions with the Interior
Penalty method and |a| = 0.8 and x = 0.003.
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Fig. 12.22: Error solutions along the cut-planes illustrated in Figures 12.20a and 12.21a.
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Fig. 12.23: Fine-scale solutions ¢—¢" (errors) for cubic basis functions with the Interior
Penalty method with a three times higher penalty parameter of n = 6p®/h.

We wish to emphasize that the good solution quality in Figure 12.21a of the plain Interior
Penalty method is a result of the choice of penalty parameter. If we increase n by a factor
of three to 6p®/h, then we obtain the results shown in Figure 12.23. The solution fields
shows strong oscillations that propagate through multiple rows of elements. This is largely
suppressed by adding the volumetric part of the fine-scale model. The error is once again
almost exclusively contained in the elements that include the boundary layer. Adding
the remaining augmented terms of the model appears to have little impact. A closer look
reveals that the oscillations in the fine-scale solution are compressed towards the boundary.
The same thing was observed in Section 7.2.2, where we showed that this finite element

solution, in fact, bears a closer resemblance to the ‘true’ coarse-scale solution.

Figures 12.24 to 12.26 show the results for the Local Discontinuous Galerkin method.
Different from the Interior Penalty method, the obtained solution for the low order
discretization shows significant defects. We observe strong overshoots and strong under-
shoots. The errors seeps into the domain a few element rows. By adding the residual based
model, the undershoots are almost completely canceled, at the cost of an excess error.
This reminds strongly of the ‘overly diffused boundary layer’ interpretation proposed in
Chapter 7. Indeed, this excess diffusion is countered by adding the augmented terms in the
residual-based model, as shown in Figure 12.24c. The results with the cubic basis functions
are very similar to those obtained for the Interior Penalty method of Figure 12.23, and

the conclusions are the same.

Finally, Figs. 12.24 to 12.26 show the results for the Hybridizable Discontinuous Galerkin
method. These results are almost completely identical to the ones of the Local Discon-
tinuous Galerkin method; apparently the added penalty term has little impact on the

solution. The same comment was made in relation to Figure 12.19.
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Fig. 12.24: Fine-scale solutions ¢ — ¢" (errors) for linear basis functions with the Local
Discontinuous Galerkin method and |a| = 0.8 and x = 0.003.
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Fig. 12.25: Fine-scale solutions ¢ — ¢" (errors) for cubic basis functions with the Local
Discontinuous Galerkin method and |a| = 0.8 and x = 0.003.
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Fig. 12.26: Error solutions along the cut-planes illustrated in Figures 12.24a and 12.25a.
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(a) Plain Hybridizable (b) Including the classical (¢) Including augmented
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Fig. 12.27: Fine-scale solutions ¢ — ¢" (errors) for linear basis functions with the
Hybridizable Discontinuous Galerkin method and |a| = 0.8 and k = 0.003.
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Fig. 12.28: Fine-scale solutions ¢ — ¢" (errors) for cubic basis functions with the
Hybridizable Discontinuous Galerkin method and |a| = 0.8 and x = 0.003.
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Fig. 12.29: Error solutions along the cut-planes illustrated in Figures 12.27a and 12.28a.



Conclusion

The overarching theme of this part of the dissertation has been the extension of the
variational multiscale concept to formulations with discontinuous basis functions. As
illustrated in Chapter 8, discontinuous Galerkin formulations are normally derived by
choosing numerical fluxes. These numerical fluxes are interpreted as “approximations
to the exact solution on the boundary of the element”, as paraphrased from [9]. Stable
methods rely on the introduction of stabilization (i.e., coercive) terms in these fluxes. From
the VMS perspective, different discontinuous Galerkin methods originate from different
projection operators. We have shown that these projectors represent optimality conditions
of error potentials. The stability of the discontinuous Galerkin method then depends on
additional elliptic terms in the error potential, which increases its convexity/concavity. In
the case of a pure Poisson problem, these two perspectives are equivalent. For non-elliptic
PDESs, however, this perspective provides a means for tracking the effects of the fine scales
on the coarse-scale approximation. We then know exactly what fine-scale effects have to
be included to arrive at the optimal solution in the discontinuous Galerkin approximation

space.

In relevant cases, the exact expressions for these fine-scale effects are not known and
approximations need to be introduced. We have extended the classical residual-based
fine-scale model described in Section 3.3 to take into account the non-vanishing inflow
and outflow fine-scale boundary values. In Part 11, we developed this model for elements
that neighbor Dirichlet boundaries where the relation between coarse scales and fine scales
is known explicitly. In the current context we derived these relations on interior element
boundaries from the optimality conditions implied by the the projection operators. We

also developed new parameter estimates associated to the inflow of the fine-scale solution.

We explored the impact of the fine-scale model and its various components with numerical
experiments. The discontinuous Galerkin methods that we considered are Bassi-Rebay’s
15¢ method, the Interior Penalty method, the Local Discontinuous Galerkin method and
the Hybridizable Discontinuous Galerkin method. We first performed a number of one-

dimensional experiments. By introducing the new residual-based variational multiscale
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model, we retrieved the ezxact coarse-scale solutions associated to the projection operator
implied by each of these methods. We observed that the outflow part of the model is
needed to ensure that the boundary layer does not cause unstable results in the domain
interior, while the inflow part is important for ensuring that solution fluctuations near the

domain inflow do not cause a lasting over/under prediction in the remaining domain.

The two-dimensional experiments further corroborated the importance of fine-scale
modeling in discontinuous Galerkin frameworks. When we used linear basis functions, the
plain discontinuous Galerkin methods produced oscillations towards the outflow boundary.
The classical variational multiscale model mitigated this issue but produced an ‘overly
diffused’ thick layer of error around that boundary. The augmented modeling terms
balanced that effect. For higher-order polynomials, the instabilities became more signif-
icant. The classical model suppressed these, such that the error was contained in a single
row of elements. The augmented terms changed the profile of the coarse-scale solution in
those elements. We made similar observations in the numerical experiments of Part II,
where we saw that this altered profile more accurately resembles the ‘true’ coarse-scale

solution.

While we believe that this part of the dissertation has made a big step towards unification
of the variational multiscale paradigm and discontinuous Galerkin methods, we do not
claim to be exhaustive. Many important aspects of the discontinuous Galerkin framework
are still left to be addressed. Examples are shock capturing mechanisms and the numerical
flux functions for more complex hyperbolic PDEs. We provide some initial thoughts

regarding these points in the conclusion of this thesis.



CHAPTER 13

Thesis conclusion and outlook

In this dissertation, we have developed a formalism by which we can use the variational
multiscale method for finite element approximation spaces with low-order regularity. We
have shown that this allows us to retrieve various existing finite element formulations
as particular choices of scale decomposition. These include Nitsche’s method for weak
enforcement of essential boundary conditions, Bassi-Rebay’s 15 method, the Interior
Penalty method, the Local Discontinuous Galerkin method and the Hybridizable Discon-
tinuous Galerkin method. Despite the occurrences of penalties and their non-conformal

origin, these methods thus assume a natural place in the variational multiscale framework.

13.1 Synopsis

The first step in our approach is to reformulate the continuous variational formulation
such that the discontinuous Galerkin approximations spaces are conformal. We release
the continuity requirements on the relevant spaces, and add Lagrange multipliers to re-
enforce them. This results in a well-posed formulation where the variational multiscale
decomposition may lead to coarse-scale equations that resemble discontinuous Galerkin
formulations. Of course, these still involve occurrences of the fine scales as well as the
Lagrange multiplier. Many of the remaining fine scales may be eliminated by a suitable
choice of projector. Our choices of projectors are inspired by the optimality conditions
implied by the corresponding purely elliptic problem. Stable formulations require the

addition of weighting on the solution jump in the error potential. Different choices of
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weightings yield different finite element formulations. Finally, the Lagrange multiplier is

eliminated by substituting its known relation with the coarse-scale and fine-scale solutions.

This methodology leaves us with a coarse-scale set of equations where the exzact impact of
the fine-scale solution is known. To obtain finite element solutions that closely resemble
the ‘true’ coarse-scale solution, these remaining fine scales need to be taken into account.
In this direction we have shown that much of the existing literature applies despite the
change of projection operator. We solve the fine-scale solution in terms of the coarse-scale
solution and the Lagrange multiplier by means of a fine-scale Green’s function associated to
the relevant projection operator. Then, we decompose that fine-scale Green’s function into
the classical H&—projector related fine-scale Green’s function and a remainder. Manipu-
lation of the resulting expression eliminates the Lagrange multiplier, while adding element
boundary terms that involve the fine-scale solution. Based on these findings, we devise a
new residual-based fine-scale model that includes the effect of these fine-scale boundary
values. We propose parameter estimations based on the fine-scale Green’s function and
develop an approximation strategy whereby the fine-scale model is also effective for higher-

order discretization.

13.2 Recommendations

While the formalism developed in this dissertation is a step towards unification of the
variational multiscale paradigm and discontinuous Galerkin type methods, there are still
many concepts native to the discontinuous Galerkin family of formulations that we have

not addressed. Below, we discuss a few points and provide some initial thoughts.

— In Chapter 8, we referenced a number of flux formulations for the hyperbolic problem
and the elliptic problem. For the advection-diffusion model problem, all hyperbolic flux
functions simplify to the upwind flux, as pointed out in Remark 8.1. In the variational
multiscale framework, this upwind flux can be incorporated as an additional weighting
on interface jumps in the error potential. A similar approach may be possible for these
fluxes for other types of problems. Possibly, this introduces additional or different fine-
scale terms on element boundaries. The model of Section 11.1 may be tailored to treat

those terms.

— The fluxes for the elliptic term that we did not consider are either inconsistent or
non-symmetric. We analyzed some non-symmetric formulations in earlier work [176].
For those methods, the projector does not correspond to an optimality condition of a

potential, but we can still find associated fine-scale constraints.
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< The mixed nature of the discontinuous Galerkin formulations for the elliptic problem
introduces many excess degrees of freedom. These may be eliminated by solving a
localized problem that relates the auxiliary variable to the primal variable. Since our
proposed fine-scale model only impacts the equations corresponding to the primal test

function, we anticipate that this strategy is still viable in the current framework.

— If the auxiliary field is computed, then the additional information captured by that
approximation may in some cases be used to post-process the primal variable to achieve
a superconvergent solution field [47, 49, 51]. This approach relies on superconvergent
properties of the coarse scales: the auxiliary field better approximates the true flux than
the flux of the discrete primal solution, and the average of the primal variable converges
faster than its L2-norm. This superconverging average relates closely to the optimality
conditions implied by the projectors in Table 10.1. As the objective of the variational
multiscale method is to find precisely that optimal solution, the superconvergence post-
processing procedure might again become valid, or become much more effective, for

non-elliptic problems after incorporating the appropriate fine-scale model.

— Discontinuous Galerkin methods become competitive in terms of computational time
only when we make use of their parallel implementation capabilities and if efficient
implementation strategies are employed [108, 134]. One approach is the hybridization
of the scheme, and subsequent static condensation of the majority of the degrees of
freedom [44, 48, 92]. As the name suggests, the Hybridizable Discontinuous Galerkin
method may be manipulated as such [48]. Suitable formulations have been derived
for various PDEs, such as the advection-diffusion equation [150], the Stokes equations
[151], the Navier-Stokes equations [152], the equations of linear elasticity [173] and
of nonlinear elasticity [130]. Of importance in these formulations is that the basis
functions on the element interior only communicate with the single-valued “hybrid
variable” that is defined on the element boundary. Our residual-based model would
have to be reworked to satisfy this requirement. Conceivably, the difference between
the element interior value and the hybrid variable may be leveraged as a fine-scale

boundary value indicator, such that the model again becomes purely element local.

— As emphasized in Chapter 8, solving hyperbolic problems requires some slope limiting
mechanism or shock capturing terms to ensure stability of the numerical scheme. In one
of their earlier works, the authors that pioneered the variational multiscale framework
suggested that it could motivate and guide the design of shock capturing terms [20],
and recently ten Eikelder et al. have proposed a framework for doing so [185]. This

framework might be merged with the formalism proposed in this dissertation.
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These points, to a large extend, represent our recommendations for future research. As a
final suggestion, we speculate that a highly localized fine-scale modeling procedure might
be viable in discontinuous Galerkin frameworks. We have shown that the knowledge of the
projector is incorporated in the discontinuous Galerkin formulation through substitution
of the fine-scale constraints (this procedure is summarized in the second paragraph of this
concluding chapter, and refers to Sections 3.2.3, 5.2, 9.2 and 10.2). For the remaining fine-
scale occurrences we thus merely need to substitute some expression that does not conflict
with the projector. It does not need to represent the unique operation corresponding to
the fine-scale Green’s operator. Our approach of using the H{ fine-scale Green’s function
instead of the fine-scale Green’s function corresponding to the relevant projection operator
illustrates this point. This notion was addressed in Remark 6.1, and might have profound
impact. Due to the potential of choosing element local test functions, we can rephrase the
fine-scale equations as some element local problem. This locality necessarily makes the
problem ill-posed, which means that it would permit multiple (infinitely many) solutions.
However, we do not wish to compute the fine scales. Rather, we need to find a relation
between coarse scales and fine scales that is not wrong. The element local (ill-posed)
formulation implies infinitely many relations that are not wrong. This suggests an element-
local procedure that allows us to retrieve a finite element solution that is arbitrarily close

to the true coarse-scale solution defined by the projection operator.
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