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Abstract

The Cahn-Hilliard equation, with its wide range of applications in phase-separation, poses
numerical challenges due to its non-linear and stiff nature and fourth-order derivatives. This
thesis introduces a novel, stabilized, unfitted cut continuous interior penalty finite element
method specifically designed for the biharmonic problem with Cahn-Hilliard type boundary
conditions, which we have successfully extended to handle the Cahn-Hilliard equation. Our
approach combines the theoretical cut discontinuous Galerkin framework for the Poisson prob-
lem, as proposed by [1], with the continuous interior penalty biharmonic formulation presented
by [2, 3]. We prove that this method is well-posed and ensures optimal convergence. The
theoretical results are further supported by presented numerical evidence. Finally, we demon-
strate the applicability of the method by extending the formulation to handle the Cahn-Hilliard
equation using a minimalistic Implicit-Explicit (IMEX) time discretization scheme to manage
the non-linearities.

Cahn-Hilliard-ligningen har et bredt av anvendelser innen fase-separasjon, men gir nu-
meriske utfordringer pa grunn av sin ikke-linearitet, stivhet og fjerdeordens deriverte. I denne
avhandlingen introduserer vi en ny og stabilisert cut continuous interior penalty finite element
metode spesifikt utviklet for det biharmoniske problemet med Cahn-Hilliard-liknende rand-
betingelser, og deretter utvidet for & handtere Cahn-Hilliard-ligningen. Ideen er & anvende
det teoretiske rammeverket for cut discontinuous Galerkin metoden for Poisson problemet, slik
det er foreslatt av [1], i kombinasjon med analysen av continious interioir penalty metoden
for det biharmoniske problemet presentert av [2, 3]. Vi deretter gir teoretisk grunnlag for at
denne metoden er veldefinert og har optimal konvergens. Videre validerer vi de teoretiske resul-
tatene med numeriske eksperimenter. Til slutt demonstrerer vi at metoden kan bli utvided til
& handtere Cahn-Hilliard-ligningen ved hjelp av en minimalistisk Implisitt-Eksplisitt (IMEX)
tidsdiskretiseringsmetode for & handtere ikke-lineariteter.
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1 Introduction

The first application of the Cahn-Hilliard (CH) problem appeared when modelling phase separation
of two-component incompressible fluids |1, 5, ], but was quickly generalized to handle multi-
component system as well [7, 8, 9, 10]. In engineering, CH is the critical component in the phase-
field model, a mathematical framework to model transitions and interface dynamics in materials
and fluid dynamics |11, 12|. From this, the equation found many interesting applications for a
wide variety of problems. To mention a few, we have multiphase fluid dynamical problems [13,

, 15, 16], solidification of binary or multi-component alloys [17, 18], and continuum modelling of
fracture dynamics in materials |19, 20]. Perhaps an unexpected application is that CH can be used
for in painting when recovering damaged parts of an image |21, 22, 7, 23] and modelling the origin
of the irregular structure in Saturn’s rings [24]. CH is also essential in many areas of biology and
medicine. For example, from a macroscopic viewpoint, CH has been used to model tumour growth,
wound healing and brain tumours [25, 26]. On the microscopic level on the biomembrane, there is
an ongoing debate about the existence of the accumulation of lipids into so-called lipid rafts, which
serve as a rigid platform for proteins with special properties such as signalling and intercellular
trafficking [27, 28, 29, 30]. It turns out that the hypothesis can be tested by modelling the problem
as a separation problem using CH [31, 32, 33].

1.1 The physical Cahn-Hilliard problem

The CH problem comes in many variants depending on its application, but we will in this report
focus on the binary mixture version [10]. Let Q € R? be a compact domain for d = 2,3 with a
sufficiently smooth boundary I', see Figure 1. We define the time duration parameter 7' € [0, co) and
the so-called unknown phase-field function as the mapping w : [0,7] x @ — [—1, 1], which denotes
the local difference of a binary mixture of two concentrations c4,cp € [0,1], i.e. u = cyq — cp and
ca +cg = 1. Note that if a local point exists so u attains the extreme value +1, then it implies
that the particular point has 100% concentration c4 and vice-versa for cg. On the other hand, if
u is zero, it implies that the mixture is 50% — 50%.

Figure 1: Hlustration of the physical domain  for d = 2 | the boundary I" and the corresponding
normal vector n.

Let ¢ < 1 be a small parameter. For an isotropic binary mixture non-uniform, the standard
Ginzburg-Landay free energy functional is given by
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E(u) = /Q 5 \Vul? + F(u)dz. (1.1)

The nonlinear function F'(u) denotes the (Helmholtz) free energy density associated with the inter-
action dynamics between the components and thus comes in many forms depending on the thermo-

dynamic properties, see [10]. However, we will in this article assume that F(u) = (1/4)(u? — 1)2.
The chemical potential y is defined as the variational derivative,
oF
= &(Lu) = f(u) — *Au, (1.2)



where we used the notation f(u) = F’(u) = u(u? — 1). First of all, to guarantee local mass
conservation, we may enforce the continuity equation; that is,

du+V-J =0, (1.3)

where J denotes the flux governed by the physical dynamics. Hence, this naturally leads to the
no-flux and the Neumann boundary conditions,

J-n=0onT, (1.4)
Opu=0onT. (1.5)

A well-accepted law for the flux is that it is proportional to the chemical energy gradient, J =
—MVy for a parameter M. For simplicity, we assume M = 1. This implies that we can rewrite
the boundary condition (1.4) such that

J n=20, (azAu — f(u)) =20, Au — 1 (u)Opu = 20, Au, (1.6)

for u evaluated on I'. Here we used that 9y, f(u) = f/(u)0,u = 0 from the boundary condition (1.5).
Hence, we now have an equivalent set of boundary conditions and can finally write the strong form
of the Cahn-Hilliard equation. Let u(z,0) = wug, then is the dynamics of u governed by,

du+ A (2Au— f(u)) =0 inQ,
Ohu=0 onTl, (1.7)
OpAu=0 onl.

In this report, we will refer to this formulation as the Physical CH formulation due to the
physical characteristics it embodies. Based on these laws and the boundary conditions, it becomes
evident that the energy functional serves as a Lyapunov function in the sense that its time derivative
is monotonically decreasing and that the global mass concentration is conserved, i.e.

d d
aE(u) < 0 and dt/ﬂudw =0. (1.8)
Note that the inequality computation utilizes the assumption of M to be constant, and both
equations require the no-flux boundary condition J - n = 0. For details, see |31, Equation 17| and
[35, Equation 1.7]. This is useful since we expect E(u(-,t2)) < E(u(-,t1)) for 0 < t; < to and that
the global mass is conserved,

Awmmzéw@m. (1.9)

These properties serve as a theoretical foundation for establishing the existence, uniqueness, and
long-term behaviour of the CH problem. Consequently, these properties are well-comprehended
from a mathematical standpoint. For references, see |36, 37, 38].

1.2 Numerical methods

One of the key challenges with the CH problem is that it involves fourth-order spatial derivatives.
For simple domains, it has successfully been implemented using Finite Difference Methods [39,
| and Spectral Methods |11, 12]. However, these methods are generally constrained to simple
domains (with some notable exceptions [13, 44, 15]).
As a further evolution to address the CH problem, it is common to consider a corresponding
biharmonic (BH) problem as a numerical testbed in the spatial discretization schemes. This problem

is defined as follows: Find u : £ — R such that
ou+ A?u = f(z) inQ,
Opu =gi(z) onT, (1.10)
OnAu = ga(x) onT,



for given f,g1,92 : 2 — R and constant o > 0. The BH problem holds relevance since it provides
a proper spatial-discretization test framework prior to moving on solving the non-linearities and
time-integration.

The early Finite Element Methods (FEM) for CH were proposed in [16, 38] utilizing global C!
and C? in one spatial dimension, but later it has been shown that making C' (or higher order)
elements in multiple space dimensions is far from being trivial. For reference, see [17, 48, 19].

There exist several promising alternative methods that guarantee C'! continuity, and these have
shown potential for solving the CH problem. A notable mention is isogeometric analysis (IGA), a
technique that leverages Non-Uniform Rational B-Splines (NURBS) to efficiently handle complex
geometries and smooth boundaries without the need for translating CAD-based geometry descrip-
tions into classical FEM meshes. Thus, IGA presents a desirable alternative for problems dealing
with intricate and smooth domains [50]. Specifically for the CH problem, IGA has successfully
been implemented [51, 52]. Another rising method is the virtual finite element method (VFEM),
which has applied so-called virtual C! elements to handle the C! continuity requirement [53].

— up — Up

Figure 2: Illustration of global C° continuous elements (left) and global C'! elements (right) in 1
dimension. Here, uy is a discrete solution , where the jump between the elements is denoted as
[un] = ws — -

An alternative approach is to avoid global C' continuity and weakend it to global C° continuity,
see Figure 2 . As a result, this strategy has led to the development of two distinct families of meth-
ods for solving the CH problem. The first involves the Continuous Interior Penalty (CIP) methods,
which uses the standard weak formulation but penalizes the discontinuity of the derivative between
elements as a form of regularization. The method has been designed for several interesting stable
variants for the BH problem, that is [2, 54, 55, 56, 57], and recently also for tri-harmonic prob-
lems [58]. This method is advantageous due to its symmetry and relationship with discontinuous
Galerkin (DG) methods [59], renowned for their natural way of handling inhomogeneous boundary
conditions, flexibility with unstructured meshes, efficient parallelization, and strong stability. This
connection lends robust stability analysis tools, making the method highly suitable for intricate
computational problems. The CIP formulation has also then been adapted to solve CH by apply-
ing the Newton-Raphson scheme to handle the non-linearities [60] or utilizing an implicit-explicit
(IMEX) time integration scheme, where the stiff part is treated implicitly (such as backward Euler)
and the nonlinear part explicitly (such as the forward Euler or explicit Runge-Kutta) [3].

Another popular variant is to rewrite the BH problem as a system of second-order problems in
a mixed formulation. This strategy not only broadens the problem’s flexibility but also provides a
more natural means to incorporate boundary conditions, see [61, 62, 63, 64|. This approach also
leverages the general saddle point theory for mixed FEM methods, which provide a mathematical
framework to ensure numerical stability [65]. Moreover, this approach adapts well to the CH
problem [60, 66, 67], and some methods even apply a so-called convex splitting scheme approach
in a way that preserves the convexity of the energy functional, making the system easier to solve
[68, 69]. A combination of these methods, the DG and mixed formulation for the CH problem, has
recently been considered |70, 71].

Creating a high-quality mesh in two and three dimensions for realistic problems is a challenging
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Figure 3: Mesh comparison: unfitted mesh (left) adheres to domain and boundary, while fitted
mesh (right) employs a triangular mesh for polygonal approximation of the circular domain.

task that can consume a significant amount of time in the simulation workflow. It is also difficult
to scale properly on distributed platforms, making it less suitable for moving domains, highly
complex meshes, or smooth boundaries. An interesting class to approach the problem is the so-
called unfitted finite element method, which utilizes a background mesh and does not align with
the physical boundary. For an illustration see Figure 3. This greatly reduces the need to generate
an unstructured mesh and makes it very applicable for parallelization and moving domains since it
avoids the need for remeshing entirely. However, without paying attention to the so-called cut cells,
which are the elements intersecting with the boundary, the method quickly leads to instability and
ill-conditioning. One of the methods to counter this is the cut finite element method (CutFEM),
where the focus is to penalize the cut-cells weakly by adding an additional ghost penalty term
to ensure well-posedness and optimal convergence properties [72]. Notably, there exist related
methods, sometimes considered equivalent, named Extended FEM and Trace FEM [73, 74]. This
method has been successfully implemented for the BH problem for the mixed formulation [75],
the CIP formulation [76, 73] or using so-called C! continuous Bogner-Fox-Schmit elements [77].
However, both implementations consider an interface problem between two domains. Specifically
for the CH problem, the mixed formulation [75] has been shown to be successful. Aggregated
unfitted finite element method (AgFEM) is a close relative to CutFEM and has also shown to be
promising [79, 80]. The method is an alternative way to the ghost penalty, which instead applies
a so-called cell aggregation with respect to a cut cell ( assuming each cell has enough support
with interior elements) and, thus, the badly cut cells are removed, ensuring robustness and well-
posedness. Recent results have shown that investigations on unfitted versions of IGA [21]| and its
applicability to moving surfaces [32] is also possible.

1.3 Outline of the report

In this thesis, we propose a novel stabilized unfitted cut continuous interior penalty method (Cut-
CIP) specifically for the BH problem with Cahn-Hilliard type boundary conditions, which incor-
porates the CutFEM methodology in combination with a CIP formulation. We then extend this
method to a CIP CutFEM solver for CH, giving the first CIP CutFEM formulation applied for the
problem. Our approach is inspired by the theoretical procedure as presented in the DG Poisson
formulation proposed by [1], but instead apply the CIP BH formulation while taking into account
and extending the analytical results provided in [3, 54].

The structure of this thesis is as follows. Firstly, in Section 2, we aim to establish notation
by reviewing necessary mathematical tools. In Section 3 the basic construction of the CIP BH
formulations and their related properties are reviewed. The discussion of the derivation for the
standard /fitted CIP is a revised and enhanced version based on the presentation featured in the
author’s project thesis [33]. Subsequently, in Section 4, we propose the corresponding CutCIP BH
method and provide a theoretical analysis showing that the stability and convergence properties
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from the original CIP method are conserved. To verify these theoretical properties, we also pre-
sented numerical experiments as validation. Finally, in Section 5, we demonstrate how to extend
the method to handle the CH problem.

2 Mathematical background

In this section, we revisit the established definitions and briefly overview Sobolev spaces. After-
wards, we briefly review the finite element method and discuss the necessary tools required for
calculating a priori estimates. We will generally follow the formulations presented in [, 85].

2.1 Sobolev spaces

We will, in this thesis, assume Q to be a compact and open set in R%. Let p € R, 1 < p < o0,
and define the space L (2) to be the set of all measurable functions u : Q — R such that |f|? is
Lebesgue integrable, i.e,

LP(Q):{u:QHR|/Q]u\de<oo}.

Let u € L? (©2). We define the integral norm of order p to be

1
P
kumD:(KQMﬂm).

The following definition for derivatives is employed. For d dimensions of order k£ we define the
multi-index a = (a4, ..., aq) with the absolute value |a| = 2?21 a; = k such that

g g

0%u = .
ozt Oxy

———u forue Cl°(Q). (2.1)

Let k > 0 be an integer and let 1 < p < oo be a real number, then the Sobolev space W5P(Q)
is defined by
WEP(Q) = {ue LP (Q) | 8% € LP (Q)Va : o] < k}. (2.2)

with the corresponding norm

RS

[ullyper (o) Z Wlysne) | (2.3)

3=

Here the seminorm is defined such that |ulyr.pq) = (320 =k HBO‘uHiP(Q))f.
For shorthand notation, we denote

I lep =1 lper = I - lipragay. o

| : ‘k,p = ’ : |k,p7Q :‘ : |Wk,p(Q) .

Since p = 2 is frequently used in this report, we also define for convenience a compact notation
ullg = ||UHL2(Q) and H™(Q) = W™2(Q) such that,

I lemy =11 oo =11 -
H™(Q) k,Q (2.5)

| - ’Hm(Q) =" |k,Q =" |k,2,ﬂ-

11



Recall that L?(Q) and H™(f) are Hilbert spaces equipped with the inner products

(u,v)g = (U, V) 20y = / wodz, Yu,v € L*(Q),
Q

(2.6)

(V) o= Y (0°u,0)q, Vu,v€ H™(SQ).

laf<m

Let u,v € H%(Q) be scalar functions. The following is the definition for their corresponding
operator inner products.

(Vv,Vu)q = / Vv - Vu dz,
Q
(Av, Au)q = / AvAu dz, (2.7)
Q
(D*v, D*u)q = / D?v : D?u dz.
Q

Also, [|[Vv||3 = (Vv,Vo)g, |Av||4 = (Av, Av)g, and ||D?*v||3 = (D?v, D*v)q. Here, Vv - Vu
and D?v : D?u represent the inner product of the gradients and the Frobenius inner product ' of
Hessian matrices, respectively.

Let v € H"(2), we define D"v to be a tensor of order r such that

o"v

D'f‘ . y =
[ v]u..-lr 8;1;1-1 ce al‘ir

Vit,...,ir €4{1,...,d}. (2.8)
where the norm ||[D™v[|3 = [, D"v : D"v dx is defined via the standard Frobenius inner product.
Observe that this notations holds such that D% = v, D'v = Vv and D?*v = J(Vv) = Hess(v),
where J is the Jacobian operator .

Given the context of Sobolev spaces, we consider the functions u € H%(Q) and v € H*(2). We
can denote the Greens theorem, which links integrals over a volume and its boundary, as follows,

(Au,v)g = —(Vu, Vo)q + (u, 0,v)p. (2.9)

This identity serves as an essential tool for the calculations done.

2.2 Computational domains

Assume that © C R? is an open and bounded domain with a boundary I'. In standard FEM
methods, a key assumption is that the set 2 is a polyhedra. This is useful since a polyhedra can
be fully covered by a collection of polyhedra and, hence, motivating us to define a fitted mesh. We
define a fitted mesh 7 of the domain 2 to be a collection of closed polyhedra {7} with disjoint
interior forming a partition of € such that Q = Urer T, for illustration see Figure 3. We say
that each T € T is a mesh element or an element. The mesh size is defined as the maximum
diameter h := Ay, of any polyhedra in the mesh 7 = {T'}, that is, hjae = maxper hr s.t.
hr = diam (T') = maxy, z,er dist(z1, x2) Hence, motivates us to use the notation 73, for a mesh T
with size h.

For simplicity, we restrict ourselves to simplicial and quadrilateral elements. A mesh 7;, in R?
is said to be matching if for all neighbouring elements 77,75 € 7Tj such that the intersection is
non-empty, 71 N1y # (), then T} N1 is for d = 2 either a common vertex, edge, and for d = 3 a
common vertex, edge or a face.

7 times

!The Frobenius inner product for for two tensors A,B € R™ X ™ X -+ XM i defined such that A : B =
Zl<i1 ,,,, ir<d Ailu.iTBil“"L'T-

12



Let the chunkiness parameter ¢y := hp/rp, where rp is the largest ball that be inscribed inside
a element T' € T,. A mesh is said to be shape regular if ¢p < ¢ is independent of T" and h. We
also say that the mesh is quasi-uniform only if it is shape regular and hpax < chmin. For a more
complete description of meshes, see [25, Chapter 8§].

In this thesis, we will assume that a mesh 7 is matching, shape regular and quasi-uniform
unless specified. The fact that the mesh is conform makes it an useful property since the interface
between mesh elements has come into contact in the sense that it is either a vertex or a facet. This,
with the combination of shape regularity and quasi-uniformity, is a major key to prove important
inequalities in broken Sobolev spaces |31, Chapter 1.4.1]. Hence, the assumptions are convenient
when proving convergence.

Let 7, = {T} be a mesh of Q C R? consisting of polygons 7' € R?. The set of all facets is the
union of external and internal facets, Fp = fﬁxt U f,ﬁ"t, where each is defined by

Ft={F=T"NT" |TY,T” €Ty} and F5*' = {F =0T NoQ| T € Tp}.
Assume T+ # T~ . Next, we define the following normal vectors.
1) We define n = ngr to be unit outward normal on 9T for each T € Tj,

2) Let F' € Fi". We define n to be the facet normal n = np = n|yp+ from TT to T, illustrated
in Figure 4.

3) Let F € Ff*. Then we define the facet normal n|p = n|sr to be the unit outward normal.

Please note that we, for convenience, employ the notation n when it is clear what entity the normal
is associated with.

Let v € L2(€2) be a scalar function on € with a corresponding shape regular and quasi-uniform
mesh 7;,. We will use the following definitions.

1) Let F € Fi"* and v*|p = limy_o+ v(z F tn) for € F. We define the mean as {v}|r =

3 (v} + vy) and the jump as [v] |F = v} — v

2) Let F € Ff*' and let v(z) = v(x)|p for € F. We define the mean as {v} |r = v and the
jump as [v] |F = v.

To simplify will we use the notation {v} = {v} |F and [v] = [v] |F for all F € Fj. Remark that
if we have two functions u, v, for which u*(z) and v*(x) are defined, then the following identity
holds [uv] = [u] {v} + {u} [v] along all facets F}, associated with the triangulation 7y,.

Figure 4: Facet F' € F/" shared by the triangles T, T~ € 7Tj, and the normal unit vector n* and
n~. If we pick T =TT and want to evaluate the normal vector n along a facet F', then we define
n=n|p=nt.

13



2.3 Broken Sobolev spaces

In this work, we will compute norms on discontinuous elements and, thus, it will be necessary to
define broken Sobolev spaces. Let T, be a mesh and some integer m < n. Then we define the
broken Sobolev space to be

H™(Tp) == {ve L*(Q) | vlr € H™(T) VT €Ty},
L*(Fp) =={ve L*(Ty) | vlp € L*(F) VF € Fn}.

This motivates us to define broken Sobolev norms and inner products using summation over mesh
elements,

0l mezy = D 0lmey  and — (@w)7 = > (0,0)1-
TeT, TeT

As before, we use the shorthand notation, [[v||7;, = [|v[|r2(7;,) and (v,w)y = (v,w)LQ(Th). That is,

HUH%Z(H) = Z HUH%Q(F) and (v, w) 25,y = Z (v, w) 2y
FeF, TEF,

Again, we often use the more compact notation [|v[|x, = [[v]|L2(F,) and (v,w)z = (v,w)LQ(]_.h).
Often it is needed to integrate over boundaries of elements 07, = {91 | VT € T}, hence, we also
denote the notation | - |57, = Xorer, |- lor = 2Xrer, Zoreor |- lp-

A very useful lemma when working with estimates on broken Sobolev spaces is that a if a
function is continuous, then the jump between the mesh elements is zero. Keep in mind a function
v € H'(T}) belongs to H(Q) if and only if [v] = 0 VF € Fi™ see 31, Lemma 1.23].

Recall the "<" symbol denotes an inequality up to a constant factor. That is, given a,b > 0,
the statement a < b is true if there exists a constant C' > 0 such that a < Cb. Generally, this
constant will contain information related to the properties of the mesh, such as shape regularity and
quasi-uniformity, but it often also includes the maximum finite number or measure of a quantity.
For instance, let w,v; € L*(Q), a; € Rfori=1,...,N and |lw||, = || va a;vil|q, then is |wllg S
SN Jlvillg. To maintain clarity and avoid unnecessary complexity, we will not delve into this
particular detail related to the constant.

We can express several general useful basic inequalities and estimates.

(i) A fundamental property of the inner-product the so-called Cauchy-Schwarz inequality

(w, V)mo < [[ullpollvlng  Yu,ve H™(S). (2.10)

(ii) Let v € H™(Q), then is
D™ vllq S [[0llm,o- (2.11)

Similarly is [|Av|lg S [|v]l5 o

(iii) For all u € L%(T},) we have,

1 5, < ¥ llr, + a7, S el o1
H{ubllz, < lletllz +lullz S lullor, -
(iv) For any a,b > 0 the well known Young’s e-inequality is on the form,
2 1.9
2ab < ea” + —b°. (2.13)
€
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2.4 Lax-Milgram lemma

The intention is to introduce an abstract framework which can handle various types of partial
differential equations (PDE). Let A : X — Y be an abstract linear operator encoding the structure
of any linear PDE, including boundary conditions and X,Y are spaces of functions. Then we
denote the abstract strong formulation as the equation

Au = f, (2.14)

for a given function f : Q C R? — R. We assume that the function u : 2 — R satisfies the relation
(2.14) pointwise so that Au(z) = f(x)Vx € Q. We will discover that Sobolev spaces are specifically
engineered to study these kinds of problems.

Definition 2.1 (Linear bounded functional). Let V' be a Hilbert space. Furthermore, we define the
dual space V' to be the space of linear and bounded functionals F : V — R, i.e.,

V' ={F:V — R| F is linear and bounded} . (2.15)

Problem 2.2 (Abstract linear problem). Assume X andY to be two Hilbert spaces. Let the vector
space L(X,Y) be all linear bounded operators spanned from V to Y. We define the abstract linear
problem as follows; find u € V' such that

a(u,v) =1(v) = (f,v)yy YvEV, (2.16)

where a € L(V,V,R) is a bounded bilinear form and f € V' := L(V,R) is a bounded linear form
associated with the abstract strong formulation (2.14). Here we denote by <-,->V,7V the duality
pairing between V' and V.

Definition 2.3 (Coercivity and Boundedness). Let V' be a Hilbert space and let a(-,-) € L(V,V,R).
Recall that the bilinear form a(-,-) is coercive if

a(v,0) 2 lly Vo e V.
The bilinear form a(-,-) is said to bounded if
a(w,v) S wllyllvlly  Vw,veV.

Lemma 2.4 (Lax-Milgram). The abstract linear problem 2.2 is well-posed if a(-,-) is bounded and
coercive. Moreover, the following a priori estimate holds.

[ullv < £l (2.17)

Proof. The problem can easily be proved using a special case of the Banach—Nec¢as—Babuska theo-
rem. See [84, Lemma 1.4] O

2.5 Finite element methods

The finite element method (FEM) is a numerical method to solve partial differential equations
by finding an approximation of the Problem 2.2. Let V} be a finite-dimensional (polynomial)
approximation space on the mesh 7,. We say that a method is conform if V;, C V' and non-conform
if Vi, ¢ V. In this thesis, our primary focus will be on the non-conforming methods. We define the
approximate problem as follows.

Problem 2.5 (The approximate problem). Let Vi, & V' be a non-conform finite-dimensional space.
Find up, € Vi, such that,
an(un,vn) = In(vn) == (f,vn) Vo € Vi (2.18)
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We denote the bilinear form ap : Vi x Vj, — R as approximation of @ : V x V — R, and
similarly for the right-hand side I, : V, — R as an approximation of [ : V' — R. Not that since the
discrete is non-conformal, V;, ¢ V. implies that boundedness and coercivity is not inherited from
the continuous bilinear form a(-,-). Hence, the discrete formulation ay, : Vi, X Vj, — R well-posed if
it is coercive and bounded,

an(vn, wn) S lonlly, lwelly,  Vwn, vn € Vi,

9 (2.19)
ah(vh,vh) Z th”vh Yo € Vy,.

Note that we have relaxed the boundedness of [;(+), which arises from the finite dimensional prop-
erty of Vj,.

Strictly speaking, if ap (-, -) is well-posed does not necessarily imply that it is consistent. However
this detail will be addressed in Section 2.9. Following, we will establish a theoretical framework for
finite element analysis.

Definition 2.6 (Local polynomial space). Let T' be a element in a mesh Tp, x = [x1,...,x4] be a
vector, and o = [av, . . ., ag] € N% be a multi index. The local polynomial space P*(T) for a simplex
1s denoted as

PH(T) = span {z® for x € T and 0 < a; < k}. (2.20)

where x* is a monomial such that x® =z ... .
Let T be a cuboid, i.e., T = ngl[z;,zﬂ where z; <z for zilL € R. Then the polynomial

i
space QF(T) in R is defined as the tensor product of 1-dimensional finite elements, i.e.,

QM(T) == Pr([21, ) ® ... @ PX([27, 2]]).

For more information about the local polynomial spaces, see |35, Chapter 6.4, 7.3]

Following Ciarlet |36, pp.93|, the abstract definition of a finite element is defined as the triplet
(T, P,%). In our case, T represents either a simplex or a quadrilateral geometry, and P denotes a
finite-dimensional polynomial space consisting of IV shape functions {¢;};.7, where Z = {1,..., N},
as depicted in Definition 2.6. On the other hand, ¥ is the so-called dual of P, that is, the set of
linear forms {o;},.7 such that. o;(¢;) = d;; and p(z) = > ;c7 0i(p)pi. If there is a set of points
{ai};er in T such that o;(p) = p(a;) Vp € P, then the triple (T, P, ) is called a Lagrangian finite
element. The set of points {a;}, 7 is called nodes and is associated with the so-called nodal basis
of P such that ¢(a;) = 0;; Vi,j € Z

As anticipated, the local node configuration of the polynomial space is influenced by the form
of T. For our discussion, let us represent the polynomial basis for a simplicial element and a
quadrilateral element as P*(T) and QF(T), both of polynomial order k. Figure 5 illustrates how
the node configuration evolves for kK = 1,2, 3 in dimension d = 2

We may introduce the reference element T in d dimensions. The reference for a quadrilateral is
denoted as T' = [0,1]%. The reference for a simplex in is defined by the convex hull spanned by the
points (zo, e1,...,eq) where zp := 0 is the origin and {ei}?zl is the standard Cartesian unit basis
in R?. A corresponding reference finite element is defined as (T,75, f])

Let the mapping G : T — T an affine mapping, i.e. G(x) = Az + b. The important property of
affine transformations is the preservation of parallelism. Hence, for any two vectors x,y € T that
are parallel in the reference element, their images G(z) and G(y) will also be parallel. Generally
speaking, an affine transformation of the reference simplex is a transformation to any other simplex
of the same dimension. However, for any quadrilateral, an affine transformation preserves the
parallelism of opposite sides. For an illustration, see Figure 6 and for a counterexample see Figure
7.

Following [¢5, Example 9.4], the (T, P, 2) is denoted as the reference finite element associated
with the nodes {a;};c,. Let the mapping ¢ be function in L(P*(T), P*(T)) such that is an
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(d) Q(T) (e) Q*T) (f) Q*(T)

Figure 5: Illustration of the nodes for the element of a simplex a quadrilateral for dimension d = 2
for polynomial orders k = 1,2, 3.

g G

h j

(a) (b)
(c) (d)

Figure 6: Illustration of affine mapping G : T — T in dimensions d = 2,3 from a reference element
T to element T for simplexes and and quadrilaterals.

(a) (b)

Figure 7: Illustration of an affine mapping G : T s T versus a non-affine transformation. The left
figure preserves parallel lines before and after the transformation, indicating an affine transforma-
tion. However, the right figure does not maintain parallelism, making it a non-affine transformation.

isomorphic from ) : P*(T) — PH(T). Then o(p) = 6((p))(a;) = (p o G)(a;) for all p € P*(T).
Then the Lagrange interpolation follows,

plz) =Y o(a;)¢i(z) fora; =G(a;) VieN.

1EN

Hence, the finite element (T',P,X), associated with the notes {a;},.y, is reconstructed via the
reference finite element (T, 75, fl) Thus, the definition of the local polynomial space can be extended
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to using the affine transformation depending on the reference element. That is,
PE(T) = {@ oG NT) | b e Pk(T)}, (2.21)
o (T) = {@ oG |0 e Q’f(T)} . (2.22)

Working on shape-regular and affine geometries has been shown to greatly simplify and generalise
local interpolation estimates, see |35, Theorem 11.12|, and thus is very useful for deriving a priori
estimates. Please note that workarounds exist for proving non-affine local interpolation estimates.
However, they require key assumptions on the relationship between the nodes a; and the regularity
of the mapping G [35, Chapter 13|. Hence, affine meshes are essential for the error analysis, which
utilize the interpolation estimates, but it limits us to work on structure mesh if we specifically
choose quadrilateral meshes.

Definition 2.7 (Broken polynomial spaces). Let T be a mesh of Q € R? and Q) = UTETh T .

Let P*(T) be the space of all polynomials of order k in the mesh element T in T, . We define the
broken polynomial space and the global C° continuous polynomial space as

PH(T) o= {v € LA(@) | olr € PHT) VT €T},

(2.23)
PE(Th) = {v € C%() | vlr € PMT) VT € Th} :
Similarly, for quadrilateral elements is the polynomial spaces defined as,
O (Ts) = {v e I3() | vlr € Q1(T) YT €T},
(2.24)

QOk(Tr) = {v e CO(m) | vlr € QX(T) VT €Ti}.

In this thesis, we will generally utilize the global C° continuity. Thus, for the rest of the thesis
do we define

Vi = {PE(TR) or QX(TR)} (2:25)

Hence, all results hold for both polynomial spaces.

Strong formulation: Find u : © — R such that Au = f

Abstract weak problem: Find w € V such that a(u,v) =l(v) Yo € V

Discrete weak problem: Find up € Vj, such that ap(up,vp) = lh(v) Yo € Vy,

Linear system of equations: Solve AU = F

Figure 8: Workflow of solving linear PDEs using the FEM method.

We now have a well-defined discrete global space V}, consisting of the finite set of basis functions
{¢:}Y | associated with the Lagriangian nodes {a;}; ;. The degree of freedoms, also known as
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ndofs, is denoted as dim(V}y,) = N. Let U; = uy, (a;), so that uj, = Z;VZI Uj¢;. Then the Problem
2.5 is equivalent to

N
> ujan (65, ¢i) = n (6) (2.26)
=1

Hence, by letting U = [Uj] , F = [(f, ¢:i)q) and A = [ap, (¢4, ¢i)] can we construct a linear system,
AU = F. (2.27)

Ultimately, the matrix A is shown to be symmetric positive definite only if ay(-,-) is well-posed.
To summarize the workflow of solving linear PDEs using the FEM method, see Figure 8.

2.6 Condition number

Recall the discrete [P norm for a vector,

1
N qp\P
YU eRY, |U|,= (ZZ-:MUZ\)  Isp<oo (2.28)

max; |U;|, p= o0

Also, recall the definition of the matrix norm,

AU
VAeRVHN 1<p<oo, A, = L Hp

= max . 2.29
14, = s o (229)

Remark that this notation is not to be confused with Sobolev norms. Assume that A is invertible,
then we define the condition number for a matrix in P norm defined such that

VAE RV 1 <p<oo, wy(A) = [AlLIIAT (2.30)

From basic theory, is it known that || A||, is equal to the maximum singular value of A, where
singular values of A are the square roots of the eigenvalues of AT A [37, Theorem 2.9]. Because of
the connection between ||A||, norms and its singular values, is k2(A) is often in preferred numerical
analysis. A challenge is that the computations generally involve performing Singular Value Decom-
position (SVD) or power iteration, which can be expensive particularly for large sparse matrices.
However, ||A|, is computed as the maximum absolute row sum and, hence, only necessary to

compute the sum for the non-zero elements in each row. Thus, we seek to estimate ko(A) using
Koo (A).

It is well established that ﬁ”ﬂ%o < J|A|ly, € VN A, for any matrix A € RV 2. Applying
this identity, we obtain the upper and lower bounds for k2(A). Specifically, we have
1
NHOO(A) < K2(A) < Nkoo(A). (2.31)

Thus, since these norms are equivalent, will we in this thesis focus on k. (A) because of the efficiency
of computing ||A||-

2The identity naturally appears from the standard inequality ||v||os < ||v]l2 < V/N||v||oo for v € RN, which simply

comes from the fact that |[v[|Z, = max; [v;|* < 37 |vi> = [[v]|3 < Nmax; [vs|* = N|jv||%. Now let A € RV*V
: _ | Av]| Avlloe  _ _1_ —
be any matrix. We can then deduce that |A|y = max,cpn ”UH; > max,cgN TN = \/NHAHOO and || 4|z =

max, cgN % < max,egN VNIAvlg VN||A]| - Hence, the identity ﬁ“AHoo < JJA|l2 € VN||A||ls is proven.

llolloo
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2.7 Cléments interpolation

Our goal is to utilize interpolation estimates to compute convergence rates. An important tool in
the process is the so-called Cléments interpolation operator, Cj. It is used for interpolation on
non-smooth functions by regularizing so-called macroelements. However, we need to define affine
operations on so-called macroelements before proceeding with the error estimates.

A patch for an element w (7') is denoted as the set of elements in 7}, sharing at least one vertex
with 7" € Tp. Similarly, a patch of a facet w (F) is defined as the set of all elements in 7}, sharing
at least one vertex with F' € Fp. For an illustrative example of patches in a two-dimensional
triangular mesh, please refer to Figure 9.

AN

Figure 9: Illustration of the patch w(F') on the left-hand side and w(T") on the right-hand side.

Let the set {ai}ieN be all Lagrange nodes on the mesh 7. Associated with each node a;, we
denote the macroelement A; to consist of all elements containing a;. Let n.s be the number of
configurations for the macroelement. We define the index j : {1 N} —{1,...,ncs} such that
j(7) is the index associated with the reference configuration A; () for correbpondlng macroelement
A;. Let us define a C9-diffeomorphism G A; AJ(,L) — A; on the reference macroelements such that
for all T € A\j(i) is the restriction G A¢|T” affine. For an illustration of the reference macroelement

A; j(iy and how it related to a; , see Figure 10.
The Cléments interpolation operator C), is the L?- prOJectlon onto the macroelements. That
is, given a reference macroelement AJ(I) and a function ¢ € L! (A (i)); then C: (0 1s the unique

polynomial in Pk(zzl\j(i)) such that
/A_O(CA*J-(Z-)O — f))p dr =0 Vpe ’Pk(A\](z))
7 (%

Finally, the Cléments interpolator is defined as the mapping C, : L'(€2) — P¥(T;,) such that

Chv = ZC )(Gal (i) s,
where ¢; is the corresponding polynomial basis associated with the node a;.
Finally, we have the following a priori estimate.

Lemma 2.8. Let v € H*(Q). We define the Clement interpolation as the mapping Cj, : L>(Q) —
Vi, where Vi, has the order k. Then does the following stability estimate hold,

loa Vo€ H Q). (2.32)
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Ga,

Figure 10: lustration of the different cases when mapping from the reference macroelement Ej(i)
to the domain A;, Ga, : gj(i) — A;. Here we have defined a;(;) € A\j(i) st. Ga,(aj)) = a;.

Let r = min(s, k + 1). If the following conditions for a parameter | is satisfied, it exists error
estimates such that

0<i<r = o= Chollr S W oluiry VT € Thno € H'(w (1),

(2.33)

1 r—i-}
l g r— 5 > H?} — Cthm,F S hT : ° HUHZ,W(F) vaT S E,V’U € Hl(w (F))

Corollary 2.9. Let 0 < I < k+ 1 and let 0 < m < min(1,l). Given Lemma 2.8, then does the
following estimate hold

0

N

inf v —vpllpma S A0l 0 Yo e HY(Q). (2.34)
vRLEVR ’ ’

This result is very useful since it is now sufficient to show that a priori estimates holds to prove
the convergence rate. For further detailed information about the Cléments interpolation, please
investigate |38, Chapter 1.6].

2.8 Useful local inverse estimates

Choose any element T' € T, and let v, € P"™(T). Then does the local inverse estimate hold,

Wl gy S Bt Vn| gm (py for I < m. (2.35)
For proof, see [85, Lemma 12.1]. An essential example is the following inequality.
ID%onllr < RV onllr S B2 lonllp (2.36)

Another advantageous inequality is the so-called trace inequality which connects the relationship
of evaluating the norm on element 7" and with any of the corresponding facets F' € 9T. The general
form is )

[onllp S B2 [|onllp. (2.37)

For proof, see [35, Lemma 12.8|.
Let 0,,v = Vv n and 0,,,,v = nT D?v n. Keeping in mind that the normal vector has a unit length
and, thus, evidently applying the trace inverse inequality, we have two present useful examples,

_1
[Voullp < h72[[Vonllz,

_1
|D?vn]| p < h72 ]| D?uallr.

1Onvnl 7

<
(2.38)
|Onnvnll F <
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Combining (2.35) and (2.37), we establish that

AT pmi=3 p| g for L < m. (2.39)

2.9 Abstract Nonconform Error Analysis

Our goal is to construct abstract error estimates for the discrete bilinear form ay(+, -). Since V}, ¢ V4,
it is clear that we cannot directly employ the standard Cea’s lemma 39, p. 66]. Hence, we have to
review how a non-conform variant can be derived, see for instance [90|[Chapter 27]. To successfully
achieve this, a critical assumption for ay(-,-) is its consistency. Assume that the discrete bilinear
form can be extended to a mapping ap : W x V; — R for an sufficiently regular subspace W C V.
We say that the bilinear form is consistent if it exists an exact solution uw € W for which it holds
that ap(u,vn) = lp(vp). This inherently implies the so-called Galerkin orthogonality,

ap(u — up,vp) = 0. (2.40)

For more information, see [31, Definition 1.31].

Let v + v, € W @V}, be associated with a corresponding norm || - ||y,,. Here the symbol @
is denoted the direct sum of the spaces V; and W. A necessary assumption is that the discrete
bilinear form ap(-,-) is bounded in W &V, x Vi, and that [jvp|y., < [lvnlly, Yon € Vi, e

~

ah(v —i—vh,wh) S Hv +Uh| whHVh Yo+uv, e WV, wyp €V,

Vo (2.41)

an(n, wn) S lonllvallwnllv, S llonlly, lwelly, — Yon, wy € Vi

We can now utilize these boundedness assumptions in combination with the stability and coercivity
results presented in (2.19).

Lemma 2.10 (Nonconform Cea’s Lemma). Let u € W C V be the exact solution and let Vi, ¢ V.
Assume that the discrete bilinear form ap(-,-) is well-posed in W @& Vi, x Vy,. Additionally, assume
that both the stability estimates (2.41) and Galerkin orthogonality (as outlined in (2.40)) are valid
Then the following error estimate hold,

— < inf — . 2.42
Ju =l S inf = vy, (242)

Proof. Applying the triangle inequality to the error [|u —up/|y,, and then the assumption [lvp |y, S
||Uh||vh Yup, € Vy, we have
Hu - uh”V,* S Hu - vhHV’* + H'Uh — ’lj,}lH‘/7>'<7
(2.43)
S llu = vnlly. + llow — ually, -

By employing the discrete coercivity as defined in equation (2.19), and then applying the Galerkin
orthogonality from equation (2.40), followed by the stability condition from equation (2.41), we
can derive the following estimate,

lon — unll¥;, S an(on — up, on — up)
= ap(vn — u, v — up) + ap(u — up, vy — up) (2.44)

S llon = ullvellon = unlly, -

Dividing |lvp, — uglly, on both sides we have [[vy, —uplly, < |lu—vplly,. Combing this with (2.43)
we obtain the following abstract error estimate.

lu = uplly S If v —vnlly.. (2.45)
v EVR
O
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A useful property is that for a nonconformal numerical method to converge, we can now simply
require

lim inf |ju—wv =0. 2.46

lim ot u— wnly, (2.46)
In that case will [[u — uglly, , — 0, h — 0. Hence, if this requirement is fulfilled, the numerical
methods will converge towards the unique solution. Note that in combination with Corollary 2.9
this is very useful for estimating a priori estimates. For further details on nonconformal error
analysis, refer to [34, Chapter 1.3]

3 Continuous interior penalty methods for the biharmonic problem
with Cahn-Hilliard type boundary conditions

One of the objectives of this section is to discuss the strong formulation for the biharmonic problem.
Following this, we will present both the continuous weak formulation and the derivation of the two
proposed discrete weak formulations, specifically the continuous interior penalty methods. We then
present a short discussion of the current status of the properties of the methods.

3.1 The biharmonic equation

Let © € R? be a bounded polygonal domain and I' be its corresponding boundary. Also let
Tr, = {T'} be a shape-regular fitted mesh s.t. 7, = . Let the biharmonic problem have the form,

A*u+au= f(z) inQ, (3.1a)
Opu=gi(z) onT, (3.1b)
OnAu = ga(z) onT. (3.1c)

Here A% = A (A) is the biharmonic operator, also known as the bilaplacian. We will assume for
the strong form that u € H* (), @ > 0 and f € L? (). The functions g1, g2 :  — R are denoted
as boundary conditions similar to the CH problem.

Remark. It is worth noting that the problem is closely related to the Kirchhoff’s plate problem by
changing the boundary conditions such that v = 0,u = 0 on I', which is in the literature known
as so-called clamped boundary conditions. Many of the papers we refer to may consider clamped
boundary conditions, not CH boundary conditions. The main difference relies on if the problem
is treated with homogeneous or non-homogeneous boundary conditions and if the discrete space is
imposing the Dirichlet and Neumann conditions strongly in the discrete solution space or weakly
using the Nitsche’s method [91].

We want to construct a weak form for the strong biharmonic problem (3.1). Let v € H?(Q)
Using Greens Theorem is it obvious that (AQU, v)Q = (OpAu,v)r—(V (Au), Vv)q. Next, applying
a new iteration of the Greens theorem, we get —(V(Au), Vv)q = (Au, Av)q — (Au, 0,v)r. Hence,
we obtain the identity

(A2%u,v)q = (Au, Av)q + (OpAu, v)r — (Opv, Au)r. (3.2)

We now see that boundary condition (3.1c) can be naturally included in the variational formu-
lation by simply replacing 0,Au with g in the third term of (3.2). The remaining boundary
condition (3.1b) on the other hand needs to be built into the function space and thus presents an
essential boundary condition. As a consequence, the corresponding test function space will con-
sist of functions with zero normal flux, i.e., d,v = 0 on I' and therefore the last contribution in
(3.2) disappears. We end up with the following corresponding weak formulation of the biharmonic
problem (3.1):

Find u € Vj, such that a(u,v) =1(v) Yv e V. (3.3)
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with

a(u,v) = (Au, Av)g + (au,v)q,

(3.4)
l(U) = (fv U)Q - (9271))97
where we introduced for general g € H'/2(I") the function space
Vy i=={ve H*Q)|dw=gionT}. (3.5)

3.2 Detailed construction of Hessian and Laplacian Formulations

The goal is to construct two CIP formulations for the problem (3.3), that is: Find up, € Vj ¢ V
such that ap(up,vn) = lp(vy) for all v, € V3. We will follow the ideas presented in [2] and [3].
A necessary property is that when we have a bilinear form and replace the exact solution with
up, € Vp, the system remains consistent in V. Hence, we guarantee consistency of the discrete weak
formulation by assuming during the construction that v € H*(Q)) and v, € V}, . However, due
to the nonconformal nature of V}, it becomes necessary to introduce penalty terms to ensure the
discrete system is well-posed when we replace it with uj, € V3. Keep in mind that the C! continuity
is imposed weakly and, in the same way, are the Neumann conditions also imposed weakly.

Our goal is to achieve the objective of constructing the Hessian and Laplacian formulations.
The following lemmas will be the primary components.

3.2.1 Construction of the Hessian formulation

Lemma 3.1. Assume the homogeneous Neumann conditions g1 = 0. Let u € H*(Q) be the solution
o (3.1), let vy, € Vi, and a constant v > 0. Then does the following identity hold.

(A2u, Uh)Q = (DQU, DQU}L)Q + (927 'Uh)r‘
— ({Onnul, [8717}11]])]-‘;;"’5 — ([0pu] , {{&mvh})}‘;ﬁt + %([[anu]] 7{8nnvh}})}‘;;"t (3.6)
— (Dunts D)t = (Ot o)1 + 7 (Outt, D)

Vu
QrVu

PFVU

Figure 11: Let g be a point at the boundary I' for dimension d = 2. Here is an illustration of the
gradient Vu with the corresponding normal and tangential decomposition, QrVu and PrVu.

Proof. We will start constructing a local theory for an element 7" and then extend it to the full
mesh 7j. Using Greens Theorem, it is obvious that

(A%, vn) = (OpAu,vp) g — (V (Au) , Vop) . (3.7)
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We can expand the second term in the following way.

d d
(V(Au), Vop)r = 3 (Adpu, 0p,vn)r = D (V- (VOr,11), Opyvn)7
=1 i=1
d (3.8)
= Z ((871(95%“7 8.1}@”}1,)67‘ - (vacczuy vaz‘ivh)T)
=1

= (0, Vu, Vop)or — (D*u, D*vp,)7.

Hence, the normal flux of Au appears naturally in the formulation. It can be denoted that D? is
the Hessian matrix operator. Also, remark that we apply the notation (D?u, D?vj,)q = fQ D?u :
D?vp,dz for the inner product D?u : D?vy,.

Next, we want to decompose the evaluation of Vu on the boundary 9T in the tangential and
normal direction. Pick a facet F' € 0T, then we define the following decomposition of linear
transformation Vu = PrVu + QrVu s.t. the orthogonality, PrVu - QrVu = 0, holds. Here, the
normal projection matrix is defined as Qr = n ® n and the tangential decomposition follows from
Pr=1—-Qr=1-n®n= Z?;ll t; ® t;, where we defined a orthonormal basis t;, i =1,...,d—1
for the space orthogonal to the outer normal vector n on a facet F'. For demonstration in d = 2, see
Figure 11. Let ay,as, a3 € R? be any vectors, and then it is well known that the following identity
holds (a1 ® as)az = (al as)a;. Hence, we have

QrVu = (n®n)Vu = (nT Vu)n,

IS

. — (3.9)
PrVu= (I —n®n)Vu=Vu— (n"Vu)n =Y (t; Vu)t;.
1

-.
Il

Given that u is evaluated only on 07T can we write Vu = (nTVu) n + fol (tiTVu) t; such
that,

d—1
(0nVu, Vop)or = (On(Onu 1), v n)or + > (0n(Oyu i), 01, vn t5)or
i,j=1
. (3.10)
- (8nnu7 a’nvh)aT + Z(antiua 8tivh)8T~
=1

Here we used that n”n =1 and t:irtj = 0;j. Remark that simple relation was applied,

O (0pu) = nT'V(0,u) = nT (D*un) = nT D?u n = dynu,
On(Br,u) = 1] V(9u) = t] (D*u n) = n" D*u t; = Ouyu.
We may also deduce the relationship Op¢,u = Op;nu which arise from the fact that nTD?u t; =

(tI'D?u n)T = tT D?u n, where we utilized the symmetry D?*u = (D?u)? and that the product is
a scalar. Combining (3.7), (3.8) and (3.10) we see that,

IS

-1
(A%, vp)7 = (D*u, D*vp) 1 + (OnAu, v1) o1 — (Onntt, Onvn)or — Y (Ont; 1, O v )or-

s
Il
—

Since we aim constructing an identity for the full mesh 73, we sum over the elements.

U

-1

(AQU,Uh)Q = Z (D?u, D*vp) 1 + (OnAu, v o1 — (Onntt, Onvn)or — > (Ont,u, O vn)or.  (3.11)
TeT, 1

-.
Il

Our goal is to simplify the equation above so we can take account for discontinuities of the deriva-
tives. By integrating over exterior facets Ff** and interior facets F;", we will get e more suitable
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formulation which makes it easier to control the jumps between the elements, hence makes it
possible to penalize discontinuities.

d-1
(A%u,vp)q = Y (D*u, D*0p) 7 + (OnAv, vp)or — (Onnth, Onvn)or — Y _(rints Or,vn)or
TET, i=1
-1
= > (D*u,D*vp)r+ > (Oulu,vp)p — (Onntt, Onvn)r — > _(Opntt, Opvn)
TeTn FeFget i=1
+ Z (Opr Au™ U;)F + (drAqu,v;)F)
FeFjnt

I
- ((an+n+u+a aanvf—i_)F + (8n7n7u_’ 8n7v;)F)

II

d—1
Z Oy, 0", O v )P+ (O™, 00y ) o) -

=1

III

(3.12)
Where the integration of the interior facets is computed in the following fashion.
1= (8n+Au+, U}T)F + (aanuf, v}:)F

_ / [0nAu - v4] = / [0n A0} [on] + [0nru] fon} = O,

F F \/:0 \w—/:()
II = (Op+p+ut, 8n+v;)F + (Op-n-u", 8n—v;)F

- / [[annu : anvh]] - / {Iannu}} Hanvh]] + Hannu]] {{anvh}} , (3'13)

F F N—— =

#0 =0
III = (anﬂilﬁ, 8tivf—:)p + (8717751'“7’ 8tiv’:)F

— [ 10w 0r0n] = [ ABus,ul [01,00] + 0] {000} =0,
F F t,()-/ ——

=0

Observe that the cancellations in the term I and term III appear of the continuity of vy € V}, and
u € H*(Q), which makes the jumps and derivative jumps zero. On the other hand, the second
term II does not vanish since the derivative of v, € V4, has a nonzero jump. It can also be raised
that {0unul} = Onnu holds of H4().

Combining (3.13) and inserting the boundary condition go = 9, Au is it clear that the formu-
lation presented in (3.11) is equivalent to the following formulation.

(A%u,vn) g, = (D*u, D*op) 1 + (92, 0n)p — ({0nnuu} , [Onvn]) ine

-1 (3.14)
- (8nnu, an'l}h)]:}c;zt — Z(@tmu, 8ti 'Uh)]:}ezzt .
=1

Under the assumption that g1 = 0 on I', and given that the tangential decomposition is orthogonal
to n, we can assert that 0,,u = 0, (0n,u) = 04,(g1) = 0 holds for any ¢ = 1,...,d — 1. This implies
that the last term of the equation vanishes.

We also note that we add consistent symmetry terms ({Onnvp}, [Onu]) Fint and (Oppvp, Opu)r

in addition to the penalty terms 7 (0,u, 0,v)r and }([Opu], ﬂ@nvﬂ)}-ﬁm . Since u € H*(Q) and the
boundary condition, d,u = g1 = 0 on I', is each of these terms effectively zero, but does provide
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symmetry and will later be proven to be essential for the well-posedness of the discrete problem.
Finally, we have

(AQU, vh) (D u DQUh) + (92, vn)p
— ({ Ot} [Butn]) e — ([0 ﬂ@Wﬁ#m+(Wﬂﬂ3Mﬁm (3.15)

- (annU7 8nvh)F - (871“7 annvh)F + (871“7 an'v)l"

h
The proof is complete.

O

Note that since V}, ¢ V is it necessary to define the space V @ V},, which essentially is the direct
sum of these two spaces. This new space includes all elements from V and V}, and all possible
linear combinations of these elements. i.e., let w € V and uy, € Vj, then u +up € V H Vj,.

We will now assemble the Hessian CIP formulation. Assume that the homogeneous boundary
condition g; = 0. The discrete problem is as follows:

Find uy, € Vj, such that a (uy, vp) = 12 (vy) VYo, € V. (3.16)

Here is the corresponding bilinear and linear form defined as,

ahH (un,vp) = (aup,vp)q + (Dzuh, DQUh)

({{(‘),muh}} [[8 Uh]] ]:mt - ([[ nuhﬂ {{8 n’l)h}})]:znt + [[8 uh]] [[anvh]])]_—}ilm

(3.17)
- (a’rmuhv 8nvh)1‘ - (8nuh7 annvh)p + E (anUh, &wh)r
lf(vh) =(f, Uh)Q - (927vh)1"
With the corresponding energy norms,
1 1
lonllzm = allonlléy + 1D*on 6 + 172 [0nval [ Zne + 1™ 20nvnllF, v € Vi, 5.15)
3.18

012y, = 012, + 113 £t} [ + D3 OmlR, vV & Vi
Remark. This formulation accommodates the nonconformity of V}, by factoring in the discontinuities
among the facets, yet it preserves consistency when u exhibits sufficient regularity, specifically when
ue H%(Q),s > %—l—s. This implies that the solution w is continuous across the boundaries of interior
elements, i.e., [O,u] = 0 and {Opnul} = Oppu on any F € Fi" .

It is noteworthy that we have the consistent terms ({Onnupnj}, ﬂ@nvh]])fim and (Onnup, OpUp)p
naturally appear in the derivation. However, we also added two symmetry terms, ({Onnun} , [Onvn]) Fint
and (Onntn, Onvp)p, and the so-called penalty terms, 7 ([Onus], ﬂ@nvh]])fim and F (Onun, Opop)p.
These terms are essential for making the problem well-posed, hence, the name interior penalty
method or symmetric interior penalty method. For more information of nonconformal CIP error
analysis, see |81, Chapter 1.3].

3.2.2 Construction of the Laplacian formulation
Lemma 3.2. Let u € H4(Q) the solution of (3.1), v, € V), and a constant vy > 0. Then we have

the following identity.

%(91, 8nvh)f‘

_ ([[8nu]] y {{Avh}})}—int — ({{Au}} s ﬂ@nvh]]);im + % ([[Gnu]] ; [[anvh]])f;-lm (3.19)
— (Au, &ﬂ)h)r — (8nu A’Uh)r + - (8 u, 8n7)h)

(A%u,vp)0 =(Au, Avy) 7, + (92,v0)r — (91, Avp)r +
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Proof. Similarly, we start by constructing integration by parts identities locally for an element T
and then extend it to the entire mesh 7. Utilizing (3.2) can we see that

(A2%u, vp)1 = (Au, Avy) + (OpAu, vp)or — (Opvn, Au)or

Now, summing over all elements, we get

(AQ’LL, ’Uh>Q = Z ((Au, A’Uh)T + (8nAu, Uh)@T — (&wh, Au)aT)

T€ETh
:(g2avh)F
—_—~
= (Au, Avp)g, + Y (OnAu, vp)p —(Opvn, Au)p) (3.20)
FeFgrt
+ Z (Op+ Au, vp) p + (Op-Au,vp) F) — ((On+0n, Au)p + (Op-vi, Au)p) .
FeFjnt 1 B3

Decomposing the terms and utilizing the regularity of u € H*(2) and the C° continuity of
vy, € V}, is it easy to see that,

I = (0,+ Au,vp)p + (0,- Au,vp)p = /F [OnAu vy
= ({OnAul, [ r + ([Ondu], fond)r,

——
_(J =0

11 = (8, v, Aw) g + (0 vm, M) = /F [O0vn A
= ([Onvn], fAul)F + ({Onvn} . [Au])p.
~—— S~~~

0 =0

(3.21)

Hence, we end up with the identity,
(AQU, vp)a = (Au, Avh)'y‘h + (ﬂanvh]] , {{Au}});h + (g2, vn)r — (Opvp, Au)r. (3.22)

Similarly as for Lemma 3.1, we add consistent symmetry terms ([0pu] , {{A'Uh}})]:}ilnt and (Opu, Avp)r—
(91, Avp)r and the penalty terms (9w, Opvp)r — 7 (91, Onvn)r and F([Onu], [[anvh]])fém . Effec-
tively, the terms adding zero because of the regularity u € H*(2) and the boundary condition
Onu = g1. Finally, we have

(A2u, v)q =(Au, Avy) 7. + (g2, 00)r — (91, Avi)r + (g1, Onvn)r

1
— ([wu], {An ) gt — (Au}, Buend) s + - (O] el s (323)
— (Au, Opvp)r — (Onu, Avp)r + %(&Lu, OnVn)r-
And the proof is complete. O
We will now assemble the Laplace CIP formulation. The discrete problem is as follows:
Find uy, € V}, such that aL(uh,vh) = lﬁ(vh) Yo € Vj,. (3.24)
The corresponding bilinear and linear form is defined as,
ak (up,vp) = (Qup, vp)g + (Aup, Avy) g
— ({Aun}, [Onvn]) e — ({AvRE [Onun]) e + 5 L ([0l [0nvn]) gine

(3.25)
— (Aup, Opvop)p — (Opup, Avy)p + 7 (3nuh, OnUn)r

1 (vn) = (f,vm)g — (92, v)r — (91, Ao)r + 2 (g1, i)

h
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With the corresponding energy norms

1 1
lvliZ = ellvlé + 1Av]E + 1A~ [One] [Fne + [A72000][F v € Vi, 526)
1 1 .
[0l5 . = 101, + 122 £0unv} [Zme + 12 Ounvl[f v €V @ Vi

Remark. Again, note that we have the consistent terms ({Aup}, ﬂanvh]])]_-im and (Aup, Opvp)p
naturally appearing in the derivation. Also recall the symmetry terms, ([Onup], {Avr}) Fine and
(Onupn — g1, Avp)r, with corresponding Nitsche penalty terms, 7 (9nup — g1, Onvp)r and
2 ([Onun] , [Onva] Fint, thus making the bilinear form a®(-,-) symmetric and well-posed.

3.2.3 Comments and earlier work

It should be noted that the Hessian formulation has a substantial limitation in that it is only valid
for homogeneous Neumann conditions. This constraint arises from the challenges associated with
imposing g; via the tangential derivative terms in Equation (3.14) during the proof of Lemma
3.1. From a physical perspective, this is manageable as it aligns with the boundary conditions
of the original CH problem (1.7). However, from the standpoint of numerical validation, the
homogeneous Neumann condition enforces strict rules on the design of manufactured solutions on
arbitrary domains. One way to fix this is to enforce tangential derivatives of g1, i.e., inserting
Onpu = g1 for (0, (Opu), Opv)r into (3.14). A downside with this method is that we must require g;
in H %(F) Consequently, the examples illustrated in section 4.6 are only demonstrated on simple
domains. This particular constraint does not apply to the Laplace formulation.

The Hessian formulation is well investigated by Susanne Brenner in several papers for 2, 54, 55]
with corresponding analysis and numerical validation. Similarly, variants of the Laplace formulation
can be found here [3, 57]. In these articles there also is good theoretical and experimental evidence
that both formulation have the following expected a priori estimates. Let u € H*(Q2) for s > % +e,
and up, € V, of order k > 2. Then with 7 = min {s, k + 2} the a priori estimates are

lu = wnllay o S 22 lull g

3.27
lu —upllg S 705 g 220

Q.

Be aware that the || - ||, norm estimates is suboptimal for £ = 2. It is worth noting that techni-
cally is the interior regularisation equivalent to do a Nitsche’s method in all interior boundaries of
the elements with boundary conditions of each element weakly imposed to zero. Thus, we expect
the penalty parameter v to be the same interior and exterior elements. Let where k > 2 is the
polynomial order, then for the Hessian formulation is it theoretically proven that v = 2k(k — 1)
[54, 2]. However, we still prefer to experimentally verify the best parameter.

3.3 Note on the biharmonic mixed formulation

It is easy to see that the biharmonic problem can be rewritten into an equivalent mixed formulation
, that is, to find 0,7 € H?(2) such that

Ao =f 1in(, (3.28a)

o= Auin Q, (3.28b)
Opo =g1 on T, (3.28¢)
Opu =gy on I (3.28d)

The goal is to obtain an useful weak formulation. Using Greens theorem on the first equation
we get,
(o,v)a = (Vu,Vv)g — (Vyu,v)r. (3.29)
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Similarly for the second equation we obtain

(vgv VSD)Q - (ano'a 90)1" = (f7 SO)Q' (3'30)

Putting it all together we have the following mixed weak formulation; Find (u,o) € H'(Q) x H(£2)
such that

(Vu, Vo)g — (0,v)q = (g1,v)r Yo € HY(Q),

) (3.31)
(Vo,V)a = (f,p)a+ (g2,9)r Yo € H (Q).

Now we want to relate this formulation to the abstract saddle point problem (SPP). Let V = H(Q)
and W = H!() be Hilbert spaces and define the bilinear forma: V xV — Rand b: V xW — R
s.t. a(o,v) = —(0,v)q and b(u,v) = (Vu, Vv)q. We also may define the linear forms, G, F : V. — R
such that G(v) = (g1,v)r and F(p) = (f,¢)a + (g2, ¥)r.
Hence, we obtain the following SPP. Find (u,0) € V' x W such that
a(o,v) +blu,v) =GW) YvelV, (3.32)
b(u, ¢) =F(p) VoeW.

This is useful since we can now apply standard saddle point theory to do an analysis for the problem.
We will see that it is now easier to handle the boundary constraints naturally, but with the cost
of a more challenging time discretization procedure. For more information about the biharmonic
mixed formulation, see [92, 75|. However, in this thesis is the focus on solving the biharmonic
equation avoiding the mixed formulation using the CIP formulation, which does in fact handle the
downsides with the SPP problem.

4 Cut continuous interior penalty methods for the biharmonic prob-
lem

Questions arise when we want to allow for complex geometries where some physical domain €2 has
a smooth boundary I'. A method would be to generate a structured background mesh which fully
covers {2, but does not necessarily fit to the boundary perfectly. For consistency, integration of the
contribution is performed on the physical domain, but the involved discrete test and trial functions
in V}, are defined on the background mesh. However, we will run into geometrical problems when
so-called cut finite elements have a very small intersection of the physical domain, i.e., |T'NQ|,; <
7|, < h%and T'NT|, ; < h4"L, where | - |, is the measure of the volume in dimension d. The
cut elements are identified as a crucial geometric issue since the inverse inequalities outlined in
Section 2.8 do not generalize well to these elements. This identifies the challenges in establishing
theoretical stability and a priori estimates for any geometric arrangement.

One way to handle this issue is to introduce the so-called cut finite element method (CutFEM).
The method involves adding a stabilization term, commonly referred to as the ghost penalty term.
This term serves the purpose of controlling the energy norm associated with the bilinear form,
utilizing the entire background mesh to ensure stabilization and geometric robustness. For more
information, see |72, 93, 94, 95]. Inspired by the corresponding CitFEM DG elliptic framework
outlined in [I], the objective of this section is to engineer suitable stabilized ghost penalty terms
for the biharmonic problem, starting from the CIP methods introduced in Section 3. We will show
what assumptions are needed for the ghost-penalty method for the discrete problem to be stable in
Section 4.3 and derive optimal convergence in Section 4.4. Once this is fulfilled we propose a ghost
penalty which fulfills these assumptions in Section 4.5. Lastly, we provide numerical experiments
to validate the theoretical results in Section 4.6
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Figure 12: Illustration of the domain {2 with the corresponding boundary I', the background mesh
T, the cut cells 7,1, the interior cells T;,; and the active set T, = ’72“ U 77{.

4.1 Computational domain

We want to devise a CutFEM based on the CIP formulation for the biharmonic problem. Assume
that the physical domain © C R? to be open and bounded with a corresponding sufficiently smooth
boundary I'. Let 7, be a shape-regular and quasi-uniform mesh which covers €2, but does not need
to fit the domain. Let us denote the active set 7, C 7; which intersects the interior of the active
domain €2, that is

To={TeT|Tna#0}. (4.1)

We define the corresponding set of interior facets,
FM=IF=T"nT" |T",T" € Tpand TT #T"},

and the set of elements cut by the boundary

TF={TecT, | TNT #0}.
For convenience, we will also define the interior of the active set as Tju.

Tt = {T € T, | TN Int(Q) # 0} .

Hence, we have that the active set is the union of the interior and cut elements, 7, = 7;2‘“ U 77?.
For an illustration, see Figure 12.
4.2 Cut continuous interior penalty methods

As Q) is static, it is easy to observe that having a polynomial basis on the full mesh 75, is not
necessary. Restricting us to the active set, we define the domain 2}, = UTeTh T. Hence, we define
the polynomial space only on the active set 7, from (4.1),

Vi, = {v e C%() | vr = vlr € {Pk(T) or ka} VT € n} . (4.2)

Here is k the polynomial order and P*(-) and QF(-) is defined in Definition 2.6. Furthermore,
drawing on the principles outlined in Section 3, we can indeed recall two CIP formulations for the
biharmonic equation: the Hessian formulation (3.16) and the Laplace formulation (3.24).

To make sure the problem is stabilized will we add a consistent symmetric positive semi-definite
bilinear ghost-penalty term g, : Vi X Vj — R to our bilinear form. That is, we define the discrete
problem to be:

Find uy € V3, such that Ap(up,vp) = ap(up, vp) + gn(up, vp) = U (vy)  Vop € Vi, (4.3)
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Figure 13: Illustration of the fat intersection property. Let T € 7;5. It shows a patch w(T") contains
clements T € T, and 7" € T U T,l' = 7;,, with 7" having a sufficiently large intersection with Q.

Here ay(-,-) stand for either al(-,-) or al(-,").

In this section, we provide a full proof for the Hessian formulation, however, the proof of the
Laplace formulation is similar. For simplification will we use the notation a(-,-) = afl(-,-) and
() = 1H(-) for the rest of the stability and convergence analysis.

Keep in mind that our proposed method is defined on an unfitted mesh in contrast to the
standard CIP methods. As we will see in the analysis, the ghost penalty is a method to ensure
numerical stability on cut cell ThF. The main reason why this numerical instability happens for an
unfitted mesh happens when a cell is badly cut, see examples in Figure 14. In other words, when
a cell is "badly cut," it means that it is intersected by the boundary I' in such a way that only an
almost vanishing part of the interior of an element T intersects with the physical domain € | i.e.
QN T|; < k% This can lead to stability issues and a very poor condition number of the system
matrix causing numerical instability.

The ghost penalty stabilization technique is designed to tackle this issue. Essentially, this
approach introduces additional terms into the finite element method that penalize jumps in the
discrete solution and its gradients across cell interfaces, typically the cut-cells. This penalty not
only improves the conditioning of the system matrix but also enhances the robustness of the method
with respect to the location of the boundary inside each cell. However, to make this possible, we
assume a so-called fat-intersection property, which will be relevant in Section 4.5.

Our first assumption is as follows; for a T' € T,!' there always exists a patch w(7T") which contains
T and an element 7" with a so-called fat intersection |77 N Q|,; 2 |T”|;, where ||, is the measure of
an element of dimensions d = 2,3 . For an illustration, see Figure 13.

We define the underlying norms for v, € V}, as

1 1
lonllz, = allonlFng + 1D 0nl17 00 + 1772 [8nva] 1%, g + [1h ™2 8nuvall?, (4.4)
02, = glvn, va), (4.5)

2
lonll%, = lonllz, + lonlg, » (4.6)
(4.7)

and for v € V @ V}, we also introduce,
1 1
[0, = 012, + 1h2 £unv} %, nq + 1h2 v ]E- (4.8)

Remark. Note that it holds that T, N2 = Q and 7, NT' = I'. Depending on context, we choose the
best suitable notation.

Remark. The necessity to define the supplementary terms in the [|- ||, , may raise certain questions.
The reason is because when v is continuous, i.e. v € V, the local inverse estimates 2.38 does not
hold for || {Onnv} || £, ~q and [[Onnv|| When evaluating ap (v, v). Hence, this leads necessity adding
the additional terms into the norm when we later need to bound ap(u — Cru,vp,) as part of the a

priori error estimate derivation in Section 4.4.
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4.3 Stability estimate

In Section 2.8, we discussed standard local inverse estimates, which plays a crucial role in the the-
oretical analysis of the classical CIP method for biharmonic problems. Similarly, for cut elements,
is it easy to see that this must hold,

10nn vl e S N0mnvnllr < 1y D%y (4.9)

A useful variant is the following inequality that is,
1
10nnvallrne S B2 1D vnllr. (4.10)

For the proposed unfitted version, it may be natural to instead look at ||Opnvp ||pqr S ™2 ||D2vh||TmQ,
however, this cannot hold for an arbitrary cut configuration for an unfitted mesh. To demonstrate
this, let ¢ < 1 be a small length. For the examples provided in Figure 14 we have two cases: i)
TNQl, ; Sehttand TNQ, , Seh® L andii) TNQ[, ; S At and TNQ|, ; S ehd .
The first case impacts the condition number since it introduces almost vanishing entries in the
system matrix from (2.27). The second case is bad for inverse estimates and, thus, problematic
for proving discrete coercivity. To recover, we must incorporate the full element T into the inverse
estimate as done in (4.10) and (4.9).

Since the inequalities above hold for all elements locally, it is natural to work with norms defined
by the full mesh 7}.

[Onnvnll a0 < 2HD2UhHTh7 (4.11)
10unvnll 7 S B2 1D 0n]| 7 (4.12)
We aware that these inequalities also holds for the first order, that is.
|0nvnll 70 S B2Vl (4.13)
10nvnll 500 S 272 [Vonll; (4.14)
In fact, combining the second order inequalities we get the following identity.
MOnntnll3 0 + BlOunvnl 3y er < 1D%0nl3, Vo € Vi (4.15)

For more information about the derivations of the inequalities, see the discussion in |1, Section 2.4].

We may introduce our first assumption on the ghost penalty. Inspired by the expansion for the
H'-norm as detailed in [I, Equation 2.23], we adopt an analogous approach for the H?-norm in
this scenario.

int
Th

Q)
—
Q)

Figure 14: Illustration of two examples of bad cut cells with an arbitrary small length ¢ < 1. Let
T € T;F be a cut cell. On the left example, is it clear that [TNT| < k%! and |QNT| < eh? .
However, in the right example, is it clear that [T NT| < eh? ! and QN T| < ehd.
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Assumption (EP1). The ghost penalty g extends the H? norm such that
2
ID?0|7, S ID%0lf, + Jol;, - (4.16)
Combining the results, we get the following convenient corollary.
Corollary 4.1. Let gp, satisfy Assumption EP1 (4.16), then

1[BanvnllF, ne + MllOunon T e S 1D 0nllé, + lonly, S llonllh,  Von € Vi (4.17)

From this, it is also clear that
||Uh||ah,>k 5 ||Uh||Ah Vop € V. (418)

Proof. The first result (4.17) is a direct result of (4.15), Assumption EP1 (4.16) and the definition
of || - |l4,- The second result (4.18) is simply a observation that the terms in (4.17) appears in
| - |la, «» hence, the inequality follows. O

Remark. The alternative version of the Assumption EP1 (4.16) for the Laplace formulation (3.24) is
simply HAQUhH%’h < |A%))E + |vh|§h and, similarly, is it then clear that hl|Av||%q, +h||A2vhH7-hF <
|A%v]|3 + \vh\f}h would follow as in (4.17).

Lemma 4.2. The discrete form Ay, is coercive, that is,
thHih < Ap(vp,vp) Yo € Vi,
Proof. Let v, € Vj. Observe that
Ap(vn, vn) = an (v, vp) + onl?, - (4.19)

Firstly, the ghost penalty term is already a part of the || - || 4, norm, hence, it only remains to
bound the ap(-,-) term properly from below.

Y Y
an(vn, vn) = allop||d + [ D*onlE + 7 110 vn] % + Eﬂanvh\\%
+ 2({{8nnvh} y Hanvh]])]-'hr‘lﬂ + 2(annva 8nvh)l_‘-

We first focus on the last two terms in (4.20). Using Cauchy-Schwarz (2.10), we observe that

(4.20)

1 1
({Onnvn} s [Onvn]) 7,00 = =[1h2 {Ounvn} || 7, nellh™2 [Onvn] [l 7, A0

. o (4.21)
(OnnVn, Onvn)r = —[|h2 Opnvp|lpl|h™ 2 Onvnl|p-

Using inverse-inequalities (4.11) and (4.12) and the Corollary 4.1 we can easily observe that

1 2
1h% {0unon} 7, na < Cill D*onllF, S 1D*0nlIG + lvnl, | (4.22)
10 on|? < Call D*unll7, < IDPonlld + lonly, -

Thus, by applying Young’s e-inequality (2.13), it is natural to see that,

L _1 1 9 1
—CE D07, 1172 [Bnvn] | 7,00 = _EC(HDQUh”?) +lonly,) = ellh™7 [Opon] I3, ra;

31 P2 1 1 2,112 2 L 2 (4.23)
~C3 D%l 7 172 Onvnlle = = ZC(ID onllg + |valg,) — ellh™2dnvnllr-
Combining these ideas, we end up with the following inequality,
1
an(vn, o) = al| v||§ + | D*on[|§ — Z4C(|D?opE + onl3, )
= (4.24)

_1 -3
+ (= 22) (073 Tuen] I + 103 0n2)

34



This inequality is useful since by adding a ghost penalty on the left-hand side we get,
Ap (v, vp) = alvp,vp) + ]vhlzh
2 Il af? ol + (1 = 241Dl + fon ) (4.25)
+ (v = 28) (I3 [Davnl I, + 1072 Onn12)

Setting ¢ = 8C' and v = 32C we arrive at the desired inequality,

1 1
Ao v) 2 1 ol enlfh + S (1D%nl + onf?,)
_1 1
*’% (Hh 2 [0non] |17, + |1 zanvhn%) (4.26)

2 [lvnll%, -

Lemma 4.3. The discrete bilinear form Ap(-,-) is bounded
An(vnywn) S |lonlla, lwnll 4, Yon, wh € V. (4.27)
Moreover, forv € Vi @V and wy, € V}, the discrete bilinear form ap(-,-) satisfies
an(v,wp) S |0lla, «lwnll 4, (4.28)

Proof. Estimate (4.27). We see that |Ap(vp, wp)| S |an(vn, wr)| + |gn(vh, wy)| . By assumption
the ghost penalty gp(+,-) is positive semi-definite, thus fulfills the Cauchy-Schwarz inequality,

\gn(vn, wa)| < |vnly, [wnlg, - (4.29)

Hence, |gn(vn, wn)| < [[vnlla, llwnll 4, by definition of Ap(-,-). It remains to show that the bilinear
term ap(-,-) is bounded. We numerate the terms in this fashion.

I 11
ap, (v, wp) ngr (Dzvh, DQwh)Tth
11 v Y
+ { Do} s [9nwn]) 7, 0+ ({Oumwn} - [0u0n]) 7,0 + 7+ ([Ovn] [Dnon]) 7,
vi vii VI
+ (OnnVh, Onwh)p + (Opnwh, Onup)p + % (Onvh, Opwp)p

—I+...+ VIIL
(4.30)

The strategy is to bound each term individually using the Cauchy-Schwarz inequality (2.10). From
this is it easy to see that [I| + || < [[vl|,, |whlla,- To the terms IIT and IV we apply the inequality
(4.17) from the Corollary 4.1 to see that,

1 _1
[T} S 172 Onnvnl| 7, nollh™2 [Onwa] | 7, e < 1ol a, [lwlla, (4.31)

The interior penalty can we easily see that,

_1 _1
VIS 172 [0nvnl | 7, nellh™> [Onwnl | 7,na S llvnlla, lwnlla, (4.32)

The remaining terms terms VI and VII can again be handles by Corollary 4.1, leading to

1 _1
VI < 172 Onnvnllpl|h™2 Opwalle S llvalla, lwnlla, - (4.33)
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Finally, using the definition of the norm, it is easy to see that

IVILL] S |0nonllp10nwrllr S llonlla, [[wnlla, - (4.34)
Hence, we can conclude

|an (v, wh)| < |vnlla, lwnlla, Yon, wh € V. (4.35)

Therefore, since || - ||,, < |||l 4, , it has been demonstrated that a(-, -) is bounded within the ||| 4,
norm.

Estimate (4.28) . Let v € V;, ® V and wy, € V3. The only difference is that since v can have
a contribution from V' where no inverse estimate can be used to bound {0,,v}, hence, we cannot
apply to Corollary 4.1 on the estimates (4.31) and (4.33). However, this is not a problem since
||h% {00} || 7, o and ||h%6mv|]F are terms in the norm |[jv[[,, .. Thus, we know that

lan (v, wp)| < |vllg, «llwnlla, Yv € Vi@V and wy € Vi, (4.36)

O

4.4 A priori error estimate

For the proposed method, we want to derive a priori error estimate with respect to both the |[|-|,, .-
norm and the || - [|-norm. These estimates are geometrically robust in that they remain unaffected
by specific cut configurations, thanks to the ghost penalty they incorporate. First, we construct
a suitable (quasi-)interpolation operator. Here we use the Clement quasi interpolation operator
which, in contrast to the standard Lagrange nodal interpolation operator, is also defined for low
regularity function v € L?(£2). In combination with discrete coercivity, this allows us to derive an a
priori error estimate in the energy norm. Finally, we use a standard duality argument, also known
as Aubin-Nitsche trick, to derive the L?(£2)-error estimate.
Recall that for v € H3(T,) the following inequalities.

_1 1

IVvllgr S hp? [ V0llg + B2 || D]l (4.37)
_1 1

IVllpng S h72 Vol + hE 1D, (4.38)
1 1

ID*0|lpnr S 2| D[l + h2 || Do 7, (4.39)

holds V1" € Ty, for proof see [96, Lemma 4.2]. In this context is D3v a tensor defined in Equation
(2.8).
Assume that  has a boundary I' in C', then there exists a bounded extension operator,

()¢ : H™(Q) — H™(RY), (4.40)
for all v € H™(Q)) which satisfies
g =,
. (4.41)
[ | PR [ SR

For more information, see [97, Theorem 9.7| and |98, p.181, p.185]. For the notation we simply
write v := v¢ for v € R?\ Q.

Starting from Lemma 2.8, assume v € H*(Q2) and let 7 = min(s, k + 1). Revisit the definition
of Vj, from (4.2), which is a polynomial of degree k. We can then employ the combination of
the Clément interpolator with the extension operator to create C} : H ™(R?) — Vj, such that
Cjv = Chv°. Next, recall that > o ””Hs,w(T) < Ol 7, where C' is some constant decided by
shape regularity of the mesh and the maximal number of different patches a single element can
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belong to. This also holds for the inequality > rcr D peor HUHSW(F Cllvll,7,- The following
estimates are thereby established.

—1 -1
lo = Ciollyz, S B Mollyry S B 2 0l 0SS, (4.42)
TeTh
_-1 -1 1
I = Civlor SBT3 Y loluiry SH T Flols 0<I<r—g.  (443)
TeT, FedT

Lemma 4.4. Let w € H*(Q) for s > 3 be the exact solution to (3.3) and let k be the polynomial
order of Vi,. Set r = min(s, k + 1), then we have the interpolation estimates

lu = Chulla, .« < B [l 0 (4.44)

Proof. By definition,

I 1I

lu = Cullg, . = all(u = CRu)|F, n + 1 D*(u — Chu) |7, 00

111 v
_1 e -1 e
+ A7 [0n(u — CRu)] 7, na + Y172 0(u — Cru) |7 (4.45)
A% VI
1 e 1 e
+[1hZ {0 (u — CRu)} 1%, nq + 132 O (u — CRu) |7

=I+...+VL

The strategy is to bound each term individually. By initially focusing on the first two terms and

employing equation (4.42), we can easily observe

I+ 1S u— ChullF, + 1D*(u - Chu)ll%, G
< (B2r 2(r—2) 2 < 12(r—2) ( ’ )
S A+ R a2 g S PP fuF

From (2.12) is it clear that || [O,u] [| 7, < [[Vull57, - Hence, first applying the trace inequality (4.37)
and then (4.42) is it clear that,

LS IV (u = CO 57, S h 72V (u— CEU)II%L +D*(u - CHIF,

< (B20D72 4 2022 <RI u)2 (4.47)
And for the boundary term we apply (4.38) and then (4.42)
IV S h7HV(u = Cru)llf £ 72|V (u — Chu)llF, + |1D*(u — Chu)llF, (4.48)
SEC Dl '
Again, from (2.12) is it clear that || {Opnu}l |7, < |]D2u||a7— , thus we see that,
V S hID*(u = Ciu)l3r, < W20 lullf 7, (4.49)
The final term we we apply (4.39) and then (4.42)
VIS h||D*(u — Cru)f
Sh2ID? (u — CRu)llF, + 1D (u = CRu) 17,
< h—Q(hQ(T—Q—%) + h2(r—3—%))||u,| o (4.50)
S 00N ul g S RO ull, g0
Hence, we have ||u — Cyull,, . Sh'™™ 2||UHT7-h O
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Lemma 4.5 (Weak Galerkin orthogonality). Let u € H*(Q2), s > 3 be the exact solution to (3.3)
and up, € Vj, is a discrete solution to (4.3). Then is

ap(u —up,vp) = gr(un, va) Yop € Vi

Proof. From the definition of the problem (4.3) and utilizing that for u € H*(§2) we have the
identity Ap(u,vy) = ap(u,vy) = l(vy) Yup € V3. Consequently, it follows that

I(vn) = An(un,vn) = an(u,vp) = ap(up, vy) + gn(un, vn)  Yop € Vi,
Hence, we have ap(u — up, vp) = gn(up, vp). dJ

Assumption (EP2). For v € H*(Q) and r = min{s,k + 1}, the semi-norm | - |, is weakly
consistent in the sense that
Chvlg, S H vl (4.51)

gn ~

Theorem 4.6. Let u € H*(Y) , s > 3 be a solution to (3.3) and let u, € Vi, of order k > 2 be
the discrete solution to (4.3). Then with r = min{s,k + 1} the error e = u — uy, satisfies

lella, « < B2 Ilull.q, (4.52)
lelg S A" O3 |, q. (4.53)

Remark. Be aware that for k = 2 the estimate (4.53) is suboptimal with 1 order.

Proof. We will divide the proof into two steps.

Step 1. We want to prove that |e|,, . < hr_2||u|]n9. Decompose e = u — uy, intro e = ej, + ey,
where we denote the discrete error e, = Cju — uj and the interpolation error e, = u — Cjfu. We
can then observe that

lv = unllg o < [l = Cru+ Chu —unlq,
< lu = Chullg, » + 1Chu — unlla,, (4.54)
S llexlla  + llenlla,-
Using Lemma 4.4, is it clear that |lexl,, . < A" "?||ull, q is already fulfilled, hence, it remains to

estimate ep. From Lemma 4.2 and 4.3, the weak Galerkin orthogonality and Assumption EP2
(4.51) is it natural to arrive at,

lenllh, < an(Cru — un, en) + gn(Ciu — up, ep)
= ap(Ciu —u,ep) + ap(u — up, en) + gn(Cru — up, ep,) (4.55)
= ap(Ciu —u,ep) + gn(Cru, ep).

Hence, now utilizing the Assumption EP2 (4.51) is it clear that

an(Cpu —u, en) + gn(Chu, en) S |Chu — ully, .llenlla, +Crulg, lealy,
SICRu = ull,, lenlla, + A" [lull,q lenlg,
S (ICFu = ullg, o + B2l 0) llenlla,

SH 2l qllenlla,-

(4.56)

Here we noticed that |enllq, + lenl,, < llenlls,. and used that [|[Ciu — ull,, . < hr_QHanQ from

Lemma 4.4. Combining (4.55) and (4.56) and dividing by [les|| 4, is it clear that

lenlla, S A" llull,.q- (4.57)
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Hence, inserting (4.57) into (4.54) we conclude the energy a priori estimate (4.52) holds.

Step 2. We want to show that |[e||q < h“ma"(o’?’*k)Hu|lnﬂ. The idea is to apply the so-called
Aubin-Nitsche duality trick while being aware of the ghost penalty gp. Let us denote the following
observation. Let e :=u —uy, € LZ(Q) and Y € H 4((2). Then is the corresponding dual problem to
(3.1) be

A%p=e inQ,
Oy =0 onl, (4.58)
OnAY =0 onT.
Here is the regularity of ¥ and e a consequence of the assumptions of the regularity of u and uy
[2, pp. 113]. This implies that it exists a ¢ € H*(2) such that ay(v, ) = (e,v)q Yv € Vj. Hence,
we can easily observe that from the Lemma 4.5, we have
lellg = (e, e)a = (e, A%)q
= an(e, ) = ap(u — up, ¥)
= ap(u — up, Y + Cryp — Cih)
= ap(u — up, ¥ — Cpp) + ap(u — up, Cj1p) (4.59)
= ap(u — up, Y — Cpb) + gn(up, Cpap)
= ap(u — up, v — Cib) + gn(up — Cyu, Citb) + gn(Cru, Crab)
=1+ 11+ IIL

Let 7 = min(4, k + 1). Additionally, we have the regularity estimate [|¢|~, < |le|o. Hence, by
also utilizing the energy a priori estimate (4.52), we can observe

LS = unllay, <9 = Citdlla, «
Sl ol 2 [Y g (4.60)
S B fully ol ello-
Specifically for the term II we apply Assumption EP2 (4.51) and the estimate (4.57)
LS [un = Chul,, [CRily,

S llun — Ciulla, ICRY,,

B ~ (4.61)
S W2 fullr b2 ¢ lrg
S fullgllello-
The third term is simply an application of Assumption EP2 (4.51), i.e.
I < |Chul,, |C5, S B ull, 0 (4.62)

Hence, combining (4.59), (4.60), (4.61), (4.62), and dividing by ||e||¢, on both sides can we conclude
lello S B luly0- (4.63)

Having a clear look at 7, we see that

~ 3, k=2
r=min(4,k+1) = (4.64)
4, k>3
So we have the following estimate,
Rl k=2
lelle < llullo {hr_Q’ k>3 (4.65)
or equivalently |le]q < Hqu_maX(O’k_?’).
O
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4.5 Constructing ghost penalties

We have the following assumptions for the ghost penalty.

EP1 The ghost penalty gp(-,-) extends the H? norm such that

ID?vn[|;, S ID?0nlld + |vnl2,  You € Vi (4.66)
EP2 For v € H*(Q) and r = min(s, k + 2), the semi-norm ||, ~satisfies the following estimate,

—2
Gy, <02l (1.67)
This chapter aims to engineer a ghost penalty that fulfills these assumptions.

Let k be a positive integer. Recall the multi-index o = (a1, ..., q) of order |a| = >, 05 = k
with a corresponding component-wise factorial a! = a1!... 4! . Let v € C*(Q). The generalization
of the normal derivative is denoted as,

o= 0% n? (4.68)

o
|a|=k

where the component-wise product of the normal vector is n® = n{" ... nj? and the derivative 9%v
is as defined in Equation (2.1). Remark that 9%v = v, dfv = Vv n = 9,v and 02v = n’ D*v n =
%&mv.

The following result is the backbone of the face-based ghost penalty.

Lemma 4.7. Let T1,T> € T;, be two elements sharing a common face F. Then for vy, € Vy with
polynomial degree k we have

lonllzy, S lonllr, + D B2+ (([Bon]), [Bhon]))r- (4.69)

0<j<k
Proof. See |1, Lemma 2.19|. O
We will now introduce the so-called ghost penalty faces, that is,
Fi={FeF TN #0vT NI #0}.

This set is simply all facets that belong to all elements of the active mesh 7}, intersected with I,
i.e., all triangles to the cut cells 7'hF. For an illustration, see Figure 15.

Lemma 4.8. Let T1,T5 € Ty be two elements sharing a common face F. Then for vy, € Vi with
polynomial degree k we have

10,07y S 10,0nllz, + D W7 ([[0%0:,0n]) , [030s,08]) ), (4.70a)
0<j<k

IVoll, S IVl + D> W ([[05Von]) , [0V o] e (4.70b)
0<j<k

Similarly, this is generalized to

A7y < [|[Avallg, + Z R =3 ([[02 Avg]] , [[02Av]]) p, (4.71a)
0<j<k

D%z, < 1D%vallg, + Z h273([[02 D*vy]] , [[02 D?*vs]] ) . (4.71b)
0<j<k
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Proof. Estimate (4.70a). Let wj, = wp|r and recall the projection (3.9), then is

[0z,wh] = [Vwn] - e, = (Pr [Vwn] + QF [Vwi])ez,

d—1
= ([Onwn] ”+Z [0, wn]] £5)ea,. (4.72)

Here is ey;,i = 1,...,d one of the elementary unit vectors in R Since |e,, - n| < 1 and |ey, - t;] <
1 Vi, j is it clear that this estimate holds.

d—1

1102, wn] IF < 11 T0nwnl 17+ D I [[0rwn]] I
j=1

S I onwn] 17 + b2 [wn] 17

(4.73)

Here we used the local inverse inequality (2.35) applied on the facet F, i.e. |0,vp]lp S b7 vp| g

Inserting wy, = vy, we conclude

I 02,50 ]] 1F < N [[800500n]] 11 + 272 [[040n] 11
j+1 2 -2 j 2 (4.74)
S on]) 17 + 22N [[850n] 117
Next, we see that the Lemma 4.7 implies
k
102,0ml17, S 10z 0nlF, + B2 | [[030:,0n]) I3 (4.75)
§=0

Hence, by using (4.74) can we rewrite the sum such that

> [0l 1 5 301 o4 o] 1+ ko]
< 0[] I3+ 307 (] 1 (470

N

S 2 [9on]] e

<.
Il
o

Thus, combining (4.75) and (4.76) we get

k
10z, 0n117, S 10s,0nl17, + ¥~ I [[0h0n] 13- (4.77)
7=0

Hence, estimate (4.70a) holds.
Estimate (4.70b). Using that ||Vo||% = ch'l:1 |0z, 0|3, can we directly apply the estimate
(4.70a) element-wise.

IVoll7, = Z 18z,vnl7, < Z 18z vnll7, + ¥~ IZ I [[0%vn]]
(4.78)

= [IVonllz, + ¥ Z I [[0%0n]] 13-
=0

Hence, estimate (4.70b) holds.
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Figure 15: Illustration of ]-"}gb denoted as the dotted lines. The set is defined as all facets which
belong to cut cells 7? sharing a node with interior elements ’Elint.

Estimate (4.71a) and (4.71b). Following the same steps as in Estimate (4.70a), but replacing
Lemma 4.7 with estimate (4.70a), it is straight forward to conclude the following. For any i;,is €
{1,...,d} we have,

1900y, S 10ngoyenllny + 32 02578 ([[00nmyon]) s [Pi0rwn]]) . 479)

0<y<k

Finally, applying the element-wise argument, demonstrated in the proof for Estimate (4.70b), for
the Hessian and the Laplace operator, we conclude that (4.71a) and (4.71b) hold.

O
Now it remains to make this Lemma hold for the active mesh.
Lemma 4.9. For v, € Vi, of polynomial degree k, the following estimates hold.
lonllF, < lloalle + >~ ¥ ([[350]) , [050n])) 7o, (4.80a)
j=1
k . . .
1D2onl3, < 1D%0nl3 + 3 W3 ([0en]) . [[950n])) s (4.80b)
j=1
1Av, 17, S 1Avallg + D B2 ([[05un]] , [030n]]) 5o (4.80c)
j=1

Proof. Estimate (4.80a). This estimate is proven in [l, Lemma 2.20|, but we will include it for
completeness. First of all, notice that there is a patch P(T') consisting of {Ti}ﬁzl mesh elements
such that each pair {7}, T;;+1} share a facet F; and the last element 7} has a fat intersection.

Let us define the following norm

k
af, (wnon) = D0 ([[0on]  [O4en]Dr (4.81)

j=1
where F; € }',g and polynomial degree k. Using Lemma 4.7 can we see that
2

By employing induction on each pair {T;,T;+1} along with its corresponding Fj, we achieve the
following outcome.
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2
lonllZ, < CllonllZ, + g%, (vn, va) (4.83)
2 2
< C(C(llvnllz, + g, (0n, vn)) + gy (vn, vn)) (4.84)
-1
2
S llonlid + > gk (on,vn) (4.85)
=1
-1
2
S lonllne + Y gf, (0, vn). (4.86)
=1

Here the last steps arise from the fact that [|vallg, < [Jvnllgnq, which is a consequence of the fat
intersection property. Summation over the cut elements 7;1“ implies,

-1
lonlZe S lonlFrng + Y 9% (vn,vn) (4.87)
i=1
k
= l[onllrng + > R ([050n]] s [[05en])) 7o (4.88)
j=0

And as a trivial extension, this now also holds for the active mesh 7j, that is,

k
lonll 7 S lonllFng + D P ([05va]] s [050n]]) 7s- (4.89)
j=1

Hence, (4.80a) holds and the first part of the proof is complete.

Estimate (4.80b) and (4.80b). We simply use the exact same procedure as Estimate (4.80a)
for the estimates with (4.71a) and (4.71b). Hence by defining the bilinear form g (-, -) similarly.
The proof is complete. O

Finally, we now have the tools to construct a candidate for the ghost penalty that satisfies all
assumptions.

Proposition 4.10 (Face-based ghost penalty). Let k > 2 be the order of the polynomial basis in
Vi . For any set of positive parameters {7]-}?:0, the ghost penalty defined as

k

gp(vp, wp,) = Z Z ’yjh%j_g([[@%vhﬂ , [[8%10;1]])}? for any v, wp, € Vi, (4.90)
J=1FeF]

satisfies the Assumption EP1 and EP2.

Proof. From Lemma 4.9 is it clear that HD2vh||7—h < |1 D2l + |vn,,, hence, Assumption EP1
holds. Therefore, we only need to verify Assumption EP2, which states that |Chv|, < hr—2 vl
Let v € H*(2), s > 3, and r = min{s, k + 1}. We can see that from the definition is

k
Cholg, = Db I [[85Ck0]] %

- . (4.91)
= > b [04(Chv — )] 150 + D k™ 2 [[04CH0]) 115 = 1+1L.
j=0 Jj=r

Here we added a zero term v¢ € H*(y,) since jump vanishes for the for the first » — 1 terms, i.e.
[[8%1}8“ = 0Vj < r—1. The given expression suggests that the first term can be readily estimated
by utilizing the a priori estimate provided in equation (4.43).
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r—1 r—1
LS D 3 [[03(Chv = v)] 3 < D W¥ 31D (Cho = v°)ll3,
ii(l] J=0 (4.92)

< 3R |2 < RO D o2,

J

For the second term are we allowed to use the basic discrete inverse estimate (2.39) times since
we work on the Clément operator,

~

k k
S W2 05Chollhy, < 32 W *n =207 (Cho) I
j=r

= (4.93)
S PG| -
Hence, the estimate |C’ﬁv[2h S hz(’"_z)HvH%Q holds. -

4.6 Numerical experiments

We will investigate several numerical experiments for the Laplace and Hessian formulation to
validate the proposed cut finite element methods for the biharmonic problem. We will provide
numerical validation for the theoretical optimal a priori estimates presented in Theorem 4.6. We
also demonstrate the effect ghost penalty of stabilization by translating the domain to trigger badly
cut cells. Finally, we provide numerical validation of the expected convergence for the Cahn-Hilliard
problem. We propose the following penalty parameters v = 20 for the Hessian formulation (3.16)
and the Laplace formulation (3.24), and 71,2 = 10, 0.5 for the corresponding ghost penalty (4.90).

Condition numbers are essential to solve linear systems because they help us assess the accuracy
and stability of the system’s solutions. A large condition number indicates that the system is
ill-conditioned, meaning the solution can be highly sensitive to small changes in the input data,
potentially leading to inaccurate results. This underlines the importance of checking the conditional
stability of cut cells, hence, motivating a so-called translation test with and without ghost penalty.

All numerical experiments are conducted using the open-source finite element method frame-
work Gridap [99].

4.6.1 Numerical setup

For the convergence study, we will consider a square background domain Q with side lengths L and
a physical domain Q C © on the form Q = {(x,y) | ¢(z,y) < 0}, where ¢ : R> — R is a given level
set function. We will consider two cases; a circular domain,

plz,y) =22 + 4% — 1. (4.94)
and a flower domain,

o(x,y) = Va2 +y? —ro — ri cos(atan2(y, x)) where rg = 0.3L and r; = 0.1L. (4.95)

For an illustration of the flower domain, see Figure 16.

We want to test spatial convergence for the method by doing numerous mesh refinements.
Let ’7;1] be the associated regular square mesh of the background domain Q with the mesh size
hi = L/23%J for the side length L = 2.7 and refinements j = 1,...,8. This is illustrated in Figure
17 for the circular domain.
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Figure 17: Illustration of the domain € defined as a circle with radius R. The regular square
background mesh ’7;3 with side lengths L with three refinements of the mesh size h7.

On each mesh ﬁk we compute a numerical solution uﬁ, hence, motivating us to define the
convergence rate. Let u be the exact solution, then do we define the so-called Experimental Order
of Convergence (EOC) as

ed !
EOC(j) = %
J

Here we define the error ¢/ = Hu—uilH, where we choose to measure in the norms ||- HLQ(Q), |- HHl(Q)
and [|-[|,, «- Recall the definition of the condition number oo (A) from (2.30), where A is the system
matrix defined in (2.27). We define A7 to the associated system matrix to the corresponding discrete
solution ufl Hence, when computing EOC specifically for the condition number we define,

j=2,...,8. (4.96)

EOCU):k%(%iéL?>

bg<h§4) ’

4.6.2 Validation of the a priori estimates

ji=2,....8 (4.97)

Our goal it validate the a priori estimates presented in Theorem 4.6 for k = 2. The big-oh O(h")
is defined to be to be a upper bound such that it exists an C' > 0 such that ||e]| < Ch” for all h,
where 7 is the order of convergence. Since we only will implement k = 2, we validate that it exists
an upper bound O(h) for ||e||L2(Q) and O(h?) for ||e]| It has also been shown that for condition

Qp %
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number ko (A) increases with the order of O(h~%)[100], hence, we expect this also to hold for the
methods we propose. We did the following convergence tests.

Convergence on circle domain First, we consider the manufactured solution such that,

u(z,y) = (2 + y* — 1) sin (27z) cos (27y) . (4.98)
The result can be shown in Figure 18 and Table 1. Here we observe that for we clearly
get optimal convergence, that is, we get a consistent EOC 1 and 2 for the respective norms
le]lq,, « and ”6”L2(9)~ We also get a consistent EOC of 2 for HeHHl(Q), even though we do
not have theoretical a priori estimates of this norm. Since we expect the condition number
Koo(A) to have a convergence rate of —4, we observe a drop in the convergence rate of the
discrete solution. This drop occurs for small values of h < 5% because the condition number

affects the convergence rate.

Convergence on flower domain We consider the manufactured solution such that

u(x,y) = sin (27x) cos (27y) . (4.99)

In this case, we must assume non-homogeneous Neumann conditions, and thus we only test
the numerical results for the Laplace formulation. The result can be shown in Figure 19 and
Table 2. Here we observe that we get optimal convergence that is EOC of order 1 and 2 for
le]lq, « and HeHLQ(Q) norm. Again, we see that the condition number k. (A) has a EOC of

order —4 and, thus, for small h < % we see a drop in convergence rate for the ||es|| ;. norm.

20,

— lella..
— llellr
— llella
— O(h)
—_— O(hQ)

— Koo(A)
- O(h_4)

(a) Hessian

20

— lella..
— lellr
— llella
— O(h)
—_— O(hQ)

— Koo(A)
- O(h_4)

(b) Laplace

Figure 18: Convergence plots for the Hessian and the Laplacian method applied to the circular
domain with side length L = 2.7, using parameters v = 20, y; = 10 and 2 = 0.5.
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h/L n lellzz EOC llellgzn  EOC lella,« EOC  k(A) EOC ndofs

1/8 8§ 1.8E-01 NaN 19E+00 NaN 26E+01 NaN 19E+4+06 NaN 1.7E+402
1/16 16 4.2E-02 2.11  4.8E-01 1.97 1.2E+401 1.13 2.5E+07 -3.70 5.8E+02
1/32 32 9.9E-03 2.08 1.2E-01 2.02 5.7E+00 1.06 4.0E4+08 -4.01 2.0E+403
1/64 64 2.3E-03 213  2.9E-02 2.03 2.8E+00 1.02 6.1E+09 -3.96 7.6E+03

1/128 128 5.4E-04 2.06 6.9E-03 2.06 1.4E+00 1.01 9.5E+10 -3.95 2.9E+04
1/256 256 1.3E-04 2.03 1.7E-03 2.03 6.9E-01 1.01 1.5E+12 -3.97 1.2E+05
1/512 512 3.3E-05 2.02 4.2E-04 2.02  3.5E-01 1.00 24E+13 -3.99 4.6E+05
1/1024 1024 1.4E-05 1.22 1.1E-04 1.95 1.7E-01 1.00 3.7E+14 -3.98 1.8E+406

(a) Hessian

hL 1 Jlelzz EOC  Jle|m: EOC  [ela. EOC  fw(A) EOC  ndofs

1/8 8§ 1.8E-01 NaN 19E+00 NaN 26E+01 NaN 19E+06 NaN 1.7E402
1/16 16 3.9E-02 2.21 4.8E-01 1.98 1.2E+01 1.13 25E+07 -3.70 5.8E+02
1/32 32 9.1E-03 2.08 1.2E-01 2.02 5.7E+00 1.06 3.9E+08 -4.00 2.0E403
1/64 64 2.2E-03 2.06 2.9E-02 2.03 2.8E+00 1.02 6.1E+09 -3.96 7.6E+03

1/128 128 5.3E-04 2.06  6.9E-03 2.06 1.4E+00 1.01 9.5E+10 -3.95 2.9E+04
1/256 256 1.3E-04 2.03 1.7E-03 2.03 6.9E-01 1.01 15E+12 -3.97 1.2E405
1/512 512 3.2E-05 2.01 4.1E-04 2.02  3.5E-01 1.00 24E+13 -3.99 4.6E+05
1/1024 1024 1.5E-05 1.08 1.0E-04 2.00 1.7E-01 1.00 3.8E+14 -3.99 1.8E+06

(b) Laplace

Table 1: EOC results for the Hessian and the Laplacian method applied to the circular domain
with side length L = 2.7, using parameters v = 20, v1 = 10 and 2 = 0.5.

h/L n lellrz EOC llellzn EOC lella,» EOC keo(A) EOC ndofs

1/8 8§ T7.5E-01 NaN 3.9E+00 NaN 39E+01 NaN 34E+06 NaN 1.8E+402
1/16 16 1.9E-01 2.00 1.0E+00 1.90 1.8E+01 1.14 3.5E+07 -3.37 4.8E+02
1/32 32  4.5E-02 2.06 2.3E-01 2.16 7.4E+00 1.27 4.6E+08 -3.72 1.6E+403
1/64 64 1.1E-02 1.98  5.0E-02 2.22  3.4E+00 1.14 6.6E+09 -3.84 5.6E+03

1/128 128 2.1E-03 243 1.0E-02 2.29 1.6E+00 1.056 9.8E+10 -3.90 2.1E+404
1/256 256 4.8E-04 2.14  2.2E-03 2.19 8.0E-01 1.02 1.5E+12 -3.95 8.1E+04
1/512 512 1.5E-04 1.66  5.6E-04 2.00 4.0E-01 1.01 24E+13 -3.97 3.2E+05
1/1024 1024 5.2E-05 1.53 1.6E-04 1.81  2.0E-01 1.01 38E+14 -3.99 1.3E+06

Table 2: Convergence rates for the Laplacian-based method applied to the Flower domain with
side length L = 2.7, using parameters v = 20, v; = 10, and 2 = 0.5
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Figure 19: Convergence rates for the Laplacian-based method applied to the Flower domain with
side length L = 2.7, using parameters v = 20, v; = 10, and v = 0.5

4.6.3 Translation test

Figure 20: Illustration of several iterations of the translation test with translation distance § from
(0,2v/2h). Remark that the circle is fixed in the origin, and the background mesh is translated
diagonally.

In order to evaluate the robustness of the technique during adverse cut configurations (refer
to Figure 14), we will incorporate what is known as a translation test. The fundamental concept
involves conducting precise, iterative diagonal translations of the background mesh while keeping
the domain fixed in origin, thereby intentionally inducing challenging cut cell scenarios. We denote
the total length of the translation as §. For this report, will we choose to do the test on the circle
domain and translate a distance § = 2v/2h diagonally for 500 iterations for a background mesh
h = % where n = 16 using the manufactured solution (4.98). For a sketch of the experiment, see
Figure 20.

In this context, due to the symmetry of the domain and background mesh, we expect a periodic
pattern of bad cut configurations being triggered. This allows us to assess the impact of stabilization
with and without the ghost penalty term. As illustrated in the numerical experiments provided
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in Figure 21, the ghost penalty demonstrated significant enhancements regarding the stability of
the system for both the Laplace and Hessian formulation. It is apparent that the error may not
only magnify, but potentially exceed an order of magnitude if the ghost penalty is not considered.
Hence, this demonstrates that the method is robust in handling bad cut configurations for both
the Laplace and Hessian formulations.
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100 .. 1 R T P T — (20.0,0.0,0.0)
1071 |- 1 A A | | l N A [ ||6||ah7*
10—2 & ! ! ! ! T ”eHHl
0.0 0.1 0.2 0.3 0.4 —_— “6HL2
)
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107" - |- \ ) . el
10~2 bk | | ! | -t ”eHHl
0.0 0.1 0.2 0.3 0.4 _— ||€||L2

(d) Laplace

Figure 21: Translation results of the Laplace and Hessian formulations for n=16 and 500 iterations,
with 6 = (0,2v/2h) for L=2.7, inside a circle with radius R=1.
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5 Applications to the Cahn-Hilliard equation

In this section, we will demonstrate that the proposed cut finite element method can be used to
solve the Cahn-Hilliard problem. Firstly, we will recall the strong form and illustrate how it can
be recast into a weak form following the approach in [3]. Subsequently, we will derive a simplistic
numerical time iteration scheme to demonstrate that the solution to the problem can indeed be
found. Again, all numerical experiments are conducted using the open-source finite element method
(FEM) framework, Gridap, as documented in [99)].

5.1 Deriving the discrete formulation of the Cahn-Hilliard equation

Recall the strong formulation of the Cahn-Hilliard equation. Let u(z,0) = ug then is the dynamics
on the form,

du+ A (?Au— f(u)) =0 inQ, (5.1a)
Opu=0 onl, (5.1b)
OpAu=0 onT. (5.1c)

Here we define f(u) = u(u? — 1) = F'(u) where F(u) = (1/4)(u® — 1)2. With the corresponding
energy. We define the small parameter to be e = 1/100.

2
E(u):/QZ|Vu|2+F(u)d:c. (5.2)

We also recall that the energy functional monotonically decreasing and that the global mass
concentration is conserved, i.e.

%E(u) < 0 and jt/ﬂuda: =0. (5.3)
For convenience, we decompose the functional so that E(u) = F1(u) + E(u). Here, F1(u) =
Jo §|Vu|2,dx represents the smoothing contribution, while Ey(u) = [, F(u),dx represents the
separation contribution.
Now assume that u € L2([0,T], H*(Q)) and vy, € V}, of order k. It is clear that the initial weak
formulation is,

(Opu, vp)q + €2(A%u, v )0 — (f(u),vp)q = 0. (5.4)
Given the appearance of the biharmonic equation, we can now utilize the cut finite element
framework that was developed in Section 4. We define the discrete weak problem as follows.
Find uy, € L*([0,T), V) such that Yoy, € V,

(5.5)
(Opun, vi)q + 2 Ap(up, vp) + cn(up, vn) = 0.

Here we have followed the nonlinear weak formulation |3, Equation 4.2] and the cut finite element
bilinear form for the biharmonic equation proposed in Equation (4.3) such that

cn(uns vn) = (f (un), Avp)a + (f (un), Onv) 7, (5.6)
Ap(un,vn) = ap(un, vp) + gn(Un, va). (5.7

The primary aim is to demonstrate that this problem can be solved using a simple time-
integration scheme. Define the index m = 0,1,..., M. This index corresponds to uniformly
distributed time points ¢,,, which are subject to the boundary conditions tg = 0 and t); = M.
Here, we denote the time step as 7 = 2. Each time step uy is an element of the discrete space V},
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, i.e. u® € Vj, with the initial condition defined as u® = u(tg,z). Following this, we establish the
forward difference operator, which is determined by the time step 7.

P = h " Th (5.8)

We define the implicit explicit time step scheme (IMEX) scheme to have the following dis-
cretization,
(Dpu, vp)a + 2 AT (U, v) + ch(uzn_l,vh) =0, Vop,up €V,. (5.9)
which equivalently can be rewritten as

(', v)o + 7 Ap(up', v) = (u' ™

) — Tep(up ). (5.10)

Hence, we have a complete space-time scheme.

5.2 Demonstration on the Cahn-Hilliard problem

We have no analytical solution for the strong form of the Cahn-Hilliard (5.1), hence, we cannot
construct a manufactured solution. However, a way to check that the system does behave like
expected based on the physical properties (5.2). In other words, we can check that our discrete
solution satisfies the following conditions. We define the discrete values E™ = E(u}'), E* =
Ei(up) and EY* = Eo(u}') and the initial function ug = w(x,0). From the physical properties
(5.2), we expect the discrete equivalent to hold, i.e.

E™ < E™ ! and /uzndw ~ / updzx. (5.11)
Q Q
To test this, we check that 6 E™ > 0 generally holds, where
OE™ = E(uhm’1) — E(up"). (5.12)

Similarly, let us define the relative cumulative global mass error and local mass error.

m mo_gmel
| Jop (" = wo)de| and  duf’ = G A )dx. (5.13)
’fﬂ ude‘ ‘fﬂ uoda:|

To test mass conservation, we expect the error Auj* and duj' to be close to zero.

In our experiments, we defined the initial function wup(x) as the uniform samples from the
interval [—1,1] for each node. That is, for each node a;, ug(a;) is a sample from the uniform
distribution on the interval [—1, 1]. This applies for all i = 1,..., N, where N is the total number
of degrees of freedom in our system. The node a; is associated with the nodal basis for all N
degrees of freedom, as discussed for the discrete system (2.26). We again used a square background
mesh with length L = 2.7 and mesh size h = % for n = 27. For an illustration of the active set 7y,
(defined in Section 4.1), see Figure 25.

mo__
Auh =

Figure 25: Illustration of the active mesh 7y,.
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Figure 22: Consider time as t™ = m7 where m = 0,..., M, with M = 10* and timestep 7. The
figure describes the evolution of the relative global mass error Au™ and the local mass difference
ou™. It also demonstrates the total discrete energies E™ ET*,EY", along with the corresponding
local energy difference § E™. Simulations are conducted on both the circular and the flower domains.
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Figure 23: Illustration of a simulation of the Cahn-Hilliard equation on the circular domain for
time t,, = m7, where 7 is the timestep and m = 0,..., M, with M = 10%.
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Figure 24: Illustration of a simulation of the Cahn-Hilliard equation on the flower domain for time
tm = mT, where 7 is the timestep and m = 0,..., M, with M = 10%.

o4



We ran the simulation on the for the flower domain (4.95) and the circular domain (4.94),
illustrated in Figure 24 and 23. The corresponding plots of the mass conservation and energy
decrease are presented in the Figure 22, and confirm the expected physical properties of the Cahn-
Hilliard equation. The global relative error Au}* and du}* demonstrating that the mass is conserved.
We also observe that the energy functional E(up) monotomcally decreases over time and that
OE™ > 0, signifying the systems tendency to seek a state of minimal energy. Take note that
E™1 and E™2 are interconnected in such a way that if the value of one increases, the other will
correspondingly decrease to maintain balance, and vice versa.

5.3 Note on the manufactured solution

While the report is not consisting of a numerical convergence analysis of the Cahn-Hilliard problem,
we still present a framework for manufactured solutions for non-homogeneous boundary conditions.
Let u(x,0) = ug then is Cahn-Hilliard with non-homogeneous boundary conditions as follows,

Oru + A (62Au - f( )) =go(z) inQ, (5.14a)
hu=gi(z) onl, (5.14b)
OnAu = ga(x) onT, (5.14c)

where we defined f(u) = F'(u) = u(u? — 1) for F(u) = (u® — 1)? and the domain © C R? for
d = 2,3. In contrast to the standard version presented in the introduction (1.7), this version is
generalized to also holds for for functions gg, g1, 92 : 2 — R. While the standard version may be
physical correct, this version creates flexibility so we can easily construct manufactured solutions

on complex domains.
Designing a manufactured solution using go(-) may be tempting with the formulation (5.14a).
However, observe that by expanding the Laplacian, we get
A (2Au— f(u)) = 2 A% — Af(u)

5.15
= 2 A%y — 3(2u||Vu||3 + u?Au). (5:15)

Here we applied the chain rule twice and inserted the derivatives.

Af(w)=V-Vf(u) =V-[f(u)dyu,..., f’(u)@wdu]T
= ["(W)((0zu)* + ..+ (Ougw)?) + [ (W) Oryy v + -+ + Duguryu) (5.16)
= f"(u)||Vul3 + f'(u)Au = 6ul|Vul|3 + 3u?Au.

We now seek to find a weak form of the nonlinear term with non-homogeneous boundary
conditions.

Lemma 5.1 (Semi-linear form). Let u € H*(Q) be solution to (5.14) and vy, € Vj, the test function.
Then can we rewrite the nonlinear term into the corresponding semi-linear form cp(-,-) for the
nonlinear term (—Af(u),vp)q into two consistent formulations.

h(u, ) = (f (W) Vu, Vop)a — (f'(w)gr, va)r, (5.17)
ci(u,vn) = = (f(w), Avp)a + (f (), [Onva]) Fine + (F (u), Onon)r — (f (u)gr, vn)r- (5.18)

Proof. Derivation of (5.17). We want to construct the first formulation. Let T' be an element
in 7. From the Greens theorem it is easy to see that

— (Af(u),vn)r = (Vf(u), Vop)r — (Onf(u),vn)or- (5.19)

First by utilizing that Vf(u) = f'(u)Vu and 0, f(u) = f'(u)0pu and doing a summation over the
triangles is it clear that

(=Af(u),vn)a = (f (u)Vu, Vop)a — (f' (w)Onu, vp) o, - (5.20)

C
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Iterating over the facets is it clear that

(f'(w)Onu, vp)aT, = F%;h/F [ (w)Opu, vp]]

= ([f'(@)onu]] , {on}) Fime + ({ ' (W)Opu}}, [n]) ime + (f(w)Onut, vi)r
= (f"(u)Onu, vy)r-

The jump terms vanishes by the regularity of v and v. Hence, by inserting g1 we have shown that
the first formulation holds.

Derivation of (5.18). Applying an extra iteration of the Greens theorem on (5.19) we get
the following terms.

(5.21)

—(Af(u),vp)r = = (f(u), Avp)r + (f(w), Onvn)or — (f'(w)dpu, vn)or
Now, by summating all elements, it is clear that this holds.

— (Af(u),vn)a = —(f(u), Ava)a + (f(u), Onvn)o, — (f'(w)Onu, vn)or, (5.22)

It comes evident from the first step of the proof that (f'(u)0nu,vp)ar, = (f(w)Opu,vy)r, hence,
we only need to compute the term (f(u),0pvs)a7;, on the facets.

(f(w), Onvn)oT;, = Z /F[[f(u),anvh]]

FeFy,

= ([f @), {Onvn}) 7y + ({F (W)}, [0nvn]) 7poe + (f (), Onvn)r
= ({f (@}, [Onvn]) gne + (F (), Fpon)r.

(5.23)

Again one of the jump terms vanishes because of the regularity of u. Inserting the result into (5.22)
we have shown that the second formulation also holds. O

Combining the full general Cahn-Hilliard problem in (5.14) with the semi-linear forms(5.17)
and the CutCIP biharmonic problem (4.3), we get the following scheme.

(atuh,vh)g + 62Ah(uh,vh) + ch(uh,vh) = lh(vh) Yup, vp, € Vp,. (5.24)

To illustrate, assume we use the Laplace formulation presented in (3.24) integrated into (4.3),
ie. Ap(up,vp) = aﬁ(uh,vh) + gn(up,vp) = lﬁ(vh). Due to the € scaling, we ultimately arrive at
the following modification.

1 (vn) = (90, vn)g — €% (g2, vn)r — €(g1, Avp)r + 62%(91, OnUh)T- (5.25)

Hence, we arrived at a system which can easily be used to construct manufactured solutions.
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6 Conclusion

The primary goal of this thesis was to develop a cut finite element method for discretizing the
biharmonic problem in its primal formulation on unfitted meshes, and to apply the resulting scheme
to the Cahn-Hilliard equation. Inspired by the theoretical discontinuous Galerkin framework for
the Poisson problem proposed in [!], we managed to show that our method is well-posed and
that the stability and convergence properties from the original fitted formulation are maintained.
Thanks to the design of suitable ghost penalties, we could also show that all presented theoretical
properties are geometrically robust in the sense that the derived bounds are insensitive to how the
domain boundary cuts the background mesh. The theoretical results are further substantiated by
the numerical evidence presented. Additionally, we conducted supplementary tests to ensure the
method’s geometrical robustness, particularly in instances where the non-stabilized formulation
fails. Finally, we demonstrated that our cut continuous interior penalty methods can successfully
be applied to the nonlinear Cahn-Hilliard equation using a simple implicit-explicit time stepping
method.

While the present thesis demonstrates that the ghost penalty techniques can be successfully
used to design non-conform C°-CutFEMs for elliptic and parabolic 4th order problems, we have
only scratched the surface of this research direction. First of all, in the numerical implementation
of the biharmonic problem, we only considered elements of order k = 2, hence, it remains to exploit
higher order, i.e. k= 3,4. In the continous interior penalty setting, as our theory already covers the
k > 2 case, this amounts to implement higher order ghost penalty in our computational framework.
Moreover, it would also be interesting to compare our method to other unfitted methods, including
aggregated finite element methods [101] and conform immersogeometric methods based on C'-
continuous B-splines |102].

Regarding the Cahn-Hilliard problem, we restricted ourself to handle a constant mobility M = 1
and a polynomial approximation of the non-linearity F(u) = %(u2 — 1)% in this report. Conse-
quently, we need to extend and test our framework using more physically realistic formulations,
including concentration-dependent mobilities as well as thermodynamically more relevant log-based
Ginzburg-Landau free energy densities F'(u). From a numerical efficiency point of view, our pro-
posed method could significantly benefit from including adaptivity in space and time to both resolve
the locally high gradient in the phase transition zone and to account for the different time scales
in the phase separation process.
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