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Abstract

In recent years pressure-robust finite element methods have become popular for incompressible
flows as they are generally more accurate than finite element methods that are not pressure-
robust. The main concept behind pressure-robust discretizations, in which the velocity error is
independent of the best approximation error of the pressure, was introduced in [A. Linke and C.
Merdon, Comput. Methods Appl. Mech. Engrg. 2016].

However, pressure-robustness is not a new idea. For a general saddle point problem, a priori
error estimates are studied in [Brezzi and Fortin, Mixed and Hybrid Finite Element Method
Springer-Verlag 1991] in which one of the unknowns admits estimates that are independent of
the other unknown. For the generalized case, we call this ‘Q-robustness’.

Unfortunately, the Q-robustness analysis in this book by Brezzi and Fortin applies only to
conforming finite element methods and needs to be extended for the nonconforming case. This
is the topic of this research paper; we extend the analysis of Q-robust error estimates presented
in the book by Brezzi and Fortin to nonconforming finite element methods.

We give sufficient conditions under which Q-robustness is achieved. We then apply the ex-
tended theory to an H (div)-conforming discontinuous Galerkin method for Stokes equations. We
provide a proof of Q-robustness for the Stokes problem.

ii



Table of Contents

1 Introduction
1.1 The Saddle Point Problem . . . . . . . .. ... ...
1.2 Pressure-robustness for the Stokes Problem . . . . . ... ... ... ... .....
1.3 Goal of This Research Paper . . . . . .. .. . .. ... ... .. .. .. ......
1.4 Outline of This Research Paper . . . . . . . .. ... .. .. ... ...

2 Conforming FEM for Saddle Point Problems
2.1 The Basic Saddle Point Problem . . . . . ... ... ... ... ...
2.2 Equivalent Statements of the Properties of Operators. . . . . .. .. ... ... ..
2.3 Well-posedness . . . . . . . . e e
2.4 Basic Error Estimate . . . . . . . ..o Lo Lo

2.5 Q-robust Error Estimate . . . . . . . . . .. ...

3 Nonconforming FEM for Saddle Point Problems
3.1 The Nonconforming Discrete Problem . . . . . . .. .. ... ... .. .......
3.2 Well-posedness . . . . . . . .. e
3.3 Basic Error Estimate . . . . . . . ...

3.4 Q-robust Error Estimate . . . . . . . . ...

4 The Stokes Problem

4.1 Variational Formulation . . . . . . . . . . . . . e

iii

12
17
19
21

24
24
24
25
28

32



4.2 Standard Mixed FEM Methods . . . . . . . . . . . . ... . ... ... .. 35

4.3 H(div)-Conforming DG Methods . . . . .. ... .. ... ... ... ....... 35
4.3.1 The Raviart-Thomas Space . . . . . . . . . . .. . ... 36

4.3.2 Weak Formulation . . . . . ... ... . 37

4.3.3 Well-posedness . . . . . . . . . 43

4.3.4 Pressure-Robust Estimate . . . . . . . . ... ... o o0 43

5 Conclusions 45
References 47
APPENDICES 49
A The DG Method for Stokes 50
B Variant of the Trace Inequality 54

iv



Chapter 1

Introduction

1.1 The Saddle Point Problem
A classical quadratic energy functional corresponding to a minimization principle is given by

J(v) = éa(v,v) ), (1.1a)

u = arg min J(v). (1.1b)

v

The associated variational formulation is given by
a(u,v) =1l(v) YveV, (1.1c)

with V' a suitable function space and the solution u minimizes the energy functional J(-). The
Galerkin method seeks a solution uy € Vj, C V, with V}, a suitable finite dimensional subspace of
V', such that

a(up,vy) = l(vy) Yop € V, (1.1d)

A finite element is a Galerkin method in which V}, is the space of piecewise polynomials.

Alternatively, a variational principle can also express a saddle point equilibrium. Let V
and @ be suitable function spaces. A pair (u,p) € V x @ is said to be a saddle-point of a
Lagrangian functional £:V x @ — R if

L(u,q) < L(u,p) < L(v,p) Y(v,q) €V x Q. (1.2a)

The motivation behind the name “saddle-point” can be seen by the following example where we
have a Lagrangian functional 2 = L(z,y) = 22 — y? and for = 0 and y = 0 it holds that (see
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Figure 1.1: z = L(x,y) = 22 — 32, (0,0) is the saddle point which is marked red.

fig. 1.1):

£(0,y) < £(0,0) < L(x,0) V(z,y) € R

If the Lagrangian functional £ : V x @ — R is defined as [8, Proposition 2.39]

£(v,9) = 5a(v,) +b(v,q) — () — g(a),

the variational formulation of the saddle point problem is given by

2
s
S
+
=
<
I
Il

flv) YveV,
b(u,q) = g(q) Vg€ Q,

and the discrete problem is given by

a(un,vp) + 0(vp,pr) = f(vn) Yo € Vi CV,
b(un,qn) = 9(an) Yan € Qn C Q.

(1.2b)

(1.2c)

Using piecewise polynomial function spaces, we obtain the mixed finite element method.



1.2 Pressure-robustness for the Stokes Problem

The Stokes problem is given by

—vV3u+Vp = f, (1.3a)
-V-u=y, (1.3b)
with suitable Dirichlet and/or Neumann boundary conditions. In variational form,

a(u,v) +b(v,p) = (f,v), YveV, (1.4a)
b(u,q) = (9:9), Vg€ Q, (1.4b)

where the biliear forms are given by
a(u,v) == v(Vu,Vv) = 1// Vu : Vv, (1.4¢)
Q

b(v,q) = —(V-v,q) = / qV - v. (1.4d)
Q
The corresponding discrete problem is given by

a(up,vp) + b(vp,pp) = (f,vp), Yo, eV, CV, (1.4e)
b(“h)Qh) = (97 Qh)u \V/Qh S Qh - Q (14f)

An a priori error analysis of many mixed finite element methods results in the following
velocity error estimate:

w—up| < inf |lu— vyl +v7t inf |p - . 1.5
Ju—unll S int fu—wnll+ " inf o (1)

It is clear that the estimate of the velocity error depends on the best approximation error of the
pressure scaled by the inverse of the viscosity v. This is undesirable when v is small, as we show
in the following example.

Example 1.1 (Lack of pressure-robustness for Taylor—-Hood). Consider the Stokes equations in
the unit square. Set u = 0 on the boundary and f and g such that the exact solution is given
by (u,p) = (0,cos(y)). To discretize the Stokes problem we use the Py — Py Taylor-Hood finite
element spaces. Here Py is the space of continuous piecewise polynomials of degree two. Similarly,
Py is the space of continuous piecewise polynomials of degree one. We plot the solution in fig. 1.2

for different values of v. We observe that as v decreases, the error in w increases by v=".

Under certain conditions on the function spaces, it is possible to obtain an a priori error
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Figure 1.2: Py — P; Taylor-Hood elements to solve the Stokes problem, see example 1.1.



estimate of the velocity that satisfies

w—up| < inf ||lu— vy . 1.6
Ju—wnl S inf flu— v (1.6

Such an error estimate is said to be pressure-robust; the error in the velocity does not depend on
the best approximation error of the pressure scaled by the inverse of the viscosity. In example 1.2
we demonstrate the advantages of the pressure-robust scheme.

Example 1.2 (A pressure-robust finite element method). Consider the same setup as in exam-
ple 1.1. We now use the Scott—Vogelius finite element to solve the Stokes problem on a mesh
created as a barycentric refinement of a regular triangular mesh. For the Scott—Vogelius element
we consider a piecewise continuous polynomial space of degree two for the velocity. For the pres-
sure we use a piecewise discontinuous polynomial space of degree one. Note that the difference
between the Scott—Vogelius and the Taylor-Hood element is that the Scott—Vogelius element ap-
proximates the pressure by discontinuous polynomials. The Taylor—Hood element uses continuous
polynomials. We plot the solution in fig. 1.3 for different values of v. We now observe that v has
no effect on the error in w. The Scott—Vogelius element is pressure-robust. We remark that the
increase in the L*-error of the velocity comes from a machine precision term which dominates
the velocity error in this test case.

The comparison between Taylor-Hood and Scott—Vogelius shows that the Scott—Vogelius ele-
ment is significantly more accurate in approximating the velocity than the Taylor—Hood element.
This is due to the special choice of the pair of velocity and pressure spaces. As we will see, for
the Stokes problem it is important the divergence of the approximate velocity lies in the pressure
space.

Remark 1.1. Both example 1.1 and example 1.2 were implemented using NGSolve [20].

1.3 Goal of This Research Paper

As we saw in the previous section, the finite element used to discretize the Stokes problem can
have a significant impact on the accuracy of the velocity solution uy. In particular, a pressure-
robust finite element scheme results in a velocity solution of which its accuracy does not depend
on the pressure solution and the viscosity.

This property can be generalized to a general saddle point problem. Consider a saddle point
problem

a(u,v) + b(v,p) = f(v) YweV, (1.7a)

b(u,q) = g(q) Vg€ Q, (1.7b)
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Figure 1.3: Scott—Vogelius finite element, on a mesh with barycentric refinement, to solve the
Stokes problem, see example 1.2.



and its finite element discretization,

an(un, vn) + bp(vn, pr) = f(vn)  Von € Vi, (1.8a)
brn(un, an) = 9(qn) Yan € Q. (1.8b)

where ap,(-,-) and by (-, ) may differ from, but are consistent with, the bilinear forms a(-,-) and
b(-,-), respectively.

In this research paper we investigate under what condition(s) the discrete system eq. (1.8)
admits an a priori estimate for ||u — uy|| that is independent of ||p — p||, i.e.,

lu—up| S inf flu— sl (1.9)
v EVY

In the literature the most commonly used notation for the function spaces of a general variation
saddle point problem are V and (). Our goal is to find a bound for v € V which is independent
of p € Q. For this reason we refer to the property eq. (1.9) as Q-robustness. We note that in
the Stokes case, @-robustness reduces to pressure-robustness.

1.4 Outline of This Research Paper

Conforming finite element methods for the saddle point problem eq. (1.7) have been studied in
[4]. They provide sufficient conditions for conforming finite element methods to be Q-robust. We
study this theoretical framework in more detail in chapter 2.

Although non-conforming and pressure-robust finite element methods are well understood for
the Stokes problem, c.f., [11, 13, 14, 16, 17], a theoretical framework of Q-robustness for non-
conforming methods for a general saddle point problem is missing. In chapter 3 we will provide
this theoretical framework.

In chapter 4 we apply the generalized Q-robustness theory to non-conforming finite element
approximations of the Stokes problem. We will show that the analysis reduces to existing pressure-
robustness analysis. We conclude this research paper in chapter 5.



Chapter 2

Conforming FEM for Saddle Point
Problems

In this chapter, we introduce the basic saddle point problem and cast it in operator form (sec-
tion 2.1). We then give equivalent statements of the different properties of the operator. This
will enable us to make equivalent statements about the well-posedness of our problem, see (sec-
tion 2.2). These preliminary results will aid in proving well-posedness in section 2.3, obtaining a
basic error estimate in section 2.4, and a Q-robust error estimate in section 2.5.

2.1 The Basic Saddle Point Problem

Consider two Hilbert spaces, V and @, and two continuous bilinear forms: a(-,-) on V' x V and
b(-,-) on V' x Q. The basic saddle point problem reads: Given f € V'and g € @, find (u,p) € VxQ
such that,

a(u,v) +b(v,p) = (f,v)vxv Vv eV, (2.1a)
b(u,q) = (9, 0)gx@ Va € Q. (2.1Db)

The continuous bilinear forms are related to bounded linear operators. We can associate with
b(-,;-) on V x @ the bounded linear operator B from V to Q' defined as

(Bv,q)gr g :==b(v,q) YveV, Vqgeq. (2.2)

We may similarly associate with a(-,-) on V' x V' a bounded linear operator A from V to V.

We note that a bilinear form is continuous if and only if its associated linear operator is
continuous.



We define the transposed operator B! from Q to V' by
(v, B'q)yyr :=b(v,q) Yv €V, Vg€ Q. (2.3)

Note that a transposed operator is a generalization of a transposed matrix, as shown in the next
remark.

Remark 2.1. We note that if V :=R"™ and Q := R™, by the Riesz Representation Theorem (see
theorem 2.4), dual operations can be identified with scalar products, and so the linear operator
B:V — Q' (which is always bounded when V is finite dimensional) can be identified as an m xn
matri,

(BU,§) = ¢ B =v'BT¢=(¢,BTq) Vo eR" VieR™
In operator form, we may write eq. (2.1) as

Au+Blp=f inV’, (2.4a
Bu=g inQ. (2.4b)

Let V}, and @y, be finite-dimensional subspaces of V' and @), respectively. The discrete problem
approximating eq. (2.1) is given by: Find (up,pr) € Vi x Qp such that:

a(un, vp) + b(vn, pr) = (f,vn)vixv, Vo € Va, (2.5a)
b(un, an) = (9,an)Q, @,  Vdn € Qn- (2.5Db)

Accordingly, the discrete problem in operator form is given by:

Apup + Bypp = f in Vj, (2.6a)
Bpup =g inQp, (2.6b)

where By, : Vi, — @), is defined as
(Bhvn, an)q; ., = 0(vn,qn)  Von € Vi, Van € Q. (2.7)

The operator Ay, : Vi, — V) is defined similarly.
We next list a few useful definitions.
Definition 2.1 (The kernel and image of a linear operator). Let D and R be Hilbert spaces

(complete normed vector spaces equipped with inner products). Let M : D — R be a linear
operator. The kernel and image of M, denoted respectively by Ker(M) and Im(M), are defined



Ez
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Figure 2.1: An example of the extension operator Ez_.y .

as
Ker(M) :={d € D such that Md = 0},
Im(M) :={r € R such that 3 d € D with Md =r}.

The following definitions are required to establish the relation between B and Bj, in a compact
form (see [4, Chapters 4 and 5]).

Definition 2.2 (Extension Operator). Given a subspace Z C 'V, the extension operator Ez_,y :
Z — V' associates every z € Z with the same z, thought as an element of V.. Where no confusion
may occur we will simply denote the extension operator by Ez. See fig. 2.1.

Definition 2.3 (Orthogonal Complement). Given a Hilbert space H and a linear subspace Z C
H. The orthogonal complement of Z, denoted by Z+, is defined as

Zt = {v e H such that (v,2)g =0Vz€ Z}, (2.8)

where (-,-) g is the inner product on H.

Definition 2.4 (Projection Operator). Let Z C H be a closed subspace. The projection operator
gz : H— Z is defined for every v € H by

Oyzve Z and (Ilg_zv —v) € Z+. (2.9)
Where no confusion may occur we will simply denote the projection operator by Ilz. See fig. 2.2.

10



Figure 2.2: An example of a projection operator Il 7.

The next lemma now establishes the relation between B and Bj,.

Lemma 2.1. The relation between B and By, can be written as,

B, = HQ;LBEVhUh Yo € V. (2.10)

We end this section by defining conforming methods and consistency.

Definition 2.5 (Conforming method). A finite element method is called conforming if Vi C 'V
and Qp, C Q.

Definition 2.6 (Consistency). If the solution (u,p) € V x Q of the continuous problem eq. (2.1)
satisfies the discrete problem eq. (2.5), i.e.,

a(u,vp) + b(vp, p) = (f,vn)vyxy, Von €V CV, (2.11a)
b(u, qn) = (9, an)q xq, Van € Qn C Q, (2.11b)

then the discrete problem is said to be consistent.

11



2.2 Equivalent Statements of the Properties of Operators

Before we state theorems for well-posedness of the saddle point problem in section 2.3, we give
equivalent statements of surjectivivity and bijectivity of operators. We consider the general
setting of Banach operators, i.e., continuous/bounded linear operators between Banach spaces,
see [8, Appendix A]. This framework exploits fundamental theorems in Banach theory which we
discuss next.

Definition 2.7. Let U and V be two normed vector spaces. L(U;V') is the vector space of
continuous/bounded linear operators from U to V. A norm equipped on L(U;V) is given by:

1]},
Wewsy = '
1l 2 vy wet ully

Therefore, L(U; V') is a normed vector space.

The next proposition gives a condition for £(U;V) to be complete, i.e., for L(U;V) to be a
Banach space.

Proposition 2.1. Let U be a normed vector space and let V' be a Banach space. Then, L(U;V)
is a Banach space.

Remark 2.2. L(U;V) is a normed vector space

Remark 2.3. L(U;V) = U’ when V = R, thus the dual space of a Banach space is a Banach
space. The dual space of a dual space is also a Banach space.

Theorem 2.1 (Hahn-Banach Theorem (simplified version)). Let V' be a normed vector space
and let G be a subspace of V' equipped with the same norm. Let Bg € G' = L(G;R) be a linear
continuous mapping with norm

Ba, 9)arxa
HBGHG’:SUP7< )&/
ge llglly

Then there exists By € V' with the following properties:

(i) By is an extension of Bg, i.e., Byg = Bgg for all g € G.

(@) | Bv |y = 1Ballgr-

Definition 2.8 (Dual operator). Let U and V be two normed vector spaces and let A € L(U; V).
The dual operator AT : V! — U’ is defined by

Vue U, YW e V', (AT wpiwy = (v, Au)yrvy.

12



Theorem 2.2 (Closed Range Theorem). Let V' and W be real Banach spaces. Let A € L(V;W).
The following statements are equivalent:

(i) Im(A) is closed.

(ii) Im(AT) is closed.
(i4i) Im(A) = (Ker(AT))L.
(iv) Im(AT) = (Ker(A))*.

Theorem 2.3 (Open Mapping Theorem). Let V and W be real Banach spaces. Let A € L(V; W).
If A is surjective and U is an open set in V', then A(U) is open in W.

It may be difficult to check that Im(A) is closed in theorem 2.2. We therefore list equivalent
statements, which are a consequence of the open mapping theorem 2.3, in the following lemma.

Lemma 2.2 (Operators with closed range). [8, Lemma A.36] Let M € L(D; R). The following
statements are equivalent:

(i) Im(M) is closed.
(ii) There exists > 0 such that

Vr € Im(M), 3d € D, Md =1 and §||d|p <|r|p-

(iii) 3Ly € L(Im(M), D) and o > 0 such that:

Vr € Im(M), Lyr=d, MLyr =17 and Ly is bounded as || Lyr||p < 87|l

Remark 2.4. Statement (iii) in lemma 2.2 is not given in [8, Lemma A.36]. Instead, it is a
rephrasing of statement (ii): If M is surjective, then Im(M) = R and so the domain of Ly (a
lifting operator) is R. Hence Ly is the right inverse of M. See [}, Eq. (4.2.23)] and [15,
Def. 6.6].

Remark 2.5. Statement lemma 2.2(ii) can be rewritten as

Blldllp <[|Mdl|g, vd € D, (2.12)

provided that M is also injective. Equation (2.12) is commonly called the bounded below property
(‘bounding’ in [}]) of the operator M.

13



Remark 2.6. To summarize remark 2.4 and remark 2.5, if we enhance a bounded linear operator

M with surjectivity, then M has a bounded right inverse; if we enhance it with injectivity, then
M is bounded below.

Lemma 2.3 (Surjective operators). (/8, Lemma A.39] adding statement about right inverse.)
Let M € L(D; R). The following statements are equivalent:

(i) MT : R' — D' is surjective.

(ii) M : D — R is injective and Im(M) is closed in R.

(iii) The right inverse of M™ exists, i.e., the lifting operator Ly, such that HLMTd’| r <
BHd’HD/ with 8 > 0 a constant.
(iv) M is bounded below: there exists 5 > 0 such that
Vd e D, |Md|g > Bldlp-
(v) There exists > 0 such that
inf sup (', Md) < > B. (2.13)

deD prcpy HT/HR/Hd”D

Proof. (i) < (ii) is a consequence of the closed range theorem 2.2. (i) < (iii) is discussed already
in remark 2.4. So is (iii) < (iv) in remark 2.5. (iv) < (v) is a consequence of the Hahn-Banach
theorem 2.1. (See [8, Corollary A.17]). O

Alternatively, exchanging M and M7,

Lemma 2.4 (Surjective operators). (/8, Lemma A.40] adding statement about right inverse) Let
M € L(D; R). The following statements are equivalent:

(i) M : D — R is surjective.
(ii) MT : R' — D' is injective and Im(M?™) is closed in R.

(111) The right inverse of M exists, i.e., the lifting operator Lyr, such that | Lyd|p < Bd||p
with 8 > 0 a constant.

(iv) M7 is bounded below: there exists 3 > 0 such that

vt e R, |MTr ||y > B || g -

14



(v) There exists 5 > 0 such that

. (MTr' d)prxp
inf sup ——————
"ER gep |Ir HR’Hd”D

> p. (2.14)
Remark 2.7. Equation (2.14) is the famous inf-sup condition of M.

Lemma 2.5 (Bijective operators). Let M € L(D; R). The following statements are equivalent:

(i) M is bijective (i.e. isomorphism).

(ii) There exists B > 0 such that
, (r', Md)pxr
inf sup ——————
deD perr |7\ g lldll

. (MTr' d)pryp
inf sup ———————
reR gep ||| lldllp

> B,
(2.15)
> f.

Remark 2.8. Equation (2.15) can be called the double inf-sup condition of M (and MT). It
is probably the most compact statement equivalent to bijectivity.

Given all the above definitions, lemmas and remarks, we now consider again the saddle point
problem eq. (2.1) and eq. (2.4).

Consider a bilinear form induced operator B, i.e.,
(Bv,q)qr@ :=0b(v,q) YweV, VgeQ. (2.16)

The dual operator and the transposed operator of B : V — Q' are defined as, respectively,

BT:Q" =V (v,BY¢)yy = (Bv,d"\gqn YoV, Vg cq" (dual operator)
B:Q—-V (v, B'q)y.vr :=b(v,q) Vo eV, Vge@. (transposed operator)

We want to specify conditions for Banach spaces under which these two operators are identical.

Lemma 2.6 (Isometry with the double dual). /8, Proposition A.24] Let @ be a Banach space
and let Jg : Q — Q" be the linear mapping defined by

Vge @, Vd €Q', (Jog,d)orxq = (d, 0o xo-

Then, Jg is an isometry.

15



Definition 2.9 (Reflexive Banach spaces). Let @ be a Banach space. Q is said to be reflexive if
Jq is an isomorphism.

Theorem 2.4 (Riesz Representation Theorem). Let Q) be a Hilbert space. For each ¢’ € Q', there
exists a unique Rq¢ = q € Q, with R : Q' — Q the Riesz map, such that

vw S Qv <q/7 w)Q’XQ - (q7 U])Q
Moreover, the Riesz map R is an isometric isomorphism.

Remark 2.9. The Riesz map R : Q' — @ introduces an inner product (Hilbertian structure) to
the dual space by

¥, d)q = (RY',Rd)q-
It can easily be seen that this inner product is consistent with the dual norm imposed on the dual

space Q)" that makes Q' a Banach space. Equipped with this inner product, Q' becomes a Hilbert
space. By the same arguments, we can also equip the double dual of Q) with Hilbertian structure.

Another interesting fact about the Riesz map is that, in this Hilbertian setting, the isometry
with the double dual Jg can be easily shown to be exactly the composite of Riesz maps of () and
@’. And since both Riesz maps are isomorphic, we deduce the following lemma:

Lemma 2.7. Hilbert spaces are reflexive.
Proof. For Vq € Q, V¢’ € Q', we have,

(R PoR g, d)orxg = (R0, d)g = (¢, Rd)g = (4,4 oxor-

Therefore, Jg = (R')"! o R™1, and so Jg is an isomorphism. O

The following diagram shows the hierarchy of the spaces we consider.

completion reflexivity

Normed vector space Banach space

inner product

Reflexive Banach space Hilbert space

Provided that the domain Banach space is reflexive we may replace the dual operator by

the transpose operator for our bilinear form induced operators. Furthermore, in the Hilbertian
setting we have reflexivity.

16



2.3 Well-posedness

We are now ready to state the following theorem which gives necessary and sufficient conditions
for the well-posedness of our problem, see also [4, Theorem 4.2.2].

Theorem 2.5 (Well-posedness). Problem eq. (2.4) has a unique solution if and only if:

(i) A is an isomorphism (bijective) from Ker(B) to (Ker(B))'.

(ii) B is surjective from V to @Q'.

Furthermore, the solution is stable, i.e., the solution is bounded by the data:

lully < Crllfllvr + Callgllg

(2.17)
IPlg < Csllflly: + Callgllg
where Cq, Cy, C3 and Cy are positive constants.

Remark 2.10. The constants in eq. (2.17) vary in size according to different conditions imposed
on a(-,-) such as: ellipticity on the whole space or ellipticity just on Ker(B); symmetry of a(-,-),
etc.. However, the size of the constants do not play an important role in this research paper.

The two conditions in theorem 2.5 may be difficult to verify. The following two lemmas give
alternative statements that may be easier to verify.

Lemma 2.8 (B is surjective). Let B be defined as in eq. (2.2). The transposed operator, or
equally, the dual operator of B is defined as in eq. (2.3). The following statements are equivalent:

(i) B:V — Q' is surjective.
(i) Bt :Q — V' is injective and Im(B?) is closed in V.

(i) The right inverse of B, i.e., the lifting operator Lp, exists and is such that||Lg|| < L, where
B > 0 is a constant.

(iv) B! is bounded below, i.e., there exists a constant 3 > 0 such that
Vg € Q, HBtQHV/ 2 5”CIHQ-
(v) There ezists a constant B > 0 such that

. (Btq,v)vrxy
inf sup —————
1€Quev  |dllgllvlly

> (2.18)
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or, equivalently,

b
inf sup b(v.g) > B. (2.19)
qEQuevHQHQ||UHV

Equation (2.19) is the famous inf-sup condition of B.
Lemma 2.9 (A is bijective on Ker(B)). Let M € L(D;R). The following statements are
equivalent:
(i) A is bijective on Ker(B), i.e., A is an isomorphism.

(i) There exists a constant o > 0 such that

a(v,w) ’

inf sup T 2
veKer(B) weKer(B) HUHVHw”V

. a(v, w)
inf sup o =
weKer(B) yeKer(B) HUHVHwHV

(2.20)

The difference between eq. (2.4) and its discrete approximation eq. (2.6) is that the spaces in
eq. (2.6) are finite dimensional approximations of those in eq. (2.4). The well-posedness for the
discrete problem eq. (2.6) is therefore a special case of theorem 2.5 as discussed next.

Theorem 2.6 (Discrete Well-posedness). Equation (2.6) has a unique solution if and only if:

(i) Ap, is an isomorphism (bijective) from Ker(By,) to (Ker(By))' .

(ii) By, is surjective from Vi, to Q).
Furthermore, the solution is stable, i.e., the solution is bounded by the data:

lunlly < Csll flly: + Cellgllg

(2.21)
1Pl < Crllfllv: + Csllgllg

where C5, Cg, C7 and Cyg are positive constants.

Unfortunately, A being bijective from Ker(B) to (Ker(B))" does not imply Aj being bijective
from Ker(By) to (Ker(By))'. Similarly, B being surjective from V' to Q" does not imply that By,
is surjective from V}, to Q). This is unlike the ‘standard’ case where well-posedness of eq. (1.1d)
follows from the well-posedness of eq. (1.1c) by the Lax—Milgram theorem, e.g., [5, Cor. 2.7.13].

We note, however, that Ker(By) C Ker(B) is sufficient to guarantee the bijectivity of Ap,.
Unfortunately, we often do not have this kernel inclusion (as we will see in section 2.5). For-
tunately, a(-,-) being coercive on V' x V implies that A and Aj, are bijective on Ker(B) and
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Ker(Bp,) respectively, as we show next. If a(-,-) is coercive on V x V| there exists o > 0 such
that
a(u,u) > aHuH%,, Vu e V.

Since Ker(B) C V, we have
a(u,u) > 04||u]|%/, Vu € Ker(B).

Equivalently,
a(u,u)

HUHV

> allully, , Yu € Ker(B).

This implies that

sup alu, v) > allully,, Yu € Ker(B) and sup alv,v) > allully,, Yu € Ker(B),
\%4 \%4
vEKer(B) ”UHV vEKer(B) HUHV
and so
. a(u,v) ) a(v,u)
inf sup >« and inf sup > a.
u€Ker(B) yeKer(B) HUHV u€Ker(B) yeKer(B) HU”V

From lemma 2.9(ii) it therefore follows that A is bijective on Ker(B). Similarly, Aj, is bijective
on Ker(Bp,) since Ker(By) C V, C V.

The following proposition [4, Remark 5.1.4] presents an equivalent statement between the
surjectivity of By, (theorem 2.6(ii)), assuming B is surjective, and the kernel inclusion Ker(B}) C
Ker(B"). This proposition will play an important role in section 2.5.

Proposition 2.2. Given B is surjective, the following two statements are equivalent:

(i) KerB} C KerB'.

(ii) By, is surjective.
Proof. We prove first (i) = (4i). From lemma 2.8(ii) we know that B! is injective, i.e, Ker(B') =
{0}. Since Ker(B) C Ker(B") we immediately deduce that Ker(B},) = {0}, i.e., By, is surjective.
We next prove (ii) = (i). We prove the contrapositive. If Ker(B}) ¢ Ker(B"), then Ker(B})

cannot be {0}, and so B}, cannot be injective. As a result, By, cannot be surjective (see lemma 2.8).
0

2.4 Basic Error Estimate

Let (u,p) € V x @ be the solution to eq. (2.1) and let (up,pp) € Vi X Qn be the solution to
eq. (2.5). In this section we determine bounds for the errors ||u — up|ly, and ||p — ppllg. For this,
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let (ur,pr) € Vi X Qp. By the triangle inequality it is clear that

lu = unlly <llu—wrlly +lun = wrlly

(2.22)
I = pullg <llp = p1llg +lpn —p1llg -

We will show that

lun = urlly Slu = urlly +llp = pillg

(2.23)
lpn = pillg Sl —wrlly +llp—prllg

where we used the notation ||-|| <||-|| to denote ||| < C||-||, where C' > 0 a constant independent
of the mesh size h. Combining eq. (2.22) and eq. (2.23) then results in the main result of this
section:

Theorem 2.7 (Basic Error Estimate). Let (u,p) € V X Q be the solution to eq. (2.1) and let
(un,pr) € Vi, X Qp, be the solution to eq. (2.5). We find that

U—u < inf |lu—wu + inf |lp—p

H h”‘/ Nule‘,h” IH[/ pIEQhH IH(;?’ (2 24)
-p < inf |lu—wu + inf — . '

lp hHQ NmthH IHV mth”p pI”Q

Proof. To prove this result we therefore need to prove eq. (2.23). To start, by consistency

eq. (2.11) of the conforming case,

aun, vn) + b(vp, pr) = a(u, vn) + b(vp, p) Yoy, € Vi, (2.25a)
b(un, qn) = b(u, qn) Yan € Qp. (2.25b)

Subtracting u; and p; from both hand sides of eq. (2.25) we obtain:

a(up, — ur,vp) + b(vp, pr — pr) = a(u — ur,vy) + b(vp, p — pr) Yoy, € Vi, (2.26a)
b(un — ur, qn) = b(u —ur, qn) Yan € Q. (2.26b)

The right hand sides can be treated as linear forms on V4, and Qj,.

(F,vp) == a(u —ur,vy) + b(vp, p — pr) Yoy, € Vi, (2.27a)
(G, qn) := b(u — ur, qn) Yan € Q. (2.27b)
Hence,
a(up — ur,vp) + b(vp, pr — pr) = (F,vp) Yoy, € Vi, (2.28a)
b(up — ur, qn) = (G, qn) Yan € Q. (2.28b)
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Note that (ap,pp) = (up, — ur, pp — pr) € Vi X @y, is the solution to:

a(tn,vn) + b(vp, pr) = (F, vn) Yo, € Vi, (2.29a)
b(tn, qn) = (G, qn) Yan € Q. (2.29b)

Assuming well-posedness of the discrete problem, we have the following stability property eq. (2.17):

— <
lun = wrlly SIFllv; +191g;

(2.30)
Ipn = pillo SIFlly, +1Gl, -
We now need to bound H]:Hv}; and ||g\|Q;l. We may bound these as follows:
alu —ur,v b(vp,p —
H]:HV’ < sup ( 1 h) + sup ( hs P p[)
h vRLEVR HUhHV v E€V) ||UhHV
(2.31)
b(u — ur,qn)
IGllg < sup L un)
an€Qn th”Q
By boundedness of a(-,-) and b(-,-) it follows that
IFllyy Sllu—urlly +llp = prlly
h (2.32)
19, Sllu—urly -
Equation (2.30)—eq. (2.32) now imply eq. (2.23). O

2.5 Q-robust Error Estimate

Let (u,p) € V x @ be the solution to eq. (2.1) and let (up,pn) € Vi x Qp be the solution to
eq. (2.5). Under certain conditions on the function spaces it is possible to improve the error
estimate for ||u — uy||y, given in theorem 2.7. Determining these improved bounds is the topic of
this section.

We define the affine manifolds (Z),(Bu), Z;(B'p)) as

Zn(g) = {’Uh € Vi, b(vn, qn) = (9, )@ xq,» Van € Qh},

Zy(f) = {Qh € Qn, blvn, an) = (f,vn)vyxv;,» Yo € Vh},
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and
Zp(Bu) == {Uh € Vi, b(vn, qn) = (Bu, qn)q; x@, = b(u,qn), Vau € Qh}7
Zi(B'p) = { a1 € Qn, blon,an) = (B'p.vn)vy v, = b(vn.p), Vo € Vi
By definition of F and G (see eq. (2.26) and eq. (2.28)), we note that
ur € Zp(Bu) = b(u—ur,qn) =0, Vg, € Qn = Hg”% =0,
p1 € Z;(B'p) = b(vp,p—pr) =0, Yo, € Vj, = ||]-"||V}; Sllu —urlly -

We also require the following proposition.

Proposition 2.3. [/, Prop. 5.1.3] Suppose that the affine manifold Z,(Bu) is nonempty, then
foranyu eV,
inf uU—w < inf |lu—w .
whezh(Bu)H nlly S inf [lu=wally

The Q-robust error estimate is given by the following theorem.

Theorem 2.8 (Conforming Q-robustness). Suppose that both the affine manifolds Z,(Bu) and
Z;(B'p) are nonempty. Then,

uU—1u < inf |lu—wv .
I nlly S inf flu—onlly
Proof. As in section 2.4, let (us,pr) € Vi X Q. By the triangle inequality,

= wnlly < llw = wrlly +lu = urly - (2.33)

If we choose u; € Zy(Bu) and p; € Z;(B'p) then

lun — urlly Sllu—urlly - (2.34)
Combined with eq. (2.33),
lw—wnlly Sllu—urlly, (2.35)
or, equivalently,
— < inf — . 2.36
fu=unlly S, inf e urly (2.30)
The result follows using proposition 2.3. 0

Remark 2.11. Note that the estimate in theorem 2.8 is independent of ¢ — qully, hence the
term ‘Q-robustness’. This is an improved bound for the error||u — uy|,, compared to that given
in eq. (2.24).
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The Q-robustness result of theorem 2.8 hinges on the nonemptiness of the affine manifold
pair (Zy(Bu), Z;(B'p)). It may sometimes be difficult to verify this property. Fortunately, the
following proposition gives sufficient conditions, see [4, Proposition 4.1.6; 5.1.1; 5.1.2].

Proposition 2.4. The following statements are equivalent:

(i) There exists a linear mapping 11, : V- — V}, such that:
b(v —Ipv,qn) = 0, Yo € V, Y, € Qp.
(ii) Ker(B!) C Ker(B?).

From this proposition we note that IIpv € Z,(Bu), hence Zj,(Bu) is not empty.
Alternatively, exchanging B and B?,

Proposition 2.5. The following statements are equivalent:

(i) There exists a linear mapping ®p, : Q — Qp such that:
b(vn, ¢ — Prq) =0, Vg € Q, Yoy, € V.
(ii) Ker(By) C Ker(B).

From this proposition we note that ®,q € Z;(B'p), hence Z; (B'p) is not empty.

We end this section with the following remarks. In the general case we found in section 2.3
the following.

Remark 2.12. Proposition 2.2 tells us that the kernel inclusion Ker(BL) C Ker(B?') is equivalent
to By, being surjective. Then by lemma 2.8, this is equivalent to the discrete inf-sup condition
(assuming the continuous inf-sup condition holds).

For Q-robustness, the following is important.
Remark 2.13. For theorem 2.8 to hold we require that Zy(Bu) and Z;(B'p) are nonempty.

e Proposition 2.4 gives a sufficient condition for Z,(Bu) to be nonempty, namely Ker(be) C
Ker(B"). This condition is equivalent to the discrete inf-sup condition (see remark 2.12).

e A sufficient condition for Z,";(Btp) to be nonempty is given proposition 2.5, namely Ker(By) C
Ker(B). This condition is not possessed by most finite element pairs and explains why most
finite element pairs are not Q-robust.

Note that we have only discussed sufficient conditions for Zj,(Bu) and Z; (B'p) to be nonempty.

There may be finite element methods that do not satisfy these sufficient conditions but that are
Q-robust.
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Chapter 3

Nonconforming FEM for Saddle
Point Problems

The results presented in chapter 2 are known from the literature. This chapter presents a gen-
eralization of these results to nonconforming finite element methods and forms the main part
of new contributions of this research paper. In particular, we will obtain error estimates for
nonconforming finite element methods by generalizing the approach in chapter 2.

3.1 The Nonconforming Discrete Problem

Given two finite dimensional discrete spaces Vj, (with norm |[-[[ly, ) and Qp, (with norm |||, )-
Let ap(-,-) : Vi x Vi, = R and by(+,+) : Vi, X Qr — R be bilinear forms that approximate af(,-)
and b(-,-) as given in eq. (2.1). We consider the following discrete problem: Given f € V) and
g € Q},, we want to find (up, pn) € V3 X @y, that solves:

an(un,vp) + bp(vn, pr) = (fyon), Yoy € Vi, (3.1a)
bh(”hth) = <quh>7 VQh S Qh' (31b)

In the nonconforming setting at least one of the following two inclusions does not hold: V;, C V

or Qp C Q.

3.2 Well-posedness

For the well-posedness of problem eq. (3.1), we first note that bilinear forms ay(+,-) and by (-, -) are
bounded on Vj, x V4, and Vj, x Qp, due to their finite dimensionality. We denote by A}¢: V;, — V)
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the operator associated with the bilinear form a; and Bj¢ : Vj, — @}, the operator associated
with the bilinear form b;,. These are defined as:

(AR“un, vn)vr v, = an(un,vp)  Vup € Vi, Yo, € Vi,
(BRvh, an)qQ, @, = bn(vnsqn)  Von € Vi, Van € Qp.

The kernel of B}'¢ is defined as

Ker(Bj°) == {vn € Vi, bp(vn, qn) = 0, Yan € Qn} -

We now state the well-posedness result for nonconforming finite element methods.

Theorem 3.1 (Well-posedness nonconforming FEM). Problem eq. (3.1) has a unique solution if
and only if:
(i) ARC is an isomorphism (bijective) from Ker(Bj€) to (Ker(Bj°))'.

(ii) BJ° is surjective from Vi, to Q.

Furthermore, the solution is stable, i.e., the solution is bounded by the data:

lunllly, < Cilllflllv, + Calllglilg,

(3.2)
lIpalllg, < Callflly; + Cillgllg -

Proof. The proof is identical to the proof of well-posedness for the conforming case, see [4, The-
orem 4.2.2]. O

3.3 Basic Error Estimate

In this research paper we assume that the exact solution (u,p) € V x Q to eq. (2.1) also satisfies
the discrete problem eq. (3.1). However, Vj, ¢ V and/or @, ¢ Q. This presents a problem
since the bilinear forms ay(-,-) and by(-,-) are not defined on, respectively, V' x V and V x Q.
We therefore assume (see for example [15, Section 1.3.3]) that there are subspaces Vi, C V and
@« C Q to which the exact solutions belong, and such that the bilinear forms ay/(-,-) and by (-, -)
may be extended to, respectively, Vi, x Vip, and Vip, X Qup, where (see fig. 3.1)

Vin = Vi + V4, and Qi = Qn + Qs
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V*h Q*h

Figure 3.1: Depiction of an example of Vi, Vj, and Vi (left) and Q., Qp and Q. (right).

We also define the operators A" : Vi, — V/, and B" : Vy;, — @/, by
(A" u,v)yr v, = an(u,v) Vu € Vip, Vv € Vip,
<Bnc?}, Q>Q;h,Q*h = bh(v, q) Vv € Vin, Vq € Qup.

The kernel of B™¢ is defined as

Ker(B"°) := {U € Vin, bp(v,q9) =0, Vg € Q*h} ) (3.3)

Consistency is now defined as follows.

Definition 3.1 (Consistency). We say that the discrete problem eq. (3.1) is consistent if for the
exact solution pair (u,p) € Vi X Q,

ap(u,vp) + bn(vn, p) = (fyvn),  Vop € V, (3.4a)
bru(w, qn) = (9,qn), Yan € Qp. (3.4b)

It is often not possible to show boundedness of ay(+,-) and by (-, ) on Vip X Vip, and Vi, X Qup
in the norms |[|-[||y, and |[-[flg, - For this reason we assume norms ||-[|ly, and [||-[l|, for which it is
possible to show boundedness of ay,(-, ) on Vip X Vi, b (-, +) on Vip X Qp, and by (-, ) on Vi, X Qup,
see [15, Section 1.3.4]. The norm [[-[|[;, defined on Vi, is assumed to be such that for all vj, € Vj,
llonllly, < lllvnllly, < Clilvallly, with C independent of h. Similarly, |[-[llo, is defined on Q.5 such
that for all g, € Qn, llanllg, < llanllg, < Cllanllg, with C independent of h. We summarize
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these results in the following two definitions.

Definition 3.2 (Boundedness of ap). We assume that the bilinear form ap(-,-) is bounded on
Vin X Vip, if there exists a Cy, > 0, independent of h, such that,

|an(v,wn)| < Chnalllvllly, lwnllly, ¥(v,wn) € Vip x Vi
h

Definition 3.3 (Boundedness of by). We assume that the bilinear form by(-,-) is bounded in
Vin X Qp if there exists a Cﬁ’;d > 0, independent of h, such that,

o (v, an)| < Conalllvlly, llanllg, V(v.an) € Vin x Qn.

We assume that the bilinear form by(-,-) is bounded in Vi, X Q. if there exists a C’g;;d > 0,
independent of h, such that,

b/l
|0n(vh, 9)| < Conalllvallly, llalllq.  V(vh;q) € Vi x Qun-

We may now prove an error estimate for nonconforming FEM.

Theorem 3.2 (Nonconforming Basic Error Estimate). Let (u,p) € Vi X Q. be the unique solution
of problem eq. (2.1). Let (up,pn) € Vi X Qp solve problem eq. (3.1). Assume consistency and
boundedness of the bilinear forms ap(-,-) and by(-,-). Then there ezists Cerp > 0, independent of
h, such that

[1(w = un,p = pa)llly;, q, < Cerr (vthﬁgfvhwhl!l(u —vn,p—an)lllv, 0. (3.5)
where ||| (v, DI, o, = IVIIT, +lall, for all (v,q) € Vin X Qun.
Proof. By the virtue of consistency,
an(un — ur,vp) + bp(vn, P — pr) = an(u — ur,vp) + bp(vn, p — pr) Yoy, € Vi, (3.6a)
bn(un — ur,qn) = bp(u — ur, qn) Yan € Qn, (3.6b)

which is similar to eq. (2.26) for conforming FEM. Likewise, considering the right hand sides in
eq. (3.6) as linear forms F"¢ and G"¢ acting on Vj, and Qp,

ap(up, — ur,vp) + bp(vp, pn — pr) = (F* op)n Yop € Vi, (3.7a)
brn(un —ur, qn) =(G" an)n  Yan € Qn, (3.7b)

which is similar to eq. (2.28) for conforming FEM. By the stability property eq. (3.2) we observe
that

= willly, < CLlllF™[ll + C2[|G™]lI (3-8)
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We may bound |[[|F™||| and |||G™¢||| as follows:

ap(u —ur,vp) br(vn, p — pr)

177 < sup + sup 7 (3.99)
onevi  lvally, oevi  lvallly,
bp(u — uy,
gl < sup Pl a0) (3.90)
oevi larlllg,
By boundedness of aj, and by, eq. (3.9) becomes
IFN S Ml = wrllly, + lllp = prllq. (3.10a)
g™ < Mllw = urllly, - (3.10b)
Combined with eq. (3.8) we then obtain
lun = wrllly, < lllv—=wurlly, +lllp = prlig. - (3.11)
By the triangle inequality,
uU—u < inf ||lu—u + inf - ,
= wnlly, S i flu=urlly, + int llp=pillg,
- < inf ||lu—u + inf — ,
o= pllg, < int llu=urlly, + int llp=pilly,
which may be combined to eq. (3.5). O

3.4 Q-robust Error Estimate

As we saw previously in section 2.5, it was possible to obtain improved error estimates (Q-robust
error estimates) under certain conditions on the function spaces. In this section we generalize
these results to the nonconforming setting and improve the error estimates given by theorem 3.2.

We define the affine manifolds (Z;,(B"“u), Z;’;(B"Ctp)) as

Zh(BnCu) = {Uh S Vh7 bh(u - Uh#]h) = O) VQh S Qh} )
Z;(B™'p) := {an € Qn, br(va,p—aqn) =0, Vv, € V3 },
We require also the following propostion.

Proposition 3.1. For any u € Vip, there exists C, independent of h, such that

inf - <C inf ||u-—
whezl}?(Bmu)lHu wp[ly, < U;relvhH]u wnllly.
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Proof. We show that for arbitrary v, € Vj, we can always find wy, € Z;,(B"“u) such that

lw = wallly, <

We first note that the inf-sup condition

b (v, qn
FManlllg, < sup bn(vn. an) , Van € Qp, (3.12)
Vi Monlly,
follows directly from
b (v, qn
Bllanllg, < sup ) g e g, (3.13)
eV [onllly,

since [||vp|lly, and [[|losllly, are equivalent for vy € V.

Let Lppe be the right inverse of B} associated with the inf-sup condition eq. (3.12). (Recall
the equivalence between B} being surjective and the fact that the right inverse of B}'“ exists and
that is bounded with constant 1/87¢, see lemma 2.8.) We then set for all v, € V},

dp, = Lppe(llg, B"(u —vp)),
where HQ/h : Q. — @, is the projection operator as defined in definition 2.4. We then find

Z’C(dh + vh) HQ/ Bn(:(u — ’Uh) + Bh Up,
= Iy, B"u.
This shows that wy := dj, + vy, € Zp(B"u) (which follows by definition of By, B" and Ilg ).
We also find that

o4
I, B™(u —wv y
ﬂ e Mg B™( Wil < Bne

where the first inequality is by boundedness of L Bpe and the second inequality is by
<HQ/thC(U - Uh)) Qh>Q;L><Qh = bh(u — Uh, qh)u

and boundedness of by,.

The result then follows by a triangle inequality:

e = wallly, < lllw = wallly, +lldnlly, < lllw = oally, -
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The Q-robust error estimate is given by the following theorem.

Theorem 3.3 (Nonconforming Q-robust Error Estimate). Let (u,p) € Vi x Q. be the unique
solution of problem eq. (2.1). Let (up,pn) € Vi, X Qp, solve problem eq. (3.1). Assume the affine
manifolds Zn(B™u) and Z;(B”Ctp) are nonempty. Then,

llu =y, S ,inf flu = onlly.

Proof. As in section 2.5, for u; € Zy(B™u), |||G™¢||| = 0, and for p; € Z;;(B"Ctp),

ap(u — ur,vp)
lun —urlly, SNF IS sup ———— < [llu — us]]
wneVie  llvnllly,

Vi (3.14)

where the last inequality is by boundedness of aj (-, -) as defined in definition 3.2. By the triangle
inequality,

llw =wunllly, < llun =wurllly, + e =urllly, < e =willy.-

Thus,

llw =wunllly, s nf )IHU—UII

. 3.15
ur€Zy(Bncuy Vi ( )

The result follows by proposition 3.1. 0

The Q-robustness result of theorem 3.3 hinges on the nonemptiness of Z;,(B"“u) and Z ;‘;(B"Ct D).
However, the nonemptiness of Z;,(B"“u) is equivalent to the surjectivity of B}, i.e., the discrete
inf-sup conditon of by(-,-), which is always required for well-posedness. Hence, to obtain Q-
robustness requires to show nonemptiness of Z;;(B”Ctp).

Recall that kernel inclusion Ker(By) C Ker(B) is a sufficient condition for Z;(B'p) to be
nonempty in the conforming case (see remark 2.13). For the nonconforming case we have a similar
condition as given in the next proposition.

Proposition 3.2. The following statements are equivalent:
(i) Ker(B}©) C Ker(B").
.. t 1
(ir) Iy Im(B™) € Im(B,“).
(iii) There exists a linear operator ®p, : Q. — Qp, such that

b(vh,q — @hq) =0 Vq € Qun, Yvp € Vj. (3.16)
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Proof. For a proof of (i) < (i) see [4, Prop. 4.1.6]. We prove (i) < (iii).
(131) = (i7) Vg € Qxpn, €q. (3.16) can be rewritten as

My, B" q = Iy, B" Eq, ®q = B} ®q € Im(B}<").
(ii) = (ii1) Yq € Qun,
HVABnth € Im(Bj<),

Let L.t be the right inverse of Bﬁct. Define now
h

®pq i= L et Ty B™ q).

nc
Bh

It follows that
t t
By ®pq = Iy, B™ g,

which is the same as eq. (3.16).
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Chapter 4

The Stokes Problem

In this chapter we apply the theory of chapter 2 and chapter 3 to the Stokes problem. We first
briefly introduce this problem.

The incompressible Navier—Stokes equations are the fundamental equations of fluid dynamics.
The steady Navier—Stokes equations are given by:

—vVu+ (u-V)u+Vp=Ff, (4.1a
V-u=0, (
ulon =0, (4.1c

(p)a =0. (4.1d

Here eq. (4.1a) is the equation of momentum conservation while eq. (4.1b) is the equation for
mass conservation. Furthermore, we consider only homogeneous Dirichlet boundary conditions
eq. (4.1c). Since the pressure is unique up to a constant, we impose that the mean of the pressure
over the whole domain is zero by eq. (4.1d).

In the low Reynolds number limit the Navier—Stokes equations simplify to the Stokes equa-
tions:
—vV?u + Vp = f, (4.2a
-V-u=y, (
ulp = 0, (4.2¢
(p)a = 0. (4.2d

We remark that g in eq. (4.2b) originates from transforming inhomogeneous Dirichlet boundary
conditions to no-slip boundary conditions [11]. And fQ gdx = 0 because the divergence theorem
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implies fQ V. - ude = f@Q u-nds = 0. We also remark that there are variations on boundary
conditions besides eqgs. (4.2¢) to (4.2d) (see [8, Section 4.1.4] and [7, Chapter 3]) and the rest
of the analysis in this chapter can be altered accordingly for a treatment to general boundary
conditions.

4.1 Variational Formulation

Let Q© C R? be a polygonal (d = 2) or polyhedral (d = 3) domain and let f € L?*(Q) and
g € L?(2). Let LZ(Q) be the space of square integrable functions with vanishing mean on Q and

let Hj(Q) := [H} (Q)]d. The variational formulation of the Stokes problem eq. (4.2) is given by:
find (u,p) € V x Q := HZ(Q) x L3(Q) such that

a(u,v) + b(v,p) = (f,v), YveV, (4.3a)
b(u,q) = (9.9), Vq€Q, (4.3b)

where
a(u,v) :=v(Vu,Vv) = V/ Vu: Vuvde,
Q
b(”:Q) = _(v "U,Q) = _/ QV'wa,
Q

where (-, -) denotes the L? inner product over 2. These bilinear forms are clearly bounded:
a(u,v) =v(Vu, Vo) < V||VU”L2(Q)HV”HL2(Q) = V||U”H1(Q)H'U||H1(Q) )
b(v,q) = =(V-v,9) <[IV -0l g2ollall o) <NVllpz@lldllzz@) <Ivla@)llalzze) -
The operator B associated with the bilinear form b is given by
B=V- : H}Q) — L3(Q), (4.4)
and its kernel is given by

Ker(B) = {v CHNQ) :Bv=V v= 0} . (4.5)

Recall theorem 2.5. For problem eq. (4.2) to be well-posed, we require

e a(-,-) satisfies the double inf-sup condition on Ker(B) (see lemma 2.9).

e b(-,-) satisfies the inf-sup condition (see lemma 2.8).
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For the first condition, it suffices that a(-,-) is coercive on H}(2). To show this we require
Poincaré’s inequality, as defined next.

Lemma 4.1 (Poincaré inequality). [9, Theorem 1 and remark, Section 5.7 Let 1 < p < oo and
let €1 be a bounded open set. Then there exists constant Cpq > 0 such that

Yo e WyP(Q), Cpa

‘UHLP(Q) = ||VU||LP(Q) . (4.6)

To show now that a(-,-) is coercive on H{(£2), note that
aw,w) = (Ve V) = V|Vl ooy > allull oy Yo € HYO) (4.7

where we used Poincaré’s inequality for the last step. Furthermore, o = vC where C is a constant
that depends on the Poincaré constant.

To show that b(-,-) satisfies the inf-sup condition (equivalently, the surjectivity of the diver-
gence operator eq. (4.4)), we require the following definition.

Definition 4.1 (Star-shaped w.r.t. a ball). An open bounded set Q2 is said to be star-shaped
w.r.t. a ball B if for any x € Q and z € B C (Q, the segment joining x and z is contained in Q.

Using this definition, it was shown [10, Lemma 3.1] that the divergence operator is surjective:

Lemma 4.2 (Bogovskii). Let Q is star-shaped w.r.t. a ball B C Q. Then the divergence operator
B=V- : H}(Q) — Li(Q) is surjective.

We remark that if p = 2 in lemma 4.1 then lemma 4.2 holds also for a domain €2 of which the
boundary is Lipschitz (instead of 2 being star-shaped), see [8, Remark B.70]. This is the case for
the Stokes problem.

Denoting the inf-sup constant by g > 0, the inf-sup condition for the divergence constraint
eq. (4.3b) is given by:
V-,
inf sup ( a)
9€LF(Q) ve HL(Q) 1ol g o lall 2

> (4.8)

We may now state well-posedness of the Stokes problem.

Theorem 4.1 (Well-posedness of the Stokes problem). The Stokes problem (4.2) is well-posed.
Furthermore, the solution satisfies the following bounds: ¥ f € L*(Q) and g € L3(9),

1 2)ja|"/?

lulio < g 110+ = 55 loloe: (4.92)
2)ja*/? 2]/

”pHO,Q < a1/2ﬁ Hf”fl,Q + 041/2,8 HgHO,Q7 (49b)
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where ||a|| = v and o = Cv (see eq. (4.7)).

4.2 Standard Mixed FEM Methods

Let Vi, xQp C V x(@Q denote a pair of stable conforming piecewise polynomial spaces w.r.t. a mesh
Tr, of Q. A Galerkin mixed finite element method for the Stokes equations seeks (up, pr) € Vi xQp
such that,

a(up,vp) + b(vp,pr) = (f,vn), Yo, € Vi, (4.10a)
b('LLh, qh) = (ga qh)a th € Qh~ (410b)

Using the theory introduced in section 2.4 we immediately find the following error estimate for
the velocity:

2
o= ey < LAy 29 oy + 2 i
rllE Q) =7 al/23 iy @) ™ IP — PIirz(Q)
L (o + Dl =l oy + =5 v o — i
= —(—= — )l —ur|| g1 ==V P —DPIll12 )
Cq Co B o 2 L)
N——— \ ,
C1 CZ
where we used that ||b|| = 1. We therefore find that
. -1 .
lw = unl i) < C1 v;g{,hHU — Vnll g1 () + Cov thgcthp — a2 (4.11)

where the constants C'1, C> depend only on the domain 2. This estimate immediately shows the
dependence of the velocity error estimate on the best approximation error of the pressure scaled
by the inverse of the viscosity, see example 1.1. However, as we saw in section 2.5, if we use a
stable conforming finite element pair with the kernel inclusion property proposition 2.5(ii), this
result may be improved. We, however, do not pursue this here. Instead, in the next section we
consider a non-conforming finite element method.

4.3 H(div)-Conforming DG Methods

In this section we consider an H (div)-conforming discontinuous Galerkin (DG) finite element
method for the Stokes equations eq. (4.2). We consider the interior penalty DG version of the
method originally introduced in [6].

The new theory for nonconforming methods developed in chapter 3 will provide guidance in
proving a pressure-robust error estimate for the velocity.
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4.3.1 The Raviart—Thomas Space

To define the H(div)-conforming DG method, we require H (div)-conforming finite element spaces.
We consider the Raviart-Thomas (RT) space [4, Chapter 2]. However, we start by defining
H (div, Q).

Definition 4.2. The Hilbert space of vector fields that possess a weak divergence (defined in the
same way as weak derivatives) is defined by

H(div,Q) := {w € L}(Q) : V-w € L*(Q)}. (4.12)

Let 7, denote a shape-regular triangulation of ). Let Fj denote the set of all the edges
(d = 2) or faces (d = 3) of the mesh 7. The set of boundary edges/faces is denoted by F2 C F,
while .7-",{ C JFp, is the set of interior edges/faces. Consider an arbitrary element K € 7,. We will
next define the Raviart—Thomas space on K.

Definition 4.3 (Polynomials). [19, Section 2] We introduce preliminary notations in order to
define and investigate the RT polynomial space on K.

o Pi(K) is the space of polynomials of degree at most k defined on K.
o Pi(K) = Pr(K)2
° 73k(K) are homogeneous polynomials of degree k.
o Pr(e) with e € OK is the space of (d — 1)-variate polynomials on tangential coordinates.
o Ri(0K) = lecorPr(e) are piecewise polynomial functions on 0K .
The Raviart—Thomas space is now defined as:
Definition 4.4 (Raviart—-Thomas Space). The RT space on K is defined as

RT1(K) = Pr(K) © xPx(K). (4.13)

The RT space satisfies the following useful property which will play an important role in
deriving pressure-robust error estimates in section 4.3.4:

Proposition 4.1. div(R7x(K)) = Px(K).

For other useful properties of the RT space we refer to [19, Prop. 2.3].

For the RT space to be a proper finite element, the RT space requires the definition of local
degrees of freedom and, accordingly, the local interpolation/projection operator.
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Definition 4.5 (The Raviart-Thomas Projection). [19] Let v : K — R® be sufficiently smooth.
The RT projection IIF v € RT(K) is defined by the equations

(M v, w)g = (v,w)g Yw € Pr_1(K), (4.14a)
My -n, ok = (v-n, wox Vi € Ri(OK). (4.14b)

Proposition 4.2. Equation (4.14) are uniquely solvable, i.e., the RT space is a unisolvent finite
element [19, Prop. 2.4].

The RT projection HkRT satisfies the following approximation results.

Proposition 4.3 (Approximation estimates of RT projection). Let K be an affine element.
There exists a constant C' depending only on k and the shape of K such that, for 1 <m < k+1,
s =0 or 1 and for any v in H™(K), we have

lo = TGl g < CRR™*|v]m (4.15)
Proof. This a special case of [4, Prop. 2.5.1]. O

The following commutativity property will play an important role in deriving the inf-sup
condition in lemma 4.8. This commutativity property enables the RT projection to be a Fortin
operator as we will see in lemma 4.7.

Proposition 4.4 (Commutativity Property). [19, Eq. (17)] Consider v € H(div,{), the fol-
lowing commutativity property holds:

V- y =1,V - v, (4.16)
where Ty, is the L?(K)-projection onto Py(K), i.e., for all u € L*(K),

(Iyu,v)k = (u,v)k Yo € Py(K).

4.3.2 Weak Formulation
We will now discuss the nonconforming DG weak formulation for the Stokes problem eq. (4.2).
As finite dimensional function spaces we consider

Vi, =RT = {Uh € Ho(div, Q) : Uh|K S RTk(K) VK € 771},

, (4.17)
Qn = {qn € L5(Q) : qnlx € P VK € Ti},
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where Hy(div,Q) := {v € H(div,Q) : v-n =0 o0n dN}. We note that V}, ¢ Hj(1), i.e., we
are considering a nonconforming finite element for the Stokes problem. However, since V; C
H (div, ), this method is called H (div)-conforming.

The DG weak formulation using H (div)-conforming finite element methods is now given by:
Find (up,pn) € Vi x Qp, such that

an(wn,vn) +b(vn, pr) = (f,vn) Yop € Vi, (4.18a)
b(un, qn) = (9,qn) Van € Q. (4.18b)

The bilinear form ay(up,vy,) is the ‘standard’ interior-penalty DG method for the vector-
Laplacian modified for H (div)-conforming finite element methods (see appendix A for a heuristic
derivation):

ap(wn, vp) = /thuh s Vi, de
- 3 (fetwnrtotas+ f[goaptolas— 7 [ liolds) (419

Here we used the standard notation for the average and jump operators. These are defined on
interior facets F € ]-',{, F=0K,NoK_ by

fe(w)Blr = ;(a(l;zg“) + a(ig‘n']:(‘)) (4.20a)
[ullp == vy Tr, +u— Tk, (4.20b)

where us = u|x, and where T denotes the tangential unit vector of 0K, obtained by rotating
the normal ng by 90 degrees counterclockwise. For a boundary edge F' € .7:,? these operators
are defined as

fefu) o= AL TH), (4.200)
nK
[ullp = u- k. (4.20d)

To prove consistency, boundedness and stability of the DG method eq. (4.18), we require the
definition of extended function spaces with norms. Let V,j, := V,, + V. 1=V}, + (H*(Q) N H}(Q)),
with s > 3, and let Q. == Qp+ Qs = Qn+(H(Q)NLE(Q)). We let the two bilinear forms ay,(-, -)
and b(-,-) be extended, respectively, on V,j, x Vi, and V,j, x Q.. Note that since Q,;, C L?(Q),
the domain of the second argument of the bilinear form b(-,-) needs not to be extended. We
introduce two norms ||-||| and [||-|||, on Vix [21, egs. (4.5) and (4.6)] since the H'-norm cannot
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be used for H(div,{2). These two norms are defined as:

ol = [}, + > apt|Io]|f5 (4.21a)
FerFy,

oll? = loll> + 3 kel fe@) B, (4.21b)
FeF,

where |v|? , = Y KeT, [v|? ;- and ||| is the L2norm on F. On Q.y, since Q. C L?(€), we use
the L?-norm and it will be denoted as ||-|.

To obtain an error estimate, recall from section 3.3 that we require that for all v, € Vj,
llvnlll < [[|vnlll, < Clljvnl|| with C independent of h. We verify that this is true.

Let K be an element with F' as an edge. By the continuous trace inequality [15, Lemma 1.49]
and Young’s inequality we can show the following variant of the trace inequality [21, eq. (4.7)].
(See appendix B for a proof.)

Lemma 4.3 (Variant of Trace Inequality). There exists a constant C, independent of the mesh
size h, such that for any v € H*(K)

loll7 < C(hi vl + hrclol )- (4.22)

We now show the equivalence of the norms |||-||| and ||-|||, on V4. First of all, the inequality
llvnlll < ||lvslll, is trivial for all v, € V4 so that we only show that |||vg]l], < C|l|vnlll. We first
note that the second term on the right hand side of eq. (4.21b) can be bounded using eq. (4.22)
as:

2
S hellfewn) Bl S D (onli x + hk|Vouli k) You € Vi (4.23)
FeFy KeTy,

We now apply an inverse inequality [22, Eq. (3.3)] to the second term on the right hand side to

obtain
S helfewnbE S Y lonli k- (4.24)

FerFy, KeTy,

It follows that indeed
[valll, < [lvallls (4.25)

so that |||-||| and [[|-|||, on V.

We are now ready to prove consistency, boundedness of ay(-, -), coercivity of ax(-,-), and the
inf-sup condition of b(-,-).

Lemma 4.4 (Consistency). Let (u,p) € Vi x LE(Q) be the ezact solution to the Stokes problem
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(4.3). Then,

ap(uw,vp) +b(vp,p) = (f,vn), You € Wy, (4.26)
b(w,qn) = (9,qn), Yan € Qn, ’

Proof. This is shown in appendix A. O

Lemma 4.5 (Boundedness of ax(+,-)). an(:,-) is bounded on Vi, i.e.,

lan(uw, )| S (el vl Y, v € Vip. (4.27)

Proof. This is an immediate consequence of the Cauchy—Schwarz inequality. For all u,v € V,
it holds that

jona, )] < {|uh,h|v|1,h+( > welieConl; ) (3 oDl )

FerF, FeFy

+< > hﬂ\{&@)}}\\i)% 3 hgl“[[uH“?);

Fery, Fer,

e h;uuuwé)%( > h?”“"’“”?f}

FeFy Fery,

S Mleelll. ]l

Remark 4.1. We note that when v is restricted to Vi, by eq. (4.25), lemma 4.5 reduces to
|an(w, vn)| S lllwlll /vl (4.28)

Lemma 4.6 (Coercivity of ay(+,)). There exists a constant Cey, independent of h, such that

Yy € V, we have
an(vn, vp) > Copalllonlll?, (4.29)

provided that the penalty parameter o is sufficiently large.

Proof. Tt follows from the Cauchy—Schwarz inequality, eq. (4.24), and Young’s inequality, that
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there exists a constant C' such that

3 Jtcnttotan < (3 wlietwnty) (3wl )

< Clundua( 3 1l )’

FE]'—h

1
§’Uh’1h+ Z hp 1"[["”1]]”}«“
FeFy

Using the above inequality and eq. (4.25), we obtain

an(onon) = [onf2+ 0 3 bl =2 3 /{{e on) P on] ds

FeF, FeFy
_ C? _
> |opliy +o Z hFIH[[Uh]]HQF - ih’h’%,h Ty Z hFl‘H[”h]]H;
FeF, FeFy
1 C? _
=gttt (7= 3) X metlltenll;
FeFy,
> Ceulvnll

> Cell*|||”h|”ia
where the second inequality holds for sufficiently large o, i.e., if o > %2 O
To prove the discrete inf-sup condition of b(-,-), we first recall Fortin’s trick [4, Prop. 5.4.2]:
Definition 4.6 (Fortin Operator). Fortin’s operator Il : V' — V}, is defined as

b(v —Iv,q5) =0 Vi € Q. (4.30)

Proposition 4.5 (Fortin’s trick). Assume that the continuous inf-sup condition eq. (4.8) is sat-
isfied. If the Fortin operator is bounded with a constant Cty, independent of h, i.e.,

[[Tpo]| < Chllvlly, Vv €V, (4.31)
then b( )
Vh, 4h
sup > HQhH Yan € Q. (4.32)
onevi ol C
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Proof. The proof is as follows:

b b(I1 b 1 b
up W) g UL ) _ g DO 5 Ly BO0) 5 Doy 4 m)
ot Tenll = o2 Tl ~ 220 el = G o Tl ~ O

O]

We apply Fortin’s trick now to our H(div)-conforming DG finite element method. We note
first that the Fortin operator in our case is the Raviart—Thomas projection:

Lemma 4.7 (The Raviart-Thomas projection HfT is a Fortin Operator). For all v € Vi,
l'IkRT : Vin — V3, is a Fortin operator. Furthermore, the Raviart—Thomas projection HkRT 18
bounded.

Proof. An immediate consequence of the commutativity property of HkRT proposition 4.4 is that
b(v — T v, q,) =0 Vg, € Q. (4.34)

We are left to show boundedness, i.e., that
I || Sllolly, Yo e V. (4.35)

By the approximation estimates of the RT projection operator eq. (4.15) and the trace inequality
eq. (4.22), we see that

2 _ 2
llo — T ||* = [o — I [}, + > hp!||[v — I 9]

FeF,
_ 2
<Cl)}+cC Z Z hFle—l'IkRTvHF
KeT, FeEOK
2 _ 2
< Clv|?+C Z (hiZ|lv =TT || + v — T )7 ) (4.36)
KeTy,
2 _
<Clolf+C > (hlhklvl} x + [vlF k)
KeTy,

<Cllvlli e Hy(Q).

Furthermore,
ol = vl <[], YveV =Hy(Q).

Equation (4.35) then follows from the triangle inequality. O

We may now prove the discrete inf-sup condition.
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Lemma 4.8 (Inf-sup condition of b(-,-)). There exists constant B, independent of h such that

b(vy,
sup b(on, 4n) > Bellanll  Van € Qn. (4.37)
oneVi, llvalll,

Proof. By the equivalence result eq. (4.25) and eq. (4.35),
Tl < Clloll; - (4.38)

The result follows by proposition 4.5. O

4.3.3 Well-posedness

We now prove well-posedness of the H(div)-conforming DG method eq. (4.18).

Recall from theorem 3.1 that we need to fulfill two conditions for our H (div)-conforming finite
element method to be well-posed. The first condition in theorem 3.1 is satisfied because ay is
coercive on Vj, lemma 4.6. The second condition in theorem 3.1 is also satisfied, see lemma 4.8.
Note that in both cases we use the equivalence of the norms |||-|[| and [||-|||, on V3. We therefore
have the following result.

Theorem 4.2. The discrete formulation eq. (4.18) has a unique solution (up,pp) € Vi, X Q.
Furthermore, this solution is stable, i.e., the solution is bounded by the data:

lunll < CrlllFlllvy + Callgll, »

Ipall < Collfllyy + Callglg - (4.99)
4.3.4 Pressure-Robust Estimate
We end section 4.3 by proving a pressure-robust velocity error estimate, i.e., we prove
llee = wnlll S inf [l = vnll. (4.40)

We know from theorem 3.3 that eq. (4.40) holds provided that the following two affine mani-
folds are nonempty:

Zp = {'Uh €V, blu—vp,qn) = /QV (u —vp)gpdx =0, Vg, € Qh},
Zy = {Qh € Qn, b(vn,p—qn) = /QV ~op(p—qn)dx =0, Vv, € Vh} :
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The nonemptiness of Z; can be easily shown due to the Raviart—Thomas projection operator
HfT. To see this, note that HkRT’u € Zp.

We now show the nonemptiness of Z;. For this we require the following proposition.

Proposition 4.6. V-V, C Q.

Proof. For Yuy, € Vj,, by proposition 4.1, we have V- vy,| € Pr and so V-vj, € L%(Q). Moreover,

/V-vhdm:/ vy -nds =0,
Q oQ

since v, € Hy(div,). We obtain V - v, € L3(2). Since V - vy|x € Px and V - v, € LE(Q) the
result follows. O

We remark that V}, is a Hilbert space. Furthermore, since V}, is finite dimensional and the
divergence operator is a bounded linear operator, V - V}, is a finite dimensional subspace of
L?(2), thus closed. Using that a closed subspace of a Hilbert space is itself a Hilbert space [4,
Section 4.1.2] with respect to the same inner product, we note that V -V}, is a Hilbert space. We
may now apply the Riesz Representation Theorem, theorem 2.4, to show that we have a unique
wp, € V-V, C Qp, such that

b(vn,p — wh) = / V- vp(p —wp)de =0, Yo, € V.
Q

Therefore, Z; is nonempty. The pressure robust estimate eq. (4.40) now follows.
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Chapter 5

Conclusions

Pressure-robust finite element methods have become very popular in recent years. This is because
the velocity error is independent of the pressure error scaled by the viscosity. In chapter 1 we
compared a pressure-robust discretization for the Stokes problem against a discretization that is
not pressure-robust. We saw a significant improvement in the velocity.

The analysis of pressure-robust methods has also gained much popularity recently. However,
the result, i.e., a velocity error estimate that is independent of the pressure error, is not new.
Such results may be found for example in the book of Brezzi and Fortin (Mixed and Hybrid Finite
Element Methods, 1991). There, an analysis for general saddle-point problems is presented and
conditions are presented on conforming mixed finite element spaces under which one may achieve
pressure-robustness. This research paper extended these ideas to non-conforming finite element
methods for general saddle-point problems. Since in the general case the scalar unknown is not
necessarily a pressure, we refer to our analysis as ‘Q-robustness’.

We give sufficient conditions for ‘Q-robustness’ for general nonconforming mixed finite element
methods for saddle point problems. These conditions are the nonemptiness of the following affine
manifolds:

Zp, = {vn € Vi, bp(u—vh,qn) =0, Vau € Qn},

75 = {an € Qn, byp(vn,p —qn) =0, Yo, € Vi, } .
In general it may be difficult to show that Z; and Z; are not empty. For this reason we
presented equivalent, but easier to show, conditions under which we obtain Q-robustness. In

particular, we showed:

e The discrete inf-sup condition is a necessary condition for the discrete saddle-point problem
to be well-posed. We showed that it also guarantees that the first manifold is nonempty.
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e A kernel inclusion is sufficient for the nonemptiness of the affine manifold Z;.

We applied our extended theory to an H(div)-conforming discontinuous Galerkin method for
the Stokes equations. We showed well-posedness of the method and provided a simple proof of
Q-robustness. This is the main application of the extended theory in this research paper.

Future Work

In the future we plan to:

e We want to apply our extended analysis framework to an H (div)-conforming hybridized
discontinuous Galerkin method for the Stokes problem. In this case, since the method
introduces Lagrangian multipliers for both velocity and pressure approximations, we need
remark that ap(-,-) # a(,-) and bp(-,+) # b(-,-) (in this research paper we only consid-
ered the case ap(-,-) # a(-,-) and by(-,-) = b(-,-)). Although pressure-robustness of the
discretization has already been shown in the literature, we expect that our new analysis
will provide a shorter proof. In particular, we will analyze the nonemptiness of the affine
manifold Z7,

Z;; = {an € Qn, bp(vn,p—qn) =0, Yo, € Vi }.

e It can be shown that both H(div)-conforming discontinuous Galerkin method and H (div)-

conforming hybridized discontinuous Galerkin method are nice methods in the sense that
the velocity approximation is H (div)-conforming and pointwise divergence free. It can be
further shown that these two nice properties will guarantee the nonemptiness of the affine
manifold Z;.
A very nice result of the analysis we did is that our analysis provides sufficient condi-
tions under which Q-robustness may be achieved. These may be weaker than requiring
the velocity approximation to be H(div)-conforming and pointwise divergence free. This
suggests that it might be possible to design new Q-robust finite element methods (or modify
existing finite element methods to be Q-robust) that do not necessarily result in a velocity
approximation that is H (div)-conforming and/or pointwise divergence free.

e Instead of imposing nonemptiness of Z; and Z; on the finite element method, it may be
possible to weaken the conditions for Q-robustness even further. We believe this might
be achieved by considering the Helmholtz decomposition and closed range theorem. This
may again result in new Q-robust finite element methods that do not necessarily result in
a velocity approximation that is H(div)-conforming and/or pointwise divergence free.
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Appendix A

The DG Method for Stokes

We derive the bilinear form ay, for an H(div)-conforming DG method (see eq. (4.19)). It is based
on the Symmetric Interior Penalty (SIP) method introduced by Arnold [3]. In contrast with the
derivation in [15, section 4.2], here we introduce only the tangential jumps across the element
interfaces since H (div)-conformity implies normal continuity.

For simplicity, consider the non-dimensionalized Stokes equations:

~V?u+Vp=Ff, (A.1a)
V-u=yg, (A.1b)

ulon =0, (A.1c)

(p)a = 0. (A.1d)

Multiply the eq. (A.1a) by an arbitrary v, € V}, (recall the definition in eq. (4.17)) and rewrite
the integral as the sum of integrals on each element:

Z [—/ Vzu-vhdaH-/ Vp-vhda:} :/f-vhda:,
K K Q

KeTy

Apply the divergence theorem to both integrals inside the square bracket. The left hand side
becomes:

Z [/ Vu : Vodx — 8u-’uhds—/pV-vhdaH—/ pvh'ans], (A.2)
Koy LUK ok Onk K oK
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where

Z/ pop, - i ds = Z /pvh nyds =0,

KeTh FeFp

where the first equality is due to the normal continuity of vy across an element boundary and
the assumption that p € H'(Q); the second equality is because of the boundary condition of
the weak problem. (Again, recall the definition in eq. (4.17).) For the sum of the second inte-
gral in eq. (A.2), we first consider the decomposition of v, in normal and tangential directions
respectively,

vy, = (v - ng)ng + (v, - TK)TK,
ou ou-ng
-_— vy = —
8nK h 8711(

ou - TK
a’I’LK

(vp - mK) + (vp - TK).

Thus,

ou - nK ou - Tk
Z/ ong "o ds = Z/ [ Bng (v -mk) + O (vp - TK)| ds

KeTy, KeTy,

_ Z 8u " TK (’Uh ] TK) ds,
K, JOK ong

(A.3)

where the second equality is again due to normal continuity of v, across an elment boundary and
the assumption that u € H?(2) (which implies the continuity of u). We next simplify eq. (A.3).

Consider a single edge/facet F' € .7-"15 as illustrated in fig. A.1. Then

0 . bl )
/ 7,“,‘[(1 n (Uh|K1 -Tl) dS—I—/ 7U|K2 T2 (Uh|K2 "7'2) ds
F F

8n1 3712
6U|K1 - T1 8U|K * T2
= [ = c1r)d 2z 2 c1r)d
/F oy (vnlr, - TF)ds +/F ong (VnlK, - TF) ds,
1 8u|K1-7-1 8u|K2-7-2
= — . — . d
/F 2 < ony * ono (Vrlics - 7 = wnlic, - 7w) ds
1 8u!K1-7-1 8U|K2‘T2
" /F 2 < ony  Ong (Onlsce 7+ wnlic, - 7) ds

=0 due to continuity

1 (Ou|k, -7 oulg, - T2
= —_ i . d
/F B < o, + Oy (vnlk, - T2+ n|k, - T1) ds,
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Figure A.1: Notation for an edge/facet. Note that the normal direction of an arbitrary F' € .7-"}{
is determined once there is a mesh and does not change afterwards.

where the second equality uses the identity:
1 1
asby — a1b; = §(b2 + b1)(a2 — 04) + 5(612 + al)(bg — bl).

To simplify notation we define average and jump operators on interior edges/facets as:

1 8u\K1 *T1 8u\K2 *T9
== A4
O e e (A.da)
[u]lF = ulk, - 71 +ulk, - T2 (A.4b)
On boundary edges/facets, the average and jump operators are defined as:
fe(lr = 20 (A.50)
F': o, .

[ullr = ulk, - 71 (A.5D)

We can therefore write eq. (A.3) as:

Z /81(88772(.”]1(18: Z /F{{e(u)}}[[vh]] ds.

KeTy, FeF,
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We observe from eq. (A.2) that we can define the bilinear form ay(-,-) as:
ap(up,vp) = / Viuy : Vv, de — Z /{{e(uh)}}[['vh]] ds. (A.6)
Q FeFy, F

However, ap(+,-) defined this way is not symmetric. To obtain symmetry we add a consistent
term:

o (tn, vn) = /Q Vaun : Vyopdz — 3 /F feun) Yol ds— 3 /F fe(on)}[un]ds. (A7)

FeFy FeF,

To see that the extra term is consistent, we observe that for u € H%(Q) N H (Q):

[[U]]‘Fef,{ = ulg, T+ ulg, T2 =0,

[[U]HFGI;? = ulg, 71 =0.
Unfortunately, ap(-, ) given in eq. (A.7) is not coercive. To see this, note that

ap(vp, vp) == / Vyvop : Vyop de — 2 Z /{{e('vh)}}ﬂ'vh]] ds.
@ Fer, 't
h

We note that the sign of aj (v, vp) is undetermined. To fix this, we add a stabilization term:

on(unvn) = [ Gt Viondz = 3 [ etun)loidds— 3 [ felw) il as

FeFy Fer,

+ 1= Y [ unlonl s

FerF,

where o is the stablization parameter that needs to be chosen sufficiently large to ensure stability.
Note again that the extra term is consistent.
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Appendix B

Variant of the Trace Inequality

Lemma B.1 (Young’s Inequality). Let a,b,e € R. Then,

Proof. This is direct consequence of

0 < (a — eb)® = a® — 2eab + (eb)>.

Now we use Young’s Inequality to prove lemma 4.3.

Proof. By the continuous trace inequality [15, Lemma 1.49], we have

an% <c (!vh K+ i el ) ol

oluic ol + Rz ol )

h
C( K"U|1K H ”K +ho 1” HK)ﬂ

IN

<c 1||vHK+hKrv|1K)
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