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Abstract

In the first major contribution of this thesis, we present analysis of two lowest-order
hybridizable discontinuous Galerkin methods for the Stokes problem, while making only
minimal regularity assumptions on the exact solution. The methods under consideration
have previously been shown to produce H(div)-conforming and divergence-free approxi-
mate velocities. Using these properties, we derive a priori error estimates for the velocity
that are independent of the pressure. These error estimates, which assume only H!**-
regularity of the exact velocity fields for any s € [0, 1], are optimal in a discrete energy
norm. Error estimates for the velocity and pressure in the L2-norm are also derived in this
minimal regularity setting. In the second major contribution of this thesis, we extend this
analysis to the setting of the steady Navier—Stokes problem. We begin by proposing a new
divergence-free discontinuous Galerkin method for the steady Navier—Stokes problem, and
we show that the resultant discretized problem admits a unique solution under a smallness
condition on the problem data. We then present an error analysis of the method in the
minimal regularity setting, and we take special care to properly estimate the nonlinear
terms arising from convection. We show that it is possible to derive optimal a priori er-
ror estimates for the velocity in a discrete energy norm. Our velocity error estimates are
independent of the pressure, and require only H'**-regularity of the exact velocity fields
where s € (0, 1] in the two-dimensional case and s € (1/2, 1] in the three-dimensional case.
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Chapter 1

Introduction

Finite element methods for incompressible flows that are pressure-robust have become
increasingly popular. Such methods produce approximate velocity fields for which the a
priori velocity error estimates are independent of the pressure approximation. Numerous
classical inf-sup stable finite elements, such as the MINI element [2] and Bernardi-Raugel
elements [5], are not pressure-robust [20], with the velocity error polluted by the pressure
approximation error scaled by the inverse of the viscosity, which can be large if the pressure
is complicated or the viscosity is small.

One way of achieving pressure-robustness is by stable mixed methods with H (div)-
conforming and divergence-free approximate velocities [26]. Methods with these properties
may relax H'-conformity and use discontinuous velocity approximations, as constructing
H'-conforming and inf-sup stable schemes that are also divergence-free is difficult [20].
For this reason, discontinuous Galerkin (DG) methods seem to be a natural candidate
for the construction of pressure-robust schemes. Several classes of pressure-robust DG
methods that produce H (div)-conforming and divergence-free approximate velocities were
introduced in [13, 16].

A drawback of DG methods is that they are, on a given mesh, typically computa-
tionally more expensive than standard conforming methods. Hybridized discontinuous
Galerkin (HDG) methods were introduced to improve upon the computational efficiency
of DG methods while retaining their desirable properties [11]. This is accomplished by in-
troducing extra degrees of freedom on cell facets which allow for local cell-wise variables to
be eliminated by static condensation. Examples of H (div)-conforming and divergence-free
HDG methods are given in [10, 37, 39] for the Stokes problem and in [21, 31, 38| for the
Navier—Stokes problem.



The most important contributions of this thesis are presented in Chapter 2, which
is based on the preprint paper [1] (this paper has been accepted for publication in the
Journal of Scientific Computing). In Chapter 2 we study two closely related lowest-order
hybridizable DG methods for the velocity-pressure formulation of the Stokes problem,
which is given by

—vAu+Vp=f in €,
V.ou=0 in €2, (1.1)
u =0 on Of).

Both methods produce H (div)-conforming and divergence-free approximate velocities, and
are therefore pressure-robust. The first method is the lowest-order HDG method analyzed
in [37, 39]. The velocity finite element space for this method consists of discontinuous
piecewise linear functions on cells and facets. As discussed in [39], the computational
cost of this method can be reduced, while maintaining pressure-robustness, by using a
continuous basis for the velocity facet space. Such an approach is reminiscent of embedded
discontinuous Galerkin (EDG) methods [23]. This leads to the EDG-HDG method of [39],
the lowest-order formulation of which is the second method considered in Chapter 2.

The standard error analysis of DG and HDG methods for eq. (1.1) assumes that the
exact solution is sufficiently regular, i.e. it is assumed that (u,p) € H?*(Q2) x H*(2). Under
this assumption, it can be shown that (see e.g. [11, Chapter 6])

1
I = unlly, < C{llzzay + s e

where wy, is the discrete velocity solution and [|-||, , is a discrete H'-norm. For pressure-
robust methods, the standard analysis can be straightforwardly modified to yield that if
u € H*(Q)), then (see e.g. [20])

[ =l < Chllull o) - (1.2)

Error bounds of the form in eq. (1.2), which predict optimal rates of convergence with
respect to the mesh size h, were derived in [39] for the HDG and EDG-HDG methods.
Moreover, numerical experiments in [30] suggest that even when H?-regularity of the
exact velocity solution fails to hold, these methods remain convergent. Because of their
computational efficiency, the lowest-order HDG and EDG-HDG methods are appealing
for problems with minimal regularity. However, error analysis for this minimal regularity
case has not been developed. The purpose of Chapter 2 is to close this gap by extending
the analysis of [39] to the minimal regularity setting. In particular, we show in Chapter 2



that if w € H'(Q) for some real number s € [0, 1], then the lowest-order HDG and
EDG-HDG methods satisfy

[ = wnlly ), < CPwll givs gy »

plus additional higher-order terms on the right-hand side. In Chapter 2 we also derive
L?-error bounds for the velocity and pressure in the minimal regularity setting.

To put the error analysis of Chapter 2 into a broader context, we review briefly the
literature relevant to our analysis. Numerous classes of non-pressure-robust nonconforming
methods for the Stokes problem were analyzed under minimal regularity assumptions in
[3, 32]. Key to the analysis of [3, 32] is a so-called enrichment operator that maps noncon-
forming discrete functions to H!-conforming functions. More recently, by using enrichment
operators that map discretely divergence-free functions to exactly divergence-free ones, this
minimal regularity analysis has been extended to pressure-robust schemes. This is done
in the works of [28, 33, 34, 45], which establish quasi-optimal and pressure-robust error
estimates for various finite element methods that achieve pressure-robustness by modifying
the source term in the discrete formulation. In [34, 15] modified Crouzeix—Raviart methods
are considered, while [33] focuses on modified conforming methods and [25] on modified
DG methods. Finally, a variety of conforming and nonconforming pressure-robust methods
based on an augmented Lagrangian formulation have been proposed and analyzed under
minimal regularity assumptions in [29].

The main contributions of Chapter 2 are as follows. First, we derive a bound on
the consistency error of the lowest-order HDG and EDG-HDG methods, by means of
an enrichment operator of the type considered in [28]. A consequence of the hybridized
formulation is that our consistency error bound contains a new term not found in previous
works. However, we show that it is still possible to obtain optimal pressure-robust velocity
error estimates in a discrete energy norm. Pressure-robust velocity error estimates in the
L?-norm are also derived, and we conclude our analysis in Chapter 2 by deriving L?-error
bounds for the pressure.

Chapters 3 and 4 of this thesis should be viewed as being complementary to the material
presented in Chapter 2. Chapter 3 is dedicated to proving a technical but important
inequality for functions belonging to the three-dimensional finite element space of Guzman
and Neilan [25]. This inequality is used to ensure that the enrichment operator considered
in Chapter 2 satisfies some crucial stability and approximation properties.

Chapter 4 can be viewed as an extension of the results in Chapter 2 to the setting of the
steady Navier—Stokes equations. We begin Chapter 4 by proposing a new divergence-free
DG method for the steady Navier—Stokes problem. Our proposed method is essentially a



combination of the lowest-order formulation of the methods considered in [13] and [25].
We prove that the resultant discretized steady Navier—Stokes problem admits a unique
solution provided that a smallness condition on the problem data holds. Then, building on
the ideas developed in Chapter 2, we derive optimal and pressure-robust a-priori velocity
error estimates for the method in a discrete energy norm. The analysis holds under minimal
regularity assumptions on the exact solution, and is similar to that of Chapter 2, but with
the need to additionally estimate contributions arising from the nonlinear convective term.

An important remark on the use of boldface notation

In Chapter 2 and Appendix A, boldface notation is used solely to denote cell-facet function
pairs, see eq. (2.9). Vectors, vector-valued functions and vector-valued function spaces are
not written using boldface in Chapter 2 and Appendix A. This notational convention is
used in other HDG papers [37, 39] and we are using it to be consistent with the literature.
In contrast, HDG methods do not appear or play any role in Chapters 3 and 4. Therefore,
in these chapters, we use the “standard” notational convention in which vectors, vector-
valued functions and vector-valued function spaces are written using boldface.



Chapter 2

Analysis of pressure-robust
embedded-hybridized discontinuous

Galerkin methods for the Stokes
problem under minimal regularity

This chapter is based on [/, Sections 2-4] and is organized as follows. In Section 2.1 we in-
troduce the Stokes problem and the methods to be analyzed, and discuss some preliminary
results. The main analysis is carried out in Section 2.2, where we derive our error estimates
for the velocity and the pressure. In Section 2.3 our theoretical findings are illustrated by
numerical examples.

2.1 Preliminaries

Let Q C R? with d € {2,3} be a connected and bounded domain with polyhedral boundary
0f). The codimension of Jf) is assumed to be one, but we do not require that Q be a
Lipschitz domain. In particular, domains with cracks are allowed. On a given set D C (2,
we let (+,-)p denote the L-inner-product on D and |-||,, the L*norm on D. Given an
integer k > 0, we let ||-[|, , and ||, ;, denote the usual H*-norm and H*-semi-norm on D,
respectively. If k£ > 0 is not an integer, we let ||-||, , denote the fractional order H*-norm
on D as defined in [15, 16]. In the following we omit the subscript D in the case of D = Q.



2.1.1 Stokes problem

Let f € L?(2)? be a prescribed body force and v > 0 a given constant kinematic viscosity.

The Stokes problem seeks a velocity field u € H}(2)? and kinematic pressure field p €
L3(Q) == {q € L*(Q) : [,qdz =0} such that

va(u,v) + b(v,p) = (f,v) Yo € H3 ()%, (2.1a)

b(u,q) =0 Vg € Lj(Q), (2.1b)

where a : H}(Q)4 x HY(Q)? — R and b: H}(Q)? x L3(2) — R are the bilinear forms
(Z(’U},’U) = (vavv)> b<U>Q) = _<v 'U>Q>'

It is known that eq. (2.1) is well-posed, see e.g. [19, Chapter 4]. Furthermore, within the
reduced space V 1= {v € H} ()% : V- v = 0} of divergence-free functions, the velocity
u € V equivalently satisfies the reduced problem

va(u,v) = (f,v) YveV. (2.2)

We introduce the space of weakly divergence-free vector fields with vanishing normal
component on 02,

L2(Q) = {w e L*(Q): (w, Vi) = 0 Vo € H'(Q)}, (2.3)

and note that every vector field f € L?(Q)? admits a unique Helmholtz decomposition [34,
Theorem 2.1]

[=Vo+Pf,
where ¢ € H'(Q)/R and Pf € L2(Q).

The vector field Pf is called the Helmholtz projection of f, see e.g. [26, Section 2]. We
note that the reduced problem in eq. (2.2) is equivalent to

va(u,v) = (Pf,v) Yv eV, (2.4)

since for all v € V it holds that (f,v) = (Pf,v). In particular, the velocity solution w is
determined only by the Helmholtz projection Pf of the body force. The presence of Pf
in eq. (2.4) will turn out to play an important role in the pressure-robustness of our error
estimates in Section 2.2, and we discuss why this is the case in Remark 2.1.



2.1.2 Mesh-related notation

Let T = {K} be a conforming triangulation of € into simplices {K}. Let K € T. We use
Fk to indicate the collection of (d — 1)-dimensional faces of K. We set hy = diam(K') and
let nx denote the outward unit normal on K. The mesh size is defined as h := maxyer hi
and the mesh skeleton is defined as I'y = |Jx o7 OK.

Notice that, if cracks are present in the domain, it is possible for two distinct elements
Ky, Ky € T to share a face 0 € Fk, N Fk, that lies on the boundary, i.e. ¢ C 9. In
this case, it will not be convenient to view o as a single mesh face, as is typically done
for interior faces. Following [13], we therefore define the collection of mesh faces as the
quotient set

Fy = {(U,K) KeT, o€ FK}/N,
(Ul,Kl) ~ (UQ,KQ) <~ [(01,K1> = (02,K2>:| or [0'1 = 09 and o g 89]
For F' = [(0, K)] € Fj, we set hp := diam(o). Also, surface integration on F' is well-defined,

with the understanding that [,vds := [ vds for all v € L'(0). The boundary faces F,
and interior faces F; are naturally defined as

Fo =Al(0,K)] € Fp, : 0 C 00}, Fi = Fn \ Fo,

and we note that 9Q = U, g)jcz, 0 since the codimension of 052 is one.

If F € F; is an interior face belonging to two distinct elements Ky, Ko € T, we let
nr denote the unit normal on F pointing from K; to K5, and we define on F' the jump
operator [-] and average operator {-}} in the usual way:

[9]lF == ¢k, — Ol (2.5)
{0Hr 1= 500l +6ls), (2.6

where ¢ is any function defined piecewise on K7 U K5. The ambiguity in the ordering of
K1, Ky will be unimportant. If F' € F, is a boundary face belonging to K € T, we let
ng denote the unit normal on F' outward to K, and we define on F' the jump and average
operators as

[¢]lr = Lo }F = dIx, (2.7)

where ¢ is any function defined on K.

Finally, the following definition will be used in Appendix A. Let K € 7. Observe that
we do not have Fx C Fj, because of how Fj, is defined using equivalence classes. We
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therefore define Fx ), := {[(0, K)] € Fy, : 0 € Fk} so that Fx; C Fp, holds. The sets
Fx and Fpp intuitively encode the same information; they both contain exactly (d + 1)
elements which describe the faces of K. The only difference is that Fg , is defined using
equivalence classes in Fj,.

2.1.3 Discrete finite element spaces and norms

We introduce the following low-order discontinuous finite element spaces on €Q:

Xn = {on € LH(Q)* 1 a|c € [PLUK)]! VK € T},
Qh = {qh - LS(Q) : Qh|K & Po(K) VK € T},

where P (D) is the space of polynomials with degree at most k& on D. Also, let Py (F},) =
[Irc 7, P1(F). We introduce the low-order discontinuous facet finite element spaces

Xh = {@h < [Pl(fh)]d : T}h‘p =0VF € Fb},

Qn = P1(Fn).
Notice that X}, can be viewed as the space of discontinuous piecewise-linear vector functions
on I'y that vanish on 0f). Likewise, ), can be viewed as the space of discontinuous

piecewise-linear scalar functions on Iy, with the caveat that these functions are double-
valued on boundary faces shared by two distinct cells.

It will also be convenient to introduce the extended velocity spaces

X(h) == X, + Hy ()%, (2.8a)
X(h) := X, + HY*(To), (2.8b)

where H, / ?(T'y) is the trace space of functions in Hg(Q)? restricted to I'y. We use boldface
notation for function pairs in X (h) x X (h) and Qp, x @, i.e.

v=(v,0) € X(h) x X(h) and qs= (qn,qn) € Qn X Q. (2.9)

Throughout this chapter V, : X (h) — [L?(2)]**? denotes the broken gradient (V,v)|x :=
V(v|k). On the space X (h) we introduce the discrete H'-norm

2 2 2
[0llag = I1Vaoll” + vy,



where |-|; is the following jump semi-norm on X (h):
2. 1 2
o= 0 el
FeFy,
Similarly, on the product space X (h) x X (h) we introduce the discrete H'-norm
2 2 2
ol = [Vaoll™ + v,
where |-, is the following facet semi-norm on X (h) x X (h):

1
[l =Y o llv = vl
hi

KeT
Finally, on the space Q, x Q) we introduce the norm
2 2 1~ (12
llanlll, = llgnll” +llanll, ,

where ||-[|,, is the following norm on Qn:

|Qh|| Z hKHQh”aK

KeT

We use a < b to indicate a < Cb where C' is a positive constant depending only on d, €2
and the shape-regularity of 7. On occasion we will use inequalities of the form a < C(s)b,
where C'(s) is a positive constant depending only on d, 2, shape-regularity of 7 and s,

where s € [0, 1] corresponds to the order of the fractional Sobolev space H'*¥(Q)%. In
these cases, we will use the notation a S b.
We conclude this subsection with the observation that
vl Slvlp, (2.10)

which follows from the triangle inequality. Note that eq. (2.10) implies

[0]lag < MMl

These inequalities will be used frequently in Section 2.2.



2.1.4 The hybridized and embedded—hybridized discontinuous
Galerkin methods

The lowest-order HDG and EDG-HDG methods analyzed in [39] utilize the following finite
element spaces:

X;; . X X Xf (HDG method), (211&)
X5, x (Xp nC%Tp)?) (EDG-HDG method),
Q) = Qn x Qn. (2.11b)

The HDG and EDG-HDG methods differ only in their choice of velocity facet space, which
is discontinuous for the HDG method and continuous for the EDG-HDG method. The
remainder of the analysis is agnostic as to whether the HDG or EDG-HDG method is
considered, with the presented analysis holding for both methods.

The discrete formulation of eq. (2.1) seeks (un, pr) € X} x Q3 such that

Vah(uh, ’l)h) + bh(vh,ph) = (f, Uh) Yo, € X;:, (2.12&)
bh(uh, qh) =0 th S QZ, (212b)

where ay, 1 X} x X} — R and by, : X; x Q) — R are the bilinear forms

(v, w) Z/V’U dea:+z / v—12) (w—w)ds

KeT KeT (2.13)
. Ov
—Z/ —l—(w—w)- ]ds,
ook anK onk
Z/ (V- qux—l—Z/ v-ng)gds, (2.14)
KeT KeT
and a > 0 is a penalty parameter. It was shown in [37, Lemma 4.2] that for sufficiently
large « the following coercivity result holds:
H”UhHli 5 ah(vh,vh) Yvy, € X;; (215)
Let us also mention that inf-sup stability of b, was established in [39, Lemma 8]:
bn(vn, gn
llgell, < sup PA) g e gp (216)

v,EXP\{0} H|'Uh|HU

10



A consequence of the stability properties in egs. (2.15) and (2.16) is that the discrete
problem eq. (2.12) is well-posed, see e.g. [6, Chapter 4]. Furthermore, let us introduce the
discrete reduced space

V) = {v, € X} :by(vn,qn) =0 Vg, € Q4}
={v, € X} v, € XPP™ and V - v, = 0},

where XPPM is the lowest-order Brezzi-Douglas—Marini (BDM) space [0],
XPPM = Lo, € Xy, [on]|r - ne = 0 VF € Fp}.
Inf-sup stability of b, implies the best approximation result [7, Section 12.5]

{,hig‘f,ﬁ,Hlu —onll, S hig)qu\u = vl (2.17)

where u € HL(2)? is the velocity solution to eq. (2.1) and u = (u,u) € X (h) x X (h). Also,
the discrete velocity solution u;, € V}" to eq. (2.12) satisfies the discrete reduced problem

vap(up,vy) = (f,vn) Vo, € V). (2.18)

However, for v, € V;? it holds that v, € L2(2) (recall that L2(Q) is defined in eq. (2.3))
and therefore (f,vy) = (Pf,v;). Hence the reduced problem eq. (2.18) can equivalently be
written as

Vah(uh, ’Uh> = (Pf, Uh) Y, € ‘/;qu. (219)

Analogously to eq. (2.4), the presence of Pf in eq. (2.19) will play an important role in the
pressure-robustness of our error estimates in Section 2.2.

2.1.5 Enrichment and interpolation operators

Our minimal regularity error analysis of the lowest-order HDG and EDG-HDG methods
will utilize an enrichment operator Ej with the following properties.

Lemma 2.1 (Enrichment operator). There exists a linear operator Ej, : X2PM — HE(Q)?
such that for all v, € XPPM we have

(i) fF{{Uh}}dsszEhvhds for all F € F;.
(’I/&) V"Uh:V'EhUh.

11



(iii) ey B Von — Byonlj e Slowl for all k € {0,1}.
() |V Ewon| = Epvnllag S llvnllaq-

An operator satisfying the statements in Lemma 2.1 was constructed in [28]. In [28] the
construction is outlined in detail for the two-dimensional case, but sketched only briefly
for the three-dimensional case. We present an alternative proof of Lemma 2.1 for the
three-dimensional case in Appendix A. Our construction is based on the conforming and
divergence-free finite element of [25] and is inspired by [34, Lemma 4.7], in which a similar
result is established for Crouzeix-Raviart finite element functions. We mention in passing
that our construction in Appendix A can also be adapted to the two-dimensional case by
using the two-dimensional finite element of [24].

Let X := {v, € X, N C°(Q)? : vp]aq = 0} be the conforming analogue of X,. Aside
from Ej,, we will also use the following quasi-interpolation operator I, to deduce optimal
rates of convergence for the HDG and EDG-HDG methods.

Lemma 2.2 (Quasi-interpolation operator). There exists a linear operator I, : HY(Q)? —
X¢ such that for all s € [0,1] and v € H(Q)4 N H™*(Q)¢ we have

th(v — Ihv)H <s h¥|lv (2.20)

HlJrs :

Proof. A proof of Lemma 2.2 can be found in [20, 12], although these works assume that €2 is
a Lipschitz domain. For the sake of completeness, we now show that the quasi-interpolation
operator of [20] still satisfies eq. (2.20) when it is not assumed that € is Lipschitz. The
quasi-interpolation operator of [20] is given by I, = A o IIj,, where Ay, : X}, — X§ is the
lowest-order averaging operator introduced in [27, Theorem 2.2] and II;, : H}(Q)? — X},
the L?-orthogonal projector onto X}. Because we are assuming that 99 has codimension
one, every boundary vertex of the mesh is contained in some boundary face of the mesh.
As a result, by the arguments used in [27, Theorem 2.2]:

| Vi(on — Apon) || Slonly - (2.21)
Let v € HY(Q)?N H*(Q)4. Using the triangle inequality, eq. (2.21), and a continuous
trace inequality [/, Lemma 1.49], we have
th(v — Ihv)H < th(v — Hhv)H —{—th(Hhv — AhHhv)H
S|Valo = Tyo)|| +[Thol,

= th(v — Hh?])” +|U — Hh’U|J (2.22)
1/2
S (D2 mallo = ol +lo =Tl )
KeT

12



Finally, eq. (2.20) follows from eq. (2.22) and standard approximation properties of the
L?-orthogonal projector IT;, (see e.g. [1, Section 1.4.4]). O

2.2 Pressure-robust error analysis under minimal reg-
ularity

In [39], optimal and pressure-robust error estimates for the HDG and EDG-HDG methods
were derived assuming v € H}(Q)¢ N H?(Q)4. In this section, we carry out error analysis
for the more general case of u € H(Q)? N H*5(Q)? for s € [0, 1].

2.2.1 Velocity error estimates

Thus far we have considered aj, on the finite element space X (see eq. (2.11a)). The first
step in our analysis is to extend ay, to the larger space XV (h) := X (h)x X (h) (see eq. (2.8)).
The main difficulty is that for v € X (h) and K € T we have only Vv € [L*(K)]?*? and
therefore Vo does not admit a well-defined trace on 0K. To deal with this problem, let
Tt [L2(K)])¥? — [Py(K)]*¢ denote the L%-orthogonal projector onto [Py(K)]¥*?. Hence
(G — G, H)g = 0 for all G € [L*(K)]*? and H € [Py(K)]¥4. For any v,w € X"(h)
we now define

ap(v, w) ::Z/KVU:dex—l—Z%/@K(U—E)-(w—w)ds

_ Z /6[( [(U —0) - ([rgVw]ng) + (w — w) - ([WKVU]RK)} ds.

KeT

We will use this bilinear form in the following analysis. Observe that eq. (2.23) reduces
to the previous definition of a; (see eq. (2.13)) for v,w € X}. Moreover, the following
boundedness result holds on the extended space X"(h).

Lemma 2.3 (Boundedness of ay). For all v,w € X"(h) there holds

an(v, w) S [|[]ll, lfwll,

13



Proof. By definition we have that

(v, w) Z/Vv deaﬁ—z / v—10) —w)ds

KGT KGT

11 12

+) - /aK(v =) ([rxVwlng) ds

KeT

S

V

+ Z / ([rxVulng) ds.

KGT

J/

-~

Iy

An application of the Cauchy—Schwarz inequality yields|I;|+|I2| < [|[v]||,|[|w]]],. To bound
|I3] we first apply Cauchy—Schwarz to get

1/2
Is| <[l (2 hucllmicVully, )
KeT

5 \1/2
Shole (Y IVl )

= (2.24)

<poly (S Ivul )

KeT
< [llolll,[llwl,-

For the second inequality in eq. (2.24) we used a discrete trace inequality, and for the third
inequality we used stability of mx. Similar reasoning shows that |14 < |||v]||,]|wl|,. This
completes the proof. O

The next ingredient in our analysis is to establish an upper bound on the consistency
error for the velocity solution of the method in eq. (2.12).

Lemma 2.4 (Consistency error for ay,). Letu € H} () be the velocity solution of eq. (2.1),
let u = (u,u), and let w, € X} be the discrete velocity solution of eq. (2.12). Then for all
vy, € X} and wy, € V) it holds that

1
an(u = wn,wn) S {llu = wall, +lonlg + Sose(PF) fwnly. (2.25)
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where we have introduced the notation

osc(g)® = > hillglli Vg e LX), (2.26)
KeT

tnle =Y he||[Vatalne|;  Viw € Xo. (2.27)
FeF;

Proof. Let vy, € X} and wy, € V;’. We set
zp, = wy, — (Epwy, Eywy) = (w, — Epwy, 0, — Epwy,).
Then

ah(u — Up, wh) = [ah(u, (Ehwh, Ehwh)) — ah(uh, wh)}

+ ap(w — vy, 2n) + an(vn, 21) (2.98)
= a(u, Eywy) — an(wp, w)] + ap(u — vy, 2p) + an(vn, 21) -

I I I3

We first bound I;. Since wy, € V;¥ we have wy, € XPPM with V - wy, = 0. Thus Ew, € V
by Item ii of Lemma 2.1. Using the reduced problems eq. (2.4) and eq. (2.19), the Cauchy—
Schwarz inequality, and Item iii of Lemma 2.1 with k& = 0,

I = —(Pf, Eywy, — wp)
1/2
osc(Pf) Z b2 || Epwy, — wh”?{
P (2.29)

osc(Pf)|wal

<

A

2

NI N N N

AN

osc(Pf)wnly
We now bound I,. Using Item iii of Lemma 2.1 with £ = 1 we have
2 2 2 2
llzalll; = |V (wn = Exwn)||” +walp < walg
so that |||z4l|, <|ws|p. Hence by Lemma 2.3 we have

Iy S Il = ol [llznlll, S llle = vnlll,[wn]p - (2.30)

15



To bound I3 we use the definition eq. (2.23) of a; and integrate by parts element-wise.
Using that (V2vy,)|x = 0 as vy, is piecewise linear, this results in

L=y & /M(vh C ) - (2 — Z) ds — /8K(Uh — ) - ([ Vanng) ds

KeT
o (2.31)
+ Z / Zn - ([Vuplng) ds .
Ker TOF )
I

Using the same arguments from Lemma 2.3 (namely those used in eq. (2.24)) one sees that
Ly Slonle lzelll, =lw = onle [lznll, < lllwe = onll, [whlp- (2.32)

Also, rewriting I35 in terms of facet integrals, applying Item i of Lemma 2.1, and using
the Cauchy—-Schwarz inequality, we find

1372 = Z Zh . ([[Vvh]]np) ds

FeF ' F
- Z /(wh — fwn}) - ([Vorlnr) ds
Fer '

S [walglvnle -
Using eq. (2.32) and eq. (2.33) in eq. (2.31) we obtain
Is S e = vl + ol [fwonle (2.34)

Finally, using the bounds egs. (2.29), (2.30) and (2.34) in eq. (2.28) yields the desired result
eq. (2.25). O

With boundedness and consistency results established for the method eq. (2.12), we
can now derive our main error estimate.

Theorem 2.1 (Velocity error). Let u € H}(Q)¢ be the velocity solution of eq. (2.1), let
u = (u,u), and let u, € X} be the discrete velocity solution of eq. (2.12). Then

. 1
llu—wll, S int [l —wall, +fonlg | + ~osc(®). (2.35)
'UhEX;: 14
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Proof. Let vy, € X}. Owing to eq. (2.17) we can find v, € V) with |[|[u—v4]||, S [[[u—v4]],.
Let wy, = (u, —vy,) € V}¥. Using discrete coercivity eq. (2.15) along with the boundedness
and consistency results Lemmas 2.3 to 2.4,

llwnlly S an(wn, wh)

= ap(up — u, wy) + ap(u — Oy, wy) (2.36)

< il = ol 1ol | + ~osc(®h) Yol
Therefore, dividing eq. (2.36) by |[[|ws]|, we arrive at
s~ 8l < [ils ol + 18l ] + Lose(®). (2.37)
Using the triangle inequality and eq. (2.37) we obtain

[l —unlll, < [[[w—oulll, + [[lwn — o4ll,

i 1 (2.38)
S [l = Bl +[5nl | + Sosc(®f).
Also, by the triangle inequality and a discrete trace inequality we have
Onlg <10 — vnlg +[vnlg
S|Va(@n — on)|| +lonlg (2.39)

< llon = wlll, +lvalg

< llwe = Onlll, + lllee = wonll, +lonlg -
Combining egs. (2.38) to (2.39) and using that [|u — o,|||, < ||lu — v, we obtain
< 1
llw —walll, S | llw = walll, +lvnlg | + —osc(Bf).

The desired result eq. (2.35) follows as v, € X} is arbitrary. O

Remark 2.1 (Pressure-robustness of the data oscillation term). As discussed in [34, Remark
5.9], the function %IP’ f is independent of both the pressure p and the viscosity v. This can
be seen by extending the domain of the Helmholtz projector P to [H~(Q)]¢, and then
utilizing the fact that —vAu 4+ Vp = f holds in the distributional sense. One finds that

%11» f= %P(—VAU +Vp) = P(—Au) € L2(Q)Y, (2.40)
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since P(Vp) = 0. We refer the reader to [33, Section 3| for a more detailed discussion
of these ideas. A consequence of eq. (2.40) is that the data oscillation term appearing in
eq. (2.35) can equivalently be written as Losc(Pf) = osc(P(—Au)). Because this quantity
depends only on the velocity, the error estimate eq. (2.35) is pressure-robust. We emphasize
that eq. (2.35) would not be a pressure-robust error estimate if it contained Losc(f) instead

of Losc(Pf).

Our next step is to show that the interpolation error term appearing in Theorem 2.1
converges optimally with respect to the mesh size h.

Lemma 2.5 (Interpolation error). Let ¢ € H}(Q)4 N H(Q)* with s € [0,1], and set
Y = (¢,¢). Then

inf {1 = walll, +lonls | o B0l (2.41)

'thX;i
Proof. For each F' € F; we introduce the patch wg of elements sharing F,

wWp ::U{KGT:FisafaceofK}.

Note that wp is the union of exactly two elements. Now let v, € X} and gp € [Po(wp)]?*?

be arbitrary. By a discrete trace inequality and the triangle inequality,

onle, < D7 b || [Vauil |

FeF;
=Y he||[[Vavn — arl||>
FeF;
S Vi — gl (2.49)
FeF;
S Y [I9n@ =, +1v9 = grlZ,
FeF;
Sl = wonllls + D 1IVe —grll2, -

FeF;

18



Since v, € X} and gr € [Po(wr)]?*? are arbitrary, eq. (2.42) yields that

inf [l —will, +ool ] S (2 int e -, )

vREXY gr€[Po(wr)]4xd

FeF;
L (2.43)
inf - .
+inf Ml — vl
L

A bound for I follows from the fractional order Bramble-Hilbert lemma [17, Theorem 6.1]

applied to the patches wp:

2s 2 1/2 s

LS (D REIVEE., ) S AL, (2.44)

FeF;

To bound Iy we take vy, = (Ip), [yY) € X} where I, is the quasi-interpolation operator
introduced in Lemma 2.2. We find that

L <l —wull, =[[Vaw — L) || s Pl - (2.45)

Using the bounds eqs. (2.44) to (2.45) in eq. (2.43) yields the desired result. O

An immediate consequence of Theorem 2.1 and Lemma 2.5 is the following error esti-
mate, which is pressure-robust and optimal in the discrete energy norm.

Corollary 2.1 (Pressure-robust error estimate). In addition to the assumptions of Theo-
rem 2.1, assume that u € H***(Q)% with s € [0,1]. Then

s 1
llw = walll, Ss A¥[lullp + osc(B).

Also, owing to eq. (2.26), the data oscillation term can be estimated as

losc(IP>f) < h”llP’fH.
1% 14

Remark 2.2 (Convergence under H'-regularity). In the case of s = 0, where only H'!-
regularity of u is assumed, Corollary 2.1 does not predict that |||u — |||, — 0 as h — 0.
This can still be proven, however, using Theorem 2.1 and a density argument. Indeed, let
¢ > 0. By definition, H}(2)? is the closure of C5°(2)? under the H'-norm. As u € H}(Q)?
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we can therefore find ¢ € C§°(2)? with |[u — ¢|, < e. Setting ¢ = (¢, ¢), the triangle
inequality and Lemma 2.5 then yield

inf [l = vill, +lonlg | < llw—@ll, + il [llé—wvill, + ol |

’U}LEXZ ’U}LEXZ
~fu—gl, + inf[Ile = vnll, +lvnle (2.16)
h
S e+ hllol,
< 2,

where the last inequality in eq. (2.46) holds for h sufficiently small. But € > 0 is arbitrary,
and therefore eq. (2.46) implies that

lim { inf [Hyu — ol —|—\vh|G} } ~0. (2.47)

h—0 L v,exy
Using eq. (2.47) in Theorem 2.1 we see that [|w — |||, — 0 as b — 0.

We now investigate convergence of the velocity in the L?-norm, by means of the Aubin—
Nitsche trick. In order to proceed we assume the domain €2 is such that the following
regularity holds (see e.g. [10]).

Assumption 2.1 (Regularity of the reduced Stokes problem). Let sy € [0,1] be fized. We
assume that for all g € L*(2)? there holds ¢, € H™0(Q)? and

60| 1y, Seo ll9ll
where ¢4 € V' is the solution to the reduced Stokes problem
a(pg,v) = (g,v) YveV.

Theorem 2.2 (Velocity error in the L?*norm). In addition to the assumptions of Corol-
lary 2.1 and under Assumption 2.1 we have

. 1
= wnll S b4 inf [l =il +lonlg | + —ose(Ps) | (2.480)

'UhGX;:

,§s hs+so|lu||1+s + h1+so

1
ey )

Proof. Let ¢ € V, ¢, € V,’ solve the reduced problems

a(p,v) = (u— up,v) Yv eV, (2.49a)
ah(¢h, ’Uh) = (u — Up, ’Uh) Y, € ‘/;Z). (249b)
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Set ¢ = (¢,¢). By Assumption 2.1 we have ¢ € H'""(Q)? and o], Seo lu—unl|.
Applying Corollary 2.1 to the reduced problems eq. (2.49) (for which the source term is

u — uy, and the viscosity is one), we find that

[ — Pulll, Sso PN P14, + 0sc(P(u — up))
S PB4, + Pl — unll
Sso POlu— up| .

~S0

Using egs. (2.49a) to (2.49b) and some algebraic manipulations, we have

lw = unl|* = (u = un, ) = (= up, up)
= a(¢,u) — an(Pn, un)
an(@, w) — an(Pn, up)
an(w — un, @ — @n) +an(P — ¢p, un) + an(w — un, ¢y,) -

~~

I I I

To bound I; we use Lemma 2.3 and eq. (2.50):
I S lw =l [l = @nlll, Sso 2%l = unll [l = wnll],

To bound I, we use Lemma 2.4, Lemma 2.5 and Assumption 2.1. This yields
Ls{ it [lle—wall, +lenlg | +ose®lu = w)) busly
'UhEX;;

Soo { D116, + 056w = un) sl

Sso W*0lJw = up]|[unlg

~S0

< P flu — upl| [[Ju — wyl,-

To bound I3 we again use Lemma 2.4 along with eq. (2.50). We find

1
nf [|||u — oI, +|vhyG] + ;osc(Pﬁ}!cbh\F

i
’UhGX;i

I < {
1
< _ 1 B
< {vhlg)f(}g [Hlu ol +|Uh|Gi| + Vosc(]P’f)}|||¢ oulll,

s . 1
Seo = wnll { inf [l = wnll, +lenl | + Jose(Ef)
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Using the bounds egs. (2.52) to (2.54) in eq. (2.51), and using Theorem 2.1 to bound
Il — uh’”v, we obtain

1
=l So bl = uall{ int [l =will, +lonlg | + cose(®f)}.  (255)

i
'UhEX;;

Dividing eq. (2.55) by ||lu — uy|| we obtain eq. (2.48a). Finally, eq. (2.48b) follows from
eq. (2.48a) and Lemma 2.5. O

2.2.2 Pressure error estimate

Let (u,p) € H(Q)? x L3(Q) be the solution of eq. (2.1) and (up,pr) € Xy x QY the
solution of eq. (2.12). Let 7, : L*(2) — Q4 be the L?-orthogonal projector onto Q. Note
that (mpp — pr) € Qp and therefore (p — mpp, Tp — pr) = 0. Hence by the Pythagorean
theorem, the pressure error can be decomposed as

Ip — paull = H(p — Thp) + (Thp —Ph)HZ

(2.56)
=|lp— WhPH2 +||7hp — th2 .

The term ||p — m,p|| is the best approximation error of p by functions in the discrete space
Qp, under the L2-norm, and is unavoidably pressure-dependent. However, the following
theorem shows that the second term ||7,p — py|| can be bounded above by an error that is
dependent on the velocity only.

Theorem 2.3 (Pressure error). Let (u,p) € HY(Q)? x L3(2) solve eq. (2.1) and set u =
(u,w). Let (up,pn) € X} x QF solve eq. (2.12). Then

_ < i _
I = pull S {v int, [l = will, +onlg ] + osc(B)}. (2:57)

Proof. Set ry, := (mup — pr) € Qn. We utilize the auxiliary inf-sup condition established in
[39, Lemma 5], which tells us that

V .
Iral < sup (V)
whEXEDMX(XhﬂCO(FQ)d) |||wh|||1}

(2.58)
Consider wy, € XPPM x (X}, N CO(Ty)9). Then [wy]|r - np =0 for all F € Fj, so that
= (P, V - wp) = bp(wn, pr) = (f, wr) — vap(wp, wy). (2.59)
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On the other hand, since V - w, = V - Ejw;, € Q)), we have

(mhp, V - wyp) = (p, V - Epwy,)
= —b(Enwn, p)
= —(f, Epwp) + va(u, Eywy)
= —(f, Epwp) + vap(u, (Epwy, Eywy)).

(2.60)

Set z, = wy, — (Epwy, Epwy). Combining eq. (2.59) and eq. (2.60) we obtain

(7, V- wp) = (f, w, — Epwy,)
— vap(up, wy) + vap(uw, (Eywy, Eywy))
= (f7 Wh — Ehwh)

~~

I

(2.61)

+ Vgh(u — up, (Eywp, Ehwh))J—Vgh(Uh, Zn) -
TV NV

12 13

Since wy, € XPPM and V - (wy, — Epwy,) = 0 we have that (w, — Epwy) € L2(2) (recall
eq. (2.3)). As a result, I} = (Pf,w, — Epwy). Applying the Cauchy—Schwarz inequality
and Item iii of Lemma 2.1 with k& = 0 therefore yields

|11 S osc(Pf)wnly S osc(Pf)]||wall,, (2.62)
A bound for |I5| follows from Lemma 2.3 and Item iv of Lemma 2.1:

o] S llw — wnll] [ (Erwn, Exwn)ll,
= [lw — wplll,[[ Epwnl] 4 (2.63)

<l = wnll,
Also, the same arguments used in Lemma 2.4 show that

15| S [l = walll, + sl [l (2.64)
But for any v, € X}, the triangle inequality and a discrete trace inequality yields

[un|g <lun — vnlg +[vnlg
S|V, = on) || +vnlg

2.
< leen — walll, +lonlg (2.65)

< llw = wnll, + [l = wall, +lonlg |
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Combining eq. (2.64) and eq. (2.65) gives

115 S {le = wall, + ing [l = oalll, + ol ] Jllenll,. (2.66)

h

Inserting the bounds egs. (2.62), (2.63) and (2.66) into eq. (2.61), and using Theorem 2.1
to bound |||u — usl||,, we obtain

3,V - wn) S {v it llw = wall, +lonl | +ose(®h) Hllwall,  (267)
v s
Finally, combining eq. (2.67) and the inf-sup condition eq. (2.58) we get
Irall  {v_inf e =vull, +lonlg | + osc(®r) },
'UhGX;Z

which is the desired result. O

Corollary 2.2 (Pressure convergence rate). In addition to the assumptions of Theorem 2.5,
assume that (u,p) € H*(Q)? x H*(Q) for some s € [0,1]. Then

lp = pull Ss B[Iplls + vh*|fully + AR (2.68)

Proof. By standard approximation properties of the L?-orthogonal projector,

lp = mnpll Ss 27l - (2.69)

On the other hand, combining Theorem 2.3 and Lemma 2.5 we find that
17np = pill Ss vh[[ull, i + RIPA - (2.70)
Using the bounds eq. (2.69) and eq. (2.70) in the decomposition eq. (2.56) yields the desired
result in eq. (2.68). O

2.3 Numerical examples

In this section we support our theoretical findings with numerical examples. Strictly speak-
ing, the examples that we consider are outside of the scope of our theory, because they
involve inhomogenous Dirichlet boundary conditions. Nevertheless, we will see that our
numerical observations agree with the theoretical predictions of Section 2.2.

All numerical examples have been implemented in NGSolve [11]. The penalty parameter
is taken as o = 6k* where k is the polynomial degree of the velocity finite element space.
We discuss numerical results only for the EDG-HDG method; our findings for the HDG
method are very similar in all cases.
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2.3.1 Convergence under minimal regularity

We consider the Stokes problem on the unit square Q = (0,1)? with f =0 and v = 1. We
impose Dirichlet boundary conditions on the discrete solution by interpolating the exact
solution. The exact solution is taken from [11, Example 4] and in polar coordinates is

given by

cos <Q> — COS (3—9>

u= §\/F ’ ? . p=—6r""2cos (Q) . (2.71)
27 |3sin (4) —sin (%) 2

We note that (u,p) € H5(Q)? x H*(Q) for all 0 < s < 1/2.

The computed velocity and pressure errors for the EDG-HDG method using the lowest-
order P! — P discretization and the P? — P! discretization are shown in Table 2.1. Both
discretizations are seen to converge at the same rate. The velocity error in the discrete H1-
norm and the pressure error in the L?-norm are observed to converge as roughly h'/2. This
is consistent with the regularity of the exact solution and the predictions of Corollary 2.1
and Corollary 2.2. Finally, the velocity error in the L?-norm is observed to converge as
roughly h%?2. Because ) is convex and therefore Assumption 2.1 holds with sy = 1 (see
e.g. [30]), this observed convergence rate is consistent with Theorem 2.2.

2.3.2 Pressure-robust velocity approximation

To demonstrate pressure-robustness in the minimal regularity setting, we consider a Stokes
problem, taken from [14, Example 3], on the L-shaped domain Q = (—1,1)?\ ([0, 1] x[—1,0])
and we vary the viscosity v. Consider

P(0) = 1 _11_ 3 sin((1+ \)@) cos(Aw) — cos((1+ \)6)

-1 sin((1 — X)) cos(Aw) + cos((1 — \)0),

and let A = 856399/1572864 ~ 0.54 and w = 37/2. Our exact solution (u,p) is given in
polar coordinates by

x| (L4 A)sin(0)y(0) + cos(0)y'(0) _
(14 A) cos()(8) + sin(0)'(9) |0 P T VPLE P

where

pr= N N)R(0) + " (0) /(L= X), pr=a® 4
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Table 2.1:  Computed errors for the minimal regularity test case of Section 2.3.1 using
the EDG-HDG method with different polynomial orders. In all cases, the discrete velocity
solution is divergence-free up to machine precision.

Degree Cells | |lu — us|| Rate | [Ju — ]|, Rate ||lp—pul| Rate

pPL-p® 24 7.2e-02 - 1.5e+4-00 - 9.8e¢+00 -
96 2.2e-02 1.7 8.1e-01 0.9 | 1.2e4+00 2.3
384 | 7.6e-03 1.5 5.9e-01 0.5 | 8201 0.5
1536 | 2.8e-03 1.5 4.2e-01 0.5 | 5801 0.5
6144 | 9.8e-04 1.5 3.0e-01 0.5 | 41e-01 0.5

PPt 24 2.8e-02 - 8.4e-01 - 1.4e4-00 -
96 7.6e-03 1.9 4.0e-01 1.1 | 5.2e-01 14
384 | 2.7e-03 1.5 2.9e-01 0.5 | 3.7¢e-01 0.5
1536 | 9.5e-04 1.5 2.0e-01 0.5 | 2.6e-01 0.5
6144 | 3.4e-04 1.5 1.4e-01 0.5 | 1.8e-01 0.5

Note that —V?u + Vp; = 0 and therefore —vV?u + Vp = f where f = Vp,. Also, there
holds (u,p) € H™5(Q2)4 x H*(Q) for all 0 < s < \.

We compare the lowest-order EDG-HDG method to the lowest-order EDG method of
[39] (see also [30] on the EDG method). The EDG method, which uses a continuous facet
finite element space for both the velocity and pressure, is not pressure-robust [39]. We set
the viscosity to be either v = 1 or v = 107°. The computed velocity errors for this example
are shown in Figure 2.1.

For the EDG-HDG method, the velocity error is observed to be independent of the
viscosity, confirming pressure-robustness. The velocity error for this method converges in
the discrete H'-norm as roughly h%5%%. This is consistent with the regularity of u and
Corollary 2.1. Furthermore, according to [9, Section 5], on this domain Assumption 2.1
holds with sy =~ 0.54. Therefore, Theorem 2.2 predicts the velocity error in the L?-norm
to converge as roughly (h%5*)? = 1% which is consistent with the empirical convergence
rates displayed in Figure 2.1.

When v = 1 the velocity error for the EDG method is comparable to that of the EDG—
HDG method. However, when v = 107° the velocity error for the EDG method increases
substantially, at least in the regime of large h. In this regime, we hypothesize that the
velocity error for the EDG method is dominated by the pressure best approximation error
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Figure 2.1: Computed velocity errors for the pressure-robustness test case of Section 2.3.2.
We compare the lowest-order EDG and EDG-HDG methods with v =1 and v = 1075,
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Table 2.2: Computed errors for the cracked domain test case of Section 2.3.3 using the
lowest-order EDG-HDG method. In all cases, the discrete velocity solution is divergence-
free up to machine precision.

Cells ||lu—wup|| Rate | [|u—uyll, Rate||p—pa| Rate

1680 2.0e-03 - 4.5e-01 - 5.8e-01 -
6720 1.0e-03 1.0 3.2e-01 0.5 | 3.6e-01 0.7
26880 | 5.0e-04 1.0 2.3e-01 0.5 | 24e-01 0.6
107520 | 2.5e-04 1.0 1.6e-01 0.5 | 1.6e-01 0.6
430080 | 1.2¢-04 1.0 1.1e-01 0.5 | 1.1Ie-01 0.5

scaled by the inverse viscosity. Recalling that p = vp; 4+ p2, we can estimate the pressure
best approximation error as

inf — < v inf — 4+ inf —
QhEQh”p QhH - QhEQthl qh” QhEQth2 QhH (2.72)
Se vB¥(Ipall, + At Ipell;

for any 0 < s < A. For h sufficiently large eq. (2.72) converges pre-asymptotically at a
rate of ', while the asymptotic convergence rate of eq. (2.72) is h*. This behavior appears
to be reflected in Figure 2.1, where for v = 107° the velocity error of the EDG method
pre-asymptotically converges at a faster rate than the EDG-HDG method.

2.3.3 Domain with a crack

We consider the Stokes problem on Q = (—1/10,1/10)%\ ([0,1/10) x {0}) with f = 0
and v = 1. Notice that 2 has a crack along the positive x-axis. We use the same exact
solution from eq. (2.71). The computed velocity and pressure errors for the lowest-order
EDG-HDG method are shown in Table 2.2.

The velocity error in the discrete H'-norm and the pressure error in the L2-norm
eventually both converge as roughly h'/2. This is consistent with the regularity of the exact
solution and the predictions of Corollary 2.1 and Corollary 2.2. Furthermore, according
to [9, Section 5], on this domain Assumption 2.1 holds for any s; < 1/2. Therefore,
Theorem 2.2 predicts the velocity error in the L?-norm to converge as roughly h', which
is consistent with the empirical convergence rate seen in Table 2.2.

28



Chapter 3

A technical inequality for
three-dimensional Guzman—Neilan
finite element functions

An important tool in the analysis of Chapter 2 is the enrichment operator from Lemma 2.1.
In Chapter 4 we will also make use of an enrichment operator satisfying the statements
in Lemma 2.1. As discussed in Section 2.1.5, we have given a proof of Lemma 2.1 for the
three-dimensional case in Appendix A. Our proof in Appendix A is based on the three-
dimensional conforming and divergence-free finite element of Guzman and Neilan [25].
The purpose of this chapter is to prove a technical inequality for functions in the three-
dimensional Guzman—Neilan finite element space. This inequality is used in Appendix A
when proving Lemma 2.1.

To discuss the finite element space of [25], we must introduce some notation. Let
K C R? be a tetrahedron. We use Vg to denote the four vertices of K, while &5 denotes
the six edges of K and Fx denotes the four faces of K. We let V(K) denote the local
three-dimensional Guzman—Neilan finite element space on K; this space is defined by [25,
eq. (3.9)], and we note that functions in V' (K) are R3-valued. We will delve into the precise
definition of V' (K) later on in this chapter, but for the time being we can ignore the precise
details behind how V' (K) is defined.

Our construction in Appendix A makes crucial use of the fact that any v € V(K) is
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uniquely determined by the unisolvent degrees of freedom [25, Theorem 3.5

v(a) Va € Vg,
<’U, 8>L2(e) Ve € £k, s € ’Pl(e), (31)
<’U,I€>L2(F) VFEFK,Hepo(F),

where Py (D) is the space of R3-valued polynomials of degree at most k& on D. The degrees
of freedom in eq. (3.1) naturally induce a norm||-[|y, - on V(K), which we define as follows.
For v € V(K), we set

Iy = Y Jo@] + Y sup (v, 8)pee)|”
a€VK e€fx Se’Pl(i)
HSHLQ(e)—l

+ hit Z sup |<v,n)Lz(F)
FeFx KE'P()(F)
”K'”L?(F):l

(3.2)

2

Y

where hy := diam(K). The factors of hx and hy' in eq. (3.2) are included for dimensional

consistency. In a similar fashion we can define a dimensionally consistent H'-norm on
V(K) as follows: For v € V(K), we set

[l = hi / ol do + / Vol d. (3.3)
K K

Notice that the norms ||-||y, x and |||z ;- are dimensionally consistent with one another

because both scale as h}f.

This entire thesis chapter is dedicated to proving the following inequality:
Wl <Clvlly e Yo e VI(K), (3.4)

where C' > 0 is a constant depending on the shape-regularity of K only. To the best of
the author’s knowledge, a proof of eq. (3.4) is not available anywhere in the literature.
However, the inequality in eq. (3.4) is quite useful because it allows one to estimate the
H'-norm of any function v € V(K) in terms of its degrees of freedom in eq. (3.1). In the
context of this thesis, we make use of eq. (3.4) in Appendix A (specifically in eq. (A.4)),
when we prove that the enrichment operator of Lemma 2.1 satisfies Item iii.

The rest of this chapter is organized as follows. In Section 3.1 we introduce the necessary
mathematical machinery that will allow us to give the precise definition of the space V' (K),
and we discuss some preliminary results concerning this space. In Section 3.2 we introduce
some projection operators on V' (K) which will prove to be useful in the main analysis.
Finally, the main analysis is carried out in Section 3.3, where we give a proof of eq. (3.4).
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3.1 The local Guzman—Neilan finite element space

In what follows we use the standard notation for Lebesgue and Sobolev spaces and their
norms. We frequently use the L*-inner-product, which on a three-dimensional (resp. one-
or two-dimensional) set D C R? is denoted by (-, -)p (resp. (-,-)p). We denote by ||-||, the
L?-norm on D. We let Py (D) denote the space of degree at most k polynomials on D, and
spaces of R3-valued functions are written in boldface:

Pr(D) = [Pu(D)]?, W(D):=[W"(D)]?*, C°%D):=[C°(D)]* etc.

Let K C R? be a tetrahedron. Following the notational conventions used in [25], the

four vertices of K are denoted by Vi = {z;}}_;. The four faces of K are denoted by
Fr = {F;}}_, and are labeled such that the face F; is opposite to the vertex x;. The six
edges of K are denoted by Ex = {e; j }1<i<j<a Where e, ; := F; N F}.
Remark 3.1 (Convention regarding the boundaries of these sets). We treat K as being an
open set, so that K is disjoint from its boundary 0K . In contrast, a face F' € Fy is treated
as containing its constituent three edges (hence F' is a closed set), and an edge e € &k is
treated as containing its constituent two vertices (hence e is also a closed set).

Remark 3.2 (Traces of functions). Since we are assuming that K is open, we have 0K ¢ K.

However, a function f : K — R still admits a well-defined trace f|ox : 9K — R provided
that it is sufficiently regular. Given an integer k£ > 0, we adapt the usual definition

CHM(K) :={g € C*(K) | D*g is uniformly continuous for all |a| < k}.

Then any f € C°(K) extends continuously to K, which implies that f|ox € C°(OK).
Similarly, in the context of Sobolev spaces, we have that if f € H'(K) then flox €
H'Y2(0K). With this understood, in what follows we will often consider the restriction to
0K of functions whose domain is K.

3.1.1 The bubble functions

Following [25], in this subsection we introduce some important bubble functions defined on
the tetrahedron K. The barycentric coordinates on K are denoted by {\;}{, C Pi(K),
and are the unique linear functions satisfying \;(z;) = d;; for all vertices z; € V. Note in
particular that )\; vanishes on the face F;. The volume, face and edge bubble functions are
defined, respectively, as



It can be verified that these bubble functions have the following properties.

e by vanishes on 0K. However, by is not identically zero on K.

e b; vanishes on 0K \ F;. In particular, b; vanishes on all vertices and edges of K.
However, b; is not identically zero on Fj.

e b;; vanishes on 0K \ (F; U Fj). In particular, b; ; vanishes on all vertices of K, and
on all edges of K except for e; ;. However, b; ; is not identically zero on e; ;.

The rational face bubble functions are then defined, for 1 <7 < 4, as

3
= (bib;)/ H (i + Xisk),

where for [ > 4 the expression ); should be interpreted as Ai 111 mod 4)- Hence, for example,
A5 = Ap and A := Ag. We also define a; := —|V ;| < 0, and we let n; denote the outward
unit normal to F;. The following result is established in [25, Lemma 2.1].

Lemma 3.1 (Rational face bubbles). For all 1 <i <4, we have

B; € C*(K), Bilox =0, VBi(z;)=0V1<j<4,
dB;

V Bilox\r = 0,
lor\F, on,

F;, — aibi? vBl‘Fz € P3(E)

Finally, to each edge e;;, where 1 < i < j < 4, we define the corresponding rational edge
bubble function

bibi
2NN+ bi (N + X)) (N + Aj)

Sij =

(V(A? — AN+ 4NV — A V).
The important properties of s; ; are as follows.
Lemma 3.2 (Rational edge bubbles). For all 1 <i < j <4, we have
si; € C°(K) N Wh2(K), sijlox =0,
curl(sm) S CO(F) N Wl’OO(K), Curl(8i7j)|a[( = bw(V)\, X V)\])

Proof. The first property, s; ; € C°(K)NW1>(K), follows from the inequalities stated in
[25, Lemma A.1]. The last three properties are stated in [25, Lemma 2.3]. O
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3.1.2 The local spaces

We continue to follow the construction in [25], by now introducing the local spaces that are
used to build V' (K'). For m > 2, we consider the local Nedelec space [35] of order m — 1,

Ny 1((K) i=Pro(K) +{w € Ppi(K) | w-x =0}

3.5
:{wE’Pm_l(K) | w-mGPm_l(K)}. ( )

We use this space to define the following local space of divergence-free polynomials:
Qn(K) = {veP,K)| (v,p)k =0 Vp e N,,_1(K) and (3.6)

(v-ny,K)p, =0 Vi € Py (F;), V1 <i <4}

It is shown in [25, Section 3] that V - Q,,,(K) = {0}, so that these polynomials are indeed
divergence-free. Next, we define the local H (div; K)-conforming space (cf. [25, eq. (3.1)]),

M(K) = P1(K) + Q2(K) + Qs(K). (3.7)
The following result is proven in [25, Lemma 3.1].

Lemma 3.3 (Degrees of freedom for M(K)). The degrees of freedom in eq. (3.8) are
unisolvent on M (K):

v(x;) Va; € Vi, (3.8a)
(v-my,s)e,, VsePiley), 1<i<j<4, kelij} (3.8b)
(v-m,Kk)p, Ve € Po(F;), 1 <i<A4. (3.8¢)

The next step is to define a space whose associated degrees of freedom involve tangential
moments on edges. For 1 <i < j < 4, let M@ (K) := span({\1, Aa, A3, M} \ {Ai, Aj}).
Consider the local space (cf. [25, eq. (3.6)])

W(K):= { Y curl(pi;si)) | pij € M(i’j)(K)}- (3.9)

1<i<j<4
Using the product rule and Lemma 3.2, one sees that W (K) C C°(K) N W1 (K).

Lemma 3.4 (Degrees of freedom for W (K)). The degrees of freedom in eq. (3.10) are
unisolvent on W (K):

<’lU : ti,ja S> Vs € Pl(ei,j)a 1< <] < 4. (310)

€i,j

Here, t; ; is a unit tangent vector to the edge e; ;. Also, any function w € W (K) vanishes
on the degrees of freedom in eq. (3.8).
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Proof. Unisolvence of the degrees of freedom in eq. (3.10) is proven in [25, Lemma 3.3].
Next, let w € W(K), so that we may write w = >, .., curl(p;;s;;) where p;; €
M@)(K). By [25, Lemma 3.3], we have

w

eij — pi,jbi,j<V/\i X V)\]) VvVl <1 <] < 4, (311)
w - nlgx = 0. (3.12)

Since edge bubbles vanish on all vertices, eq. (3.11) implies that w vanishes on the degrees
of freedom in eq. (3.8a). Finally, an immediate consequence of eq. (3.12) is that w vanishes
on the degrees of freedom in egs. (3.8b) to (3.8¢). O

The last step is to define a local space whose associated degrees of freedom involve

tangential moments on faces. This space is taken to be (cf. [25, eq. (3.3)])
4
U(K):=>» UYK), where UY(K):=curl(B/Py(K) x n;). (3.13)
i=1

Using the product rule and Lemma 3.1, one sees that U(K) C C'(K).

Lemma 3.5 (Degrees of freedom for U(K)). The degrees of freedom in eq. (3.14) are
unisolvent on U (K):

(zxn,gxng)p YgePo(F;), 1<i<A4 (3.14)
Also, any function z € U(K) vanishes on the degrees of freedom in eq. (3.8) and eq. (3.10).

Proof. Unisolvence of the degrees of freedom in eq. (3.14) is proven in [25, Lemma 3.2].
Next, for any z € U(K), it is also proven in [25, Lemma 3.2] that z vanishes on the degrees
of freedom in eq. (3.8). To prove that z vanishes on the degrees of freedom in eq. (3.10),
observe that by the product rule we can write

4

z = Z(VBi) X (pi X M),

=1

where p; € Po(K). But VB; vanishes on all edges (since B; € C?(K) and VB;ilox\r, = 0
by Lemma 3.1), and it follows that z vanishes on the degrees of freedom in eq. (3.10). O
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With the three auxiliary spaces M (K), W (K ) and U (K) established, the local Guzman—
Neilan space V(K) is defined to be their sum (cf. [25, eq. (3.9)]):

V(K) = [M(K)+W(K)+U(K)] c C'(T) N W"*(K). (3.15)
The degrees of freedom for V(K) are (recall eq. (3.1)) given in the following Theorem.

Theorem 3.1 (Degrees of freedom for V(K)). The degrees of freedom in eq. (3.16) are
unisolvent on V (K):

'U(ZL’Z) Vx; € Vi, (316&)
<’U, S>ei,]’ Vs € ’Pl(em'), 1< <y <4, (316b)
(v,K)p, VK € Py(F), 1<i<4. (3.16¢)
Proof. This is proven in [25, Theorem 3.5]. O

3.2 Projection operators

Motivated by the degrees of freedom considered in egs. (3.8), (3.10) and (3.14), we introduce
three linear projection operators

My i V(K) - M(K), Hwg:V(K)— W(K), Hyg:V(K)—UK),

in the following way. For all v € V(K), we require that

0= (Ip gv — v) () vV, € Vi, (3.17a)
0 = ((IMpr,xv — V) - M, S)e, Vs € Pileij), 1 <i<j<4, ke{ij}, (3.17b)
0= (ITpmr kv —v) - My, K) R, Vi € Po(F;), 1 <i<4, (3.17¢)
0= ((IIw xkv —v) - t;j,5)e,, Vs e Pilej), 1 <i<j<4, (3.17d)
0=(IIyxv—v) xXn;,q xn;)r YqgePoll;),1<i<A4 (3.17e)

The unisolvence of the degrees of freedom in eqs. (3.8), (3.10) and (3.14) ensures that the
projection operators Ilns i, Ilw i and Iy x are well-defined.

Let I : V(K) — V(K) be the identity operator on V(K). How can we decompose I in
terms of the projection operators defined above? Since V(K) = M(K)+ W (K)+U (K),
a reasonable guess would be that I = Ily; x + Ilw x + Iy k. However, this is not the
case. The goal of this subsection is to figure out what the proper decomposition of I is.
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Definition 3.1 (Vanishing on degrees of freedom). Let v € V(K. We shall say that

(i) v is M -vanishing if v vanishes on the degrees of freedom in eq. (3.8),
(ii) v is W -vanishing if v vanishes on the degrees of freedom in eq. (3.10),

(i) v is U-vanishing if v vanishes on the degrees of freedom in eq. (3.14).

Let v € V(K). Notice that by construction, (ITps v — v) is M-vanishing, (Ily v — v)
is W-vanishing and (IIy xv — v) is U-vanishing. Moreover, Lemma 3.4 states that any
w € W(K) is M-vanishing, and Lemma 3.5 states that any z € U(K) is both M-
vanishing and W-vanishing.

Lemma 3.6 (Characterization of the zero function). If v € V(K) is simultaneously M -
vanishing, W -vanishing and U -vanishing, then v = 0.

Proof. Write v = v,, + v, + v, for some v,, € M(K),v, € W(K) and v, € U(K).
Assume that v is simultaneously M-vanishing, W -vanishing and U-vanishing. Then

Uy =V — Uy — Uy (3.18)

All terms on the right-hand side of eq. (3.18) are M-vanishing, so v,, = 0 by Lemma 3.3.
Thus
Vy = UV — Uy, (3.19)

Both terms on the right-hand side of eq. (3.19) are W-vanishing, so v,, = 0 by Lemma 3.4.
Hence v, = v is U-vanishing, so v, = 0 by Lemma 3.5. Therefore v = 0. [

Corollary 3.1 (Factorization of the zero operator). There holds
0= —Ilyx)I —w x)(I —pr k).
Proof. Let v € V(K). Define
vy =1 -y r)v, vyi=T -y g)v1, vs:= I —Iyk)vs.
Our goal is to show that v = 0. Note that by definition v, is M-vanishing. But then

Vo = U1 — HW,K’Uly (320)
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and both terms on the right-hand side of eq. (3.20) are M-vanishing, so that vy is M-
vanishing. Also note that by definition vy is W-vanishing. Therefore vy is both M-
vanishing and W -vanishing. But then

v3 = vy — Iy ko, (3.21)

and both terms on the right-hand side of eq. (3.21) are M-vanishing and W-vanishing.
Therefore v3 is M-vanishing and W-vanishing. But v3 is also U-vanishing by definition.
Hence by Lemma 3.6 we have that v3 = 0. This completes the proof. O

We are now ready to deduce the correct decomposition of the identity.

Theorem 3.2 (Decomposition of the identity). The identity I on V(K) is given by
I=1Iy+ 1w (I —pp i) + My (I — My g ) (I — pg k).
Proof. Proving this result is now just a matter of algebra. We have:

I = HM,K + (I — HM,K)
=y g + Mw (I — g i) + (I — Iy ) (1 — Tpg i)
=y +Ow k(I —pp i) + My (I — Hw g ) (I — g k)
+ (I -y )T —w k) (I —pr k) -

~
=0 by Corollary 3.1

We will use Theorem 3.2 in the next section.

3.3 The main analysis

We are now ready to prove eq. (3.4). Since we want the constant C' in eq. (3.4) to depend
only on shape-regularity of the tetrahedron K, let us assume that K belongs to a shape-
regular family of triangulations (see e.g. [18, Definition 11.2]). Hence there is a constant
v > 0 such that hx < vpg, where pk is the diameter of the largest ball inscribed in K and
hx = diam(K). In what follows, we will write a < b if a < Cb where C is any constant
depending on ~ only. We will write a ~ b if a < b and b < a.
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3.3.1 The relevant norms and key estimates

We define on V(K the scaled H'-norm ||-||  ; according to (recall eq. (3.3)):

loll% = h;2/|v|2dx+/|w|2dx. (3.22)
K K

Motivated by the degrees of freedom in eq. (3.16) we also define on V/(K) the norm |||y,
according to (recall eq. (3.2)):

4
llly = hee Y o)+ > sup |(v,8)e,,|’

i=1 1<i<j<4 S€P1(ei;)
all,, =1

(3.23)

4
+ hy! sup |(v,K)p ?
K ; I‘LE’PO(F“‘
Il , =1
The degrees of freedom in egs. (3.8), (3.10) and (3.14) also motivate us to define on V (K)
the following semi-norms:

2

4
H’UH?VIK = hg Z‘v(:ﬁl)}2 + Z sup  |(v - ng, 8)e,,
i=1

1<i<j<a SEP1(e0))
kefijp lslle; ;=1

(3.24a)
4
+hl_(lz sup ‘<v'ni7R>Fi 27
i=1 KEPo (Fy)
ll%ll 7, =1
2
||’U||%VK = sup }<v’ti,"8>ei,'| )
7 1<;j<4 Tﬂ’l (em‘l) ! ’ (3.24b)
ei,j:
4
2 _ 2
HUHU,K = hKl Z sup ‘<’U X My, q X M), (3.24c)

i=1 q<€Po(F;)
lall =1

Note that for each Y € {M, W, U} the semi-norm [|-[|y  is actually a norm on Y (K).

Lemma 3.7 (Properties of these norms). Let Y € {M,W,U}. For all v € V(K) we
have

[Ty xolly . =llvlly x < Cyllvlly i, (3.25)

where Cay = V2 and Cyw = Cy = 1.

38



Proof. The equality in eq. (3.25) follows immediately from the definitions of ITy x (see
eq. (3.17)) and [|-[|y x (see eq. (3.24)). The inequality in eq. (3.25) is a simple consequence
of the definition of ||-||y, ;- and |||ly x (see eq. (3.23) and eq. (3.24)). O

We now state three key estimates posed on the smaller spaces M (K ), W (K) and U (K).
We postpone the proof of these estimates to the upcoming subsections.

Proposition 3.1 (Estimate for M (K)). For all v € M(K) we have

1ol e i Flllly e SN0l g

Proposition 3.2 (Estimate for W (K)). For all v € W (K) we have

[0l +l0lly ke Sl -
Proposition 3.3 (Estimate for U(K)). For all v € U(K) we have

||'U||H,K SH'UHUK

We now show that these estimates, in combination with Theorem 3.2, yield the desired
result of this chapter stated in eq. (3.4).

Theorem 3.3 (Main estimate). The inequality in eq. (3.4) holds. That is to say,
ol Slvlly e Yo € V(E). (3.26)
Proof. Let v € V(K). By Theorem 3.2 we can write
v = I v + My g1 + Hy oo,
where v := v — IIp gv and vy := v; — Il gv;. Hence by the triangle inequality
ol ez s < Taracvl| g e+ [Twcor || gy e + ([ Tlo vz gy (3.27)
Now by Proposition 3.1 and Lemma 3.7 we have
HHMvKUHH,K +||HM7K’UHV,K 5HI_IJVLK'U”M,K :HUHM,K §||v||VK (3.28)
Similarly we have by Proposition 3.2 and Lemma 3.7 that
HHW»KleH,K +HHW7KU1”V,K S HHWvalHW,K - H"JlHW,K S HrleV,K' (3.29)
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But using the triangle inequality and eq. (3.28) we see that
loilly i <lvllv x +HTaxv|ly o Sl - (3.30)
Therefore combining eq. (3.29) and eq. (3.30) we get
Ttw v 7 e +[Twrcvr [y e S0l (3:31)
Next, by Proposition 3.3 and Lemma 3.7 we have
HHU,KU2||H7K S HHU,KWHUJ( = lv2lly x <llvelly k- (3.32)
But by the triangle inequality, eq. (3.30) and eq. (3.31) we have
[vally i <lvilly i+ Tw x|y Slolly - (3.33)
Therefore combining eq. (3.32) and eq. (3.33) we get
HHU,KU2HH,K SJ”'UHVK (3.34)

Finally, using the inequalities in egs. (3.28), (3.31) and (3.34) to bound the terms on the
right-hand side of eq. (3.27), we obtain the desired conclusion stated in eq. (3.26). O

Having proven Theorem 3.3, the remainder of this chapter is dedicated to proving the
auxiliary inequalities stated in Propositions 3.1 to 3.3.

3.3.2 The reference tetrahedron

In what follows, it will be helpful to consider the so-called reference tetrahedron, which we
denote by K C R3. K is the unique tetrahedron with vertices (1,0,0),(0,1,0),(0,0,1) and
(0,0,0). We can always find an affine map F(x) = Az + b, where A € R**3 and b € R?,
such that

Fl; K- K
is a bijection. By shape-regularity it follows that (see e.g. [18, Lemma 11.1])
JAll~ b, A7 ~ B [det(A)] ~ . (3.35)

where ||A|| is the operator norm of A induced by the Euclidean norm and likewise for
||A‘1H. The vertices of K are denoted by Vi := {#;};_, and are labeled such that x; =
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F(i;) for all z; € V. The faces of K are denoted by Fy := {F;}% | while the edges of K
are denoted by £z = {é;}1<icj<4. Hence F; = F(F;) and e;; = F(é;;) for all F; € Fg
and e; ; € Ek.

We use hat notation for the barycentric coordinates {/\ M CP(K ) on K, and likewise
for the bubble functions bK, b“ b”, B; and 8, on K (recall Section 3.1.1). Note that

Ni=NoF 1 (3.36)
and in particular this implies the relationships

bg =bgpoF7Y, bi=boF™ b;=b,oF !

A 3.37
Bi = BZ e} F_l, Sij = A_T(.§Z"j e} F ) ( )

Finally, the (contravariant) Piola transform of a vector field v : K — R3 is defined as
(see e.g. [0, Section 2.1.3] or [18, Section 9.2]):

A
det(A)

G(v): K — R?, G(v) = (0o F7Y). (3.38)

Note that G : {# : K — R3} — {v : K — R3} is a linear bijection, so we can also speak
of the inverse Piola transform G~!

3.3.3 The proof of Proposition 3.1

We break down the proof of Proposition 3.1 into several lemmas. The idea is to transform
via G7! onto the reference tetrahedron, utilize that Proposition 3.1 trivially holds on the
reference tetrahedron by finite-dimensionality, and then transform back to the physical
tetrahedron.

Lemma 3.8 (Piola transform of M (K)). Ifv € M(K) and © = G~ (v) then v € M(K).

Proof. We first claim that, for all m > 2, there holds (recall eq. (3.6))

_1<Qm(K)) - Qm(K) (3.39)

Indeed, for any p € Ny,_1(K) (recall eq. (3.5)), one can verify that its so-called covariant
Piola transform H(p) := AT (po F~1) satisfies H(p) € N,,_1(K). Using this fact, along
with the properties stated in [0, Lemma 2.1.6] and [0, Lemma 2.1.9], one then readily
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verifies that eq. (3.39) holds. To conclude, note that G (P1(K)) C P1(K). Recalling the
definition of M (K) (see eq. (3.7)), we consequently obtain

G M(K)) =G (Pi(K))+ G (QK)) + G H(Qs(K))
+ Qz(f() + QS(K)

~

C P1(K)
= M(K).
This is the desired result. ]

Lemma 3.9 (Norm estimate from K to K). Ifv € M(K) and © = G~ '(v) then
—3/2[ 14 X
loll e i +lolly i S B {181l i +1Blly 4 |-
Proof. First, using [0, Lemma 2.1.8] and eq. (3.35), we straightforwardly obtain

—3/21 ~
[y A [151

To bound [|v|]y, x let us write (recall eq. (3.23))

4
||’U||%/K = hKZ|”($i)‘2+ Z Sup |<’U7S>8i,j|2

i—1 1<i<j<4 3€P1(ei;)
lall, =1

I (. /
~~

1P

A (3.40)

+ hy! sup |(v,K)F,

K ;RG’P()(FHK >F
llell 7, =1

-~

I3

2

We first bound I;. Using eq. (3.35) we find

4
I, = hg Z
=1

Next we bound . Fix 1 <4 < j < 4 and s € Pi(e;;) with|[[s[|, . =1, and set § :=
(det(A)'AT(so F)) € Py(é;;). Using eq. (3.35), along with the fact that feij 1dl ~ hg

2 4

Shd

=1

A
det(A)

V()

~ray |2 _ A 112
o(2:)]” < hilolly 4 -
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by shape-regularity, we find that

< hg
< hK”U”VKHS

(0, 8)e, ;

‘(’U, S>€i,j

el]

S Bl 1]y 4| det(4) A" s

€i,j

—3/21 ~
S h 0y 4 lls

—3/2
= h? o

€4,
Olly -

Since s € Pi(e;;) with [[s||, = 1 was arbitrary, it then follows that Iy < hy S0l -
Finally, we bound I3. Fix 1 < i < 4 and k € Po(F;) with ||k = 1, and set & :=
(det(A)'AT(k o F)) € Po(F}). Using eq. (3.35), along with the fact that [ 1ds ~ R

by shape-regularity, we find that

; <’bv’%’>ﬁ‘

< hj ||’U||VK||K’||F

< huclolly i |[det(4) ATk
S hy

=l [9lly & -

‘(v, Kp| S

F;

Since k € Po(F;) with||k[|, = 1 was arbitrary, it then follows that I3 S 1}3H1§H3,K Using
these bounds for I, Iy and I3 in eq. (3.40), we obtain

iy x < hillloly &
This completes the proof. O]
Lemma 3.10 (Norm estimate for M(K)). For all © € M(K) we have

10l Flollv & SN0l -
Proof. This is a consequence of equivalence of norms on finite dimensional spaces. O
Lemma 3.11 (Norm estimate from K to K). Ifv € M(K) and © = G~ '(v) then

< h3/2

19llar i S B 1ol ag -
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Proof. Let us write (recall eq. (3.24a))

4
. a2 o 2
I[85 = o(&)| "+ Y sup (87w, 8,
i=1 1<i<j<d Sepl(ew)
w_/ ]’CE{’L]} ”S”
1 N ~~ J/
Iy
. , (3.41)
+Z sup ’(f;ﬁ,z,/%)F
i=1 RE'PO(Fi)
1], =1
Iy
We first bound 7;. Using eq. (3.35) we have
4
I, = Z|det( YA xl < h4 Z|v a:z § h‘;(HvH?VIK
i=1

Next we bound I,. Fix 1 <i < j<4and k € {z,]}‘ Note that by [0, eq. (2.1.94)] w
have n; = ap(ATR;) where aj, =|A Ty, '~ hy. Now let § € Pi(éi;) with[[3],,

and set s := (§0 F~') € Py(e; ;). Using eq. (3.35), along with the fact that f 1 dl hK
by shape-regularity, we find

hl_(l}«{’ o F7) - ny, S)es,
= hyay t|det Al|(v -y, )
< hK|<'v ‘Mg, S)
< hcl|vllag klls

< hs/zl

(V- T, 8)e,

~

€i,j

€i,j

€i,j

|v||MK||§

3/2
=i ol
By arbitrariness of § it follows that Iy < h:;{||v||M,K. Finally, we bound I3. Fix 1 <7 <4

and & € Py(F}) with Al =1, and set s := (ko F~') € Py(F;). Using [0, Lemma 2.1.6],
and [, 1ds ~ hj by shape-regularity, we find

€i,j

‘(v n;, k ‘—| VN, K

< h1/2

[0l a1l

F;

3/2
:hK/ 0] 0z 5 -

% vl kll®

7,
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By arbitrariness of & it follows that I3 < hﬁ(HvH?\/_, - Using these bounds for Iy, I, and I3
in eq. (3.41) we obtain |9||3, z < P ||v||3; k- This completes the proof. O

Proposition 3.1 now follows from the above lemmas. Indeed, let v € M(K) and set
© = G !(v). By Lemma 3.8 we have © € M (K). Hence using Lemmas 3.9 to 3.11 we find

| < ni e

—3/2
/ 10l ar.& SIVllar k-

1ol i Hllvlly & < | 10l g+l &

This completes the proof of Proposition 3.1. ]

3.3.4 The proof of Proposition 3.2

The proof of Proposition 3.2 is broken into several lemmas. As in the previous subsection,
the idea is to establish the result by transforming onto the reference tetrahedron.

Lemma 3.12 (Piola transform of W (K)). Ifv € W(K) and © = G} (v) then® € W (K).

Proof. Let v € W (K), so that by definition (recall eq. (3.9)) we can write

vV = Z curl(pi7jsi7j),

1<i<j<4

where p;; € M) (K). Using [0, eq. (2.1.92)] (see also [, Lemma 9.6]), and eq. (3.37),
we find that

g—l(v): Z g curlp”Szg))

1<i<j<4

— Z Curl(AT(pi,jSi,j) oF)

1<i<j<4

= Y curl((p; 0 F)s;y).

1<i<j<4

Finally, because p; ; € M) (K) (recall that M) (K) is defined above eq. (3.9)), it follows
from eq. (3.36) that (p; ;o F) € M) (K). Therefore from the definition of W (K) we see
that G~ ' (v) € W(K). O

Lemma 3.13 (Norm estimate from K to K). Ifv € W(K) and © = G~ '(v) then

[0l i +Hvlly xS |10l g g+l 4 |-

45



Proof. The proof is identical to the proof of Lemma 3.9. n
Lemma 3.14 (Norm estimate for W(K)). For all © € W (K) we have

10l & +lolly & SHollw & -

Proof. This is a consequence of equivalence of norms on finite dimensional spaces. m

Lemma 3.15 (Norm estimate from K to K). Ifv € W(K) and ® = G~ '(v) then
19l & S B3 N0l i -
Proof. Let v € W(K) and set & = G~'(v) € W(K). By [25, Lemma 3.3] it holds that
(0 o =0, (6-72) g = 0.

This, in conjunction with the definition of |||y ; (recall eq. (3.24b)), implies that

2

112 L
||v||w,f<: Z sup ‘<U,S>éi,j ) (3.42a)
1§i<j§4§§7’1(ei,gl')
&
2
||’U||%/V7K = Z Sup ‘<,U7S>ei’j (342b)

1<i<j<4 s€P1(ei,5)
S”ei,jZI

Fix 1 <i<j<4and§e Pié;) With”§||éij =1, and set s := (det(A)A T (80 F1)) ¢
Pi(e;;). Using eq. (3.35), eq. (3.42b), and the fact that feij 1dl ~ hg by shape-regularity,
we find that ’

< h;ﬂ(v,s)

Y

< h;(IHUHW,KHS

|<f77 '§>éi,j €i,j

€i,j

S 0y | det(4) A5 (3.43)

€i,j

3/2 ~
< Bl vl 181,

3/2
= 1Yol x

Finally, combining eq. (3.42a) and eq. (3.43), we obtain [|9|y, z < h§</2||"7||w,f<~ O
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Proposition 3.2 now follows from the above lemmas. Indeed, let v € W (K) and set
© = G '(v). By Lemma 3.12 we have ©® € W (K). Hence using Lemmas 3.13 to 3.15 we
find

—3/2H

—3/2 ~ ~
ollarae ol s S 5 [0l +1oly i | S 52210l ic S ol -

This completes the proof of Proposition 3.2. n

3.3.5 The proof of Proposition 3.3

The approach we take to prove Proposition 3.3 is different from that of Proposition 3.1
and Proposition 3.2. This is because for v € U(K), it does not appear to hold (as far
as the author can tell) that G~'(v) € U(K). We therefore prove Proposition 3.3 without
transforming onto the reference tetrahedron.

Let v € U(K). By the definition of U(K) (see eq. (3.13)) and the product rule, we

can write
4

v = Z(VBi) X (pi X 1),

=1

where p; € Po(K) and with no loss of generality p; - n; = 0. By the triangle inequality,

W~

|'U||HK Z (pi X n; HHK

Using the definition of [|-[| ;; 5 (see eq. (3.22)), one verifies that for each 1 <7 < 4 we have

H(VBi) X (pi X My HHK ~ [ x| Bi |1k +|Bi|H2(K):|‘pi X .
Moreover, utilizing eq. (3.37), [0, Remark 2.1.8] and eq. (3.35), we can estimate

< hl?

< h1/2.
HL(K) K

— A. -1 A.
|Bi|H1(K)_‘BlOF B; i)

Similar reasoning shows that | By| 2,y < hl}l/ ?. We therefore obtain

4
—1/2
H’UHH,K N hK/ Z’pz X nz| . (3.44)

=1
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Fix 1 <4 < 4; it remains to estimate [p; X n;|. By shape-regularity [, 1ds ~ h%, so that

P x | ~ i py % L, (3.45)
On the other hand, using Lemma 3.1 and the vector triple product formula, we see that

(v x 1) |r = (VBi)|r, % (pi X 1)) x n,

= (gif ) (Pi X 1) (3.46)

7

= aibz’|Fi(pi X nz)
Here we recall that a; = —|V\;|, which by eq. (3.36) and eq. (3.35) satisfies

= ‘V(Xi o F1) ~ Bk, (3.47)

_ ‘A‘TVXZ-

Let us also mention that shape-regularity implies

b;/z(Pz X nz)

Nsz‘ X Ny
F,

2

- (3.48)

Indeed, eq. (3.48) is straightforwardly proven by a scaling argument where one transforms
onto the reference face F;. Combining now egs. (3.46) to (3.48), we find

|pi x nz”i‘ ~ (bi(pi X i), pi X M),
~ hg(—a;bi(p; X n;), p;i X 1), (3.49)
= hg (v X Ny, —p; X N;)p,.

However, since p; € Po(F;), we see from the definition of [|-[|; 5 (see eq. (3.24c)) that

1/2
lor e = B2 1ps < il 0l e (3.50)

(’U X NG, —Pi X nz’>FZ~ < h}(ﬂHpi F; F;

where ||pi[|, = [|pi X 1|y, follows from p; - n; = 0. Combining eq. (3.49) and eq. (3.50)
we get
3/2
Ipi < il S BNl (3.51)

~Y

Finally, combining eq. (3.44), eq. (3.45) and eq. (3.51) yields that [|v[ 5 x Sllvlly g O
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Chapter 4

A new divergence-free discontinuous
Galerkin method for the steady
Navier—Stokes problem under
minimal regularity

In Chapter 2 we derived optimal a-priori error estimates for some lowest-order hybridized
DG methods in the context of the Stokes problem. The novelty of our analysis in Chapter 2
is that it is both pressure-robust (i.e. we are able to obtain velocity error estimates that
are pressure independent) and is valid when the exact solution has low regularity. This
chapter can be viewed as an extension of these results from Chapter 2 to the context of
the steady Navier—Stokes problem. The material presented in this chapter is somewhat
preliminary, and is part of an ongoing research project that is being undertaken by the
author at the time of writing this thesis. Nevertheless, some interesting results are available
at the present time, which is why this thesis chapter is included.

The first contribution of this chapter is to introduce a new lowest-order DG method
for the steady Navier—Stokes problem. The proposed method is essentially a combination
of the lowest-order formulation of the methods considered in [13] and [28]. Following [13]
we use a (lowest-order) H (div)-conforming finite element space for the velocity, while
the pressure space consists of piecewise constant functions. The method consequently
produces a discrete velocity solution that is exactly divergence-free. To ensure stability we
discretize the viscous and convective terms in the same way as [13]. However, to discretize
the source term we use the approach of [28], whereby a suitable divergence-preserving
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enrichment operator is utilized. The enrichment operator allows for the proposed method to
be well-defined for source terms with low-regularity (see Remark 4.1), and the divergence-
preserving property of the operator ensures that the method is pressure-robust.

After introducing the new DG method we proceed to analyze it. We first show that
the discrete problem admits a unique solution under a smallness condition on the problem
data. Building on the ideas developed in Chapter 2 for the Stokes problem, we then turn to
the derivation of optimal and pressure-robust a-priori velocity error estimates in a discrete
energy norm. We show that it is possible to derive such estimates under low regularity
assumptions on the exact solution. In particular, our analysis requires only H!'™*-regularity
of the exact velocity solution for s € (0, 1] in the two-dimensional case and s € (1/2,1] in
the three-dimensional case. To the best of the author’s knowledge, this is the first time
that pressure-robust velocity a-priori error estimates have been derived for a DG method in
the context of the steady Navier-Stokes problem under minimal regularity. We emphasize
that error estimates of this nature can be obtained quite easily in the high regularity case
of s > 1, by combining the ideas presented in [13, 26]. The novelty of our analysis is that
it is valid in the minimal regularity setting where s < 1.

The rest of this chapter is organized as follows. In Section 4.1 we recall the weak
formulation of the steady Navier—Stokes problem and discuss some of its basic properties.
In Section 4.2 we introduce the proposed DG method and discuss some preliminary results
concerning the discretization. In Section 4.3 we study well-posedness of the resultant
discrete Navier—Stokes problem, and we show that it admits a unique solution under a
discrete smallness condition on the problem data. Finally, in Section 4.4 we derive the
pressure-robust velocity error estimates for the proposed method.

4.1 The steady Navier—Stokes problem

Let Q C R? with d € {2,3} be a connected and bounded domain with polyhedral bound-
ary. In this chapter we shall further assume for simplicity that €2 is a Lipschitz domain.
The steady incompressible Navier—Stokes problem seeks a velocity field w4 and kinematic
pressure field p such that

—vAu+u-Vu+Vp=f in €, (4.1a)
Veu=0 in, (4.1b)
u=20 on 012, (4.1c)

where v > 0 is a given constant kinematic viscosity and f is a given body force.
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We use the standard notation for Lebesgue and Sobolev spaces and their norms. Bold-
face notation is used for R%valued functions and function spaces; hence for example we
write H}(Q) := [HL(2)]?. To define the weak formulation of eq. (4.1), we introduce the

following multilinear forms:

a: Hy(Q) x Hy(Q) — R, a(u,v) = (Vu, Vo), (4.2a)

b: HI(Q) x L3(Q) - R bv,q) == —(V - v,0), (4.2b)

c: Hi(Q) x Hy(Q) x Hy () — R, c(w,u,v) = /('w -Vu)-vdz. (4.2¢)
Q

Given f € H'(Q), the weak formulation of eq. (4.1) seeks (u,p) € Hj(Q2) x L3(£2) such
that

va(u,v) + c(u,u,v) + b(v,p) = (f,v) Vv € Hy(Q), (4.3a)
b(u,q) =0 Vg € L3(Q). (4.3b)

To discuss the well-posedness of eq. (4.3), we mention the existence of constants C), and
C; which depend only on 2, such that (see [11, eq. (6.6)] and [I, Lemma 6.32])

C’pHvH? < a(v,v) Yo € Hol(Q), (4.4)
c(w, u,v)| < Crllwl, lullv],  VYw,u,ve HiQ).

It is known that under the smallness condition on the data

Ifll, Gy
iy <é, (4.6)

the problem in eq. (4.3) admits a unique solution, see 11, Theorem 6.36] (strictly speaking
[14, Theorem 6.36] only considers the case of f € L*(Q), but the proof for the more
general case of f € H~!(Q) is identical). Moreover, introducing the reduced space of
divergence-free functions

Vi={ve H}(Q) :bv,q) =0Vq e L)}
={ve Hy(Q): V-v =0}

the velocity solution u € V' of eq. (4.3) equivalently satisfies the reduced problem

va(u,v) + c(u,u,v) = (f,v) YVveV. (4.7)
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Finally, a useful feature of the trilinear form c is the skew-symmetric property

clw,v,v) =0 VYw eV, Yve Hy), (4.8)
see [11, Lemma 6.33]. If we now take v = u € V as a test function in eq. (4.7), we see by
skew-symmetry that the convective term drops out, i.e. ¢(u,u,u) = 0, and we thus obtain

va(u,u) = (f, u). (4.9)

Combining eq. (4.9) with the coercivity result in eq. (4.4) yields the a-priori velocity energy
estimate

llly < (o) HIFNs (4.10)

which will prove to be useful later on in our error analysis (see Remark 4.4).

4.2 The divergence-free discontinuous Galerkin method

In this section we introduce the new divergence-free DG method for the steady Navier—
Stokes problem in eq. (4.3).

4.2.1 Mesh related notation

Let T = {K} be a conforming triangulation of € into simplices {K}. Let K € 7. We
set hy = diam K, and the mesh size is defined as h := maxgerhg. We let F; and F
denote the interior and boundary faces of T respectively, and we set F;, = F; U F. Note
that we do not define the collection Fj;, of mesh faces using a quotient set, as we did in
Section 2.1.2. This is because we are assuming that € is a Lipschitz domain, and therefore
cracks are not present in the domain, so that the quotient set construction is unnecessary.

For F € F;, we let hyp := diam F'. On an interior face ' = 0K; N9K, we let np denote
the unit normal pointing from K; to K5, while on a boundary face F' C 0K N 02 we let
np denote the outward unit normal to €. We shall also consider the jump operator [-]
and average operator {{-}, which are defined in the same way as Section 2.1.2. As always,
the ambiguity in the ordering of K7, K, in these definitions will be unimportant.
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4.2.2 Discrete spaces and norms

The divergence-free DG method that we propose is based on the following lowest-order
finite element spaces on €2:

Xy, :={v, € H(div; Q) : vp|g € P1(K) VK € T and v, - n = 0 on 00}, (4.11a)
Qn = {gn € L§(Q) : gulx € Po(K) VK € T}, (4.11b)
where Py(D) is the space of polynomials with degree at most k& on D and Pr(D) :=
[Pr(D)]¢. In other words, X, is the lowest-order Brezzi-Douglas-Marini (BDM) space [0],
which consists of all piecewise linear vector-valued functions whose normal component is

continuous across interior faces and vanishes on boundary faces. Likewise, ()} is the space
of all piecewise constant functions with zero mean.

It will be convenient to introduce the extended velocity space
X (h) := X5, + H} (), (4.12)
and we define on this space the discrete H'-norm |-|| 4, according to
lollg =1IVavll” +ol; Yo e X(h),

where V), is the usual broken gradient operator [, Section 1.2.5], and ||, is the following
jump semi-norm:

W= Y %H[[U]]H; o € X (h).

FeFy

4.2.3 Discrete bilinear and convective forms

To discretize the bilinear form a defined in eq. (4.2a), we use the symmetric interior penalty
method [1]. That is, we consider the discrete bilinear form a;, : X}, x X} — R defined by

ap(up, vy) ::/thuh : Vyvp de — Z {Viurfnp) - Jv,] ds

FeF, VF

_ Z /F({{Vh’vh}}np) - Jup] ds + Z %/F[[uh]] - Jvn] ds,

FerF, FeF,

(4.13)

where a > 0 is a penalty parameter. If « is taken sufficiently large we have the coercivity
result (see [11, eq. (6.17)])

Cpallvnlli, < an(vn,vn) Vo, € X, (4.14)
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with Cpq > 0 a constant depending on 2 and mesh shape-regularity only. Also, arguing
similarly to that of Lemma 2.3, it is not hard to show that a; is bounded on Xj,:

|an(vn, wn)| < Collvnllggllwnlly, — Yon, wi € X, (4.15)

with C, > 0 a constant depending on {2 and mesh shape-regularity only.

Our discretization of the velocity-pressure coupling is based on the discrete bilinear
form by, : Xj x @, — R given by

bh(vh,qh) = — /Q(V . ’Uh)qh dzx. (416)

We then have the inf-sup stability result (see e.g. [10])

by (Vn, qn)

vp€Xp ||vh||dg

> 5 qnl| Van € Qn, (4.17)

with 6* > 0 a constant depending on {2 and mesh shape-regularity only. In what follows
we will also need the discrete reduced space, which is defined as

Vi i={vy € Xp 1 bp(vn, qn) = 0 Vg, € Qn}
:{’thXhZV-’Uh:O}.

Finally, we define the discrete convective form ¢, : X (h) x X (h) x X, — R using a
standard upwinding discretization [1, Section 6.2]:

cn(w, u, vy) = /Q(w-th)-vhdx+%/g(V~w)(u'vh) dx

£ Y [ Glo nelod - (w-nogod) - fulds

FeF;

(4.18)

Note that X (k) C H(div;?) and therefore it makes sense to speak of V-w for w € X (h).
An elementwise integration by parts argument reveals that ¢, has the stability property

cn(w, vy, vy) Z /|'w ng|[vy]?ds >0  Vw € X (h), Yv, € Xp, (4.19)

FE]—'

which should be viewed as a discrete analogue of the skew-symmetric property in eq. (4.8).
Lastly, we will require for the remainder of this chapter that the following assumption hold.
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Assumption 4.1 (Lipschitz continuity property of ¢,). We assume that ¢, satisfies the
following Lipschitz-continuity property. For all wy, ws,u € X (h) with V-w; = V- -ws =0
there holds

}ch(wl,u,vh) — ch(wg,u,vh)} < Ciflwy — wol[g llullggllvnlla,  Yon € X, (4.20)

with Cy > 0 a constant depending on 2 and mesh shape-regularity only.

Assumption 4.1 always holds in the two-dimensional case (d = 2). This is proven in
[12, Proposition 4.2], and the authors of [12] also claim that the results in their paper
can be easily extended to the three-dimensional case. Note also that an inequality very
similar to eq. (4.20), but in the context of hybridized DG methods, was proven for the
three-dimensional case in [3, Proposition 3.4]. It is therefore expected that by following
the ideas in [12, Proposition 4.2] and [%, Proposition 3.4], one should be able to prove that
Assumption 4.1 always holds in three-dimensions. However, this has not been verified at
the time of writing this thesis, and therefore eq. (4.20) is stated as an assumption.

4.2.4 Enrichment operator

Let E, : X, — H}(Q) be any operator satisfying the statements in Lemma 2.1. For
example, Ej; could be the enrichment operator constructed in Appendix A. Alternatively
E;, could be the enrichment operator from [28]. Recall that we used the operator Ej, in
Chapter 2 as a theoretical tool for deriving a-priori error bounds. In contrast, in this
chapter we will actually use the operator Ej, in the very definition of our numerical scheme
(see eq. (4.22a)).

Note that by Item iii with £ = 0 and Item iv of Lemma 2.1, the operator Ej satisfies
[ Epon — onl| < Crbflonlly, . [1Ervnll; < Cpllonlly, (4.21)

for all v, € X, with Cp,Cr > 0 constants depending on €2 and mesh shape-regularity
only. We will make use of the constants C}, and Cg in the following analysis.

4.2.5 The proposed discrete method

We are now ready to state the proposed divergence-free DG method for the problem in
eq. (4.3). The proposed method reads: Find (uy, pn) € X X Qp, such that

vay(up, vp) + cp(Un, Wy, vy) + bp(vp, pr) = (f, Epvp) Yoy, € Xy, (4.22a)
bh(uh, qh) =0 th - Qh- (422b)
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Several remarks about this method are in order.

Remark 4.1 (Duality pairing). Recall that we are assuming f € H~!(Q). The duality
pairing (f, E,vp,) in eq. (4.22a) is therefore well-defined since Ej,v;, € H} (). We empha-
size that, in contrast, the expression (f,v;) does not make any sense because vy, ¢ H3 ()
in general. This is one way of motivating why the operator Ej, is present in eq. (4.22a).
We refer the interested reader to [3, Section 6], [26, Section 5.2] and [28, 29, 33, 34, 45]
for examples of other finite element methods that use an operator similar to Ej in the
discretization of the source term. It is possible to avoid the use of Ej, in eq. (4.22a), but
in order to do so we would need some additional regularity assumptions on f. If, for ex-
ample, we assumed that f € L*(Q), then we could use [, f - v; dz in the right-hand side
of eq. (4.22a).

Remark 4.2 (Divergence-free). The condition in eq. (4.22b) is equivalent to requiring that
V -u;, = 0. Therefore, any discrete velocity solution to eq. (4.22) is indeed divergence-free.

Remark 4.3 (Implementation). In order to implement the method in eq. (4.22) on a com-
puter, it is necessary to be able to compute (f, E,¢p) where ¢, belongs to some com-
putational finite element basis for X;. Unfortunately, because all known constructions of
E,, are very complicated, this is a highly non-trivial task. Consequently, at the time of
writing this thesis, the method in eq. (4.22) remains unimplemented. However, in [28] the
authors have successfully implemented a computer code that is able to compute quantities
of the form (f, E,¢y,), with the computation of Ej,¢), requiring only O(1) operations. This
suggests that it should be realistically possible (albeit difficult) to implement the method
in eq. (4.22) on a computer. This is a task that we leave to future work.

4.3 Discrete well-posedness

Recall that we are able to guarantee the existence and uniqueness of a solution to the con-
tinuous steady Navier—Stokes problem in eq. (4.3) provided that the small data condition
in eq. (4.6) holds. In a similar vein, the following Theorem ensures that the discrete prob-
lem in eq. (4.22) admits a unique solution, provided that a discrete small data condition
holds. The argument is based on Banach’s fixed point theorem, and is similar to previous
arguments appearing in the literature (see e.g. [12, Theorem 4.7] and [I, Theorem 6.43]).

Theorem 4.1 (Discrete well-posedness). Under the discrete small data condition

[F/—
4.9
<Gl (4.23)
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we have that eq. (4.22) admits a unique solution (wp,pp) € Xy X Q. Moreover, we have
the a-priori stability estimates

Col fll_y

o Bellpnll < vCallunllag + Cillunllg, + CrllFI_, - (4.24)
14 pd

[wnllqg <

Here we recall that the constants Cpa, Cy, By, Cy and Cg are defined in eq. (4.14), eq. (4.15),
eq. (4.17), eq. (4.20) and eq. (4.21) respectively.

Proof. We first prove the existence and uniqueness of a velocity solution to the following
reduced problem: Find u; € V}, such that

Vah(uh, 'Uh) + ch(uh, up, ’Uh) = <f, Ehvh> Vv, € Vj,. (425)

We shall view the spaces X and V}, as being endowed with the norm ||-|;,. Let V;/ denote
the dual space of V,,. For fixed w;, € Vj,, let S(wy,) : Vi, — V} be the linear operator

(S(’wh)'u,h, ’l)h> = yah(uh, ’Uh) =+ ch(wh, Uy, ’Uh).
Using eq. (4.14) and eq. (4.19), we observe that S(wj) enjoys the coercivity property
<S(wh)vh,vh> > chdH’Uthg Yy, € Vj,.

We can therefore apply the Lax—Milgram lemma (see e.g. [/, Lemma 1.4]) to deduce that
S(wy,) is an isomorphism from Vj, onto V!, whose inverse satisfies the bound

1S (wn) "], < (¥Cpa) ™", (4.26)

where [-[|,, denotes the operator norm. Moreover, letting F' € Vj be given according
to (F,vy) = (f, E,vy), we see that eq. (4.25) is equivalent to the operator equation
S(up)uy, = F, which in turn is equivalent to uj, = S(u;) 'F. Therefore, to prove that
eq. (4.25) admits exactly one solution, we just need to show that the map vy, — S(v,) "' F
admits exactly one fixed point. By Banach’s fixed point theorem, it suffices to show that
the map vy, — S(v;,) ' F is a contraction. Let us now show this. For vy, w;, € Vj, we note
the algebraic identity

S(’Uh)_l — S(’U)h)_l = S(’Uh)_l [S('wh) — S(’Uh)} S(wh)_l.
We can therefore estimate

15 (on) " F = S(wn) " F|, <[[SCa) 7|, [S(wn) = SCon)]],, |15 (wn) ", I Fly -
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Using eq. (4.26) and the bound HFHv,; < Cgl||fll_,;, we then obtain

Col £l

e —1
[S(vr) ™ F — S(wy) "' F|,, < (WCo)?

HS(wh) — S(’Uh)”Op .
But using the Lipschitz continuity property in eq. (4.20), we can further estimate

H [S(wy,) — S(vh)}rh‘

V/
S(wy) — S(vy, = sup h
|| ( ) ( )Hop revi, ||rh||dg
‘([S<wh) — S(vp)]rh, '[7h>‘
= sup sup -
rRLEV, VRLEV), ||rh||dg||’vh||dg
— s sup |ch(wh, Th, On) — cn(Vn, T4, B))|
ThE€VR VeV ||Th||dg||{)h||dg
< Ciflwy, — o] g -
Combining the above inequalities we see that
_ . C.Cpl £
|S(vn) ' F — S(wp,) 1FHdg < (I/C—d)zlﬂwh — nllgy
P

which shows that vy, — S(v,) ' F is a contraction under the small data condition

CiCpll £l

1
WCu)?

which is equivalent to eq. (4.23). In this case, we deduce that eq. (4.25) admits a unique
solution uy, € Vj,. Moreover, taking uy, as a test function in eq. (4.25), one readily obtains
(with the help of eq. (4.14) and eq. (4.19)) the desired a-priori stability estimate

Cel £,

u <
” h”dg = Vde
Lastly, to recover the pressure py, consider the linear functional [ : X, — R given by

l(’vh) = <f, Ehvh> — l/ah(uh,vh) — ch(uh,uh, 'Uh).

By eq. (4.25) we have I(v,) = 0 for all v, € V},. Consequently, inf-sup stability of b, yields
(see e.g. [10, Lemma 6.4]) the existence of a unique pressure function p, € @, such that

l(’l)h) = bh(’Uh,ph) Yv, € X,
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It can now be deduced that (wp,ps) solves eq. (4.22) uniquely. Finally, to obtain the
desired stability bound for ||p,|| we can again appeal to inf-sup stability:

by (Vn, ph
Bullpnll < sup n0mPr)
vREX) ||'Uh||dg
l(v
= Sup ( h)

v e X [0l g

2
< vCllunllgg + Cellunllyg + Crll £ -

The proof is finished. ]

4.4 FError analysis of the method

Having studied well-posedness of the discrete method in eq. (4.22), we now turn to the
derivation of error estimates.

4.4.1 Extension of the bilinear form a,

Recall that the bilinear form ay, in eq. (4.13) is defined only on the finite element space X},
(see eq. (4.11a)). The first step in our analysis is to extend a;, to the larger space X (h) (see
eq. (4.12)). The main difficulty is that for v € X (h) we have only V,v € [L*(©2)]**¢ and
therefore Vv does not admit a well-defined trace on the mesh faces. We will deal with this
problem by mimicking the ideas used in Section 2.2.1. Let mj, : [L*(Q)]%*¢ — [Py(Tn)]*?
denote the L?-orthogonal projector onto [Py(75)]?*?, where we are introducing the space
of piecewise constant matrices

[Po(Ti)]™" = {G € [LX(Q)] ™ : Glx € [Po(K)]™ VK € T}

For the sake of clarity, let us note that for any G € [L*(Q2)]**¢ and K € T we have

1
(WhG)|K:‘E/Kde,
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i.e. (m,G)|k is simply the component-wise mean of G on K. For any v, w € X (h) we now
define

ap (v, w) ::/thv :Viwdr — Z ({mn(Viv)fnp) - [w] ds

FeF, F

_ Z /F({{Wh(vhw)}}nF) o] ds + Z %/F[[U]] - [w] ds.

FeFy, FeFy,

(4.27)

We will use this bilinear form in the following analysis. Observe that eq. (4.27) reduces
to the previous definition of ay, (see eq. (4.13)) for v,w € X;,. Moreover, the following
boundedness result holds on the extended space X (h).

Lemma 4.1 (Boundedness of a,). For all v,w € X (h) there holds
|an(v, )| < Cilv|ggllwll, -
with Cz > 0 a constant depending on ) and mesh shape-reqularity only.

Proof. We omit the proof as it is entirely analogous to that of Lemma 2.3. n

4.4.2 A data-oscillation-type quantity

In what follows it will be convenient to introduce the data-oscillation-type quantity

1
R(u) := sup

/ (w- V) - (Byon — o) dz, (4.28)
vpEV) thHdg Q

where u € H;(Q) is the velocity solution of eq. (4.3). Note that R(u) € R is simply the
dual norm of the linear functional

Vhth&—>{/(u-Vu)-(Ehvh—vh)d:E} e R.

Since Vj, is finite dimensional, we therefore have that R(u) < occ.

4.4.3 The main error estimate

Our main error estimate for the method in eq. (4.22) is the following.
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Theorem 4.2 (Velocity error estimate). Suppose that the small data conditions in eq. (4.6)
and eq. (4.23) hold. Let w and wy, be the unique velocity solutions of eq. (4.3) and eq. (4.22)
respectively. Assume further the smallness condition on the solution norms,

20,
I/de

(eelly +llenllqy ) <0 (4.29)

where § € (0,1) is any fived constant. Here we recall that the constants Cpy and Cy are
defined in eq. (4.14) and eq. (4.20) respectively. Then we have the error estimate

. &
= wnllgg < Co inf = v, + 2 R(uw), (430)

where the constants Cy and Cy depend only on 2, mesh shape-reqularity and §.

Proof. Let v, € V}, be arbitrary, and set w;, := u, —v;, € V},. Using the discrete coercivity
result in eq. (4.14) and the discrete problem in eq. (4.22), we have

VdeHwhHig S uah(wh,'wh)
= Vah(uh, ’th) — Vah('vh, wh) (431)
= (f, Eywy) — cu(un, up, wp,) — vay(vp, wp).

However, note that Eyw, € V since V- E,w;, = V -w;, = 0 (recall Item ii of Lemma 2.1).
Taking E,wj, as a test function in the reduced problem eq. (4.7), we then obtain

i/a('u,, Ehwh) + C(’U,, u, Ehwh) = <f, Ehwh>. (432)

Combination of eq. (4.31) and eq. (4.32) yields two terms [; and I, that we shall bound
separately:

VCPdehH(Qig S 14 [a(u, Ehwh) — ah(vh, wh)} + [c(u, u, Ehwh) — ch('u,h, uh,wh)] . (433)

I Ip)

We first bound I;. Note that a(u, Eywy,) = ap(u, Eywy,) since [u]|p = [Epwy]|r =0
for all F' € Fj,. Letting 2z, := (E,wy, — wy,), we can therefore write

I, = ap(u, Eywy) — ap(vp, wy) = gh(u — Uy, Ehwh)J‘F an(vn, z) -

1171 Il,2
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By Lemma 4.1 and eq. (4.21) we can bound I; ; according to
[111] < CaCrllu — vplggllwn ]y, - (4.34)

On the other hand, using the definition eq. (4.27) of aj, and the fact that m,(V,vp) = Vo,
we can decompose [; 2 as

II’QZ/QVh'vh Vizndr — Z/ {Vivr}ng) - [z4] ds

—sz / frn(Vazn) }}7;: ) - [wi] dS+FZ]-' /[[vh]] [2] ds.

Vv
I1,22

We claim that I; 57 = 0. Indeed, integrating by parts elementwise, and using the fact that
(V2v;,)|x = 0 as vy, is piecewise linear, one can verify that

/thh thhdx— Z/ {{thh}}np) [[zh]]—l—([[vhvh]]nF) {{zh}}ds
e (4.35)
+ > / {Vivr}nr) - [z1] ds.

FeF

Plugging eq. (4.35) into the definition of I; 51, and using Item i of Lemma 2.1 along with
the fact that ([V,vp]nr) is a constant on any F' € F;, we obtain

her= 3 [ (Vioidne) - fzab s

FeF;

- Z/ [[thh]]nF) (Eh’wh—{{wh}}) (436)

FeF;
= 0.

Next we consider I;55. To begin, note that the same arguments used to prove Lemma 4.1
straightforwardly show that I 2| < C’|vh\JthHdg with C' a constant depending on © and
mesh shape-regularity only. Note also that [vs|; = |u —wp[; < [|lu —vslly,. Moreover,
by the triangle inequality and the second inequality in eq. (4.21) we have that ||z |4, <
(1 + Cg)|lwsll g4 Putting all of this together we get the bound

|[L122] < C(1L+ Cp)lu — vl ggllwnlly - (4.37)
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Combining the results in eq. (4.34), eq. (4.36) and eq. (4.37) we obtain

1] < Cllu — vnlggllwall gy - (4.38)

with C' a constant depending on €2 and mesh shape-regularity only.

Next we bound /5. Using the definition of ¢ (recall eq. (4.2¢c)) we can write
I, = /(U -Vu) - Eywy, dz — cp(wn, wn, wy). (4.39)
Q

Since V- u = 0 and [u]|r = 0 for all F' € F},, we notice from the definition of ¢, (recall
eq. (4.18)) that

/Q(u -Vu) - wy, dze = cp(u, u, wy,). (4.40)

Combining eq. (4.39) and eq. (4.40), and using the definition of R(wu) (recall eq. (4.28)),
we obtain

I, = /Q(u V) - (Eywy — wy) dz + [cn(w, w, wh) — ca(un, un, wh)] (4.41)

< R(U)Hwhudg + [Ch(ua u, wh) - Ch(uha Uhp, wh)] .

Moreover, the triangle inequality and Lipschitz continuity of ¢, (recall eq. (4.20)) results
in

}Ch(uaua’wh) - Ch(umuha'wh)‘ < |Ch<uvu7'wh) - Ch(um’u?wh)‘

+ ‘ch(uh, u — up, wh)‘

(4.42)
< 2C; ([[wllgg + l1ttnllag )2t = wnllagllwnll o
< 2C ([[ully +llwnllgg ) e = wnllagllwnllag -
Combining the bounds in eq. (4.41) and eq. (4.42) we obtain
I < R(w)||lwllq, + 2C ([ull +lunlly, ) 1w — unllgyllwnlg, - (4.43)

Having obtained suitable bounds for I; and I, we are now almost finished. Plugging
the bounds eq. (4.38) and eq. (4.43) in to eq. (4.33), we get

.
Coallwi3 < VC ] = w1y 104 4+ RCw) 01 )
420l + g )12 = 01 -
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Dividing eq. (4.44) by vCpqlws| 4, vields
> 1 20,

C
w < —ju — —R
il < gl vl R+

o (el +llunllgg )l — unllyy - (445)
p
Using the triangle inequality, eq. (4.45), and the smallness condition eq. (4.29), we have

[ = unllgg < llu = vnllag +llwnlla

~

C 1
< (1+ — — -
< (14 o u ol + R
20 (4.46)
chtd (lelly 4l gy ) llee = wnllgg
< (14— vnllag + () + Bl — ]
—_— - — u—u .
= Cha Mlde T 0, iildg
Since 0 € (0,1) we can rearrange eq. (4.46) to get
1 C 11
— < —(1 4+ — — —_— . 4.4
||’U, uh”dg — 1 _ é‘( + de)H’U, vh”dg + 1 _ (Sl/deR(U) ( 7)

The desired result in eq. (4.30) now follows from eq. (4.47) as v, € V}, is arbitrary. O

Remark 4.4 (Smallness condition on the solution norms). Owing to the stability estimates
for |lul[, and [Jus ||y, in eq. (4.10) and eq. (4.24), we see that the smallness condition on the
solution norms in eq. (4.29) is guaranteed to hold whenever we have

Ifll-, 2C 11 Cg
L ZE] o,
2 O [Cp * cpd} =

In other words, eq. (4.29) will always hold provided that v—2|| f|| _, is sufficiently small. In
this sense eq. (4.29) is similar to the small data conditions in eq. (4.6) and eq. (4.23).

Remark 4.5 (Pressure-robustness). The error estimate in eq. (4.30) is pressure-robust in
the sense that it does not contain any terms that involve the pressure (cf. for example
the error estimate in [12, Theorem 4.8], which is not pressure-robust). The estimate in
eq. (4.30) does however depend on the viscosity through a factor of v~!. While this might
seem problematic, it is important to keep in mind that all of the theory in this chapter is
based on smallness assumptions of the form v 2| f||_, < C. In other words, for any of the
theory in this chapter to be applicable, the viscosity cannot be too small. Because of this,
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the presence of v™! in eq. (4.30) is not particularly concerning. Also, it seems unlikely that
the theory in this chapter could possibly be developed in a way that circumvents the need
for assumptions of the form v=2||f||_, < C, since for example the continuous problem in
eq. (4.3) need not have a unique solution if the viscosity is sufficiently small.

The error estimate in eq. (4.30) is only useful if we understand the behavior of R(u).
In particular, we would like to know whether R(u) goes to zero (and at what rate) as
the mesh size h goes to zero. At the time of writing this thesis we have only a partial
answer to this question, which goes as follows. Suppose we have the additional regularity
u € L*(Q2). We can then use the Cauchy—Schwarz inequality and the first inequality in
eq. (4.21) to estimate, for any vy, € V;,

/Q (V) (Byvy—vp) de < [l g Vel oy — v]) <l | Vl] Collfonlyg - (448)

By the definition of R(u) (recall eq. (4.28)) we consequently obtain that
R(u) < Crh|ul | Vul . (4.49)

When can we actually say that w € L>(2)? Here is one possibility. When d = 2 we have
the continuous Sobolev embedding (see e.g. [18, Theorem 2.31])

H'5(Q) — L>(Q)

for any real number s € (0, 1]. For d = 3 we have only (see e.g. [18, Theorem 2.31])
H'(Q) — L>™(Q)

for s € (1/2,1]. This discussion, in combination with Theorem 4.2, yields the following.

Corollary 4.1 (Convergence rate). Let the hypotheses of Theorem 4.2 hold. Suppose also
that w € H'™(Q), where s € (0,1] when d =2, and s € (1/2,1] when d = 3. Then

5 s Cy 2
I = unllgg < Cil*llullyyy + —=hllully,,
where the constants Cy and Cy depend only on €, mesh shape-reqularity, o and s.

Proof. We estimate the two terms on the right-hand side of eq. (4.30). We use C' to denote a
generic constant that depends only on €2, mesh shape-regularity and s. By inf-sup stability
of b, we have the best-approximation result (see e.g. [7, Section 12.5])

inf — < inf — :
il = vy, < Cint lu— vl
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Also, by standard approximation properties of the BDM space (see e.g. [18, Chapter 22]),
or alternatively using Lemma 2.2, we have

. o < S .
vhlg)f(hllu Vpllge < CP° ||y,

Moreover, by eq. (4.49) and the continuous embedding H'™*(Q) < L>(Q)), we have
R(u) < Crhlu] g ||Vull < Chllull,, .

The desired conclusion follows from eq. (4.30) and these bounds. O]

Corollary 4.1 predicts optimal rates of convergence in the discrete H'-norm for the
method in eq. (4.22). When d = 2 Corollary 4.1 requires only that w € H'™(2) for some
s > 0. However, when d = 3 the applicability of Corollary 4.1 is limited to the higher
regularity case of u € H'"*(Q) for some s > 1/2. Addressing the case of s € (0,1/2] when
d = 3 is a topic for future work.

Remark 4.6 (Future work). How might we be able to generalize Corollary 4.1 to the case of
s € (0,1/2] when d = 37 Here is one possible approach. We can modify the argument used
in eq. (4.48), by instead using Holder’s inequality and the Sobolev embedding H'(Q) —
L*(Q) (which is valid in three-dimensions), to estimate

/Q(U V) - (Eyo, — o) do <|luf o) [Vl | Epon — vnll paq
< Cllul | Evvn — vnll g -
By the definition of R(u) (recall eq. (4.28)) we consequently obtain that

Ehvh — Vp
R(w) < Cllul sup | o)
vL,EV, thHdg

If we could then establish an inequality of the form
1B — vllagay < OF on] (4.50)
for some r > 0, the same arguments used in Corollary 4.1 would then yield that
5 s Cy T
le = unllgg < Crb®flully ., + ==l

for any s € (0,1] when d = 3. We see therefore that it suffices to investigate whether
eq. (4.50) holds. Note also that eq. (4.50) is very similar to the first inequality in eq. (4.21),
and it therefore seems plausible that eq. (4.50) could hold for some suitable choice of r.
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Chapter 5

Conclusions and future work

In Chapter 2 we analyzed two lowest-order HDG methods for the Stokes problem, while
requiring only H1**-regularity of the exact velocity solution for any s € [0,1]. A salient
feature of the analysis is that it allows for the case of a domain with cracks. The key
ingredient in the analysis is a suitable upper bound on the consistency error of the HDG
methods, which we have derived by means of a divergence-preserving enrichment operator.
We give an explicit construction of this enrichment operator in Appendix A, and here
we rely crucially on a technical inequality that is established in Chapter 3. The resultant
error estimates in Chapter 2 for the velocity are pressure-robust and optimal in the discrete
energy norm. We also obtained an error bound for the pressure that is dependent on the
velocity only. Our theoretical findings are supported by various numerical examples.

In Chapter 4 we extended the ideas in Chapter 2 to the setting of the steady Navier—
Stokes problem. We proposed a new divergence-free DG method for the steady Navier—
Stokes problem and showed that the resultant discretized problem is well-posed under
a smallness condition on the problem data. We also presented an error analysis of the
method, where we obtained error estimates for the velocity that are pressure-robust and
optimal in the discrete energy norm. The presented analysis requires only H!™*-regularity
of the exact velocity solution for any s € (0, 1] in the two-dimensional case. However, an
interesting consequence of the nonlinear convective term is that in three-dimensions the
presented analysis only holds for s € (1/2,1].

The research presented in Chapter 4 is still in a preliminary stage, and there is still
much more that can be done in this area. To begin with, the method in eq. (4.22) has
not yet even been implemented. As discussed in Remark 4.3, it is likely that the method
could be implemented in practice, but it may be very difficult to do so because of the
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complicated definition of Ej,. An interesting question is whether the method in eq. (4.22)
could somehow be redefined in such a way that it remains valid for low-regularity source
terms f € H (), and retains its other desirable properties (e.g. pressure-robustness,
convergence behavior), but does not require Ej, to be used explicitly in any computations.
Avoiding FEj, altogether in this sort of way would make implementation a much easier task.
Another question is whether an HDG or EDG-HDG analogue of the method in eq. (4.22)
could be proposed and analyzed. An EDG-HDG analogue would be particularly appealing
as upon static condensation it would require fewer global unknowns in the discrete problem.

From a theoretical analysis standpoint, there are also still many tasks to carry out
regarding the DG method introduced in Chapter 4. The most obvious task is to address
whether the convergence result in Corollary 4.1 can be extended to s € (0,1/2] in three-
dimensions, and we discuss a possible route for this in Remark 4.6. Also, analogously to the
discussion in Remark 2.2, another task is to investigate whether we have [|u — up|[4, — 0
as h — 0 in the s = 0 case where only H'-regularity of the exact velocity solution is
assumed. A final question to ask is whether error estimates in the L?-norm for the velocity
and the pressure can be derived, perhaps in a similar fashion to what we have for the
Stokes problem in Theorem 2.2 and Theorem 2.3.
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Appendix A

Enrichment operator

We prove here Lemma 2.1 for the three-dimensional case (d = 3). We shall use the angled
bracket notation (-, -)p; this is simply used to denote the L inner-product on a domain D
with dimension strictly less than d = 3.

For K € T we recall from Section 2.1.2 that Fx; C F3 denotes the four faces of K.
Also, let £k denote the six edges of K and Vg the four vertices of K. The collection
of all mesh edges is written as &, := UgerEx = & U E; where &, denotes the boundary
edges and &; the interior edges. Likewise, the collection of all mesh vertices is written
as Vy = Uger Vi = WV, UV; where V, denotes the boundary vertices and V; the interior
vertices. For an interior edge e € &;, we define the average of a function v on e as

1
{U}}e = ’7~_e| Z UK|ea

KeTe

where T, := {K € T : e € £k} denotes the collection of elements having e as an edge and
vk = v|g. On boundary edges e € &, it will be convenient to define {v}. := 0. Similarly,
for an interior vertex a € V;, the average of a function v on a is defined as

1
ke = T > vkla),

where 7, := {K € T : a € Vk} denotes the collection of elements having a as a vertex. On
boundary vertices a € V), it will be convenient to define {v}, := 0. Finally, throughout
this proof we continue to use the definition eqs. (2.6) to (2.7) of the average operator on
faces.
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For K € T, let V(K) denote the local three-dimensional Guzman—Neilan finite element
space defined by [25, eq. (3.9)]. This space has the properties [25, Lemma 3.4]

[P(K)]? C V(K), V(K) C [Wh=(K)nCYK)P,
V-V(K) CPo(K), V(K)o C [P3(0K)P.

Moreover, a set of unisolvent degrees of freedom for v € V(K) is given by [25, Theorem 3.5]

v(a Va € Vg, (A.1a)
(v,w)e Ve € Ex,w € [Pi(e)]?, (A.1b)
(v,Wyp  VF € Frp,w € [Po(F)]°. (A.1lc)

For K € T we now define the local operator Er : XPPM — V(K) as follows. For
vy, € XPPM we require that

(Excvn)(a) = {on}. Va € Vi, (A.22)
<EKUh — {{vh}e,w>e =0 Ve € cS'K,w € [Pl(e)]S, (A2b)
<EKUh - {{Uh}, w)F =0 VF € -FK,h N ]-"i,w € [Po(F)P, (A2C)
<EKUh, w>F =0 VF € FK,h N fb,w S {,P(](F)P (AQd)

The degrees of freedom eq. (A.1) imply that the operator Ex is well-defined. We then
define B, : XPPM — HI(Q)? by (Eyvn)|x = Exvp for all v, € XPPM. Utilizing the
inclusion V(K)|gx C [P3(0K)]? one can show that [E,v,]|r = 0 for all F' € F,, and thus
Epv, € HE()? holds. Tt remains to verify that Ej, satisfies Items i to iv from Lemma 2.1.

That Item i holds is an immediate consequence of eq. (A.2c). To prove Item ii, consider
the space Pyy = {qn € L*(Q) : qu|x € Po(K) VK € T} of piecewise constant functions.
Let v, € XPPM and ¢, € Pos. Then element-wise integration by parts and eq. (A.2c)
shows that

/Q (V- Enogdr = 3 / (Enon - ne)an] ds

FeF; F

=D | {ud-ne)lanl ds (A.3)

FeF; F

= /(V - vp)qn dex,
Q

76



where the last equality in eq. (A.3) follows from the fact that [v,]|F-np = 0 for all F' € F,.
Item ii now follows from eq. (A.3) as V - Epvp, V - v, € Py, and ¢y, € Py, is arbitrary.

To prove Item iii, fix k € {0,1} and v, € XPPM. Consider K € T and set vy = vp|
and zx = (Exvy) — vg. Since vg € [Py(K)]* C V(K), there holds zx € V(K). A scaling
argument (see Chapter 3 — in particular we are making use of the inequality eq. (3.4))
utilizing the degrees of freedom eq. (A.1) then shows that

- 2 2
h%k 1)|ZK|i,K SJ Z ]’LK‘ZK((I)‘ + Z sup |<ZK,I<Jh>e|
a€Vy ccEy FhEPL(e)]?
l[knlle=1
1
T N .
FE]“K,h K K’he[PO(F)]B

2

ll5nll p=1
<3 hilfonda —vx@]”+ 3 [[{vnde — vk (A.4)

3€VK ., EGSK _

' L

1 1
3 el el X sl

FEFk FEFK
_FeF; FeFy _
Is

Because 0f) has codimension one, every boundary vertex of the mesh is contained in
some boundary face of the mesh, and likewise for boundary edges. As a result, the same

arguments used in [34, Lemma 4.7] show that
1
h<), ), EH[[%]]H?’ (A5)
a€Vi FEF,
1
LY D I (A.6)
ecti FeFe T

where F, C Fj denotes the collection of all mesh faces having a as a vertex, and F, C
Fn denotes the collection of all mesh faces having e as an edge. We note that, due to
midpoint continuity of Crouzeix—Raviart elements, there is no term analogous to I3 in [3,
Lemma 4.7]. Fortunately, it is easy to see that we can bound I3 by means of

ES Y ool (A7)

FeFgn

7



Using the bounds eqs. (A.5) to (A.7) in eq. (A.4), and summing over K € T, one obtains
2(k—1 2 1 2 2
D B = vl g £ Y Tl |l = a3
KeT rer, T

so that Item iii holds. Lastly, Item iv follows from Item iii with & = 1 and the triangle
inequality:

1/2 1/2
IV Bl < (D lon = Bl )+ (D lonlic )
KeT KeT

1/2

Stonly + (Y lonlx )

KeT
Slonllag -
This completes the proof of Lemma 2.1. O]
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