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Abstract

This thesis investigates the discrete Hodge Laplace equation with Nitsche-type Dirichlet boundary condi-
tions. Within the Finite Element Exterior Calculus framework we establish well-posedness, consistency,
convergence, and a sub-optimal a-priori error estimate. For 1-forms in 2D we sharpen this to an optimal

estimate, confirmed by numerical tests.

Further experiments in 3D for both 1- and 2-forms show the same convergence trend, still half an order below

the theoretical bound. All results can be reproduced by cloning this repository.

We also demonstrate robustness on non-convex domains and study the effect of different perturbation factors,

hinting at applications to compressible Stokes flow.

Zusammenfassung

Diese Arbeit untersucht die diskrete Hodge Laplace Gleichung mit Dirichlet-Randbedingungen vom Nitsche-
Typ. Im Rahmen des Finite Element Exterior Calculus zeigen wir Wohlgestelltheit, Konsistenz, Konvergenz

sowie eine suboptimale a-priori-Fehlerschranke.

Fiir 1-Formen in 2D verschirfen wir diese Schranke zu einer optimalen a-priori-Schranke, was durch nu-

merische Tests bestitigt wird.

Weitere 3D-Experimente fiir 1- und 2-Formen weisen den gleichen Konvergenztrend auf, bleiben jedoch um
eine halbe Ordnung unter der theoretischen Schranke. Alle Ergebnisse lassen sich reproduzieren, indem

man dieses Repository klont.

Wir demonstrieren zudem die Robustheit auf nicht-konvexen Mannigfaltigkeiten und untersuchen den Ein-

fluss verschiedener Storparameter, was auf Anwendungen in der kompressiblen Stokes-Stromung hindeutet.


https://github.com/tellocam/nitscheDirichletHodgeLaplace
https://github.com/tellocam/nitscheDirichletHodgeLaplace

“Man muss noch Chaos in sich
haben, um einen tanzenden Stern

gebdren zu kénnen.”

Friedrich Nietzsche
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Chapter 1

Introduction

We want to find a differential k-form w € A¥(Q) in a bounded smooth Lipschitz domain  C RY with
boundary I' such that the Hodge Laplace Equation (1.0.1) with boundary conditions (1.0.2) and (1.0.3) is

satisfied. We introduce the exterior calculus notation in the beginning of the theory chapter.

(dd + dd)w = f, in Q, (1.0.1)
trw =0, onT, (1.0.2)
trxw =0, onTl. (1.0.3)

A variational formulation for (1.0.1) that satisfies (1.0.2) and (1.0.3) needs to be well chosen to yield a well
posed system. by applying the Nitsche method [Ern21b, Ch.37] to boundary condition (1.0.2), we can devise
a well-posed discrete variational formulation that naturally satisfies (1.0.3) and penalizes deviations from

(1.0.2), while preserving discrete De Rham exactness.

The main goal of this thesis is to rigorously establish well-posedness (existence and uniqueness), consistency,
convergence, and a priori error estimates for this method. All of these properties are proven using the Finite
Element Exterior Calculus (FEEC) framework, demonstrating that the approach is robust for a family of

vector proxy space methods, both in 2- and 3D.

1.1 Prior Work

Arnold et. al [Arnold12] have proven well-posedness and derived error bounds for the 2D vector Laplacian
(the Hodge-Laplacian can be identified with the vector Laplacian through vector proxies) in a 2D mixed
method in H!(Q) x H°(div, 2) where the tangential part of the boundary condition arises naturally and the

normal one essentially in H°(div, ).

Boon et. al [Boon24] have investigated the Vorticity-Velocity-Pressure Stokes formulation in 2D, which can
be posed in the discrete subspaces of H(curl, ) x H!(Q), satisfying the 2D De Rham complex (most of their
results are applicable in 3D as well). Their approaches differ not only in the boundary conditions but also
in the formulation of the auxiliary equation. In our work, we introduce an auxiliary variable to derive the

mixed method, whereas they employ the zero divergence equation from Stokes.

A recent publication by Wang et. al [Wang25] has also delivered well-posedness and optimal a-priori error
estimates for a mixed method for the 2D vector Laplacian with Dirichlet boundary conditions. However, in

that work the authors additionally solve for the divergence and the rotation of u thereby increasing complexity
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m Z U r I C h 2 Introduction

and seeking (u,7v,d) € [HY(Q)]? x [H*(Q)]? x H(div, Q). The advantage of this approach is that the well-
posedness proof can be done in the continuous setting, whereas our method can only be shown to be well-

posed in the discrete setting.

1.2 Foundational work

In the 1980s, Bossavit pioneered using differential forms for discretizing electromagnetic fields, emphasizing
geometric accuracy [Bossavit88]. Raviart and Thomas introduced the now-classic Raviart-Thomas elements
for enforcing flux continuity in elliptic problems [Raviart77], while Nédélec devised the edge elements tai-
lored to H(curl, 2) type constraints in electromagnetics [Nédélec80]. Brezzi and Fortin formalized mixed and
hybrid finite elements, showing how “exact” sequences and stability principles aid robust numerical methods

[Brezziol].

Building on these foundations, Hiptmair worked on the theory of discrete Hodge operators, making it possi-
ble to rigorously connect the continuous de Rham complex with its finite element counterparts [Hiptmair01].
Arnold, Falk, and Winther synthesized these developments into Finite Element Exterior Calculus (FEEC):
a unifying framework that explains why classic elements (Lagrange, Nédélec, Raviart-Thomas etc.) fit to-
gether so naturally, and shows how preserving exactness in discrete differential forms leads to stable and
accurate solutions of variational problems [Arnold18]. In this work, they already showed well-posedness for
the continuous variational form of the Hodge Laplacian, but with tr x dw = 0 and tr x w = 0 as boundary

conditions.
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Chapter 2

Theory and preliminaries

In the next two sections, we give a brief overview of the relevant definitions, lemmas & theorems, covered
in [Arnold06, Chap. 2]. Afterwards we will cover a brief introduction to Finite Element Exterior Calculus
and some relevant inequalities that will be used throughout the thesis. The last section in this chapter is
dedicated to the derivation of the variational formulations, both for differential k-forms in R", as well as the

vector proxy space of 1-forms and 2-forms in R3.

2.1 Exterior algebra

Definition 2.1.1 (Alternating algebraic forms on a vector space). Let V' be a real vector space. For each

integer k£ > 0, define
Alt"V = { w:V® 5 R | wis k-linear and w changes sign upon swapping any two arguments}.
Equivalently,
WU,y Uiy e Uy, U) = —w(V1, 000, Vgy e, Uiy e, UR),

and w is linear in each argument. By convention,
Alt’V = R, and Alt'V = V*.

With V* denoting the dual of V.

Definition 2.1.2 (Exterior product). Givenw € Alt’ V and 5 € Alt" V the exterior product, or wedge product
wAnE INGALRTST given by

(WA (V1. .. V) = Z (sign o)w(vo(1),...,vo(j))n(ve(j +1),...,v0(j +k)),v; €V  (2.1.1)

o

where the sum is over all permutations o of {1, ..., j+k},forwhicho(1) < 0(2) < --- < o(j) and o (j+1) <
o(j+2) < --- < o(j+k). The exterior product is bilinear and associative, and satisfies the anti-commutativity
condition

NAw= (—1)jkw An, wE Al V, n e AltF vV (2.1.2)
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m ZUuric h 4 Theory and preliminaries

Definition 2.1.3 (Inner product on algebraic forms). (-, ) : AtV x APV — R

<wa 77> = Z w(vo(1)7 s avo(k)) 77(%(1), ) Ud(k))7 w,n € Altk V. (213)

where the sum runs over all increasing sequences ¢ : {1,...,k} — {1,...,n}, and vy,...,v, is any or-

thonormal basis. The right-hand side is independent of the choice of basis.

For n = dim V, the space Alt" (V) is one-dimensional. Any element w € Alt" (V) is uniquely determined by

its value on a single ordered basis, and its value on any list of n vectors (wy, . .., w,,) is given by:
w(wy, ..., wy) =w(vy,...,v,) - det(A), (2.1.4)
where A is the matrix expressing wy, ..., w, in terms of the basis v1, ..., v,. In particular, an algebraic n

form is uniquely determined (up to sign) by requiring that it takes the value 1 on some orthonormal basis.

Consequently, it will take values +1 on all orthonormal bases.

Definition 2.1.4 (Hodge star Operator). Let V be an n-dimensional real vector space equipped with a positive-
definite inner product (-,-) and an orientation, giving rise to a volume form vol € A™(V*). For each

0 < k < n, the Hodge star is the linear map
*x: APV — ARV,
characterized uniquely by the property
w A (+n) = (w,n)vol forall w,n € A*(V*).

That is, x7 is the unique (n — k)-form whose wedge product with w reproduces the inner product (w, ) up

to the volume form vol. Furthermore we have
Isometry: || x| = ||n|l, Involution:  (xn) = (—=1)k(=F) (2.1.5)

The definition of x depends on the chosen orientation (through vol) and the positive-definite structure on V.
In the context of an oriented Riemannian manifolds one applies this construction pointwise to each tangent

space, obtaining the Hodge star operator on differential forms.
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Exterior calculus on manifolds 5 M

2.2 Exterior calculus on manifolds

Definition 2.2.1 (Manifolds and tangent spaces). A smooth manifold 2 of dimension n is a topological space
in which every point x € 2 has a neighborhood homeomorphic to an open subset of R”. At each = € 2, the
tangent space 7.2 is an n-dimensional real vector space, and the disjoint union of all tangent spaces forms

the tangent bundle 7Q = J, .o {(z,v) | v € TQ}.

Avector field on 2 is a smooth map © — v(x) with v(x) € T,,Q for each x € Q. Thus, each vector field picks

out one tangent vector in 7, at every point x.

If ¢ : Q — ' is a smooth map between manifolds, the differential (or tangent map) of ¢ at ;, denoted D¢,
is a linear map

DgﬁT T.Q0 — T¢(w)Q/.

In particular, for a real-valued function ¢ : 2 — R, this differential at = evaluates directional derivatives of ¢

in any tangent direction v € T,).

Definition 2.2.2 (Differential forms on manifolds). Let 2 be a smooth manifold. A differential k-form on
() is a smooth section of the bundle A*(T*). Concretely, for each point 2 € €, it assigns an alternating
k-linear map

we T x- x T, — R,
and this assignment varies smoothly in 2. The space of all such k-forms on 2 is denoted by A*(2).
Definition 2.2.3 (traces of k-forms). For a differential k-form w in R™ we define

W = trw, (2.2.1)

W = & Mrxw. (2.2.2)

Where «~! is the inverse operation of x, and  is the Hodge star operator at the boundary I'.

Formally, if we have w, a 1-form in R3, then tr w gives the behavior of w on T" in direction tangential to I'. This

quantity can still be interpreted as "tangential to I'” in R?, altough it is represented as scalar.

A 2-form in R? is something that assigns an oriented area to pairs of tangent vectors. The trace of such a
2-form, yields a 2-form on a 2-dimensional surface, which is a top form on I' and directly represents an area

element on the boundary and can be interpreted as the flux density across I

Intuitively, the term % 'tr « w for 2-forms in 3D, applying + on w yields a 1-form, if one thinks of w as a flux
(which is a 2-form in 3D), then xw is the vector representation of that flux, the trace of this gives the flux
tangential to T'. %! then "rotates back” the restricted 1-form into another 1-form on I, that now represents

the flux normal to I".
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m ZUuric h 6 Theory and preliminaries

Definition 2.2.4 (Exterior Derivative d). Let 2 C R" be a smooth manifold, and let w € A*($2) be a smooth

k-form. The exterior derivative is the linear map

d: A*(Q) = AFTHQ)

defined by
k+1
dwz(”la s 7V]€+1) = Z(_l)l-‘rl 81/1- OJI(Vla B ﬁia s 7V7€+1)a
i=1
where {v1,...,v,41} are vectors and the hat 7; indicates omission of v; from the list of arguments.

d satisfies the Leibniz rule with respect to the wedge product
d(aAB) = (da) A B + (=1)Fan(dp),

for o € A¥(Q) and B € A“(2). Note that we have formally introduced the exterior product of differential

forms, which is just the pointwise applied exterior product of algebraic forms.

Remark 2.2.5 (Integration of differential forms). Let {2 be a k-dimensional Manifold. If w is a differential
k-form, then the integral [, w is well defined. Formally, 0-forms are evaluated at points, 1-forms integrated

over curves, 2-forms integrated over oriented surfaces and 3-forms integrated over oriented volumes.

Theorem 2.2.6 (Stokes’ Theorem and Integration by Parts). Let ) be an oriented n-dimensional manifold with

boundary T, and let w € A"~1(Q). Then Stokes’ Theorem states

/dw:/trw.
Q T

Using the Leibniz rule for the exterior derivative, we obtain the integration by parts formula for w € A*(Q) and

n € A"FHQ)
/de/\n:(—l)k /Qw/\dn—i—/rtr(w) A tr(n).

Definition 2.2.7 (Inner Product on k-forms). Let €2 be an oriented manifold in R", for w,n € A*(Q), define

their L2-inner product by the integral of their local inner product

<w777>L2 :/<W;c777x>xV01:/w/\*n
Q Q

Definition 2.2.8 (Sobolev Spaces of Differential Forms). Let {2 be an oriented Riemannian manifold. For
an integer s > 0, we define the Sobolev space H®(€2) (resp. W?*(Q2)) of real-valued functions whose weak
derivatives up to order s lie in L2(2) (resp. L?(2)). Extending this to k-forms, we write H*A*(Q) for the
space of k-forms whose components (in local coordinates) have all weak derivatives up to order s in L?(Q).

Define the weaker space where H does not have a superscript

HAF(Q) = {w e LPA%(Q) | dw e L*AFTH(Q)},
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Exterior calculus on manifolds 7 M

equipped with the norm

||WH12HAk(Q) = wliZzpn () + Hde%2Ak+1(Q)'

So we require only the exterior derivative to be in L2(£2) instead of every partial derivative of each component

of the k-form.

Definition 2.2.9 (Closed Hilbert Complex). A Hilbert complex (W*, d*) is closed if for every k, the image

im(d"*) is a closed subspace of W**!, Equivalently this means, d o d = 0.

Definition 2.2.10 (Sobolev de Rham Complex). Let €2 be an oriented Riemannian manifold. For 0 < k < n,

consider the Sobolev space HA*((2) and the exterior derivative. Since d o d = 0, we have
Im(d: HA"1(Q) — HA(Q)) C Ker(d : HAF(Q) — HAM(Q)).
This yields the Sobolev de Rham complex
d

0 — HAY(Q) % HAY Q) S - 5 HA™MQ) — 0.

Definition 2.2.11 (Coderivative §). In an L? setting, the coderivative § : HA*(Q) — HA*~1(Q) is defined
as the formal L2-adjoint of d. Concretely, if w € HA*(Q) and n € HA*~1(Q) are compactly supported, then

(dw,m)r2) = (W, M) L2,
When () is oriented of dimension n, one can also write
0 = (—1)"FDHL L d

In particular,  lowers the form degree by one, while d raises it by one, and § o § = 0 as well.

Definition 2.2.12 (Dual Sobolev Complex). Define the space
H*AF(Q) == {we L*A%Q) | dwe LA ()},

We have H*A(Q) = x(HA™%(Q2)) by the definition of § and the properties of the Hodge star . Conse-

quently, we have the dual de Rham complex
0 +— H*'AYQ) <& H*AYQ) & - <& H*A™(Q) «— 0

which contains the same information as the de Rham complex.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

m ZUuric h 8 Theory and preliminaries

Theorem 2.2.13 (Hodge Decomposition without Harmonic Forms). Let W be a closed Hilbert complex. In a

topologically trivial setting where the harmonic spaces vanish, we have the following orthogonal decompositions:
W=0ba e

With b = Im(d) and ¢ = Im(d). The Hodge decomposition can be interpreted as a generalized Helmholtz

decomposition. Forw € HA*(Q) we have
w=da+d8, acHAN(Q), BeHANQ), (do,dB)r2) =0.

[Arnold18, Thm. 4.5].

Theorem 2.2.14 (Poincaré inequality). For any closed Hilbert Complex 3Cp,, Cp, > 0 such that
a L Ker(d),ﬂ 1L Ker(é), ||OéHL2(Q) < C’p(1 HdO[HLz(Q), ||ﬁ||L2(Q) < CP/B ||(Sﬂ||L2(Q), (2.2.3)

Where da, 83 are the components of the Hodge decomposition [Arnold18, Thm. 4.6].

We will regularly use the discrete counterpart of Theorem 2.2.13 and 2.2.14 in the analysis part.

2.3 Finite Element Exterior Calculus

The De Rham and proxy space picture in 3D

d

HAYQ) L mHAYQ) L HA2Q) L HA3Q)
I I I I=
HY(Q) - H(urlQ) X% H(div;Q) 5 L2(Q)
LI LI, L0 LT
vee %o oyper ¥ yRr Ty yp6

Figure 2.1: 3D De Rham complex for differential forms & vector proxies.

Shown figure in 2.1, the Sobolev spaces of differential forms, the isomorphisms to their according proxy
Sobolev spaces and the commuting projectors to their discrete finite element spaces, which guarantee the

discrete spaces inherit the “exactness” of the continuous spaces.
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Whitney elements are the lowest order elements that can represent differential forms of degree & in the De
Rham complex. In the literature, there is also often made the distinction between ”trimmed” and “non-
trimmed” Whitney forms. E.g. the first kind Nédélec elements [Nédélec80] would be trimmed, while the sec-
ond kind would be non-trimmed for k¥ = 1 and the Raviart-Thomas elements [Raviart77] would be trimmed
while the BDM elements [Brezzi85] would be non-trimmed for £ = 2. Standard Lagrange elements [Ciar-

let72] of first order represent the Whitney forms trimmed space for 0-forms.

Figure 2.2: DOF’s for the Whitney forms in 3D for ¥ = {0, 1,2,3}. From left to right, Lagrange, Nédélec,
Raviart-Thomas and discontinuous Galerkin elements [Arnold18].

In this thesis, we will work with the trimmed spaces only and denote them as follows

V,£6: Continuous Galerkin or Lagrange (CG) elements for 0-forms,
« VNDPL: Nédélec (ND) elements of the first kind for 1-forms,
« VRT: Raviart-Thomas (RT) elements for 2-forms,

« V;PS: Discontinuous Galerkin (DG) elements for 3-forms.

These spaces are available in @NGSolve . We will present numerical results in the according chapter.

2.4 Some preliminaries for discrete analysis

Since our method works only in the discrete setting, naturally, we define the generalized setting and present

theoretical results that are valid in this setting.

Definition 2.4.1 (Mesh and mesh uniformity). Let {2 be a bounded domain. A mesh (or triangulation) of 2

is a collection of elements and faces denoted by
Tn={K}, Frg={F€odK}

where K is an open subset of 2 (e.g. tetrahedra in 3D or triangles in 2D). The elements K cover the domain

without overlapping. A face Fix of an element K is a d — 1 dimensional entity (e.g. edge in 2D or face in 3D)
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which forms part of the boundary of that element. If 7}, is uniform, there exist positive A, c1, ¢ such that
ch < hg < coh, VK € Tp.

This uniformity has as a consequence that the faces F' are also uniform (they have sizes comparable to the

other faces of their according element).

Definition 2.4.2 (Family of uniform meshes).
H - {n}h>0, h — 0
Definition 2.4.3 (Boundary adjacent elements). The set of boundary adjacent elements 71 can be defined as
Tr ={K € T,|]OK NT # 0}. (2.4.1)
Theorem 2.4.4 (Inverse trace inequality). [Ern2la, Lemma 12.8] In a uniform family of meshes there holds
_li4 ( 1_ %)
3C > 0: ||v||lpe(Fe,re) < Chy” M7 lvllr(xray, Vp,7 <00, VK €Ty, VF € Fg,Yh € H,Vv € Pk.

Forp = r = 2we have

[vllL2 () < Chyc® [[0ll 2 i)

Theorem 2.4.5 (Inverse inequality for Sobolev seminorm). [Ern2la, Lemma 12.3] Let | € N such that Pc
Wihee (f( ,R?), where the P and K denote the finite dimensional space P on the physical element K in the refer-
ence configuration. Then there exists C' > 0 for every integer m € 0 : | and the following holds true

—l4d(L-1
|U‘leP(K;RQ) < Chz (p 7‘)

[vlwmr(kire), Vp,7 <00, VK €Ty, Vv Pk, VheH.
Forl =1, m = 0 and p = 2 we therefore have

IVl L2(k) < Chi [0l r2x)-

Most importantly, one can show for k = {0,1,2},n = 2 and k = {0, 1, 2,3}, n = 3 that there exist C > 0 such
that
||dwh||L2(K) < Ch;(l||o.)h||Lz(K)7 Ywp € Vy, C HAk(K), K C R"™
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Only considering trimmed spaces, we use a reduced form of a result by Arnold et al.

Theorem 2.4.6. Let 2 be a smooth Lipschitz domain, and let r > 1. Suppose Vi¥ C L2A*(Q) is the finite
element space built from the trimmed polynomial forms of degree r on a uniform mesh of size h. Then there

exists positive constants C' and a linear projection operator
7 LPAR(Q) — Vi, (2.4.2)

such that for all differential k-forms w there holds

lw = mhwl p2an @) < Ch*|wlgear), (2.4.3)
ld(w — W}kLw)||L2Ak(Q) < Ch¥|dw|gsprti(q)y, 0<s<r, (24.4)
dw]ﬁ = W}’jﬂd, (2.4.5)

provided w € H*A*(Q) and dw € H*A*+1(Q).

Proof. The proof can be found in [Arnold06, Thm. 5.8]. We can verify the Theorem in a handwavy manner
by taking the Lagrange, the Nédélec as well as the Raviart-Thomas elements and note that they themselves
have h" approximation property, while the gradient, the curl and the divergence applied to them respectively

still yield A" approximation property. O

2.5 Trace operators

For (2, a smooth Lipschitz domain, we have the following two trace operators

Definition 2.5.1 (Trace operator |(v)). Let Lﬁ(l‘) := {¢ € L(")|¢ - n = 0}, then we have the following
trace operator

Y - COO(Q) — Lﬁ(F), ’yH(V) =nx (V|p X Il) Vv e COO(Q) (2.5.1)

Definition 2.5.2 (Trace operator 7, (v)). Under the same assumptions as 2.5.1 we have the trace operator
Yo : C(Q) — Lﬁ(I‘), (V) :=nx (V xV)|p, WveCeQ). (2.5.2)
With t the tangent vector on I, in 2 C R? the operator becomes

Y €¥(Q) — LAT), (V) := —1ot(V)|r -t, W € CX(Q). (2.5.3)
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Remark 2.5.3. There is academic literature on the analysis of trace maps, for example Buffa et al. [Buffa02],

have shown

Y (v) :=n x (V|[pr x n), v : H(curl, Q) — H_%(curlp,F), (2.5.4)

(V) :=n x (V x V)|r, vy : H(curl, Q) — H™ (D). (2.5.5)
Additionally, there exists formal trace theory from Arnold et al. [Arnold18, Thm. 6.3]
()@ HAR(Q) — H 2AMI), ()" : HAR(Q) — H 2 AP (D). (2.5.6)

However, our analysis is done in the discrete setting where the L? inner products on the boundary are well-
defined. For the parts of the analysis where we use continuous arguments, namely continuity proofs and
error analysis, we require them to have sufficient regularity, such that the L? inner products involving our

trace operators are well defined.

2.6 Deriving the variational formulation

Recall the Hodge Laplace equation (1.0.1) and its associated boundary conditions that we combine to w =
gon T, to cover non-zero Dirichlet cases g # 0 as well. We now aim to derive a variational formulation and
start with the introduction of an auxiliary variable, a (k-1)-form o = dw.

Find (w, o) € HAK(Q) x HAX1(Q) such that

6dw +do = f, in Q, (2.6.1)
dw—o0 =0, in Q, (2.6.2)
w=g, onT. (2.6.3)

The analogue of multiplying by a function in exterior calculus is wedging by a differential form of the same
degree. In order for the wedge product to be integrable over a manifold of dimension n, the resulting wedge

product must be a n-form, this can be achieved with the Hodge Star operator. Let (1, 7) € HAX(Q)x HAX1(Q)

0dw A xn +do Axn = f A*n, in Q, (2.6.4)

SwAXT —a AxT =0, in Q. (2.6.5)

We rewrite them as inner products according to definition 2.2.7 and integrate them over 2. Then we have

/Q<5dw777>—|—/9<da,n> :/Q<f,77>7 (2.66)
/Q<5wm>—/g<a,r> =0. (2.6.7)
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Applying integration by parts from Theorem 2.2.6 to the first term in (2.6.6) we obtain

[ o) = [ (dwsan) + [ (@orerg. (268)

We apply integration by parts to the first term in (2.6.7) to get

[ @or) = [ war)+ [ wroren, (269)

From this previous step, we can bring the boundary term to the right hand side and incorporate part of the
Dirichlet data, then the problem reads
Find (w, o) € HAK(Q) x HAX"1(Q) such that

[ @an+ [ @)+ [ @om = [ vy € HAK(©),
/Q<w,d7'> — /Q<O’, T) = —/F<g“°r,7'ta“>, V1 € HAkfl(Q).

We have decomposed g|r = ¢"°" + ¢"*". From our previous step we see, that we have incorporated half of the
Dirichlet data. For the other half, we use the Nitsche method. We add a term that symmetrizes the system,
while mantaining consistency. We also add the Nitsche term that penalizes deviations from our desired g'*" at
the boundary. At this point, we switch to the discrete setting, since the Nitsche method can only be employed
discretely. Our discrete variational formulation for the Hodge-Laplacian with Dirichlet boundary condition

then reads

Mixed method for Nitsche Hodge Laplace k-forms for Q@ C R",n < k.
Find (wp,,mn) € (Vi € HAYQ)) x (Q, € HA¥"1(Q)) such that

[ enn) = [ @y + [ donm)

Cw tan tan nor _tan
= [tamrrmy + 2 [ty = [ gm) - [ emye, g
Cw tan _tan
K] (2610)
/Q<Wh7d7'h> _/Q<0'h77'h> = —/F<gn°r,7ﬁan>, (2.6.11)

V(’I]}“Th) S Vh X Qh-
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Either we evaluate the exterior calculus definitions to derive the proxy methods from the final variational
formulation, or we start with the strong form definition (1.0.1). We illustrate this with 1-forms as an example

and then present the final variational formulation for 2-forms.

2.6.1 Discrete Hodge Laplace Nitsche method for 1-forms in  C R3

For 1- and 2-forms in R, the Hodge Laplace equation translates to the vector Laplacian. In the 2D method,

curl curl changes to curl rot in the strong form.

VxVxu—V(V-u)=f in Q, (2.6.12)

u=g onT. (2.6.13)

For 2-forms, we would introduce the vectorial auxiliary variable p = V x u, but for 1-forms, we have the

scalar p = —V - u. We multiply by testfunctions and integrate to obtain

/(Vxqu)-VdX—l—/Vp~vdx:/f-vdx, (2.6.14)
Q Q Q

/(V-u)qu+ / pgdx = 0. (2.6.15)
Q Q

If we perform integration by parts on the curl-curl term in (2.6.14) and on the divergence term in (2.6.15) we

get

/(V xup) - (V xvp)dx + / Yn(Un) -y (Vi) ds +/ Vpp - v dx = / f- v, dx, (2.6.16)
Q r ) )

/uh~thdX—/ph qth:/(g-n) qn ds. (2.6.17)
Q Q r

We choose the spaces based on the discrete De Rham complex, add the symmetrization term and the Nitsche

term.

Mixed method for Nitsche Hodge Laplace 1-forms
Let V;, C H(curl,Q) and Q;, € H'(Q). Find (us, ps) € Vi, x Qy, such that

/(V X uh) . (V X Vh) dx + / wn(uh) -’}/H(Vh) dS+/ Vpn - v dx
Q T Q
C, Cy
+/F%(Vh)"Yn(uh)dSJrT/FW(uh)"V||(Vh)dsz/Qf'vhderT/Fvn(g)"Yu(Vh)dS
+/7n(vh) -’y”(g) ds, (2.6.18)
T
/Quthh dx—/ﬂph n dX:/F(g'n) qn ds, (2.6.19)

V(Vh,qn) € Vi X Qp.
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2.6.2 Discrete Hodge Laplace Nitsche method for 2-forms in 2 C R?

In the same way as for the 1-forms, we start with the vector Laplacian. But now, we introduce pn, € Qp C
H(curl, Q)) such that p, = V x uy,. Multiplying by test functions, integrating by parts the grad div term in
the first equation, adding the symmetrization and Nitsche terms and integrating by parts the curl term in the

second equation to finally obtain

Mixed method for Nitsche Hodge Laplace 2-forms
Let V}, C H(div, Q) and C H(curl, ). Find (uy, ps) € V4 x such that

/(v'uh)'(V'Vh)dx_/(v'uh)'(Vh'n)dS-l—/(VXph)-vhdx
Q T Q
_/F(V'Vh)'(uh'n)ds+%/r(uh'n)'(Vh'n)ds:/gf-vhdx—i-%/r(g.n).(vh.n)ds

- [ s (2:6.20)

/(quh)~uhdx—/p-qu:/(nth)-gds, (2.6.21)
Q Q r

Y(Vi, qn) € Vi x.

Since we have that both the 1-forms and the 2-forms case originally are derived from the vector Laplacian, we
observe that in the 2-forms mixed method, the tangential part of g is incorporated naturally and the normal

part via the Nitsche penalization while in the 1-forms method, it is the other way around.
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Chapter 3

Analysis

This chapter contains a formal analysis. First we present a section of preliminary results and definitions that
are used throughout the analysis. Readers who consider themselves numerical analysis experts may skip this

section and immediately go to section 3.2 and refer to it during the reading process if necessary.

3.1 Preliminary results & definitions

Lemma 3.1.1 (Upper bound on norms of boundary adjacent elements). Fix a finite dimensional Hilbert space
Vi, C V,V = {HY(Q), H(curl, Q), H(div,Q)} . If we have a uniform mesh we can bound the norms on the

boundary adjacent elements by

Q

1
Z T‘|Vh||%2 < Z 7||Vh||L2 ﬁ”vhHLz(Q VVh S Vh. (311)
KeTr KET

Proof.

1
Vilay = [ wnPax =5 3 [ wfax= 5 3 vl (312)

KeT KeT

We make use of the mesh uniformity 2.4.1 which implies

1. C
> > VKET. (3.1.3)
1
EHVh”Qm(Q) 2 Z HVh||L2(K) =C Z ||Vh||L2(K) (3.1.4)
KeT KeTr e
The same can also be done for V x v;, and V - v;, analogously. O

Lemma 3.1.2 (Upper bound on norm of 7,,(vy)). In a uniform mesh there holds

CQ
[y (Vi1 22y < f”v X V|12,  YVh € Vi C Hcurl, Q). (3.1.5)

Additionally, there holds as well

C2
(@)™ 3oy < S ldwnllFaay,  Veon € Vi © HAM(Q). (3.1.6)
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Proof. On the boundary I' there holds pointwise |n x vj| < |v;| which implies |n x (V x v)| < |V x v|.

Let vy, € V;, C H(curl, 2). We use inverse inequality 2.4.4 and Lemma 3.1.1 to derive the following bound

C2 C? C?
I (V) 720y < IV X Vall72y < D TEHVXVhH%?(K) <> T;”VXVhHQL?(K) < fHVXVhH?ﬁ(Qy

KeTr KeT
(3.1.7)
We omit the analogous proof for differential forms. O
Again on the boundary I', a trivial but relevant inequality used in the thesis is
[n x (v, xn)| < |vy|, VvponT. (3.1.8)

The inequality can be shown by decomposing |n x (v, x n)| into normal and tangential part with respect to

I'. The left-hand side is exactly the tangential part of the decomposition. This yields the following

Lemma 3.1.3 (Upper bound on norm of vy (v, ) bound). In a uniform mesh there holds

02
||7”(Vh)||2L2(F) < f”vh”%z(m, Vv, € H(curl, Q). (3.1.9)

Proof. Using 3.1.8, inverse inequality 2.4.4 and Lemma 3.1.1

C2 CZ
I lZay < IValifamy < Y ZEIVAIZ2 ) < ZEIVAlT2(0),  VWa € Hicurl, ). (3.1.10)
KeTr
O
Lemma 3.1.4 (7 (v;,) - term equality). The following equality holds true
<’)/n(uh),Vh>L2(F) = <’yn(uh),’y”(vh)>L2(p), Vuh,vh € H(curl,Q). (3.1.11)
Proof. We can decompose any vector
u=u;+u,=u+n(u-n). (3.1.12)
(Y (@), V) p2(ry = / nx (Vxu)-vds
r
:/nx (Vxu)- (v +n(v-n))ds
r
:/nx (qu)~vtds+/n>< (Vxu) -n(v-n)ds
r r
= / nx (Vxu)-v.ds (3.1.13)
r
(V) =nx (vxn)=n-nyv-(n-vn=v. (3.1.14)
O
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Definition 3.1.5 (Standard norms). If nothing else is mentioned, and we evaluate norms of functions from

Qn or Vi, e.g. |luy|v or ||pnllq, we use the Sobolev norms that the continuous spaces are equiped with. E.g.

v € Vi, CH(curl, Q) = [[Valln(cun,o), (3.1.15)
v € Vi, CH(diV, Q) = |[Vi|lacaiv,0) (3.1.16)
gn € Qn C H'(Q) = |lgnllm1(o)- (3.1.17)
(3.1.18)

Definition 3.1.6 (The #-norm). We endow the space V;, C H(curl, Q) with
1
[unll = l1enlFeun,0) + 7 (i) l72(ry + Plvn(@n)lZ2 ey, Van € V. (3.1.19)

The above norm can be extended to general k-forms and reads as

1
leonll = llwnlZ2(@) + ldwnllZaq) + 3 1wk ey + RIWR™ T2y, Yon € Vi (3.1.20)

Definition 3.1.7 (The X-norm). The space X, = Vi, x Qn C H(curl,Q) x H!(Q2) is endowed with the

following norm
1(wn, an) 5 = l[anll + lanll720) + P2 IVanlZ2)s  Y(Vioan) € X (3.1.21)

Analogous, the X-norm extended to pairs of k and (k — 1) forms. We have the space

Vi x Qp C HAX(Q) x HAX1(Q) with the norm

1(wn o) 1% = llwnlls + llonlZzq) + R lldonllZ2 (). V(wn,on) € Xn. (3.1.22)

3.2 Saddle-point problem well-posedness

In this section, we will show well-posedness for 1-forms in 3D and 2D. We begin by outlining the relevant

definitions and theorems.

Definition 3.2.1 (Abstract discrete Perturbed saddle point problem). Find (upn,qn) € Vi CV X Qn C Q
such that

a(un,vn) + b(vn, pr) = (fsvn)v, v Yo € Vi, (3.2.1)

b(un, qn) — Nc(pr, an) = (9, an)oxq Yan € Qn (3.2.2)

Here A\?c(py, q1) is considered the perturbation.
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Theorem 3.2.2 (Well-posedness of perturbed saddle point problems). Assume that a(-,-) and (-, -) are sym-

metric on Vj, and Qy, respectively and \2 > 0. Let a1, aa, 81, B2, 71,2 be positive constants such that

SPD & Coercivity: Continuity:
0 < ap(un,upn), Yup € Vi, (3.2.3)  ap(un,vn) < aollup|lviivnlv, Vup, v € Vi,
0 <c(pn,pn), Vpn € Qn, (3.2.4) (3.27)
aleh”%/ < ah(vh,vh), Yun € Ky, (3.2.5) c(phchh) < 62||ph||V”qh||Vﬂ VDh, qn € Qh»

2.
Bullanlly < clgn,an),  Van € Hp. (3.2.6) (3.2:8)

b(vh, qn) < 2llvnllvllanlle:  Van € Hp, Yor € K.
(3.2.9)

Stability:
b(vn, qn)
anllqllvnllv

inf sup M = inf sup

— 1 > 0. (3.2.10)
QheH;f v EVR HQhHQHUh”V thK;f qnEQn

Where we have

K;, =XKerB = {v, € V}, | b(vp,qn) =0, Vg, € Qn}, K;JL‘ = {vp € vy | (wh,vh)Lz(Q) =0, Ywy, € K},
(3.2.11)

Hy, =KerB' = {qn € Qn | b(vn,qn) =0, Vo, € i},  Hy ={aqn € Qn | (rn.an)12() =0, Vry, € Hy}.

(3.2.12)
Then, forevery f € V' and g € Q', the discretized problem has a unique solution.
Proof. A detailed proof can be found in [Boffil3, Thm. 5.5.1]. O
Defining the following bilinear forms to go towards the structure of theorem 3.2.2.
Definition 3.2.3. We use the following bilinear forms in our mixed method (2.6.18).
an(unov) = [ (Vxwn) (Vv et [ )y (vn)ds+ [ )2 (o) ds
Q r r
Cu
+ [ o) -y (i) ds, (3.2.13)
r
b(uh,ph) S / Vph - Vp dX, (3.2.14)
Q
c(p,q) = / Prqn dx. (3.2.15)
Q

With the introduced bilinear forms we rewrite the mixed method equivalently as a perturbed saddle point

problem with the perturbation factor A\? = 1.
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an(Wn, Vi) + b(Vh,pn) = /Qf'Vh dx + %/FWH(g) '7\|(Vh)ds+/r%(vh) -7 (8) ds, (3.2.16)

b(ap, qn) — c(pn,qn) = /F(g ‘1) qp, ds, (3.2.17)

V(Vh, qn) € Vi X Qp.
Definition 3.2.4 (H'(f2)).
Hl(Q) = {Vh S HI(Q) | <Vh, 1>L2(Q) = 0}
We start by having a closer look at the space H;-.
Lemma 3.2.5 (Hj- coincides with H'(Q)). Let V}, C H(curl, Q) and Q;, C H*(Q), then we have
Hi: = {qn € Qn | (rn,qn)120) = 0, Vrn € Hy} = Hy C H'(), (3.2.18)
with Hl(Q) = {Qh S Hl(Q) | <qh, 1>L2(Q) = 0} (3.2.19)
Proof. The space H, is the space of constants. The only nonzero gy, such that (g, 7) r2(Q) = Owithr, € R

ithGFIl(Q). O

Lemma 3.2.6 (Poincaré holds on K, for topologically trivial domains). Let 2 be a domain with Lipschitz
boundary T and non-zero measure boundary part I'p and let uy|r, x n be presrcibed. Then there exists Cp
such that

[anl[z2@) < CPIIV xup|[r2(0), Vup € K. (3.2.20)

Sometimes also referred to as the Maxwell-Poincaré inequality.

Proof. Discrete Poincaré [Arnold18, Thm. 5.3] and discrete Poincaré-Steklov [Ern21b, Thm. 44.6]. O

3.2.1 Semi positive-definiteness of a;, (v, v;)

Lemma 3.2.7. a(-,-) is SPD on V,,, for sufficiently large C,

0< ah(Vh,Vh) Yvy, € Vi, (3.2.21)

The proof of Lemma 3.2.7 and also its extension to coercivity, coincides with a proof yet to be published by
the supervisors of this thesis Prof. Hiptmair, Dr. Zampa, Mr. Tonnon and Dr. Boon [Boon25] who have been

working on a similar method. Their support and guidance in arriving at the same result has been crucial.
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Saddle-point problem well-posedness 21 M

Proof. The bilinear form ay, (v, v;,) can be bounded in the following way
Cuw
ap(Vp, Vi) = /(V X Vi) - (V X vp)dx + 2 / Y (Vi) -y (Vi) ds + e / Y1 (VR)y) (Va) ds (3.2.22)
Q r r
Cu

We apply the Cauchy-Schwarz inequality to the remaining mixed boundary integral and apply Young’s in-

equality to the result. In the ~,, (v, ) norm we use the Lemma 3.1.1.

/F’Yn(Vh) -7|\(Vh) ds > _|W"(Vh)||L2(F)H’Y|| (Vh)||L2(F) (3.2.24)
> ) By — )1 (3225)
= 7 5¢, M VRlL2y = 5 1M VR)IL2 () 2.
2
2 €1 2
= _2eltthV X Vllz2(e) = 5 I Vi)llze r)- (3.2.26)

Using estimate (3.2.26) in (3.2.23).

C2 Cu
an(Vh, Vi) > (1 — ETt;L)HV X Va[Z2(q) + (T —en) [ (va)llZ2ry: (3.2.27)
2 2
Set e = gtr, Choose C, = 2e1h = 4C2,
1 9 2Ct2r 9

an(Vh,Vh) = §||V X Vhlz20) + T”W’H(Vh)HLZ(F) (3.2.28)
> 0. (3.2.29)

O

3.2.2 Continuity of a(u,v;,)

Remark 3.2.8. The following definition will allow us to perform error analysis. If we chose our continuous
solution to be in [H?(£2)]9, all the boundary terms arising in the subsequent proof are well-defined when

evaluated with said chosen function.

Definition 3.2.9 (V; space). Letu € [H?(Q)]¢ and Vj, C H(curl, Q) then we have the space
Vi = Vi, + [H2 ()] (3.2.30)
Definition 3.2.10 (Q« space). Letp € H'(Q2) and Q;, C H'(Q2) then we have the space
Vi = Qpn + HY(Q). (3.2.31)
Lemma 3.2.11. There exists ap > 0 independent of h such that

ah(u,vh) < OéQ”lth#HVhH#, Yue Vy, Yy € V. (3.2.32)
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Proof.
(V) = /Q<v <) - (V x vp) dx + /F%(u) -y (va) ds
+ /F’Yn(Vh> Y (u) ds + % /F Y (Vh)’y”(u) ds (3.2.33)

< |V xullLz@) IV X Vil L2) + [y (@) L2y 1y (ve) | 22 ()

Cyw
+ (|9 (Va) | L2 oy 1|y () | 2y + T”'YH(Vh)HLQ(F)”'Yl\(uh)HL"’(F) (3.2.34)

< ”u”H(Curl,Q)”VhHH(Curl,Q) + ||7n(u)\|L2(r)||7|\(Vh)||L2(r)

Cuw
+ v (Vi) | 2 ooy [l (@) | 22 0y + THVII Vi)l 2yl (@) 22y (3.2.35)

< allaeun,o) Vallaeun,o) + 22 [y (@) |22y h ™ 2 |7 (Va) |2 ()

+h? ”'Yn(vh)”Lz(F)h_% v (W)l r2(r) + ;, v (el 2oy 1y (@) [ 22y (3.2.36)
< Cyllullgllvnlls, Yu e Vi, Vv, €V = ag = Ch. (3.2.37)
O
3.2.3 Coercivity of a;, (v, vy)
Lemma 3.2.12. There exsists oy > 0 independent of h such that
a1||va 7 < an(vi,vi) Vi, € K. (3.2.38)

The proof of Lemma 3.2.12 can be continued from the SPD result in line (3.2.29). We proceed in a manner
that is equivalent to Boon et. al, although here we use a different justification. In their method, the full space

V4, is divergence-free, which per definition of the method allows the use of

Vi € Vi | b(Vi,qn) =0 Van € Qn} (3.2.39)

In our setting, we can achieve the same property by exploiting the definition of the kernel space KerB =
K}, from the perturbed saddle point problem well-posedness theorem (3.2.11) which is precisely defined as
(3.2.39).
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Proof. Continuing from the final step of the SPD proof in (3.2.29)

2
oy V) 32y, WV € K

an(Vh, Vi) > *||V x VhHL2(Q

Lemma 3.1.2 applied to the curl term to borrow norm of 7, (v, ).

h

o I Vn)llZ2y < IV % Valli2 )
Ctl‘Q

2
hm 7 (Vi) 172 ry-

an(Vh, V) > *HV < Vi) + 402 bl Vi)l +
To obtain the ||uy,[|12(q) part of the H(curl, 2) norm we use Lemma 3.2.6

2

2
an(Vh, Vi) = *||V X Vi|72() + 802 [vhllr2(e) + 402 hln (V)22 ) + %HW(W)H%(W

8802 4C2 T

tro

1 1 1
—min (. 2C2,) Il = 19 % Valls ) + Va2

an(Vh,Vn) = <||VhH(curIQ)+ > *Ilvu Vi)l Zary D +h||%(Vh)||L2(F)>

VFel VFel

> ar|vall, Wi € K.

3.2.4 Continuity & coercivity of (-, -)
Lemma 3.2.13 (Continuity of ¢(-, -)). There exists B2 > 0 independent of h such that

cpan) < B2 lpllollanllo, Vo € Qs Van € Qn.

Proof.

c(poan) = /Q pan dx < [Ipll 2oy llanl 2o

—_

< |pllar@llanllar @), Yp € Qs Van € Qn, == p2=

Lemma 3.2.14. Coercivity. There exists 31 > 0 independent of h such that

clqn,qn) > Billanllys  Yan € Hp.

(3.2.40)

(3.2.41)

(3.2.42)

(3.2.43)

(3.2.44)

(3.2.45)

O

(3.2.46)

(3.2.47)

(3.2.48)

(3.2.49)
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Analysis

Proof. Since Hy, is the space of constants, we can add the L2 norm of the gradients without affecting equality.

cansan) = llanllz2) = lanlZ2) + IVl = lanllzn )y, Yan € Hn. = Bi=1.

3.2.5 Continuity and inf-sup stability of b(v;, ¢;,)

Lemma 3.2.15 (Continuity of b(vy, g).). There exists 2 > 0 independent of h such that
b(v.q) < v2llvllellallar), V(v,q) € Vi x Q4.

Proof. We use ||q[|z2(0) < |lg]| a1 () and ||V 2) < ||V«

b(v,q) = /Q V- Vadx < ¥l [ Vall 2oy

< |Vllzz@llallar @) < Ivilsllallar @), Y(v,q) € Ve x Qu, = 72 =1

Lemma 3.2.16. There exists v; > 0 (dependent on h) with vy, # 0 and q;, # 0 such that

inf  sup b(Vh, n)

— TR 5 > 0.
aneit vevi, lanllmr o lIValls

Proof. The #-norm part in the denominator we bound from above using 3.1.3

1
Ivalli = Ivalfieunoy + D v va)llzzce + > bl (va)llzr)
vrer, ' F VFer,

02
< IVallfeun,0) + 725 IVallZ0) + > bl vi)llLace)-
K VFeT,

For non-negative scalars A, B, C there holds the inequality

VA2 4+ B2+ C2<A+B+C.

Therefore

C2
IValle = | IMe ey + 7o Va1 3agey + D Arlmvillzacey
K VFeT),

IN

C
||Vh||H(cur1,Q)""%thHL?(Q)‘f' > VhEln (Vi) L2 (r)-
VFel'y,

(3.2.50)

O

(3.2.51)

(3.2.52)

(3.2.53)

(3.2.54)

(3.2.55)

(3.2.56)

(3.2.57)

(3.2.58)

(3.2.59)
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We introduce the choice v;,(gq;,) = Vg, which yields a lower bound for the supremum over v;, € V},. This
choice, will make the last term in the bounded norm (3.2.59) vanish as well as the curl part of the H(curl, 2)

norm.

C
IVarlls < IVanllacuno) + %HVC]}L”LQ(Q) + Z Ve (Var) | L2 ry (3.2.60)
VFer,

C
< IVanllz2@) + %HthHL%Q)- (3.2.61)

We use the established bounds in the norm in the denominator and use Lemma 3.2.5 to apply Poincaré-

Friedrichs inequality

b(Van, qn)

v > inf (3.2.62)
aemt (14+52) [IVanl 2 llanllm @)
Vaul3
> inf - [Van 2o (3.2.63)
anedE (1+55) [[Vanll 2 llanll e o)
Va3
> inf - ” ”Lf(ﬂ) - (3.2.64)
aedE (1+55) [Vanllrz) (5 +2) IVanll 2o
L >0 o h (3.2.65)
[ 5 Y1 X . L.
1+ (3+F)
O

Which concludes well-posedness for the 1-form proxy method. A drawback from this approach is that some
of the obtained bounds are only valid in the kernel spaces, which render them suboptimal for a-priori error
estimates. That is why during the process of the thesis, we have decided to take an additional well-posedness

approach.

3.3 Babuska-Necas-Brezzi Well-posedness

We recall the following standard result; see [Ne¢as62, Thm. 3.1], [Babuska62, Thm. 2.1] for reference. Let

Vi, € Vand @), C Q be finite-dimensional subspaces and define
Xy = Vi x Qh- (331)

Suppose B(-,-): X} x X; — Ris a bilinear form and F: X;, — R is a bounded linear functional. We wish

to find

B(xn,yn) = Fyn), Yyn € Xi (3.3.2)
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Theorem 3.3.1 (BNB Well-posedness). Suppose the following assumptions are fulfilled

(Continuity) 35> 0: |B(zp,yn)| < Bllanllxllunllx, Y, yn € X, (3.3.3)
B
(Stability) Fy>0: sup DERY) oy Van € Xp. (3.3.4)
w0 Ilynllx

Then for every F € X there holds
N, € Xy : B(:Eh,yh) = ]‘—(yh), Vyh € Xh, (3.3.5)
lznllx < B Fllx- (3.3.6)
Proof. A complete proof can be found in [Necas62, Chapter 3]. O

3.3.1 1-form vector proxy BNB well-posedness
The bilinear form B(-, -) and right hand side F(-) for our mixed method (2.6.18) then reads

B((an,pn); Vi, qn)) = an(@n, Vi) + b(Vi, pr) = b(an, an) + c(pns an), (3.3.7)
C.,
F((Vh:qn)) Z/Qf'Vth+T/FW(g)'Vu(Vh)dS

+ /F Yn (Vi) -y (8) ds — /F (g-n)qnds. (3.3.8)

Definition 3.3.2 (X space). Recall the definitions 3.2.9 and 3.2.10. In anticipation of the error analysis, we

define the following space for the 1-form proxy method.
Xy = Vi X Qs (3.3.9)
For the proofwork in the FEEC framework, we define
(w,0) € H2A*(Q) x H'AF1(Q),  (wpn,on) € Vi, € HAF(Q) x Q, € HAFH(Q). (3.3.10)

And finally
Vi = Vi + H?A*(Q), Qs =Qn+ H'A*1(Q), Xi=VixQs. (3.3.11)

Theorem 3.3.3 (BNB continuity 1-forms). For the I-forms Nitsche Hodge Laplace method (3.3.7) there exists
By, > 0 such that

B >0: [B((w,p); (v, qn))| < Bull(w,p) | x|(Vhs an)llx,  Y(u,p) € Xu, Y(Va, qn) € Xpp. (3.3.12)

We denote the constant as [3;, to emphasize its dependecy on h. B is continuous with 3, = O(h™!)
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Babus§ka-Necas-Brezzi Well-posedness 27 M

Proof. We use Lemma 3.2.11 to bound ay (-, -), Cauchy Schwarz, a scaling argument and the X-norm defini-

tion.

|B((w,p); (Va, qn))| = lan (0, V) + b(vi, p) + b(w, qn) — c(p, qn)| (3.3.13)
<lan(a,vp)| + [b(vh,p)| + |b(0, qn)| + |c(p, gn) (3.3.14)
Using 3.2.11 < Cy||u||«l[valls + [b(vh, p)| + |b(u, gr)| + |c(p, qr)] (3.3.15)

< Cillullg[[vrlls + Collvhllz2(@) VPl L2(0)

+ Csl|ull 2 [IVanll L2y + Callpll L2y lan |l 22 @) (3.3.16)

< C1ll (@, p)llx 1 (va, an)llx + C3 I, p) x|V gn) | x

Cs h=HI(w, p)llx [ (Vh an)llx + Cill (@, p)l|x | (Vs an) | x- (3.3.17)

1 2
0<h<l = 1+-<=. (3.3.18)

h~h

1 1 1
Ci+Ci+ (Cy+CY) 7 < max (C] + C},CH + CY) (1 + h) < 2max (C] + Cy,Cy + C) 7 (3.3.19)
B =2max(C]+Cy,Co+C4), Bn= % (3.3.20)
Which allows us to conclude the continuity proof

|B ((a,p); (Vhyqn)) | < Brll(w, p)|Ix|(Vas gn)llx,  Y(a,p) € Xu, Y(Va, qn) € Xn. (3.3.21)
O

Theorem 3.3.4 (BNB Stability 1-forms). For the 1-forms Nitsche Hodge Laplace method (3.3.7), there exists
~ > 0 independent of h such that

sup B((wh,pn); (Vas qn))

>vl(an, pr)llx,  V(an,pn) € X (3.3.22)
a0 I1(Vhyan)llx

Proof. In order to show the theorem, we pick T, a linear operator (v, g,) = T'((uy, p)) such that

1T ((an, pn))llx < Crll(an, p)lx, (3.3.23)

B((an, pn); T((an, p1))) = Y (@n,pr)l%s  V(an,pn) € Xn. (3.3.24)

which implies Lemma 3.3.4 by T-coercivity as in [Bonnet10, Thm. 2.1]. We chose

T((an, pn)) = <uh,ph - 2102<p> . (3.3.25)
p

Unsurprisingly, this choice coincides with D. Arnolds choice in the proof of the method without the Nitsche
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terms and different boundary conditions [Arnold18, Thm. 4.9].

sup  B((up,pn); (Va,qn)) = B((un,pr); T((un,pr))) = B ((uh,ph); (uh,ph - 2&@)) . (3.3.26)
(Vh,qn)#0 P

Applying linearity of B to decompose it to

B <(uhvph); (umph - 2102@>) = B((up,pn); (un,pn)) + QéIQDB((uh,Ph); (0,—¢)). (3.3.27)

We bound the first term as follows

B((wn,pn); (up,pr)) = ap(up,up) + b(uy, pr) — b(up, pr) + c(ph, pn) (3.3.28)
= an(un, w) + |pall7z() (3.3.29)

1 h
> ap(up,up) + EHPhH%Z(Q) + Cinv§|\VPh||2L2(Q) (3.3.30)

Cuy
= [IV x upllZ2(0) + Q/F%(uh) - (up)ds + THW(uh)lli%r)

1 h
+ §||Ph||%2(9) + Cinv§||VPhH%2(sz)' (3.3.31)

Bounding the mixed boundary term, by Cauchy-Schwartz, Young’s inequality and Lemma 3.1.2

1 6

/r%(uh) () ds = =5y (i) 22y = 5 I (@n)llzee), (33.32)
Ct2 2 €2 2

2 _ﬁw < nllze ) = S v @a)llzer)- (3.3.33)

2 2
Picking Young’s constant e5 = ht“ ,

1 202
Q/F“Yn(uh) ) (up)ds > —§||V X uh||2L2(Q) - TtrHYH(uh)”QL?(F)- (3.3.34)

If we pick C,, = 4C7 we get

1 202
B((up, pn); (an, pr)) > §||v X 720y + htrl RACHIT (3.3.35)
1 h
+ §||ph||2Lz(Q) + Cinv§||vph||i2(m. (3.3.36)

Using Lemma 3.1.2 to bound the curl term from below

2
try

C,
o I (@a) 2y (3.3.37)

2
IV xupl|z2(0) + (up)[ +

B~

h
B((un, pn); (Wn,pr)) > @H%

h
+ 5 lonllZ2 ) + Cinv§||VPh||2L2(Q)- (3.3.38)

DN | =

Due to the Hodge decomposition 2.2.13 and the Poincaré inequality 2.2.14 we have

Huh||2L2(Q) = ||uﬁ||i2(ﬂ) + ||V<PH%2(Q) < 01291 IV x uﬁ”%%ﬂ) + ||V<PH%2(Q)7 (3.3.39)

= [luj [Z2(0) < CBIIV x 0y |72 (0)- (3.3.40)
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Using the obtained bound on what’s left of the curl term a third time

ool —

1 h
B((un,pn); (an, pn)) > <1V x wnllz2 (@) + == 1un 1720 + 575~ n ()| (3.3.41)
8C%H, 4C¢,

2
try

T

1 h
v @allzz ey + 5 lIpnlZe) + Cimg VPRI 220 (3.3.42)

Bounding the second term in equation (3.3.27)

B((un,pn)(0,—¢)) = b(un, n) — c(ph. ¢n) (3.3.43)
> IVenlZza) — /meph dx (3.3.44)

1 €3
> ||Vl Z2(q) — g”th%?(Q) - En‘th%Z(Q)’ (3.3.45)

1
Picking Young’s constant €3 = —-—
C%,

2, 1
> [[Venlliz ) — TZthH%?(Q) - ﬁ”‘thQLQ(Qy (3.3.46)
2
Due to the Hodge decomposition 2.2.13 and the Poincaré inequality 2.2.14 we have
1 2 1 2
- @H%HL?(Q) 2 —§||V<Ph||L2(Q)- (3.3.47)
2

Which yields the following lower bound

Ct
||v90h||%2(9)*TZHPhHQB(Q)- (3.3.48)

N | —

B((un, pn)(0, —pn)) >

Now we successfully obtained both parts of the Hodge decomposition and we can combine them to get the

missing norm on uy.

1 1 9 1 12 h 9
5 () (o = 55¢) ) = GI9 x wnlaey + ok o+ g Iomon)re

tro

202 1 h
+ htrl v (@)1 720y + §||ph”?;2(g) + Cinv§||Vph||2L2(Q)
1 1 2 Ch 2
e GG (3:3.49)
1 2 1 112 h 2
> §||V X Up |72 + @”uh 220 + @H%(uh)nm(r)
t21’1 1 2 h 2
2y ) ey + glpalEaqa) + Cinvy [ Vpnl (0
1 2
1 1 1

in 1
202 Cinv ) . (3.3.51)

’y:min (aav ) )
8'8C3, T4CE, "M 2 T 4CE,
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And we conclude the proof

1
B ((uh,ph); (umph - 202<P>> > y(IV x unll2@) + 0y 72 (0) + IVenllieq)
Py

1
+ hllvn(an)l| L2y + EH’YH (un) L2

+IpnllZa ) + PIVERIL2 () (3.3.52)
o (nll2 + 122y + BV 22() (3.3.53)
=7l (an, pn)l% - (3.3.54)

0

3.3.2 Well-posedness in the context of FEEC

In this section, we prove well-posedness within the framework of Finite Element Exterior Calculus, which
will allow us to conclude well-posedness for all the vector proxy choices that can be correctly employed. We
have the norms from definition 3.1.6 and 3.1.7. Let X}, = V}, x Q;, and V}, € HA®(Q), Q;, € HA*~1(Q) and

the following bilinear forms defined as

ah(~7 ) : Vh X Vh — R, b(, ) : Qh X Vh — R, C(-, ) : Qh X Qh — R. (3.3.55)

an(wn,nn) = (dwn, dnp) L2 ) — (dwn)™, 75" L2 r)

nor an Cw an an
— ()™, wp; )L2r) + T@Uz NS )L2(1), (3.3.56)
b(on, M) = (don, nn) r2(0), (3.3.57)
c(on, Th) = (On, Th) L2(0)- (3.3.58)

The (bi)linear forms are defined as follows
B(:): Xpx Xp — R, F():Xp —R (3.3.59)
B((wh,on), (M, ) = an(wn,nn) + b(on, nn) — b(Th,wn) + c(on, ), (3.3.60)
nor n Cw n n

F((m, 7)) = {frmndrz) — ((dnn)™, g™ L2y + T(gta MY L2 (ry (3.3.61)
+ (W, T 2 (). (3.3.62)

We want to find (wp, 0p) € X}, such that

B((wh,on), n, 7)) = F((n, 7)), V(0hs ) € X (3.3.63)
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We also want to subject problem (3.3.63) to BNB well-posedness analysis.

Lemma 3.3.5 (Continuity of a, (-, -) FEEC). There exists C > 0 such that

an(wh,nn) < Cllwnl#l|nells,  Ywn € Vi, Vi € Va.

Proof. This proof is similar to the proof of Lemma 3.2.11. Cauchy-Schwarz, norm definitions and scaling

arguments. O

Theorem 3.3.6 (BNB Continuity FEEC). For the FEEC Nitsche Hodge Laplace method (3.3.56), there exists
B, > 0 such that
|B(z,yn)| < Bullzllxllynllx, Vo € X4, Yyn € Xp. (3.3.64)

Proof. The procedure of the proof is analogous to the vector proxy continuity proof, which is why it also yields

an h dependent constant 3j,.

|B((w,0); (7)) | = lan(w, ) + b(nn, o) + b(w, ) — c(o, 7)) (3.3.65)
< lap(w,nn)| + [b(nn, o)| + |b(w, )| + |c(o, )] (3.3.66)
Using 3.3.5 < Cil|w|l«llnnlls + [6(n, )| + [b(w, 74)| + |c(o, 74)] (3.3.67)

< Cillwllgllnnlle + C2llnnlle @ lldo |2 @)

+ C3|lwll L2 A7r 2 () + Callo |2 I7all 22 @) (3.3.68)

< Cill(w, o)llx (s m0) | x + C5 A7 HI(w, o) x (s 7o)l

Cs h ™ [(w, o)llx (s ) 1 x + Cill (@, 0) x| (s 7)  x- (3.3.69)

1 2
0<h<l = 1+-<—. (3.3.70)

h~h

1 1 1
Ci+Cy+ (Cy+ Cg)g < max (C] + C}, C + C5) (1 + h) < 2max (C] + C}, C5 + c;,)ﬁ. (3.3.71)
B =2max (C] +C},Cy+C5), Bp= % (3.3.72)
Which allows us to conclude the continuity proof.

|B((w,0); (mn, 7)) | < Bull(w, o)l x I (mn, )l x, V& € Xa, Vyn € X (3.3.73)
O

Theorem 3.3.7 (BNB stability FEEC). For the FEEC Nitsche Hodge Laplace method (3.3.56), there exists
~ > 0 independent of h such that

B
Fy>0: supM

>vlznllx, Von € Xp. (3.3.74)
w0 |lunllx
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Proof. By [Bonnet10, Thm. 2.1], we choose the following linear operator T to show T-coercivity, as we did in

the vector proxy case.

sup  B((wnh,on); (s 7)) = B((wh,00); T ((wh,on))) = B ((meh); <Wh70'h - 261‘2%0>) .
(Mh,7h)#0 Py (33.75)

We apply linearity of the bilinear form B and decompose it to the differential form analogon of 3.3.27
1 1
B (wh,ah); Wh;0h — 545 = B((wh,oh);(wh,ah)) + 723((00}1,011);(07 —(p)) (3.3.76)
2C%, 2C%,
Bounding the first term in (3.3.76)

B((wh, on), (wn, O’h)) = ap(wp,wp) + ||ah||2L2(Q) (3.3.77)

Cu
= lldonllFaca) — 2((den)™ ) 2oy + 21w Faqry + lonlFae) (3:378)

We bound the mixed boundary term by Cauchy-Schwartz, Young’s inequality and Lemma 3.1.2

1 €
— ()™, i ey 2 o l(eon) ™ e oy — 5 ey (33.79)
Ct2rl tan
2 - ||dwh||L2(Q) ||W %2 (1) (3.3.80)
202
Pick ¢ = — ™
ick e P
1 C2
2 _ZHdwhH%Z(Q) - %”Wtﬁn”LQ(F) (3.3.81)
Using the obtained estimate
1 C, 2C2
B((wn,on), (wh,0on)) > EHdwhH%z(Q) + (h }:“) ™ |72y + llonl? (3.3.82)
Pick C,, = 4C7,
2Ct2r1 tan 2
HdwhHm(g) + w22y + lonll?  (SPDO). (3.3.83)

We make use of inverse inequality 2.4.4 to obtain the following bound

C2
I (@eon) " W2y < =2 lldeon 220 (3.3.84)

We can further bound the bilinear form with this estimate and with theorem 2.4.5

02

try

h
02

tl’l tan
o™ 122y

(dewor )™ |72 ry + k™ |72y + lonllZ2 () (3.3:85)

1 h
B((wnson), (whson)) > ZHdwhHQL?(Q) + W”

Y

1
ldwnlza o) + (deon)" 12 ry +

402 ”

tro

2
C’mv

1
+ 3 llonlliz o) + o172 ) - (3.3.86)
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Due to the Hodge decomposition 2.2.13 and the Poincaré inequality 2.2.14 we have the following bounds

ldwnll72(0) = lldwi 220y + 1ddenllFz(q) = ldwi 72 (o). (3.3.87)
lwi ||L2(Q) < Cp, |ldwy HL2(Q)' (3.3.88)
which yields
B((wnr 1) @ on)) 2 S ldwnlBay + w3y + g ()02
hyUh)s hyUh 8 h LZ(Q 80123 h LQ(Q) 02 h LQ(F)
2C2 1 02
+ w2y + 5 lonllZa@) + ! ldon |22 q) (3.3.89)
Bounding the second term of 2.4.3
B((wn,on),(0,—¢n)) = b(en,wn) — c(on, on) (3.3.90)
= (wn,don)r2(Q) — (Tn, Pr)L2(Q) (3.3.91)
= (wi, dpn) r2(0) + (don, don) 12(0) — (O, Pr)L2(0) (3.3.92)
= ||d<Ph||2L2(Q) —{(OhsPn) L2 () (3.3.93)
1 €
> [|denlZ2(0) — 21”%”%2(9) - §||<Ph||2L2(Q)a (3.3.94)
1
Pick e = ——,
C3,
2 01232 2 1 2
B((wnson): (0,—¢p)) > [denllzz@) — THahHLQ(Q) - @H@h”]ﬂ(ﬂy (3.3.95)
2
Due to the Hodge decomposition 2.2.13 we have
- ||<Ph|‘%2(g) 2 —Cz%zudﬁﬂh”%?(g)- (3.3.96)
Which allows us to give the following bound
1 01232 2
B((Wh, Uh)v (Oa —Sﬁh)) §||dgph||L2(Q) 2 ||0h||L2(Q) (3397)

Gathering all bounds

B <(wh70h)§ <Wh70h - 261,1%%)) = B((wn,0on), (wh,on)) + 261,1233((%,%), (0,—¢n))  (3.3.98)

1
g”dwhHLZ(Q) + 802 it 1720 + 402 [1(dewn)™ (12 (r)

tro

02 02
+ htrl it 12y + §||0h||2L2(Q) + Cimh don |72
1 /1 ) Cc% )
+ 207, <2||d<Ph||L2(Q) - 72||Uh||L2(Q) . (3.3.99)
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5 () ( ren) ) 2 gl + o lenlia + o Idonl
Wh;On)5 | WhyOh — =5 Ph = Wh 2( W, 2( ©h 2(
20%2 ] L2(Q) 802 L2(Q) 402 L
h 202
T [[(dwn )™ (| 22y + htrl o™ 172 r)
2
1 2
-‘rZHUh”%z(Q)-i- Cin don 72 0)- (3.3.100)
1 1 1 C; 1
= i o 9 ) CQ 9 an’ . 3.3.101
7 mm(s’sc,%l acz e Ty acy, (33101
Which lets us conclude the proof
1
B ((Whao'h)§ (wh,Uh 202, @h)) 2 'V(HdwhH%?(Q) + Hwh”%?(ﬂ) +h||(dwh)n0r||%2(r)
1
+ EHwtanHm(r) +lonlZ2 () + hlldonlF2(q)) (3.3.102)
= y|(wn, o)k (3.3.103)
O
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3.4 Consistency

3.4.1 1-form vector proxy consistency

As before, we present the vector proxy consistency result first. If one considers the vector Laplacian —V?u =

f, then applies the Hodge decomposition to it and introduces auxiliary variable p = —divu, then one arives

at the formulation below, which inherits the vector Laplacian’s regularity properties.

Theorem 3.4.1 (1-form vector proxy consistency). Let (u,p) € [H*(Q)]* x H*(Q) solve
V x(Vxu)+Vp=H, in Q, (3.4.1)
V-u+p=0, in Q, (3.4.2)
u=g, onT. (3.4.3)
Then (u, p) satisfies the weak mixed method for 1-form vector proxies
B((u7p)7 (Vha Qh)) = ]:((Vha Qh))v \V/(V}“ q}t) € Xh' (344)
With
F((Vhsan)) = (€ Va) 20y + (1 (Vi) 7 (@) L2 ) + #Wu(g)ﬁn(%»m(r)
+(g-n,qn)L2(n)- (3.4.5)
Proof. If we plug in the left hand side of (3.4.1) into the first term of (3.4.5), we obtain
F((Vhoan)) = £ Vi) 20) + - -- (3.4.6)
= (V X (V X u) + Vp,vh>Lz(Q) +... (347)
=(V x (V x u),Vh>L2(Q) + <vp,Vh>L2(Q) + ... (3.4.8)

On the frist term in (3.4.8) we do integration by parts and use Lemma 3.1.4 on the resulting boundary term

F((Vhqn)) = (V X W,V X Vi) r2(0) + (Va (W), V) r2(r) + (VD Vi) L2(0) + - - -

=(V xu,V xvu)r2) + (), v (Vo) L2y + (VD Vi) L2(0) + - - -

We can use (3.4.3) in the terms of (3.4.5) where g occurs to obtain

F((vnrqn)) = an(@,vi) +b(vi, p) + (01, q4) L2(r).-

(3.4.9)

(3.4.10)

(3.4.11)
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Undoing integration by parts on the div(u) term which can be done due to the regularity of u and use equation

34.2
(w-n,qn) 2y = (div(u), gn)r2(0) + (U, Van) 2 (o) (3.4.12)
= (W, Van)r2) — (0 qn) 2 (0)- (3.4.13)
Which concludes the proof
F((Vh,qn)) = an(a,vy,) + b(vy,p) + b(w, qn) — c(p, qn) (3.4.14)
= B((u7p)>(vh7qh)>> V(Vh7Qh) S Xh' (3415)
O
3.4.2 FEEC consistency
Theorem 3.4.2 (FEEC consistency). Let Vj, C HAX(Q) and Q;, ¢ HAX1(Q).
Let also (w, ) € H?AX(Q) x H'A*1(Q) solve
ddw +do = f, in §, (3.4.16)
dw—0 =0, in ), (3.4.17)
w=yg, onT. (3.4.18)
Then (w, o) solve the FEEC Nitsche Hodge Laplace mixed method
Bh((w,()’),(nh,Th)) :.F((nh,Th)), Y, mh) € Vi X Q. (3.4.19)
With
nor _tan Cw tan _tan nor __tan
F((nsmh)) = (frmm) 20y — ((dnp)™, ¢ 21y + 7(9 M2y (9" T ) ey (3.4.20)
Proof. We use the lefthand side of (3.4.16) and integration by parts to obtain
nor tan Cw tan tan nor tan
F((ms)) = (frmm) L2 — (dna)"™, g™ L2 (ry + 7(9 ey + (97 T L) (3.4.21)
= <6dw + do, nh>L2(Q) + ... (3.4.22)
= <5dw, ’I]h>L2(Q) + <d0’, 77h>L2(Q) +... (3.4.23)
= <dw, d’r]h>L2(Q) + <(dw)nor, (nh)tan>L2(F) + <d0’, 77h>L2(Q) +.... (3.4.24)
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Now we use (3.4.18) to replace the g’s and we get
F((mn, 7)) = an(w,mn) + b(o,mm) + (", 72 L2 (1) (3.4.25)

To get the last term that is the inner product on the boundary, we use the integration by parts formula

(W™, T}t:m>L2(F) = (w, dTh>L2(Q) — (0w, Th>L2(Q)~ (3.4.26)

We can now use (3.4.17) to replace dw with o

F((mm, 7)) = an(w,mn) + b(o,m4) + b(w, ) — c(o, 1) (3.4.27)
= Bh((w70),(nh,7'h)), V(’r]h,Th) e Vi x Qp. (3.4.28)
Which concludes the FEEC consistency proof. O

3.5 A priori error analysis

We start by presenting the a-priori error analysis in the exterior calculus framework. So far we have proven
boundedness 3.3.6, stability 3.3.7 and consistency 3.4.2, which are all the components needed to derive the

error bounds.

Definition 3.5.1 (Smoothness of solutions). In the following sections we always assume (w, o) € H"A*(Q) x
H'AF=1() to be the exact solutions, where [, r are the degrees of the finite element polynomial spaces, such
that we can make us of theorem 2.4.6. Note that they are always chosen such that/ = r, they are distinguished

merely to track where the rates are coming from.
Find z;, € X;, € X = HAY(Q) x HA*1(Q) such that
B(xn,yn) = F(yn), Vyn € X. (3.5.1)

Due to the consistency result 3.4.2, we can derive the Galerkin orthogonality for our method immediately.

Lemma 3.5.2 (Galerkin orthogonality). Let x € X solve (3.4.16) and also have regulartiy as in definition 3.3.2.

B(x —xp,yn) = B(x,yn) — B(xn,yn) = F(yn) — Flyn) =0, Vyn € Xp. (3.5.2)
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3.5.1 A suboptimal error bound

For problem (3.5.1) we present the following Theorem

Theorem 3.5.3 (Convergence). Let x and xj, be the continuous and discrete solution to (3.3.56) respectively

and let zy, be arbitrary, then there exists C > 0 independent of h such that

o —anllx < Ch™"_inf [z~ zx < Ch™=% + Ch!~1. (3.5.3)
Zh h

Proof. Let z;, € X, be arbitrary. Then we can use Galerkin orthogonality 3.5.2 and continuity 3.3.6 to show

B(zn, — xp,yn) = B(zn —xp + @ — x,yn) = B(zn — @, yn) + B(@ — xp,yn) = Bz, — ,yn)
< Bullen — =l xllynllx,  Yyn € Xa. (3.5.4)

We use stability 3.3.7 and 3.5.4
|B(zn — wnyn)|l 4 |B(zn — 2,yn)|

lzn — 2nllx <7~ sup =7 sup

(3.5.5)
0#yn€Xp ||yh||X 0#yn€Xn ||3/h||X

We introduce the error e = x — x5, add and substract our arbitrary z;, and apply the triangle inequality
lellx = llz —anllx = llz —2n + 20 — 20l x <o = znllx + |20 — 2nllx. (3.5.6)

We bound the last term with (3.5.5) and apply continuity 3.3.6 to its numerator to obtain

Bz, —x
lellx < llz— zallx +7t sup 2L Tl
0#yneXn Hyh”X
< (142 o= sl (3.57)
<Ch™t' inf ||z — 24l x, (3.5.8)
zh€Xp
=Ch! inf lw —nulle + |0 — ThHLZ(Q) + hljd(c — Th)HLZ(Q). (3.5.9)
(Mn,mh)EXR

Exploring the infimum in the hashtag norm

inf — = inf d(w — —
nhevh”w uan nhevthll (W = mn)llL2@) + llw — MallL2(o)

LR P S [CHE S L PR CEST)

using theorem 2.4.6 < Ch7|dw|grar+r(q) + CR"|w] grpk (o)
+ OB 3w e pn () + CR™ 5] (dw) ™| e pns1.r), (3.5.11)
<ot (3.5.12)
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We collect the terms again

||€HX < Chr_% —|—Ch_1 inf (HU — ThHLz(Q) —l-th(U — Th)||L2(Q)) (3.5.13)

ThEQR
using theorem 2.4.6 <Ch ™3 +Ch™! (CRY|o|giar-1(0) + Chdo| gipn(a)) (3.5.14)
=Ch™% + Ch'L, (3.5.15)
L]

3.5.2 A sharp error bound for the 1-form 2D method

In the proof for the BNB continuity 3.3.6, we obtained an h dependent constant which is not desirable since it
decreases the error bound an entire order before the exploration of the aproximation properties. We make use
of an auxiliary result needed to get rid of the h ! factor. This auxiliary result is only valid for u € H°(curl, §2),
which is why we first need to define the vector Laplacian in the context of a boundary lifting. The vector
Laplacian can be written as

—Au=f inQ, ur=g

Letw € [H"(£2)]? such that w|r = g and —Aw = 0 then we have
U=u-w = Ww|r=ur—wr=g—g=0.
Then we can rewrite our problem in the following way
—Aug=f, inQ, wlr=0, Yug < [HjQ)>. (3.5.16)

We require 7 to be at least as high such that uy € Ho(curl, Q) C [Hj(2)])%

Theorem 3.5.4. Following D. Arnold et. al [Arnold12], there exists a projection operator Ty such that
vy, = myov,  myo s Ho(curl, Q) — Vi) € VP (3.5.17)
Then, for Q2 C R? we have the following bound

(=), Van) 20y < Ch™2 7% [u = v | o llanl 220, (3.5.18)
Vu € Hy(curl, Q) N LY(Q).

And there holds

inf Ch™ %t lu =) ey lamll 2@y < CH ™37 [l ey llan 220 - (3.5.19)

0 0
v, eV
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Proof. Similar to proof of [Arnold12, Thm. 3.5]. O

Theorem 3.5.5 (1-form 2D optimal a-priori error bound). Let uy € [H{;()]?, obtained from the lifting
as shown in (3.5.16) be the exact solution to the lifted 2D vector Laplacian and let (uy, py,) be the discrete

solution to the corresponding method. Then there exists C' > 0 such that

(o —un,p — pp)|x = Ch™"% + ChL. (3.5.20)

Proof.
_ B(zn, — . yn
lellx < lle — zullx +77" sup PCR=Tm] (3:521)
ozynex,  llunllx
Now instead of applying continuity, we write the entire bilinear form B, and bound it.
- |B((vi, — o, qn — p), (Wh, sp))|
[(wo —un, p—pn)llx < [l(Wo—Vi,p—an)llx +7~"  sup ( ) (3.5.22)
0%£(Wh,s1)EX, [ (W skl x

|B((Vh — U0, qn — D), (Wh, 3h))| = |an (v, — g, Wp) + b(Wh, gn — p) — b(V — g, sp) + c(gn — p, s1)|
< lan(ao — Vi, Wa)| + [b(Wh, p — qn)| + [b(ao — Vi, s5)| + |e(p — qn, sn)|
< |[(ao = v, p — @) I x [[(Wh, sn) | x + [[(Wh, sp) | x [V (P — qn) 2 (@)

+ [b(ug — i, s0)| + [[(Wo — Vi, p — an) || x [|(Wh, s0) || x - (3.5.23)

We identify the bilinear form b with second argument s;, as the troublemaker. Since the gradient of s, in the
X-norm has an h factor, we cannot bound it from above by the X-norm. Using theorem 3.5.4, let t = |log(h)|,

then we have

11
(ug — TyoUo, th>L2(Q) < (ug— V%, th>L2(Q) < Ch™ 27 Tee®T |jug — V(})LHL\log(h)\(Q) ||Qh||L2(Q). (3.5.24)

In the next steps we assume that with A — 0, the fraction Wl(h)l becomes more and more neglibible while

|log(h)| — oo. This result allows us to bound our bilinear form b from (3.5.23).

b(ag — Vi, sn) = (g — myottg, Vsp) r2(y < Ch72 [t — V| Lo oy llshl 2o (3.5.25)
< Ch™%|[ug — V| oo ) | (W 5) - (3.5.26)

Now our bound on the bilinear form B becomes

|B((vi, — W0, qn — p), (Wh, 50))| < |(Wh, sl x (2] (wo — Vi, p — an) || x (3.5.27)

+ V(P = an)ll 22 () + Ch ™ [[ug — V9| oo (a)) (3.5.28)
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The obtained result plugged into (3.5.22) yields

I(wo —wn,p = p)llx < [l(wo = Ve, p — an)llx + 772 (W0 — Vi, p — an)llx

V(D — an) 2@y + Cy T E [ug — Vo[l e () (3.5.29)

[(wo —ap,p—pn)llx < +0#ivnfq : (T +2y"Y[(ao =va,p = an)llx +7 IV — an)ll2 )  (3.5.30)
hydh

+ Ch % |[ug || poe o) (3.5.31)

From (3.5.14) and (3.5.12) we already know the approximation properties under the X norm tobe < C hi-z 4

Ch!. The last term in (3.5.30) is also < Ch!, therefore we conclude

10 — w,p — pu)|lx < Ch"=2 + Ch. (3.5.32)
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Chapter 4

Numerical Experiments

In this chapter we present our numerical results, starting with the 2D 1-forms, followed by the 3D 1-forms
and 2-forms. All the numerical experiments were implemented in @NGSolve , which is a high performance
finite element method library with a frontend in Python and a backend in C++. It is developed and main-
tained by Prof. Dr. J. Schoberl and his Team at the institute of Analysis and Scientific Computing (ASC) at
the Technical University of Vienna since already more than two decades. All the results can be recreated
locally by cloning https://github.com/tellocam/nitscheDirichletHodgeLaplace. There are detailed
instructions on how to run the experiments either with Docker or with a script run. sh that creates a virtual
environment with conda. The repository runs all methods and shows convergence plots in the X-norm with
coarse meshes and low orders. For all the experiments we set » = [, in the plots the rates are distinguished

except in the X norm, there we just use r.

4.1 Discrete Hodge Laplace for A'(Q) in R?

for the 2D method, the convergence analysis was done on the unit square with structured meshes.

Listing 4.1: Structured unit square mesh creation
1 from ngsolve import *
2 from ngsolve.meshes import MakeStructured2DMesh
3 n = Int(1/h)
4 mesh = MakeStructured2DMesh (quads=False, nx=n, ny=n)
Listing 4.2: Structured unit square mesh creation
1 H_curl = HCurl(mesh, order=r, typel=True)
2 H_ 1 = Hl(mesh, order=1)
3 fes = H.1 * H_curl
4 (p, u), (q, v) = fes.TnT()

Note that the finite element space is a product space. If the HCurl function is not given the argument
typel=True, it will automatically use type 2 Nédélec elements, which is generally preferred but we actu-

ally want the trimmed spaces.


https://github.com/tellocam/nitscheDirichletHodgeLaplace
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For the boundary integrals the normal vector, the tangent vector and the local meshsize are required.

Listing 4.3: Structured unit square mesh creation

n = specialcf.normal(mesh.dim)
t = specialcf.tangential (mesh.dim)
h = specialcf. mesh_size

dS = ds(skeleton=True, definedon=mesh.Boundaries(".*"))
f = CF(GCurl(GCurl(g)) - GGrad(GDiv(g)))

(O I S O S

The ds is the boundary differential NGSolve requires to assemble the boundary integrals correctly. the argu-
ment def inedon=mesh.Boundaries(".*") does this for all the strings that mesh.GetBoundaries () would
return. The argument skeleton=True allows the integrator to obtain information of the adjacent volume el-
ement, otherwise this integral would be zero since the trace of an HCurl function is only tangential, which is
orthogonal to the normal. The last line computes the left hand side of (3.4.1) which we use as a manufactured
solution f to do the convergence experiments. The functions GCurl, GGrad and GDiv are shown in appendix
C, they make use of NGSolve’s automatic differentiation capabilities of coefficient functions, since we
cannot use differential operators that are applied to test and trial functions. The following g € C>°(2) is used

in the 2D experiments
sin(z) cos(L1y)
g= N (4.1.1)
—sin(3y) cos(5 )
We can proceed with the instatiation of the forms (3.3.63) on the product space in listing 4.2 to let NGSolve

create the sparsity pattern to reserve the required memory.

Listing 4.4: Instatiation of bilinear form B and adding of volume integrals

B = BilinearForm (fes)

B += grad(p) * v * dx

B += curl(u) * curl(v) * dx
B +=u * grad(q) * dx

B4+= -p * q * dx

A U AW N =

Adding integrals to the bilinear form according to (2.6.18).

Listing 4.5: Boundary term in bilinear form B

gamma_n_u = -curl(u)*t
-curl(v)*t

gamma_p_v = v - n*(v*n)

gamma_n_v

gamma p u = u - n*(u*n)

B += gamma n_ v * gamma p_u * dS
B += gamma_p_v * gamma n_u * dS

[N B Y S S

B += (C_w/h) * gamma_p_v * gamma p_u * dS
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Just as defined in 2.5.2, we have the 2D-version of ~,,. In 2D, the NGSolve curl operator returns the scalar

rotation rot if given a vector field and a vectorfield if given a scalarfield.

Adding integrals to F. Note that we do not require the differential dS for the boundary integral in line 5 of

listing 4.6, since ¢ is from the Lagrange space and therefore the integral non-zero.

Listing 4.6: Instatiation of Linear form F and adding of right hand side terms

F = LinearForm/( fes)

gamma p_ g = g - n*(g*n)

F+4+=f * v * dx

F += (Cw / h) * gamma_p_g * gamma_p_v * dS
F += gamma n v * gamma p_g * dS

F += (g*n) * q * ds

o BN e Y " I Sl

For large systems, the parallel assembly is useful, although in this convergence analysis, there were only 16k

DOF’s for the 5th order and the finest mesh.

Listing 4.7: Assembly of B and F, solving of the linear system
1 with TaskManager ():
2
3 B.Assemble ()
4 F.Assemble ()
5 sol = GridFunction(fes)
6
7 res = F.vec-B.mat * sol.vec
8 inv = B.mat.Inverse(freedofs=fes.FreeDofs(),
9 inverse="pardiso")
10 sol.vec.data += inv * res
11
12 gf p , gf_u = sol.components

With gf _u and gf _p, one can now compute errors and visualize the solutions

Listing 4.8: Error computation and preliminary visualization

L2_error_u = sqrt(Integrate((g - gf u)**2*dx, mesh))
L2_error_u_n = sqrt(Integrate((g*n - gf_u*n)**2*dS) mesh)

AW N =

Draw(gf_u)

Note that the visualizations that are shown with the Draw () command are mostly used for preliminary visu-
alizations. All the visualizations in this thesis have been done with PARAVIEW and the . vtk file generation

capabilities of NGSolve.
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4.1.1 First order solution visualizations

u =3 p
0fes 01 02 03 04 05 04 07 08 09 10e 3% 3 285 2 18 -1 05 D 05 1 15200
i ol S

Figure 4.1: The two figures on top are the analytical solutions u and p (g and —div g). Below them we show
the approximation u,, and p, respectively with increasing meshsize h = {0.0625, 0.125,0.25}. The solutions
p have the meshlines as an opaque overlay.

In figure 4.1 one can observe the convergence towards the analytical solution in €2 as well as on I". We support
this argument with convergence rate plots but first we investigate the behavior of the penalty parameter C,,

on the errors in Q aswell asonT.
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Numerical Experiments

4.1.2 Nitsche penalty parameter C',, impact on errors

Order 1, h = 0.354

Order 2, h = 0.354

— [Jup —ullq) = [Jup —ullzq)
10! = ||V X (0, = W)|| 0 = ||V X (u, — 0)|12q)
0
= |Ipn — Pl 10 = |lpn — Pl
— IV(pr — Pl = [IV(pr — Pll2e
=
£
m
5100 107!
1072
107!
10° 10! 10° 10!
| Order 1, h = 0.177 Order 2, h = 0.177
10
— [lup —ullq) = [Jup —ullpq)
= ||V X (0 — w)]|L20) ||V X (uy — )|l
== |Ipn — Pl 10° === ||pn — Pl
— [IV(pr =PIl — V(P = Py
— 0
g 10
&
~
107!
| 22
10° 10! 10° 10!
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Figure 4.2: L? errors over Nitsche penalty parameter C,, for constant order and meshwidth h per plot for the
2D 1-form vector proxy method. From figures left to right, we have increasing order. From top to bottom, we

have decreasing meshsize.

Order 1, h = 0.354

Order 2, h = 0.354
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N
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Figure 4.3: Nitsche penalty parameter C,, impact on the relevant errors on the boundary I'. 1-form 2D proxy

Cw

method, Same plotting arrangement as in figure 4.2.

Cu
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We observe the experimental manifestation of the statement ”for sufficiently large C,,” in figure 4.2. In fact,
for this method if we chose C,, = 12 we observe optimal convergence rates under the X norm for all orders

and meshsizes.

4.1.3 h-convergence rates in the ? norms

Note that for all the error rates, also for all other methods, we automatically identify the C,, value that mini-

mizes the L? error of uy, per order to do the h convergence plots.

[y —allr20) IV X (, — w)[|;20)
107! .
107!
1072
1073 -///:
—3
e Order1 |°© Order 1
——— 1.00 s=sizees 0.72
51073 O™ | 1o O(h>7)
5 m=sw= Order 2 ==e== Order 2
Ti] ——— O(hl.%) 10-5 ——— O(hl.(ﬂ)
107 m=e==_QOrder 3 ==e==_(Qrder 3
I O(hng) 1076 — O(h2*55)
==e==QOrder 4 - ==e==QOrder 4
10-° —— O(h3.97) 10 ——— O(h3‘70)
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R O(hS.OS) I O(h4.50)
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----------- - 10° ——
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5 = Order2 |107° = Order 2
(_i] R O(h1‘45) ——— O(h0.47)
107 ==e— QOrder3 |107* =—e= Order 3
—— O(thﬁ) —— O(h1.46)
= Order4 |107° = Order 4
10_3 I O(hS.Sl) I O(hz.sl)
m=e== QOrder 5 | 107° m—e= Order 5
—— O(h4A47) ——— O(h3.46)
10-7
4x1072 6x1072 107! 2x107t 3x107! gx 1072 6x1072 107! 2x1071 3% 107!
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Figure 4.4: Relevant L? errors for the 1-form 2D proxy method. Up to order 5 and every order with interpo-
lated rate in dash-dotted gray.

Observed L? convergence rates for 2D 1-forms. Except for first order we observe

[wy, — |20y < ChH", IV x (uy, —w)| 20y < CR™™2,

lpn = pll12(0) < Ch72, IV (on = )l z2() < OB~ 2.
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4.1.4 h-convergence in the #-norm and its components

v, —ully vy, — ullgeur,o)
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Figure 4.5: The # error and its components for the 1-form 2D proxy method. Up to order 5 and every order
with interpolated rate in dash-dotted gray.

Observed convergence rate in the #-norm and its components for 2D 1-forms. Except for first order
we observe
_1 _1
”uh - u”# <Chn" 2, Huh - u”H(curl,Q) <Ch" 2,
_1 _1 1 _1
h=2 |y (up = w2y < Ch"72, h |yn(ap —w)| g2y < Ch"72.
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4.1.5 h-convergence in the X -norm and its components

Below we present the most relevant experimental convergence result for the 2D 1-form method.

[|(uy —w, pp — Plix [lwy, —uly
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h h

Figure 4.6: The X error and its components for the 1-form 2D proxy method. Up to order 5 and every order
with interpolated rate in dash-dotted gray.

Observed convergence rate in the X norm and its components for 2D 1-forms. We observe

_1 _1
l(ur —w,p—pn)llx < Ch"2, [w, —uls < CR"72,

lpn = pllzz(@) < CH'=3, RV (ph — D)l r2() < ChI7.

The X-error converges as the a-priori error erstimate in Theorem 3.5.5 predicted, rendering the theoretical

result optimal for the 2D 1-forms case.
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4.2 Discrete Hodge Laplace for A'(2) in R?

For the 1-forms in 3D, we use the following manufactured solution

7sin(x) cos y) sin(2z)
—cos(xz)sin(3z)cos(z) |, p=V-8 (4.2.1)

4 cos( cos(y) sin(z)

h=0.0625

u Magnitude o}

0.0e+00 1 2 3 4 5 6.6e+00 97e+00 -8 -6 -4 -2 1.0e+00

e 000 oS-

Figure 4.7: The top row shows the manufactured solutions (g, p); its rightmost image displays the plane
where the unit brick is cut to show the solutions in the 2 middle columns. The left column shows the vector
field u, while the right column displays the mesh colored by the magnitude of p.
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In the listing below, we show the components of the code that differ from the 2D case.

Listing 4.9: Parts of 3D 1-forms code that differ from 2D

B += - curl(u) * Cross(n, v) * dS # = gamma_n_u*gamma_p_v

o
+
Il

- Cross(n, u) * curl(v) * dS # = gamma_p_u*gamma_n_v
B += (C_w / h) * Cross(n, u) * Cross(n, v) * dS

F 4= (Cw / h) * Cross(n, g) * Cross(n, v) * dS
- Cross(n, g) * curl(v) * dS
F4=g *n * q * ds

N o AW e
es]
+
Il

we opted to use the GMRes solver, and use the diagonal elements of the blockmatrices as preconditioner.
This decision was made since the problems became quite large, for order 3 and » = 0.055 we already have
600k DOF’s. At this size, one also benefits from the parallel assembly. The 3D experiments for 1-forms and

for 2-forms were run a cluster with specifications documented in appendix B.

Listing 4.10: Assembly and solving of 3D 1-forms method
1 from ngsolve.solvers import GMRes
2 with TaskManager ():
3 B.Assemble ()
4 F.Assemble ()
5 sol = GridFunction(fes)
6 blocks = fes.CreateSmoothingBlocks ()
7 prebj = B.mat.CreateBlockSmoother(blocks) # block -Jacobi precond
8 GMRes(A=B.mat,
9 x= sol.vec,
10 b=F.vec,pre = prebj,
11 printrates="\r",
12 maxsteps = 10000, # 10k iters. because
13 low tolerance
14 tol=1le-8) # tol = sqrt(le-16)
15 gf p , gf_u = sol.components
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4.2.1 Nitsche penalty parameter C',, impact on errors

Order 1, h = 0.433 Order 2, h = 0.433
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Figure 4.8: L? error over Nitsche penalty parameter C,, for constant order and meshwidth A for the 3D 1-
form vector proxy method. From figures left to right, we have increasing order. From top to bottom, we have
decreasing meshsize.
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Figure 4.9: Nitsche penalty parameter C, impact on the relevant errors on the boundary I'. 1-form 3D proxy
method, Same plotting arrangement as in figure 4.8.
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4.2.2 h-convergence in the L? norms
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Figure 4.10: Relevant L? errors for the 1-form 3D proxy method. Up to order 3 and every order with interpo-
lated rate in dash-dotted gray.

Observed 2 convergence rates for 3D 1-forms. Except for first order, we observe

[un, —ul[z2) < Ch", IV % (ap — )20y < CA'3,

_1 _3
o = pllr2) < CR z, IV (pr = p)||22() < ChI72.

The observed L? convergence rates for 3D 1-forms coincide with the observed L? convergence rates for 2D

1-forms.
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4.2.3 h-convergence in the # norm
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Figure 4.11: The # error and its components for the 1-form 3D proxy method. Up to order 3 and every order
with interpolated rate in dash-dotted gray.

Observed convergence rates in the #-norm for 3D 1-forms. Except for first order, we observe

[lap, —uljs < Ch™ 3, [wn — ullsreur.e) < Ch=3%,

h™2 ||y (w, — )| 2y < CR72, h% ||y (ap — )| g2y < CR™ 2.

The observed rates in the #-norm for 3D 1-forms coincide with the observed rates in the #-norm for 2D 1-

forms.
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4.2.4 h-convergence in the X norm
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Figure 4.12: The X error and its components for the 1-form 3D proxy method. Up to order 3 and every order
with interpolated rate in dash-dotted gray.

Observed convergence rates in the X-norm for 3D 1-forms. we observe

_1 _1
||(uh_u7p_ph)||X SChT 2, ||uh_u||# SChr 2,

I = pllziy < 72, WY o~ Py < O

The observed rates in the X -norm for 3D 1-forms coincide with the observed rates in the X-norm for 2D
1-forms. However, this rate is half an order off from the a-priori estimate from Theorem 3.5.3, which renders

the theoretical result suboptimal.
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4.3 Discrete Hodge Laplace for A?(f2) in R?

The manufactured solutiong g is the same as in the 1-forms 3D method for comparability reasons.

7sin(x) cos(y) sin(2z)
8= | —cos(z)sin(3z)cos(z) |, p=V xg. (4.3.1)

4 cos(gx) cos(y) sin(z)

4 5 6.7e+00 1.2e-03 2 4 6 8 10 1.2e+01

o e

Figure 4.13: The top row shows the manufactured solution (g, p). The left column shows the vector field u
and the right one shows the vectorfield p. The cut sections presented in the 2 middle columns are cut in the
same way as in figure 4.7

u Magnitude p Magnitude
3
|
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Note that for unknown reason’s, the lowest order Raviart-Thomas elements in NGSolve, start their numbering

with 0. Hence the order - 1 argument in the HDiv instatiation. We assemble and solve the arising system

identical to listing 4.10 and run it on the cluster with documented specifications in appendix B.

Listing 4.11: 2-forms 3D method code
1 H_curl = HCurl(mesh, order=order, typel=True)
2 H_div = HDiv(mesh, order=order -1, RT=True)
3 fes = H_div * H_curl
4 (u, p), (v, q) = fes.TnT()
5
6 n = specialcf.normal(mesh.dim)
7 h = specialcf.mesh_size
8 dS = ds(skeleton=True, definedon=mesh.Boundaries(".*"))
9 f = CF(GCurl(GCurl(g)) - GGrad(GDiv(g)))
10
11 B, F = BilinearForm(fes), LinearForm(fes)
12
13 B += curl(p) * v * dx
14 B += div(u) * div(v) * dx
15 B += curl(q) * u * dx
16 B4+=-p * q * dx
17
18 B += - div(u) * (v*n) * dS
19 B += - div(v) * (u*n) * dS
20 B += (C_w/h) * (v*n) * (u*n) * dS
21
22 F+=f * v * dx
23 F += - div(v) * (g*n) * dS
24 F += (Cw/h) * (g*n) * (v*n) * dS
25 F += Cross(n, q) * g * dS
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4.3.1 Nitsche penalty parameter C',, impact on errors

Order 3, h = 0.217 Order 4, h = 0.217
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Figure 4.14: L? error over Nitsche penalty parameter C,, for constant order and meshwidth h for the 3D 2-
form vector proxy method. From figures left to right, we have increasing order. From top to bottom, we have
decreasing meshsize.
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Figure 4.15: Nitsche penalty parameter C,, impact on the relevant errors on the boundary I'. 2-form 3D proxy
method, Same plotting arrangement as in figure 4.14. We observe reversed behavior as in figure 4.9 and 4.3.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

Discrete Hodge Laplace for A%(Q) in R?

59

4.3.2 h-convergence in the L?>-norms
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Figure 4.16: Relevant L? errors for the 2-form 3D proxy method. Up to order 4 and every order with interpo-
lated rate in dash-dotted gray.

lup —ul[z2q) < Ch7,

Ipr — Pllr2(0) < ChI72,

Observed L? convergence rates for 3D 2-forms. Except for the first order we observe

IV - (=) g2y < Ch™"2,

IV x (P — D)2y < ChI~ 3.

The L2 rates observed for the 2D 1-forms, coincide with the L2 rates observed for the 2D as well as the 3D

1-forms.
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4.3.3 h-convergence in the #-norm
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Figure 4.17: The # error and its components for the 2-form 3D proxy method. Up to order 4 and every order
with interpolated rate in dash-dotted gray.

Observed convergence rates in the #-norm for 3D 2-forms. Except for the first order we observe

[up —ulls < Ch7 %, lun — ullg@iv,0) < Ch'~3,

h=2||(wy, — ) - n L2y < Ch™ 2, W2 ||V - (ap —a)| g2y < A7 2.

The rates observed in the #-norm for the 3D 2-forms, coincide with the rates in the #-norm observed for the

2D as well as the 3D 1-forms.
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4.3.4 h-convergence in the X-norm
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Figure 4.18: The X error and its components for the 2-form 3D proxy method. Up to order 4 and every order
with interpolated rate in dash-dotted gray.

Observed convergence rates in the X-norm for 3D 2-forms. Except for the first order we observe

H(uh —up-— Ph)”X < Chr_%7 Huh - 1.1||# < Chr_%7

[P — Pllzae) < OR3, BV (B = B) 2oy < OB

The rates observed in the X -norm for the 3D 2-forms, coincide with the rates in the X -norm observed for the
2D as well as the 3D 1-forms. Like for the 3D 1-forms, this shows as well the proven bound from Theorem

3.5.3 is suboptimal.
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4.4 Experiments with non-convex geometries

In this part we want to showcase the abilty of all the methods to handle non-convex geometries. The standard
example being the reentrant corner or L-shaped domain in 2D and its equivalent in 3D, where one substracts
a smaller cube from a larger cube without the new geometry having any holes or hollow parts. Holes and
hollow parts should also be possible to handle, however the analysis in this thesis only covers trivial domains.

For all the following experiments, we divide the domain boundary I" as follows

I'pb=Tp1Ulpy, I'=TpUIl\Tp.

4.4.1 Singularities in reentrant corners

‘We want to point out, that with full Dirichlet boundary conditions, our methods do not create any singular-
ities, however we can omit the Dirichlet terms (for 1-forms that is the natural normal right hand side term
and the Nitsche tangential terms) and omit adding —(un - n, ¢)r\r,, to the bilinear form B, just for the sake

of witnessing the singularities. Figure 4.19 was obtained by setting

1

Cw = 10, uh|pm = — n, l.lh|1ﬂD2 = —n, f= (5, —3).

10

1.6e+00
|- 1.55

15
- 1.45
|- 1.4
- 1.35
1.3
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1.2
- 115
-1
- 1.05
—1
— 095
—09
— 085
—08
- 0.75
-07
0.65
- 0.6
- 0.55
0.5
- 0.45
04
- 0.35
0.3

025
L 21e-01

u Magnitude

Figure 4.19: In the top left L-shaped domain the Dirichlet boundaries I'p; and I'po are indicated. From left
to right for both rows, the unstructured mesh goes from coarse to fine. In the top row we used first order
elements for both spaces, and second order in the second row. One can clearly identify the singularities at
the reentrant corner in all configurations.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

othek,

o
|
led:;

3ibl
Your know

Experiments with non-convex geometries 63 m

4.4.2 Reentrant corner 1-forms in 2D

In this experiment we have the same configuration with one addition, that is the zero Dirichlet enforcement
onI'\ I'p. The boundary conditions are the same as in a 2D pipe flow example with I'p; as an inlet, I ps as

an outlet with prescribed velocity and "no-slip” boundary conditions at T" \ T'p.

1 1
Cy =100, un|rp, = —En, Un|r,, = =N, uppr, =0, f=(3,-3).

10

u Magnitude

Figure 4.20: In the top left L-shaped domain the Dirichlet boundaries I'p; and I" p5 are indicated again. From
left to right for both rows, the unstructured mesh goes from coarse to fine. In the top row we used first order
elements for both spaces, and second order in the second row. One cannot observe any singularity in the
reentrant corner.
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4.4.3 3D Reentrant corner geometry experiments

In figures 4.7 and 4.13, we have observed that we
solve the vector laplacian with two different mixed
methods. In this section we show not only that
there do not occur singularities in the reentrant cor-
ner for both 3D methods, but that we also obtain the
same result when applying the same boundary con-

ditions. We set up the problem as follows:

I'p=Tp1UlpyUTps, I'=TpuUl'\Tp,

Cp =100, f=(3,-3,-3),

Figure 4.21: 3D reentrant corner geomtetry 1 1
with illustrated boundaries. The origin is in ulr,, = _TOn’ ulr,, = En,
the inner vertex of the reentrant corner. The 1

normal vector on I'p; points in —xz direction, ulr,, = EIL ulr\rD =0.

onI'ps in —y and on I'p3 in —z direction.

u Magnitude
63008 002 003 0.04 0.05 006 0.07 0.08 009 01 011012 0.3 0.14 0,15 016 017 0.18 0.19 02 021 22601

Figure 4.22: 1-forms 3D method (2.6.18). u magnitude colored mesh, cut section that shows a similar result
as in 4.20, vectorfield u. No singularity occuring at the reentrant corner.

u Magnitude
63008 002 003 0.04 0.05 006 0.07 0.08 009 01 011012 0.3 0.14 0,15 016 017 0.18 0.19 02 021 22601

Figure 4.23: 2-forms 3D method (2.6.20). u magnitude colored mesh, cut section that shows a similar result
as in 4.20, vectorfield u. No singularity occuring at the reentrant corner.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Perturbation factor experiments 65 M

4.5 Perturbation factor experiments

By establishing Theorem 3.2.2 for the 1-form discretisation, we obtain a theoretical guarantee that the method

is stable for every perturbation parameter A\> > 0 in (3.2.2). The result can be interpreted as follows:

« A% = 1: The scheme reduces to the Hodge Laplace formulation for 1-forms.

« A2 — 07: the formulation converges to the velocity-vorticity-pressure formulation of the incompress-

ible Stokes equations.

« Intermediate \?: offer a possible pathway to modelling compressible flow and linear elasticity.

In figure 4.24 we present numerical results for several choices of \?. The experimental setup mirrors the
previous study, except that the forcing term is set to zero so that all three formulations can be compared
directly and the isolated influence of A\? can be observed. The geometries and boundary-condition labels are

identical to those used earlier.

2D 1-forms experiment setup 3D 1-forms and 2-forms experiment setup
order =2, (C, =100, f=0 order =2, (C, =100, f=0
1 1 1 1
uh|FD1 = _Ton7 uh‘FD2 = Env uh‘FDl = _Ton’ uh|F02 = Tonv
1
un|m\r, = 0. Un|rps = Em un|m\r, = 0.

Note that the stability proof for A> > 0 is only valid for 1-forms in 2D and 3D. However, we suspect that this
stability proof with Theorem 3.2.2 can also be done for the Nitsche Hodge Laplace method for 2-forms 2.6.20.
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u Magnitude
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L | | L | | I | ‘ 1 | | | L L | | | L |

2D 1-forms ; 3D 1-forms i 3D 2-forms mwm

Figure 4.24: Perturbation factor experiments for all methods, with boundary conditions and general setup
as in the previous experiment, see boxes on the following page. For both 1-forms methods, we clearly see
developing "flow”, with decreasing 2. For the 2-forms method, additional experiments need to be done.
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Chapter 5

Conclusion & Outlook

The main theoretical results of this thesis are Theorem 3.3.6 (FEEC continuity), Theorem 3.3.7 (FEEC stabil-
ity), Theorem 3.4.2 (FEEC consistency), Theorem 3.5.3 (sub-optimal FEEC convergence) and Theorem 3.5.5
(optimal 2D 1-form convergence). Our theoretical results are supported by numerical experiments we have
conducted. In all experiments, we observe the rate O(h“%) + O(h') in the X norm. For the 2D 1-forms
case, this coincides with the theoretical result we have obtained. For the other experiments, there is a gap of

half an order to the a-priori bound.

We assume, that there exists a more elegant way than Theorem 3.5.4, to achieve an optimal a-priori error
bound for the 2D 1-forms case, most likely an approach in the FEEC framework that allows us to prove an
a-priori error result valid for all correctly employable proxy spaces. We will try to close this gap in upcoming

work.

Moreover, Theorem 3.2.2 indicates that the 1-form formulation remains stable for positive values of the per-
turbation parameter A2, which in turn opens the possibility of employing this approach to simulate com-
pressible flows as well as linear-elasticity problems. Preliminary numerical experiments in which \? is varied
support the conjecture that this also holds for 2-forms, although more work is required, particularly to deter-
mine how the framework must be adapted to treat incompressible flow and linear elasticity in a consistent

manner.

We would like to extend the current theoretical results to non-trivial domains (e.g., domains with holes and
voids), without this generalisation, the elasticity application remains of limited practical value. Accordingly,

a first direction for future work is to carry out this extension.

With regards to the already conducted experiments, it has become clear that more experiments need to be
done with exotic boundary conditions as well as experiments that elucidate the meaning of the perturbation
factor \? in the context of an application for the 2-forms method (2.6.20). These experiments and the ex-
ploration of relevant applications, could potentially also render adaptivity as an interesting extension of the

research.

In addition, the linear systems that arise become increasingly ill-conditioned as the mesh is refined, an ob-
servation made at the outset of this thesis. Developing effective preconditioners for the proposed methods

therefore is another promising direction for further study.
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Appendix A

In-silico environment 1

The experiments were done on a WSL system running Ubuntu 20.04.2 LTS with NGSolve v6.2.2402.

Table A.1: Hardware Specifications

Specification

Detail

Architecture
CPU op-mode(s)
Address sizes

x86_64
32-bit, 64-bit
46 bits physical, 48 bits virtual

Byte Order Little Endian

CPU(s) 20

On-line CPU(s) list 0-19

Vendor ID Genuinelntel

Model name 12th Gen Intel(R) Core(TM) i9-12900H
CPU family 6

Model 154

Thread(s) per core 2

Core(s) per socket 10

Socket(s) 1

Caches (sum of all):

L1d 480 KiB (10 instances)
L1i 320 KiB (10 instances)
L2 12.5 MiB (10 instances)
L3 24 MiB (1 instance)
RAM 64 GB DDRS5, 4800MHz
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In-silico environment 2

The experiments were done on a WSL system running Ubuntu 22.04.05 LTS with NGSolve v6.2.2402.
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Table B.1: Hardware Specifications

Specification

Detail

Architecture
CPU op-mode(s)
Address sizes

x86_64
32-bit, 64-bit
46 bits physical, 48 bits virtual

Byte Order Little Endian

CPU(s) 52

On-line CPU(s) list 0-51

Vendor ID Genuinelntel

Model name Intel(R) Xeon(R) Platinum 8270 CPU @ 2.70GHz
CPU family 6

Model 85

Thread(s) per core 1

Core(s) per socket 26

Socket(s) 2

Caches (sum of all):

L1d 1.6 MiB (52 instances)
L1i 1.6 MiB (52 instances)
L2 52 MiB (52 instances)
L3 71.5 MiB (2 instances)
NUMA node(s): 2

Numa node0 CPU(s): 0-25

Numa nodel CPU(s): 26-51

RAM

384 GB DDR4, 2933MHz (12 x 32GB)
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Appendix C

Differential operatorson g

Function

Listing C.1: 1-form 3D proxy method Python code in @NGSolve
1 def JacobianOfCF(cf):
2 #Function to compute the Jacobi Matrix of vector cf
3 Jac_u_3D = CF((
4 cf[0].Diff(x), cf[0].Diff(y), cf[0].Diff(z),
5 cf[1].Diff(x), cf[1].Diff(y), cf[1].Diff(z),
6 cf[2]. Diff(x), cf[2].Diff(y), cf[2].Diff(z)
7 ), dims=(3, 3))
8 return Jac_u_3D
9
10 def GGrad(cf):
11 # Function to compute the gradient of a scalar Coefficient
12 gg = [cf.Diff (coords[i]) for i in range(mesh.dim)]
13 return CF(tuple(gg))
14
15 def GCurl(cf):
16 #Function to compute the curl or rot of cf using Jacobian
17 if cf.dim ==
18 curl_rot_u = CF((cf.Diff(y), - cf.Diff(x)))
19 return curl_rot_u
20 elif mesh.dim ==
21 rot_u = CF(cf[1].Diff(x) - cf[0].Diff(y))
22 return rot_u
23 elif mesh.dim == 3:
24 Jac_u = JacobianOfCF(cf)
25 curl_u = CF((Jac_u[2,1] - Jac_ul1,2],
26 Jac_u[0,2] - Jac_ul2,0],
27 Jac_u[1,0] - Jac_u[0,1]))
28 return curl_u
29
30 def GDiv(cf):
31 # Function to compute the divergence of a vector coefficient function
32 gd = [cf[i].Diff(coords[i]) for i in range(cf.dim)]
33 return CF(sum(gd))
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