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Abstract

In this thesis we address two problems related to the numerical approximation of partial
differential equations on stationary or evolving surfaces.

Firstly, we are concerned with geometric approximation of stationary surfaces. We ap-
proximate a given compact surface I' with a piecewise flat surface with polygonal faces, called
polygonation. Polygonations generalise the triangulations used in the surface finite element
method [40]. We show two advantages of polygonations over standard triangulations: they
simplify the approximation of simple surfaces and allow for simple mesh pasting. Based on
our recent publication [58] we propose a novel numerical method for the Laplace-Beltrami
equation, called Surface Virtual Element Method (SVEM) that is well-posed on polygona-
tions. We prove that the method exhibits linear convergence in H'(T") seminorm. We provide
numerical examples to experimentally show the convergence of the method and the advantages
of polygonal meshes.

Secondly, for time-dependent partial differential equations on both stationary and evolv-
ing surfaces, we present the first numerical methods that preserve monotonicity properties
under discretisation. For the case of stationary surfaces we present the results given in our
publications [55, 56]. Specifically, we propose a Lumped Surface Finite Element Method
(LSFEM) for the spatial discretisation of two parabolic problems on a stationary surface I':
the semilinear heat equation and reaction-diffusion systems, with or without cross-diffusion
(RDSs and RCDSs respectively). We derive a full discretisation by combining the LSFEM
with an Implicit-Explicit (IMEX) Euler method. For the semilinear heat equation, both the
spatially- and fully discrete methods preserve the maximum principle under discretisation.
For RDSs and RCDSs, the methods preserve the invariant regions under discretisation. We
prove quadratic convergence in space and linear convergence in time in L([0,T]; L*(T))
norm, where T is the final time. We present numerical examples to confirm our findings in
terms of convergence and preservation of monitonicity properties under discretisation.

For the case of evolving surfaces we present results from our publication [57]. In particu-
lar, we propose a Lumped Evolving Surface Finite Element Method (LESFEM) for the linear
heat equation and for RDSs on an evolving surface. We introduce indicators, called dilation
rates, that quantify the rate of expansion or contraction of the evolving surface. Under suit-
able conditions on the dilation rates, the linear heat equation fulfils the minimum-maximum
principle at both the spatially and fully discrete levels. Similarly, for spatially and fully dis-
cretised RDSs we prove sufficient conditions on the dilation rates and the reaction kinetics,
under which a given set in the phase-space is an invariant region. We apply our findings to
determine classes of invariant regions for four RDSs on evolving surfaces existing in the liter-
ature. We provide numerical examples to confirm the preservation of monotonicity properties
under discretisation and to empirically show the convergence of the method.
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Chapter 1

Introduction

Mathematical modelling of real phenomena through partial differential equations (PDEs) is
an extremely wide field of mathematics. In many applications, the domain on which the
phenomenon takes place is a surface embedded in R3, rather than a flat domain [12, 19, 52,
53, 79, 125]. Moreover, in many cases the spatial domain -a flat domain or a curved surface-
can be time-dependent or evolving [6, 14, 43, 45, 46, 85, 92, 136]. For this reason, the analysis
and application of PDEs on stationary or evolving surfaces has become an active area of
research over the last two decades.

Numerous classes of PDEs on surfaces have been considered in the literature, from both an
analytical and a numerical point of view. The prototypical PDE on surfaces is the Laplace-
Beltrami equation, that is the counterpart of the Laplace equation on surfaces [37, 125].
However, more general elliptic equations on surfaces have been considered [40, Section 3.1].
The basic time-dependent PDE on surfaces is the diffusion- or heat equation [68]. A more
general class of parabolic PDEs on surfaces is that of reaction-diffusion systems (RDSs), which
are extensively studied ever since Turing showed that such RDSs can exhibit the so called
diffusion-driven or Turing instability [128]. It is worth mentioning some other remarkable
time-dependent PDEs on surfaces that have been considered in the literature, such as the
Navier-Stokes [125, Chapter 17|, Allen-Cahn [35] and Cahn-Hilliard [44] equations.

The increasing number of applications of surface PDEs has stimulated the development
of several numerical methods for their solution. The main challenge of devising efficient
numerical methods for surface PDEs is to account for arbitrary geometries. For this reason,
numerical methods for PDEs on general surfaces usually rely on the geometric approximation
of the surface itself. The need of discretising the surface can be avoided only on particular
geometries. For instance, some numerical methods are specifically designed for spherical
geometries [19, 52, 53, 84, 99, 133] or for simple geometries that can be parametrised in closed
form over planar domains, such as spheres, tori, cones, etc. [109]. For PDEs on arbitrary
surfaces, several numerical methods have been developed. For instance, we mention the
surface finite element method (SFEM) and its extensions [40], kernel methods [54], embedding
methods [12, 24, 67, 90, 115]. In particular, we focus our attention on the SFEM. The method
was first introduced in the pioneering work [37] for the Laplace-Beltrami equation. The SFEM
was then extended to numerous classes of surface PDEs on stationary or evolving surfaces.
We refer the interested reader to the survey paper [40]. The success of the method is due to its
ability of coping with arbitrary geometries and for its algorithmic simpleness. In this thesis we
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present three novel extensions of the SFEM: (i) the surface virtual element method (SVEM)
for the Laplace-Beltrami equation, (ii) the lumped surface finite element method (LSFEM) for
the semilinear heat equation, RDSs and RCDSs, and (iii) the lumped evolving surface finite
element method (LESFEM) for the linear heat equation and RDSs on evolving surfaces. As
discussed in the remainder of this introduction, the proposed numerical methods address two
open problems in numerical analysis.

1) Polygonal approximation of geometry and applications

The aforementioned SFEM is based on the approximation of the surface through a triangulated
surface or triangulation or mesh, i.e. a piecewise flat surface made up of triangles (called
elements). On each element, the given PDE problem is locally discretised exactly as in the
planar case using the finite element method (FEM). Consequently, the SFEM can be easily
applied to arbitrary geometries and this justifies the success of the method. We face the
problem of generalising the SFEM by considering polygonal approximation of surfaces. Before
discussing the details of the novel numerical method, we motivate the need of considering
polygonal approximation of surfaces. At first glance, it may appear that approximating an
arbitrary surface with polygons is a cumbersome task with no advantage. In fact, any three
not-aligned points span a (unique) triangle while, given n > 4 points, these do not span any
n-gon if they do not belong to the same plane. However, there are at least two cases in which
the process of meshing benefits from the possibility of choosing arbitrary polygonal elements.

The first application of polygonal meshes is the approximation of particular geometries
such as cylinders, tori, cones, etc. We will show through numerical examples that approx-
imating these simple surfaces with suitable quadrilaterals instead of triangles can lead to a
significant reduction in the number of elements on equal number of nodes. This, in turn, trans-
lates into a reduction in the computational cost of the method, which is indeed proportional
to the number of elements.

The second -and more interesting- proposed application of polygonal meshing is that of
mesh pasting. If a surface is composed of simpler portions and a triangulation of each portion
is available, it is desirable to simply paste the triangulated portions to obtain a triangulation
of the overall surface. Unfortunately it is very unlikely that the triangulated portions match
with each other along the boundaries, hence a naive pasting approach almost surely leads to a
discontinuous or holed triangulation. An existing approach to overcome this issue is to suitably
manipulate the boundaries of triangulated portions to let them match with each other. This
is a complicated approach and some algorithms of this kind have been studied [75, 122]. We
propose a pasting technique for which it is sufficient to juxtapose the triangulated portions
without worrying about the discontinuities and the holes of the overall surface. Instead
of manipulating and distorting the triangulations, we simply turn some triangular elements
into polygonal elements by adding new nodes. Then we face the discontinuity of the overall
triangulation by imposing a fictitious continuity condition on the numerical solution, called
virtual continuity.

In order to exploit the aforementioned advantages of polygonal meshes we propose, based
on our paper [58], a numerical method for the Laplace-Beltrami equation that is well-posed
on such arbitrary polygonal surfaces, which we call Surface Virtual Element Method (SVEM).
The method is an extension of the Virtual Element Method (VEM) introduced in [8] for the
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numerical approximation Laplace equation on planar domains using polygonal meshes.

2) Numerical preservation of monotonicity properties under dis-
cretisation

The second problem that we address is the numerical preservation of monotonicity properties
under discretisation for time-dependent PDEs. We start the discussion from the case of
stationary surfaces. A scalar time-dependent PDE on a stationary surface that admits a
strong solution u(x,t) is said to fulfil the minimum-mazimum principle if, for any bounded
initial datum wug(x), the solution fulfils

min {o,ryneilguo(y)} < u(z,t) < max {O,Téilgcuo(y)} . (z,t) e x[0,7). (1.1)

For nonnegative initial data, the above definition reduces to the well-known notion of mazi-
mum principle:

minup(y) < u(x,t) < maxug(y), (z,t) €T x [0,T]. (1.2)

yel’ yel’
We will refer to the minimum-maximum and maximum principles as monotonicity properties.
The linear heat equation on stationary surfaces is known to fulfil the maximum principle [18].
From a numerical point of view, it is interesting to determine whether a numerical method
for the heat equation preserves the maximum principle under discretisation. See Table 1.1
for a synoptic state of the art. In this thesis we present, based on our recent paper [56], a
lumped surface finite element method (LSFEM) for the spatial discretisation of a semilinear
heat equation and an implicit-explicit (IMEX) Euler-LSFEM for the full discretisation. The
proposed methods preserve the maximum principle of the semilinear heat equation under
discretisation.
For systems of PDEs, the monotonicity property which we are interested in is the existence
of invariant regions. For a system of r, r € N PDEs that admits a strong solution u(x,t),
a closed subset Y of the phase-space R" is said to be an invariant region if, for any initial
datum wo(x) fulfilling up(x) € ¥ for all € T', the solution fulfils

u(x,t) € X, (z,t) e T x[0,T]. (1.3)

The two classes of systems of PDEs we will address in this thesis are reaction-diffusion sys-
tems (RDSs) and the more general reaction-cross-diffusion systems (RCDSs). For RDSs and
RCDSs on planar domains, sufficient conditions for a set 3 to be an invariant region have been
proven in [25, 123]. The sufficient conditions proposed by Taylor [125] for RDSs on stationary
surfaces are analogous to the planar counterpart. To the best of the author’s knowledge, the
general case of RCDSs on stationary surfaces is not covered in the literature, although it is
reasonable to think that the sufficient conditions given in [25] for RCDSs on planar domains
still apply to the general case of stationary surfaces.

From a numerical point of view, the preservation of invariant regions has not been studied
in depth. We summarise the state of the art on this topic in Table 1.1. To the best of the
author’s knowledge, the cases of RDSs on surfaces and RCDSs on planar domains or surfaces
have not been considered in the literature. In this thesis we present, based on our recent
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papers [55, 56] a LSFEM space discretisation and a LSFEM-IMEX Euler full discretisation
of RDSs and RCDSs on general stationary surfaces, that preserve the invariant regions under
discretisation.

As well as for the case of stationary surfaces, for scalar PDEs on evolving surfaces we con-
sider the minimum-maximum- and maximum principles, whose definitions are analogous to
(1.1)-(1.3), but since now the surface is time-dependent, a more precise formalism is needed,
as discussed in detail in Chapter 6. Since the analysis and numerical approximation of PDEs
on evolving surfaces are novel research areas, it is not surprising that the study of monotonic-
ity properties for PDEs on evolving surfaces is almost completely unexplored, both at the
continuous and discrete levels. The main challenge is to account for the impact of surface
evolution on monotonicity properties. At the discrete level, an interesting insight in this di-
rection is provided by the work in [15, 104], which study the impact of domain evolution on
the stability of an Arbitrary Lagrangian Eulerian (ALE) FEM for parabolic PDEs on evolving
planar domains. In order to face the open problem of discrete monotonicity properties we
present, based on our recent paper [57] a lumped evolving surface finite element method (LES-
FEM) spatial discretisation and a LESFEM-IMEX Euler full discretisation for the linear heat
equation and for RDSs on surfaces that evolve according to a prescribed material velocity.
Moreover, to quantify the impact of surface evolution, we introduce indicators, called dilation
rates, that measure the rate of expansion of contraction of the evolving surface. By exploiting
these dilation rates we prove, at the spatially and fully discrete levels, sufficient conditions
(i) for the minimum-maximum principle for the linear heat equation and (ii) for the existence
of invariant regions for RDSs. To the best of the author’s knowledge, these are the first
examples of discrete monotonicity properties for PDEs on evolving surfaces presented in the
literature. It is worth remarking that the continuous counterpart of our discrete monotonicity
properties for PDEs on evolving surfaces remain an open problem in the field of pure analy-
sis. As an application of our theory we prove, at the spatially discrete level, the existence of
classes of invariant regions for four RD models on evolving surfaces existing in the literature:
the Schnakenberg, Thomas, Hodgkin-Huxley models [100] and the morphochemical model for
electrodeposition in [80].

Layout of the thesis

The present thesis is structured as follows.

In chapter 2 we set up the notations and definitions needed throughout the thesis. We
state the classes of PDEs on stationary surfaces we are interested in: the Laplace-Beltrami
equation, the semilinear heat equation, RDSs and RCDSs. We recall some analysis of the
Laplace-Beltrami equation, alongside the SFEM for its numerical approximation. We survey
some of the existing methods for the spatial approximation of the semilinear heat equation,
RDSs and RCDSs.

In Chapter 3, based on our paper [58], we present the novel SVEM for the numerical ap-
proximation of the Laplace-Beltrami equation. We discuss the advantages and applications
of polygonal meshes. We prove geometric error estimates for polygonal approximation of sur-
faces and analytical error estimates for the discrete bilinear forms involved in the method. We
prove that the proposed method possesses a first order convergence in H'(I') norm, where I'
is the surface. We provide three numerical examples to show (i) the applications of polygonal
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meshes and (ii) the convergence of the method.

In Chapter 4, based on our paper [56], we present the LSFEM for the spatial discretisation
and the IMEX Euler-LSFEM for the full discretisation of the semilinear heat equation on
a stationary surface I'. We prove that our methods preserve the maximum principle under
discretisation. We prove that the convergence of the proposed methods in L2([0,7]; H*(T))
norm is of second order in space and first order in time. In two numerical examples we show
(i) the preservation of the maximum principle under discretisation and (ii) the convergence
of the method.

In Chapter 5, based on our papers [55, 56], we present the LSFEM for the spatial discretisation
and the IMEX Euler-LSFEM for the full discretisation of RDSs and RCDSs on a stationary
surface I'. We prove that the proposed methods preserve the invariant regions of the PDE
system under discretisation. As well as for the semilinear heat equation considered in the
previous chapter, we prove that the convergence of the methods in L?([0,T]; H(T')) norm
is of second order in space and first order in time. We provide four numerical examples to
illustrate (i) in the first two examples, the preservation of an invariant region for a RDS and a
RCDS, respectively, (ii) the convergence of the IMEX Euler-LSFEM and (iii) the application
of the method to the simulation of biological pattern formation.

In Chapter 6, based on our paper [57], we consider the linear heat equation and RDSs on
evolving surfaces. We present the LESFEM for the spatial discretisation and the IMEX Euler-
LESFEM for the full discretisation of such PDEs. We introduce indicators called dilation rates
that quantify the rate of expansion or contraction of smooth or triangulated surfaces. For
the linear heat equation, we prove sufficient conditions under which the minimum-maximum
principle holds at the spatially- and fully discrete levels. Likewise, for RDSs we prove suffi-
cient conditions under which a region in the phase-space is invariant under spatial and full
discretisation. In two numerical examples we experimentally show (i) the convergence of the
IMEX Euler-LESFEM for the linear heat equation and (ii) the existence of an invariant region
for a RDS at the fully discrete level.

In Chapter 7 we summarise the main findings of this thesis and we outline possible future
extensions.



’ MAXIMUM PRINCIPLE FOR THE LINEAR HEAT EQUATION ‘
’ ‘ Continuous level ‘ Discrete level ‘

Nie & Thomée (1985) [101]
Elliott & Stuart (1993) [47]
Faragé et al. (2012) [49]
Chatzipantelidis et al. (2015) [20]
Stationary surfaces Calabi (1958) [18] Frittelli et al. (2017) [56]
Evolving surfaces - Frittelli et al. (2018) [57]

Planar domains | Nirenberg (1953) ([103])

| INVARIANT REGIONS FOR RDSs |
’ ‘ Continuous level ‘ Discrete level ‘
Hoff (1978) [73)]
Garvie & Trenchea (2007) [60]
Stationary surfaces Taylor (2013) [125] Frittelli et al. (2017) [56]
Evolving surfaces - Frittelli et al. (2018) [57]

Planar domains | Chueh et al. (1977) [25]

| INVARIANT REGIONS FOR RCDSs |

’ \ Continuous level \ Discrete level ‘
Planar domains | Chueh et al. (1977) [25] -
Stationary surfaces - Frittelli et al. (2017) [55]
Evolving surfaces - -

Table 1.1: State of the art of (i) the maximum principle for the linear heat equation and (ii)
invariant regions for RDSs and RCDSs. Our contribution is highlighted in bold. Concerning
the linear heat equation, our work in [56] covers the more general semilinear heat equation.



Chapter 2

Partial differential equations on
stationary surfaces

2.1 Introduction

This chapter introduces the necessary background to present and motivate the contributions
of this thesis and is structured as follows. In Section 2.2 we recall the mathematical notions
needed for the understanding and the analysis of surface PDEs at the continuous level. In
Section 2.3 we summarise the classes of PDEs that will be addressed throughout the thesis.
In Section 2.4 we introduce the Laplace-Beltrami equation in detail and recall the proof of
existence and uniqueness of its weak solution, in order to make the reader familiar with the
techniques that will be adopted throughout the remainder of this work. In Section 2.5 we
recall from [40] the Surface Finite Element Method (SFEM) for the numerical approximation
of the Laplace-Beltrami equation. All the novel numerical methods presented in this thesis
will be extensions or modifications of the SFEM. In Section 2.6 we present the counterpart
of SFEM for parabolic PDEs on stationary surfaces and we review some alternative existing
methods for their spatial discretisation, thereby discussing some advantages and disadvantages
with respect to the SFEM.

2.2 Preliminaries and notations

In this section we recall some fundamental notions concerning surface PDEs. If not explicitly
stated, definitions and results are taken from [40].

Definition 1 (C* surface, normal and conormal vectors). Given k € N, a set T C R? is said
to be a C* surface if, for every g € T, there exist an open set Uy, C R3 containing xy and a
function ¢ € CK(U) such that

Upy NT = {z € Ugy|¢(z) = 0}

The vector field
Vo(x)
T > R3 D 2.1
vl R e @ 21)



Figure 2.1: Illustration of normal vector field v : defined in (2.1) and conormal vector field p
defined in (2.2). The boundary OI' of the surface I' is highlighted in blue.

is said to be the unit normal vector. We denote by OI' the one-dimensional boundary of I'.
If OT' has a well-defined tangent direction at each point, the unit vector field

p: Ol — R?, (2.2)
such that
o pu(x) Lv(x), =xecdly;
o pu(x) LOI', «xecdly
e u(x) points outward of T',
is called the conormal unit vector.
A representation of normal and conormal vectors is given in Figure 2.1.

Lemma 1 (Fermi coordinates, see [40]). If T is a C? surface, there exists an open neighbour-
hood U C R of T' such that every & € U admits a unique decomposition of the form

x = a(x) + d(z)v(a(x)), a(x) €T, d(x) € R. (2.3)

The mazimal open set U with this property is called the Fermi stripe of I', a(x) is called normal
projection onto I', d(x) is called oriented distance function and (a(x),d(x)) are called the
Fermi coordinates of ®. An example of Fermi stripe is depicted in Fig. 2.2.

Definition 2 (Tangential gradient, tangential divergence). If T is a C' surface, A is an open
neighborhood of T and f € C'(A,R), the operator

Vrf:T =R’ & V() - (Vf(z) v(z)v(z) = P(z)Vf(z), (2.4)

where V denotes the usual gradient in R and P(x);; = 6;;—vi(x)vj(x), is called the tangential
gradient of f. A pictorial representation is given in Figure 2.83. The components of the
tangential gradient, i.e.

D,f:S—>R, x— P(x)Vf(x), i€{1,2,3}, (2.5)
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Figure 2.2: Schematic representation of the Fermi stripe U of a surface I', as defined in Lemma
1. According to (2.3), each point € U is obtained by moving its normal projection a(x) € T’
by a distance d(x) in the normal direction v(a(x)).

Figure 2.3: Schematic representation of tangential gradient, defined as the orthogonal projec-
tion of the standard gradient onto the tangent plane, according to (2.4).

where P;(x) is the i-th row of P(x), are called the tangential derivatives of f. Given a vector
field F € C*(A,R3), the operator

3
Vi F:S—R, @~ Y DFx) (2.6)
=1

1s called the tangential divergence of F'.

Theorem 1. Given ' C A a C! surface, if f and g are C'(A,R) functions such that Jir =9,
then

Vrf(z) =Vrg(z), =xel.

This means that the tangential derivatives of a function only depend on its restriction over I'.

Thanks to Theorem 1, the following definition is well-posed.
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Definition 3 (C¥(I") functions). If T is a C' surface, a function f : T — R is said to be C'(I")
if it is differentiable at any point of I' and its tangential derivatives are continuous over I.
Ifk>2 and T is a C* surface, a function f:T — R is said to be CF(I') if it is CY(T") and its
tangential derivatives are C*~1(T) functions.

Definition 4 (Laplace-Beltrami operator). Given a C? surface I' and f € C*(T), the operator
3
Arf:T =R, &~ Vp-Vrf(z) =Y DD, f(x)

1s called the Laplace-Beltrami operator of f.

We now recall the definitions of some remarkable Lebesgue and Sobolev spaces on surfaces.
For further details, the reader is referred to [64], [70] or [125].

Definition 5 (Lebesgue and Sobolev spaces on surfaces). Let I' be a C! surface and let LO(T')
be the set of measurable functions on I' with respect to the bidimensional Hausdorff measure
on T'. The Lebesgue spaces L*(T) and L>=(T') are defined by

o) =220 = {r e 1) | [17Pas < 4o

(1) = {f e 19(T)

xe

esssup |f(x)] < —i—oo} ,
r

respectively. Let now be s € N and let I' be a C® surface. The Sobolev spaces on I' are defined
by
H'()={feLl’T) | Dif e H '), i€{1,2,3}}, r=1,...,s.

The space L>=(T") is a Banach space with the following norm

[flloc := esssup [f(z)[,  feL*().
xzel

The space H*(T') = L*(T) and H"(T), r = 1,...,s are Hilbert spaces with the following inner
products

< f,9>0= /ngda, f.9€ L*(I);

<f,g>7«:=/F f9+ S DufDag|do,  frg€ H(T),

lo|<r

respectively, which induce the following norms

1l == ( / deU)Q, f e I2(T);

2 2 r
[far+ Y [@aprac) . femm,

o <r

£l -
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where D, is the multi-index notation for partial derivatives ! and tangential derivatives are
meant in a distributional sense 2. On H"™(T"), 1 <r <s, we consider the seminorm

flo= | X [DabPac)| . remm.

|ax|=r
The topological dual space of H"(T'), 1 < r < s, is denoted by H~"(I'). The topological dual
space of L*(T") is denoted by L2(T).

Remark 1. if T is a compact subset of a C* surface I', with s € N, the spaces LOO(T)
and H"(T), with 0 < r < s are defined similarly to Definition 5. The respective norms,
seminorms and inner products will be denoted with an additional T subscript, e.g. |-||q 7

|'|2j“ and (-, '>1,T'
A basic result in surface calculus, taken from [39], is the following

Theorem 2 (Green’s formula on surfaces, see [39]). Given a C? surface I' with a well-defined
tangent vector field on the boundary O, f € HY(T) and g € H*(T'), it holds that

/prng = —/ Vrf - Vrgdo + f@dl, (2.7)
r r or - Op

where p is the conormal vector (see Definition 1) and g—ﬁ(a}) := Vrg(x)-p(x) is the conormal
derivative of g on OT'. IfT' has no boundary, i.e. OT = (), then the boundary integral in (2.7)
vanishes.

The analysis of elliptic problems requires suitable subspaces of the Lebesgue and Sobolev
spaces, namely the average-free Lebesgue and Sobolev spaces.

Definition 6 (Average-free Lebesgue and Sobolev spaces). Let s € N and let T be a C*
surface. The zero-averaged Lebesgue and Sobolev spaces are defined by

B3~ { e 2| [ 7 =0}
Hg(F)::{feHT(F)'/Ff:()}, 1<r<s,

respectively. L3(T') and H}(T'), 1 < r < s, are Hilbert subspaces of L*(T") and H"(T') respec-
tively.

Given a space B of space-dependent real functions endowed with a norm ||-||p and possibly
with an inner product (-,-)p, the norm and the inner product are extended to R™-valued
functions, with n € N, as follows

1
n 2
fulla = (Z uuing)  w— (. w) € B
=1

n

(u,v)p := Z(ui,vim, u=(ug,...,up),v=(v1,...,0,) € B".
i=1

!See for instance [112].
2See [40] for a precise definition of distributional tangential derivatives.
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As well as in the case of flat domains, the following Poincaré inequality holds in the zero-
averaged space HJ(I') on a smooth surface T, see [40].

Theorem 3 (Poincaré’s inequality on surfaces, see [40]). Given a C? surface T with a well-
defined tangent vector field on the boundary OT, there exists C' > 0 such that

Ifllo < Clfls  Vf € Hy(D). (2.8)

The analysis of time-dependent problems requires suitable spaces of time and space dependent
functions defined on I'r =T' x [0, T'], namely the Bochner spaces, see for instance [112].

Definition 7 (Bochner spaces, see [112]). Let B be a Banach space endowed with the norm
|-Ilg- The Bochner spaces L*([0,T); B) and L*°([0,T); B) are defined by

L*([0,T); B) = {f 0T = B ‘ /OT 1F (@) II5dt < +00};

L*>°([0,T]; B) = {f :[0,7] - B

e%su>wwm3<+m},
te[0,T

respectively, and are Banach spaces with the respective norms

T 3
Hmpmﬂﬂy:(éuﬂw@a), [ € L([0,T); B):

£l o< (fo,7y;3) += ess sup F@Olls,  f e L>(0,T]; B).
te

)

Finally, we set up the notation for transpose vectors and matrices, which we will adopt
throughout the thesis.

Notation (Transpose vectors and matrices). Let m,n € N and let A be a m x n matriz with
arbitrary entries (possibly a row- or column-vector when m =1 or n = 1 respectively). Then,
the n x m transpose of A is denoted by A'".

2.3 Three model surface PDEs

In the present thesis we introduce novel extensions of the Surface Finite Element Method (see
for instance [37, 40]) for the following three classes of surface PDEs. Let I' be a C3 surface in
R3 and let f € C°(T"). The prototype of elliptic surface PDE is the Laplace-Beltrami equation

— Aru(z) = f(x), zel. (2.9)

For time-dependent PDEs, it is enough to require that I' is a C? surface, as explained later.
If T > 0 is the final time, d > 0 is a diffusion coefficient and f € C*(T' x [0, T]) is a nonlinear
source term, a time-dependent counterpart of (2.9) is the following semilinear diffusion or
heat equation on I':

ou

a(m,t) — dAru(z,t) = f(x,t), (x,t) e T x [0,T]. (2.10)
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If r € N, D := (d;;) € R"" is a positive definite matrix, fi,..., fr € C°(R") are nonlinear
reaction kinetics, a reaction-cross-diffusion system (RCDS) on I is given by
8’11,1
k1) — Ticy dudrunle, 1) = fi(u(, 1)
: (z,t) €T x [0,7], (2.11)
ou
T @t) = Ciy dewrun(a, 1) = fylu(z, 1),
where uy,...,u, : I'x[0,T] — R are the components of the solution. When D is diagonal, i.e.
dij = 0 for i # j, the system (2.11) is called a reaction-diffusion system (RDS). In vectorised
form, system (2.11) can be written as

ou
ot
where u := (u1,...,u.)", Aru := (Aru,...,Aru)" and f = (f1,..., f-)". In the two
subsequent sections we recall some analysis of the Laplace-Beltrami equation (2.9) at the

continuous level and the Surface Finite Element Method (SFEM) for the its numerical ap-
proximation.

(x,t) — DAru(x,t) = f(u(x,t)), (z,t) e T x[0,T7, (2.12)

2.4 The Laplace-Beltrami equation

In this section we recall the derivation of the weak formulation of the Laplace-Beltrami equa-
tion (2.9) and the proof of existence and uniqueness of the weak solution in Hg(T'). These
notions will provide the necessary background for (i) its SFEM discretisation recalled in the
next section and (ii) the analysis of the time-dependent PDE problems (2.10) and (2.11) car-
ried out in the following chapters.

Let T be a C? surface without boundary. Let f € C°(T') such that [, f = 0. Observe that, if
u € C(T) is a solution of (2.9), then, for any ¢ € R, u + c is still a solution of (2.9). Hence,
(2.9) does not have a unique solution. For this reason, we consider the following problem

—Aru = f;
2.13
{ fruzo. ( )

We now consider the weak formulation of (2.13). To this end, we define the bilinear form
a(u,v) == / Vru - Vo, u,v € HY(T).
r
By multiplying both hands of the first equation in (2.13) by an arbitrary test function ¢ €
HY(T), integrating on T, and applying Green’s formula (2.7), we have

a(u,p) = (f,p)o Vo€ HY(T). (2.14)

Notice that (2.14) is well-posed under the weaker regularity assumptions that f € L?(TI") and
u € HY(T). Hence, the weak formulation of (2.13) is:

find uw € H'(I") such that

{ a(u,0) = (f, )0 Ve € HY(I); (2.15)
fru:O.
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In order to show the existence and uniqueness of the solution of (2.15), it is useful to rephrase
(2.15) in a different way. To this end, since a(u,1) = 0 for all w € H*(T") and (f, 1)g = 0, then
(2.15) is equivalent to

find u € Hg(T) such that a(u, ) = (f, ¢)o Vo € H(T). (2.16)

The following result of existence and uniqueness of the solution of (2.16) holds.
Theorem 4. The weak Laplace-Beltrami equation (2.16) has a unique solution u € H'(T').
Proof. The bilinear form a(-,-) : H}(I') x H}(T) — R is:

e continuous since, from the Cauchy-Schwarz inequality, it holds that

la(u, v)] < [IVrullo|Vrollo = [ulifvh < Jlullillvll, w0 € Hy(D);
e coercive since, from Poincaré’s inequality (2.8), it holds that
a(u,u) = |Vrul§ = [ulf > Cllul},  we Hy(T).

From Lax-Milgram’s theorem follows that the weak Laplace-Beltrami equation (2.16)
has a unique solution u € H{(T).

O

Remark 2 (Surfaces with boundary). The whole analysis carried out in the remainder of the
chapter holds unchanged in the presence of a non-empty boundary, OT' # (), and homogeneous
Neumann boundary conditions. In the case of homogeneous Dirichlet boundary conditions,
the analysis still holds if HE(T') is the space of H'(T) functions that vanish on 9T in the sense
of traces, see [124, Chapter 4.5].

2.5 The Surface Finite Element Method (SFEM) for the Laplace-
Beltrami equation

This section is devoted to the (SFEM), introduced in [37] and further analysed in [40], for
the discretisation of the weak Laplace-Beltrami equation (2.15). The SFEM will serve as a
background to present and analyse novel extensions of the SFEM in the remainder of this
thesis. In this chapter we (i) describe the SFEM discretisation of the weak Laplace-Beltrami
equation (2.15), (ii) show the existence and uniqueness of the numerical solution and (iii)
provide some numerical examples.

2.5.1 Approximation of the surface and definitions
Given a C? surface in R? and a number h > 0 called meshsize, a triangulation I'y, of T is
defined by

= J T

TeT,

where
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e 73, is a set of finitely many non-degenerate triangles in R3, whose diameters do not
exceed h;

e the N € N vertices @;, i = 1,..., N, of I, (called nodes) lie on I';

e for any Ty, Ty € T, with T1 # Ty, the intersection T7 N T5 is either empty, or a common
vertex, or a common edge of T} and T5;

e [';, is contained in the Fermi stripe U associated to I', see Lemma 1;

e ifa: U — T'is the normal projection defined in Lemma 1, the restriction ap, : I'y = T
is one-to-one.

We now define a discrete function space on I'y,. To this end, we need to define polynomials on
(possibly slanted) planar regions in R3. Let K be a (bounded or unbounded) planar region
contained in R3. Then, there exists a linear invertible mapping Jx : R?> — R3 such that
Jx(K) = K, where K is a planar region contained in the horizontal plane {(z,y,z) € R?|z =
0}. Clearly, given K € K}, the couple (K , Ji) is not unique. For k € N the polynomial space
P (K) on the planar region K is defined by

Pu(K):={V: K = R|V o Jg € Pp(K)}. (2.17)

This definition is well-posed since it does not depend on the choice of the couple (K JK).
The finite element space is defined by

Vy, = {V € COT)|Vir € Py(T), VT € Tp}. (2.18)

Central to the analysis of the SFEM method is the average-free subspace Vj, o of Vj,, defined

by
[v=o).
T'n

For each i = 1,..., N, the i-th Lagrange basis function x; is the unique Vj function such that

Vh,O = {V eV

Xi(mj) :51']', i,j: 1,...,N, (2.19)

where 4;; is the Kronecker symbol. The functions x;, ¢ = 1,..., N, form a basis for Vj,. Given
a function v € C°(T") or v € C%(Ty,), the Lagrange interpolant Iy (v) is the unique V}, function
such that

In(v)(x;) = v(x;), i=1,...,N. (2.20)
The Lagrange interpolant I (v) of v can be expressed as a linear combination of the Lagrange
basis functions as follows

Iw)(x) => v(@)xi(@), xeTh (2.21)
=1

In order to compare functions defined on the continuous surface I' with functions defined
on the discrete surface I'j,, we consider lifts following [40] and wunlifts following [56]. Given
VT, = R,its lift V¢:T — R is defined by

Via(z)) :=V(z), =zely (2.22)
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Conversely, given v : T' — R, its unlift v=¢ : T'), — R is defined by
v x) == v(a(x)), z eIy, (2.23)

where a : v, — I' is the normal projection defined in Lemma 1. The analysis of the SFEM
and of its extensions presented in this thesis requires Sobolev spaces on the discrete surface
I';,. Particular attention must be paid in defining these spaces, as I'j, is not smooth, which
implies that the tangential derivatives are not defined globally on I'j,.

Definition 8 (Discrete Sobolev spaces). We define the following discrete Sobolev spaces

L>(Ty) = {U :Tp = Ress sup |U(x)| < —i—oo} ;

xzel'y,

HO(Fh) = L2(Fh): {U:Fh—>R| U2<—|—oo};
'y
HY(Ty) = 1) 0 [T #'(2);
TeT,
H?(Ty,) == L*(Ty) N H H*(T).
TeT,

The above spaces are endowed with the following seminorms

N

Ul p = Z |U|T|12L11(T) , Ue H\(T));
T€eTh
1
2
’U 2.k 1= Z |U|T|12112(T) y U e H2(Fh),
TeTh
and the following norms
1Uloo,n :=ess sup |U(z)], U e L*(Th);
xzel'y
1
2)° 2
1o = </ U ) | U e I2(Ty):
I'n
1
U1l = (10150 + U1 R) 2 U H'(Ty);
1
1Ull2n = (101G + UR L+ 1U55)7 U € H*(Iy).

The topological dual space of L*(T) will be denoted by L=2(T},).

Remark 3. Notice that the seminorms and norms in Definition 8, are well-defined even for
functions that are discontinuous across the edges of I',. We will exploit this fact in the next
chapter.

Remark 4. If T € Ty, is a face of Ty, the spaces L°(T) and H"(T), r = 0,1,2, are defined
analogously to Definition 8. The respective norms and seminorms are denoted with a T
subscript instead of h, e.g. ||||oo,r and |-|2.1.
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As well as in the continuous case, we define the following discrete average-free Sobolev spaces.

Definition 9 (Average-free discrete Sobolev spaces). The average-free Lebesgue and Sobolev
spaces are defined by
oo}
IV

/UZO}, r=12.
Iy

We prove the following discrete Poincaré inequality in HE(T,).

LE(Ty,) =HJ(Ty,) = {U e L3 (T})

Hy(r) = {v e )

Lemma 2 (Discrete Poincaré inequality in H}(T';)). Let T be a C3 surface without boundary.
Then, there exists hg > 0 and C' > 0 depending on I' such that, for oll 0 < h < hg and for
any triangulation I'y, of T,

IVilon < C|V]ip, YV € Hy(T'y). (2.24)

Proof. This lemma is a special case of Theorem 8 in the next chapter. Hence, we omit the
proof. O

2.5.2 The SFEM space discretisation

In this section we recall from [37] and [40] the SFEM discretisation of the weak Laplace-
Beltrami equation (2.15). Moreover, we present an implementation of the method as a square,
sparse, full-rank linear system that accounts for the condition fl“h U =0, where U € V}, is the
numerical solution.

Let I' be a C? surface without boundary, let I';, be a triangulation of I' as defined in Section
2.5.1 and let f € H3(T') be a load term.

Remark 5 (Regularity of f). In contrast to the weak formulation (2.15) where f € L3(T),
we now require the stronger reqularity assumption f € Hg (T'). With this assumption, from
Sobolev’s embedding theorem on surfaces [4], the pointwise values of f (and thus the interpolant
I (f) of f) are well-defined. We remark that some alternative approximations of f are well-
defined even if f € L2(T), such as the Ritz projection [34, 44] or the unlift f=*. However,
on an arbitrary surface I', these alternative approrimations of f are not computable in closed
form.

Notice that, if [ f = 0, it might not hold that th I(f) = 0. For this reason, we consider
the average-free approzimation fy of I, (f) defined as

1
Tnl Jr,

fu(x) = In(f)(z) In(f), =z ely, (2.25)

where |I'y,| is the area of T'y. By construction, f, fulfils th fn =0, or equivalently

(fnsL)on = 0. (2.26)

‘We consider the bilinear form

ah(U,V) = VrhU'VrhV, U,V €Vy.
Ty,
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The SFEM approximation of the weak Laplace-Beltrami equation (2.15) is:
find U € V}, such that

an(U, @) = (fn. )op VO EV, (2.27)

/U:O
I

Since th Vr,V-Vr,1=0forall V €V, and (fy, 1)or = 0, then (2.27) is equivalent to
find U € V}, ¢ such that an(U, @) = (fn, ¢>O,h Vo € Vo (2.28)

Theorem 5. For h sufficiently small, the SFEM spatially discrete Laplace-Beltrami equation
(2.28) has a unique solution U € Vp, .

Proof. The bilinear form ay, : Vi, 9 X Vi, g — R is:
e continuous since, from the Cauchy-Schwarz inequality in L?(I',), it holds that

|an (U, V)| < IVe, Ullonl Ve, Viion = 1ULalVIiew < IUallVIe, U,V € Vip;

e coercive since, for h sufficiently small, we can apply the discrete Poincaré inequality
(2.24), obtaining

ap(U,U) = IV, U5, = U, > CIUIL, U € Vpy.

From Lax-Milgram’s theorem it follows that the SFEM discretisation (2.28) of the
Laplace-Beltrami equation has a unique solution U € Vj, o.

O

2.5.3 Implementation

We now present an implementation of the discrete Laplace-Beltrami equation (2.27) as an
N x N sparse, full-rank algebraic linear system. To this end notice that, since the Lagrange
functions x;, j =1,... N, form a basis for V;, problem (2.27) is equivalent to

find U € V}, such that

ah(U7Xj) = <fh7Xj>0,h7 ] = 17"'7N7 (229)
(U,1)o,n, = 0.

Since ax(U,1) =0 for all U € V}, and

N
ZXl(m) = 17 S Fh? (230)
i=1

then the sum of the first N equations in (2.29) vanishes. This means that problem (2.29) can
be rewritten equivalently by removing one of the first N equations. For instance, by removing
the N-th equation in (2.29), we obtain

find U € V}, such that

CLh(U, Xj) = <fh7Xj>0,h7 ,7 = 17 e 7N - 17 (231)
(U, )on = 0.
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By expressing the numerical solution U and the load term f;, in the Lagrange basis, i.e.

N N
U@) =) &xi(x),  ful@) =) ful@)xi(®), @eTh,
i=1 i=1

and using (2.30) in the last equation of (2.31), we rewrite problem (2.31) as
find &€ = (¢1,...,&n) € RY such that

N N
Zézah(XMXj) = th(xi)<Xi7Xj>0,ha J = 17 o 7N - 17
=1

i=1

N N
D> & xgdon =0.

i=1 j=1

By using the mass matriz M = (m;;) € RM and the stiffness matriz A = (a;;) € RV,
defined by

mi; = (Xis Xj)ops 5 =1,...,N; (2.33)
aij = an(Xi>Xj),  4,j=1,...,N, (2.34)

respectively, we rewrite problem (2.32) as

N N
Zaijﬁizzmijfh(wi), j=1,...,N—1;
i=1 i=1

N [N (2.35)
> |2 ma] =0
i=1 \j=1
which is an N x N linear algebraic system in the unknowns & = (£1,...,&y) € RV, It remains
to show how to compute the nodal values fj,(x;), i = 1,..., N, of the average-free load term

fn. From the definition (2.25) of f,, using (2.21) and (2.30), it holds that

- EEAEEI)
2 j=1 k=1 Mk
In matrix form, we write system (2.35) as
B¢ = ¢,
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where B = (b;;) € RNVY and ¢ = (cy,...,cn)" are defined by

Qij ifi=1,....,.N—1, j=1,...,N;
b = d N
TEAY may, ifi= N
j=1
N
Yo omifu(my)  ifi=1,...,N—1;
C; = =
0 if i = N,

respectively. The matrix B is sparse, with only its last row being full, and unstructured. For
a general review on numerical methods for sparse linear systems we refer the reader to [116].

2.6 Survey on numerical methods for the semilinear heat equa-
tion and RDSs on stationary surfaces

In this section we recall some of the existing numerical methods for the spatial discretisation
of the semilinear heat equation (2.10) and RDSs (2.12) on stationary surfaces. For each of
these methods, we point out their advantages and disadvantages.

2.6.1 Surface Finite Element Method

In Section 2.4 we have already recalled the SFEM for the Laplace-Beltrami equation intro-
duced in [37]. Here we present the counterpart of the SFEM for parabolic problems introduced
in [38]. In particular, we focus on the semilinear heat equation (2.10) and RCDSs of the form
(2.11). As well as for the Laplace-Beltrami equation, the SFEM approximates the weak
formulation of the problem.

Weak formulation

By multiplying both hands of the semilinear heat equation (2.10) by an arbitrary test function
¢ € HY(T), integrating on T, and applying Green’s formula (2.7), we obtain the following weak
formulation: find v € L2([0,T]; HY(T)) with @ € L?([0,T]; H~!(T')) such that

/ugp + d/ Vru-Vrp = —B/uago, (2.36)
r r r

for all ¢ € HY(T), see for instance [56]. In a similar fashion, we obtain the weak formulation
of the RCDS (2.11): find uy,...,u, € L*([0,T]; HY(T")) with 1,...,%,. € L*([0,T]; H~%(T))
such that

r 1 r r
for all ¢,, € L2([0,T); HY(T)) and m = 1,...,r, see for instance [55].
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The SFEM space discretisation

We now use the notations introduced in Section 2.5.1. Let A > 0 and let ', a triangulation
of I' with meshsize h. The SFEM spatial discretisation of the weak semilinear heat equation
(2.36) is: find U € L2([0,T); V) with U € L?([0,T]; V}) such that

/ Up+d | Vr,U-Vr,o=-8[ U, (2.38)
Lp Lp Lp

for all ¢ € L2([0,T],V}), where the initial condition Uy € V}, is the Lagrange interpolant of
the exact initial condition ug € C*(I'), namely Uy = Iy (ug). Since the Lagrange functions y;,
i=1,...,N defined in (2.19) are a basis of Vj, the formulation (2.38) is equivalent to: find
U e L2([0,T]; V) with U € L2([0,T]; V) such that

/ UXj +d VFhU . thXj = —ﬁ/ Uaxj, (2.39)
Fh Fh 1—‘h,

forall j=1,...,N. Forall j =1,..., N, let bj(t) be an approximation of th U“x; obtained
through a sufficiently high order quadrature rule (see for instance [106] for a survey on quadra-
ture rules in finite element methods) in order to preserve the convergence rate of the SFEM,
which is quadratic in L>°([0, 7], L*(T")) norm and linear in L>([0, 7], H(T')) norm, see [38].
We obtain the following computable method: find U € L2([0,T); Vy,) with U € L3([0,T); V)
such that

/ Uxj+d | Vr,U-Vr,x; = —B8b;, (2.40)
'y Iy

forall j = 1,..., N, where the dependence of b; on t is omitted for better readability. Asshown
in the following Chapters 4-5, the novel Lumped Surface Finite Element Method (LSFEM)
provides a simpler spatially discrete formulation with an easily computable right-hand-side
that requires no quadrature rule. By expressing the spatially discrete solution U in the

Lagrange basis as
N

U(xvt) = Z&z(t)Xz(x% (mat) € Fh X [OvT]’ (2'41)
i=1

the formulation (2.40) becomes an ODE system in the N unknowns &;(¢), ..., &N (%):

N ) N

=1

forj=1,...,Nandt € [0,T]. By using the mass matrix M and the stiffness matrix A defined
in (2.33)-(2.34) respectively, we can rewrite the ODE system (2.42) in vectorised form:

ME(t) + dAE(t) = —Bb(1), (2.43)
for all t € [0,T], where £(t) := (&1(t), ..., &n ()" and b(t) := (by(t),...,bn (L))"
Analogously, the SEEM spatial discretisation of the weak RCDS (2.37) is: find Uy,...,U, €
L2([0,T); V) with Uy, ..., U, € L*([0,T]; V}) such that

/Um¢m+zdmk/VFhUk'Vrh<Pm= Jm(U)@m, (2.44)
'y k=1 ry 'y
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for all ,,, € L2([0,7],Vp,),m =1,...,rand t € [0, T], where the initial condition (Up 1, ...,Up,) €
V} is the Lagrange interpolant of the exact initial condition (ug 1, ..., uo,), namely Uy, =
In(ugm) for m = 1,...,r. By recalling that the Lagrange functions x;, ¢ = 1,..., N are a
basis of V};, and expressing the components of the numerical solution as

N
Up(@,t) =Y &Gilt)xi(x),  (@,t) € Ty x 0,77, (2.45)
=1

we rewrite (2.44) as follows

N r N
;&,Aﬂ /Fh XiXj + ;dmk ;fk,i(t) /Fh Y, Xi - Vi X = /Fh Fm(O)x;, (2.46)

form =1,...,r, 5 = 1,...,N and ¢t € [0,7]. As discussed above (2.40), for all m =
1,...,rand j =1,...,N let ¢, ;(t) be an approximation of th fm(U)x; obtained through
quadrature. We obtain the following ODE system in the r N unknowns &, ;(t), m=1,...,r,
i1=1,...,N:

N . T N
ggm,i(t) /Fh XiX; + Z Ak Z gk,i(t) /Fh VI‘hXi . VFhXj = ch(t)’ (2.47)

k=1 =1

forallm=1,...,r,7=1,..., N and t € [0,T]. By using the mass matrix M and the stiffness
matrix A defined in (2.33) and (2.34) respectively, we can rewrite (2.47) in vectorised form:

ME,,(t) + ) dmi A4 (t) = cml(t), (2.48)
k=1

forallm =1,...,r and t € [0,T], where for all m =1,...,7, &,,(t) :== (&ma(t), ..., Emn ()"
and ¢, (t) := (em1(t), ..., cmn(t))". The vectorised form (2.48) can be compacted as follows:

(I, ® M)&(t) + (D @ A)E(t) = c(t), (2.49)

for t € [0,T], where I, is the r x r identity matrix, ® denotes the Knonecker product, see
[83], while £(t) and c(t) are the column vectors defined by &(t) := (&, (#)'", ..., &,.(¢))" and
c(t) == (1 ()", ..., e (1)) respectively.

In the Chapters 4 and 5 next, we will mimick the approach followed in this section to derive
spatially discrete formulations of the weak heat equation (2.36) and the weak RCDS (2.37)
through the novel LSFEM.

Advantages and drawbacks

Advantages:
1. the method can cope with arbitrary surfaces;

2. since the method approximates the weak formulation, it provides meaningful solutions
even when the right-hand-side of the considered PDE is C!(T'), only;
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3. the mass- and stiffness matrices M and A involved in the method are sparse, which
translates into computational efficiency;

4. the convergence rate of the method can be increased by considering isoparametric ele-
ments as shown in [32], i.e. by considering a piecewise polynomial function space Vﬁ
of a given order p € N on curved triangles of the same polynomial order p, see [32] for
more details.

Drawbacks:

1. the exact surface I' must be approximated with a triangulation I';, as shown in Section
2.5.1. Even if mesh generation is a well-studied topic and mesh-generating software is
widely available, the computational cost related to mesh generation is not present in the
so-called meshless methods, such as the kernel methods addressed in the next section.

2.6.2 Kernel Methods

The class of kernel methods has its origins in the pioneering work by Kansa [76], in which
the method was introduced for some classes of elliptic, parabolic and hyperbolic equations
on planar one- and two-dimensional domains. The method was then extended to solve PDEs
on spherical surfaces, in particular: the Laplace-Beltrami equation, see [99], (ii) the heat
equation, see [84], (iii) linear transport, see [53] and (iv) shallow water equation [52]. A
further evolution allowed the method to solve parabolic PDEs, including RDSs, on arbitrary
stationary surfaces, see [59]. For a more general overview on kernel methods we refer the
interested reader to the survey paper [54]. In the remainder of this section we will describe
the kernel method for RDSs on arbitrary surfaces presented in [59].

Kernel interpolation

We start from the notion of a kernel interpolant in R3. Given a target function v : R? — R
scattered at N € N sample points X := {x;, j=1,...,N} C R3 and a continuous function
¢ : R3 x R® — R called kernel, the kernel interpolant of v at the sample points X is defined
by

N
Ipo(x) =) cid(w,x;), xR, (2.50)
j=1
where ¢;, j = 1,..., N, are real coefficients to be determined by imposing the interpolation
condition
Iyv(x)) = v(xy), j=1,...,N. (2.51)
Using (2.50), the interpolation condition (2.51) can be written as a linear system as follows:
N
> cd(xix;) =v(x;), i=1,...,N. (2.52)
j=1
Let now ¢ := (cy,...,cn)" and consider the matrix Ax = (a;;) € RMY and the column
vector vx = (vy, ... ,vN)tT e RV defined respectively by
Qi5 1= ¢<:Itz, :Bj), vy = 'U(:I}j), (2.53)
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for all i,7 =1,..., N. The linear system (2.52) can be written in matrix form as
AXc =vx, (2.54)

where A = (a;;) € RN with a;; := ¢(x;, z;) foralli,j =1,...,Nandvx = (v(z1),...,v(zN))".
The kernel ¢ is assumed to be positive definite, i.e.

b Axb >0 (2.55)

for all possible node sets X :={x;, j=1,...,N} C R3 and for all nonzero column vectors
b € RV, Assumption (2.55) ensures that the kernel interpolant (2.50) is uniquely defined. A
positive definite kernel ¢ : R? x R? — R is called a radial basis function (RBF) if there exists
a function v : [0, +00[— R such that

where || - || is the Euclidean norm in R®. Notice that, in contrast to ¢, 1 is a function of one
variable. Hence, in the remainder of this Section, we denote the derivative of ¢ as ' if it
exists. Here are three examples of RBF's:

1. Given € > 0, the Gaussian RBF is given by
d(a,y) = e ClevD® gy e R, (2.57)
see for instance [50];

2. Given € > 0, the inverse multiquadric (IMQ) RBF is given by

b(@,y) = ! z,y € RS, (2.58)

VIt Cllz -y

see for instance [59];
3. Given ¢ > 0 and v > 3, The Matérn RBF is given by

21—(V—3/2)

m@“w - ?JH)WS/ZKW:W(E”CC -yl z,y R (2.59)

o(z,y) =

where K,_3/5 is the modified second-kind Bessel function of order v — 3/2 and T'g is
Euler’s Gamma function, see for instance [59].

Exact surface differential operators of a radial kernel

Let ¢ : R x R® — R3 be a RBF, let ¢ : [0,+00[— R be defined by (2.56) and consider
N € N sample points X := {x;, j =1,...,N} C R3 Let V denote the gradient operator
with respect to the variable @ = (x,y, z). Using the chain rule, it holds that

2ol —5])
Vo(e,2;) = Vil ~ as1) = | (e -,
Lol - ,l) 250)
T — T , ' , o
= (v-u | =2l = ol ),
V70 ) e o ;1
J
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for x € R and j = 1,...,N. Notice that, since ¢(-,-) is smooth, (2.56) implies that
lim, g+ WZ(Z) exists and is a finite number, see [59]. Hence, the apparent singularity in (2.60)
cancels. Let now I' be a C? surface and let v = (g, 1y, 1) : I' — R3 be the outward unit nor-
mal vector as in Definition 1. By combining (2.4) and (2.60), we have the following expression
for the tangential derivatives of ¢:

D o(@ ) = ((@ —2;)(1 = v2(@)~(y — y;)ve(@)vy (y)

¥l — ;1) (2.61)
—(2 = zj)va(@)vz () ;
’ ) e
Do(w,@;) = (v = 1) (1 = v2(@)~(x = 2))va(@)vy (@)
2.62)
(Il — ;) <
—(z = zj)yy(@)r:(z) ;
Y ) & — ;]|
D.o(,a;) = ((z = )(1 — (@)~ (@ — 2))va (@) ()
2.63)
¥ (= — =) (
—(y —yj)vy(@)va() ) — —— =,
PR ) [l — a4 |
foralz € 'and j =1,...,N.
Discrete surface differential operators of a sampled function
Given a function v € C?(I") known at the nodes X = {x;, i = 1,..., N}, consider its kernel

interpolant Igv defined by (2.50). The discrete tangential derivatives of v are defined as the
exact tangential derivatives of the interpolant Iyv. By using (2.50) and (2.61)-(2.63), these
discrete tangential derivatives are given by

N
eD,0(@, ;) = Y e (@ — ;)1 vi(@))

M-

QxLlﬂ}(w) =
=1 =1 (2.64)
(= @ )~z sl ) s
N N
D, Iyv(@) = Y ¢;Dyo(@, @) = 3 i ((y — ) (1 - v (@)
7=l i=1 (2.65)
(o =z (e )= = 5w @) (a))
N
D, Iyv(x chng:I:acJ ch(z—zj )(1 = v (x))
=1 7=l (2.66)
(o =zl (o)~(y ~ )y onla)) D

for @ € T'. The discrete derivative operators (2.64)-(2.66) are well-defined for all € T.
However, in order to carry out a numerical method for surface PDEs, we only need to evaluate
these discrete tangential derivatives at the sample points X = {x;, i = 1,...,N}. To this
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end, we introduce the matrices B® = (bf;), BY = (b;), B* = (bf;) € RNV defined respectively
by

b = (s — ) (1= v2(@0) = (i — ) e (@) ()

N (2.67)
(a1 2ot ()
b = (= ) (01— V(@) — (s — 2wl ()
—(z; — zj)vy(xi) v (2;) )U} (s — ;1) (2.68)
7 y\Lg )Pz Ly ’$2 iU]H 5
0 1= (2 — ) (1 = V2@~ (1 — a5 (i) ()
N (2.69)

for all ¢,j = 1,..., N. By combining (2.64)-(2.66) with (2.67)-(2.69) we have the following
expressions for discrete tangential derivatives evaluated at the sample points X = {x;, i =
LN}

D, Tyv(x;) wacj, D, Isv(z;) wacj, D Iyv(z;) wacj, (2.70)

for all i = 1,..., N. By writing (2.70) in matrix form and using (2.54) we obtain

D, Isv|x = B*c= B"A 'vy; (2.71)
D, Iyv|x = B'c=BYA lvy; (2.72)
D,I4v|x = B*c = B*A vy, (2.73)

The discrete Laplace-Beltrami operator Ar 4 of v € C*(T') is defined as
AF@U =D, 1yD Iyv + QyI¢QyI¢U + D, 1,D, Iyv, (2.74)

in analogy with its continuous counterpart, see Definition 4. Hence, using (2.71)-(2.73), the
discrete Laplace-Beltrami operator of v at the sampling points X has the following matrix
representation:

Ar7¢U|X = L’Ux, (2.75)

where L := (B*A71)2 4+ (BYA~1)2 4 (B*A~1)2. By reviewing the whole procedure, it is easy to
see that L is a full matrix. The work in [52] introduces a radial basis function-finite difference
(RBF-FD) method for the shallow water equation posed on a spherical surface, that produces
a sparse discrete Laplace-Beltrami operator. The RBF-FD method was then extended to solve
RDSs on arbitrary surfaces in [121]. However, the sparse structure of the RBF-FD method
comes at the expense of the algorithmic complexity of the numerical method.
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Spatially discretised problem

Consider the semilinear heat equation (2.10). With the notation introduced so far, its discrete
formulation is given by

d
X = dLux — fu, (2.76)

for t € [0,T], a nonlinear ODE system to be solved with a time integrator of choice. For
instance, in [59] the 2-SBDF scheme is used to solve this system. Analogously, given the RDS
(2.11), its discrete formulation is:

d '
pUmX — ;dkauk,X = fm(u1x,. . Um,x), (2.77)
form=1,...,r and ¢t € [0,T]. In compact notation, system (2.77) becomes
d
auX—D(X)AuX = by, (2'78)
for t € [0,T], where
Uy x filurx,. .. upx)
Ux = , bx =
Ur X 7f1(u1,X7""’u'T',X)

Advantages and drawbacks
Advantages:
1. the method can cope with arbitrary surfaces;

2. the method only requires scattered points on the surface I', without any mesh or adja-
cency structure;

3. depending on the regularity of the chosen kernel ¢, the method exhibits a high-order
polynomial or even exponential convergence [59];

Drawbacks:
1. the discrete Laplace-Beltrami operator Ar 4 defined in (2.75) is a full matrix;
2. the discrete Laplace-Beltrami operator Ar g4 is typically ill-conditioned, see for instance
[59].
2.6.3 Spectral Method of Lines based on Spherical Harmonics

This method, introduced by Chaplain, Ganesh and Graham in [19], is specifically devised
to spatially discretise RDSs on the unit sphere, i.e. RDSs of the form (2.12) with I' = S2.
Even if the authors restrict their presentation to a RDS of two equations with Schnakenberg
kinetics, their method is applicable to RDSs of arbitrarily many equations and with arbitrary
kinetics. Hence, we present the spectral method of lines for an arbitrary RDS on the unit
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sphere I'. To this end, we recall from [19] some definitions.
The Associated Legendre Polynomials are defined by

(1 _ 1‘2)% dmtn
2np!  dgmtn

where x € R, n € NU{0} and m = —n,...,n. If (6,¢) € [0,7] x [0,27] are the spherical
coordinates on S2, the spherical harmonics are defined by

P"(x) = (2% — 1), (2.79)

Y™(0,¢) := ™ P™ (cos 0) exp(ima), (2.80)

where
= =
are normalization constants, (0, ¢) € [0,7] x [0,27], n € NU {0} and m = —n,...,n. The

spherical harmonics are eigenfunctions for the Laplace-Beltrami operator Ar on the unit
sphere I, i.e.

ArY," = —n(n+1)Y,", (2.82)
for all n € NU {0} and m = —n, ..., n. Moreover, the set of the spherical harmonics
{Y,"|ln e NU{0}, m = —n,...,n} (2.83)

is well-known to be a complete orthonormal set in L?(I'). We recall that orthonormality
means that

/ YrTYT:’nl = 5nn’5mm’a (2.84)
I

for all n,n’ € NU{0}, m = —n,...,n, m' = —n/,...,n/ where 05, i,j € Z is the Kronecker

symbol. Complete orthonormality implies that the exact solution w of the RDS (2.11) of r
equations may be uniquely expanded in the basis of spherical harmonics (2.83) as

+o00 n
u(e,t) =Y > &Y (x), xcl, tel0,T] (2.85)
n=0m=-n
where £'(t) : [0,7] — R", n € NU{0}, m = —n,...,n, are time-dependent coefficients.
Given N € N, consider an approximate solution U (x,t) to the RDS (2.11) in the form of a
truncated expansion in the same basis (2.83):

N—-1 n
U)=> Y nr@eY, (=), el tel0,T], (2.86)

n=0 m=—n

where n"(¢) : [0,T] — R", n € NU{0} and m = —n,...,n are time-dependent coefficients.

In order to introduce the numerical method, we first consider the following weak formulation®
of the RDS (2.12):

0
Oy myg 4 / DAY ™do / Fw)Y™do, (2.87)
r Ot r r

3This formulation differs from the usual weak formulation (2.37). This alternative weak formulation will
allow for the derivation of a reasonably simple numerical method.
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for alln € NU{0}, m = —n,...,n. The spectral method of lines seeks to find an approximate
solution U (x,t) by mimicking the weak formulation (2.87):

U
a@t Y "do + / DArUY,"do = / fU)Y,"do, (2.88)
forallm =0,...,N, m = —n,...,n. By choosing an approximate solution U(«, t) of the form
(2.86) and using ( .82), the method (2.88) becomes

Z Z [nm /YmYmdo—n(n+ )Dnlt /YmYmda] /f U)Y,"do, (2.89)

n'=0m=—n'

for all n = 0,...,N, m = —n,...,n. By using the orthonormality property (2.84), the
formulation (2.89) reduces to

A7 () — n(n + 1) Dy (¢ / FU)Y™do, (2.90)

foralln=0,...,N -1, m = —n,...,n, t € [0,T]. By approximating the right-hand side of
(2.90) with a Gauss-Legendre quadrature rule for the sphere (see [19] and reference therein),
the formulation (2.90) becomes an ODE system in the N? vector-valued unknowns U™ (t),
n=0,...,N—1,m=—n,...,n, ie. in N2 real-valued unknowns, where r is the number of
equations in the RDS (2.12). Such quadrature rule should have a degree of accuracy M € N
with grows suitably with N in order to preserve the exponential convergence of the method.
This relation between M and N depends on the nature of the kinetics and is discussed in [19].

Advantages and drawbacks

Advantages:

1. Since the method is based on a spectral decomposition of the solution, the convergence
is exponential, see [19].

Drawbacks:
1. The method is limited to spherical surfaces;
2. The numerical approximation of the right-hand-side of (2.90) using quadrature formulas

of suitable order is the bulk of the algorithmic complexity of the method.

2.6.4 Planar parametrisation through spherical coordinates

Another method specifically designed for RDSs on the unit sphere I' = S2, presented by
Varea, Aragén and Barrio [133], is based on the planar parametrisation of the sphere through
spherical coordinates. The authors restrict the presentation to a particular RDS of two equa-
tions, but their method is applicable to arbitrary RDSs on the unit sphere. Hence, we present
the method for general RDSs on the unit sphere.
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Let (6, ¢) € [0, 7] x [0, 27| be the spherical coordinates of the unit sphere I'. We recall that
the relation between the Cartesian coordinates (z,y, z) and the spherical coordinates (6, ¢)
of any point of the unit sphere I is

x = sin 0 cos ¢;
y = sin 6 sin ¢; (0,9) € [0,7] x [0,27]. (2.91)

z = cos 0.

Given any function v(z,y, z) defined on the unit sphere I', we denote by v(6, ¢) its pla-
nar parametrisation through spherical coordinates(2.91). If v(z,y,z) is C*('), the planar
parametrisation Arv(6, ¢) of the surface Laplacian Arv(z,y, z) has the following expression:

1 0 . Ov 1 0%
<s1n989(9, ¢)> + m@(&(b), (0,0) € [0,7] x [0,27], (2.92)

sin 6 00

see for instance [69, Appendix A]. Using (2.92), the planar parametrisation of the RDS system
(2.12) is

ou 1 0 (. ,Ou 1 0u
G000 - D (050 0.6.0) + Ly 5 G0t = FG.0.0), (299

for (0, ¢,t) € [0, 7] x [0,27] x [0,T], with additional boundary conditions
u(0,0,t) = u(0,2m,t), 6 €0,n], t (0,71, (2.94)

AFU(HJ ¢) =

u(0,¢,t) = u(0,¢ + m,1), ¢ € 0,7, t €]0,T], (2.95)
u(m, ¢, t) = u(m, ¢+ m,t), ¢ €[0,x], t €][0,T]. (2.96)

System (2.93)-(2.96) is a PDE system on the planar domain [0, 7] x [0, 27] that can be spatially
discretised with any method of choice. For instance, Varea, Aragén and Barrio [133] choose
finite differences on a grid constructed as follows. Given M, N € N with N even, let
us 27

i hg = N

The parameter space [0, 7] x [0, 27] is discretised with a rectangular grid constructed on the
following M x N points:

hy == (2.97)

O 1= (er;)hg, m=0,...,M—1, (2.98)
On = nhg, n=20,...,N—1. (2.99)

On such grid, the boundary conditions (2.94)-(2.96) become
(O, d0,1) = w0, dn_1,1), m=0,...,M—1, t €0,T]; (2.100)
u(6o, dn, t) :u(Go,qanr%,t), n:O,...,g—l, te0,T7; (2.101)
w(brr1. 00, t) = ulOrr1.6, x. ). n=0,... % 1, te0,T), (2.102)

From (2.92) we can see that the parametrised Laplace-Beltrami operator is singular when
0 =0or  =m, ie. at the poles of the unit sphere. In order to avoid these singularities in
the numerical method, the grid constructed by Varea, Aragén and Barrio avoids the points
of [0, 7] x [0,27] with § =0 or § = 7, as we can see in (2.98).

31



Advantages and drawbacks

Advantages:

1. Simplicity: the parametrisation through spherical coordinated reduces the problem to
a PDE on a rectangle, which is easily solved by finite differences on a rectangular grid.

Drawbacks:

1. This approach is limited to surfaces that admit a global parametrisation, e.g. ellipsoids
or spheres;

2. The presence of singularities in the spherical coordinates is a bottleneck in the conver-
gence rate of the method, as discussed in [133].

2.6.5 Embedding methods and level set method

Consider a PDE on a surface I' € R? and let u be its solution. The paradigm of embedding
methods is to consider a three-dimensional compact neighbourhood W of I' and to derive an
auxiliary PDE posed on W such that its solution, restricted to I', coincides with u or is a good
approximation of u. The auxiliary PDE on W can be then discretised with any numerical
method for PDEs on three-dimensional domains. There are different classes of embedding
methods in the literature, such as level set methods [12, 67], closest point methods [90, 115]
or finite elements in the embedding space [24]. However, for illustrative purposes, we present
the level set method presented in [12] and improved in [67].

Level set methods are particular embedding methods that require the surface I' to be rep-
resented as a level set of a function defined on a higher-dimensional domain. Precisely, let
U C R3 be an open set and let ¢ : U — R be a C? function, called the level function, such
that Vo(x) # 0 for all x € U. Let I' be the zero level surface defined by

I' = {x e Ulp(x) = 0}. (2.103)

Notice that this definition is stronger than Definition 1, as a zero level surface can be rep-
resented through one global level function. We present the method in [12], which can be
considered the pioneering work in the field of level set methods. First, we have to make an
appropriate choice for the compact neighbourhood W of I' on which the auxiliary PDE will
be posed, as clarified in the later paper [67]. To this end, let £ > 0 be a sufficiently small
number such that the neighbourhood U, of I" defined by

U. == {x € R3||¢(x)| < e}, (2.104)

is contained in U. We choose W = U.. Second, the initial data ug y of the auxiliary PDE on
W is chosen as the constant extension of the initial data ug : I' — R in the normal direction
to I', defined as follows:

{Vuo,w(m) Vo) =0,  xeW; (2.105)

uo,w () = uo(x), zel,
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see [12]. Finally, given a PDE on the zero level surface I, the corresponding auxiliary PDE
on W must be determined. For instance, the authors of [12] prove that the homogeneous heat
equation on I

ou
a(m,t) — dAru(z,t) =0, (x,t) e ' x [0,T7]; (2.106)
u(z,0) = uo(x), xel,
where d > 0, is equivalent? to the following PDE on W
%(w ) = V- (P(2)Vu(a,1)|Vo(a)]) (z,t) € W x [0, T];
ot [Vo(x)] ’ ’ ’ Y (2.107)
u(zx,0) = ugw(x), xecW,

where ® denotes the Kronecker product, ugw is defined in (2.106), P(x) is the projection
matrix onto the plane orthogonal to V¢(x), defined by

Vo(x)" @ Vé(z)
Vo[> -

where I3 is the 3 x 3 identity matrix. As explained in [67, Section 2.3], even if W has a
non-empty boundary, the PDE (2.107) does not need any boundary condition in order to be
well-posed.

The authors of [12] numerically approximate (2.107) through finite differences in space. How-
ever, in contrast to the continuous formulation (2.107), its spatially discretised counterpart
does need boundary conditions in order to be well-posed, but such appropriate boundary
conditions cannot be determined exactly. The authors of [12] face this problem by frequently
restarting the PDE with initial (and boundary) data defined by (2.106). The method was
improved in [67] in order to overcome this limitation. Specifically, the author of [67] replaces
the operator P(x) defined in (2.108) with

P(x):= 13— xelW, (2.108)

P(x) := (I3 + ¢(x)V?¢(x)) " P(x), xcW, (2.109)

where V2¢(z) is the Hessian matrix of ¢(x). With this choice, the solution u(zx,t) of the
following modified auxiliary PDE

ou 1 5
@) ey C@Vu@OIVe@ID), (2,4 €W x0T} (2.110)
u(z,0) = ugw(x), xzecW,

remains constant in the normal direction to I' at all times, i.e.
Vu(z,t) - Vo(x) =0, (z,t) € W x [0,T]. (2.111)

Since, from (2.104), the boundary of W is a level set of ¢, the property (2.111) implies that
u(z, t) fulfils homogeneous Neumann boundary conditions on the boundary of W, as shown in
[67, Section 3.3]. Hence, the spatial discretisation of problem (2.110) must be complemented
with homogeneous Neumann boundary conditions.

“meaning that the solution of (2.107), restricted to I', coincides with the solution of (2.106).
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Advantages and drawbacks

Advantages:
e The method handles arbitrary surfaces without boundary;

e Since the auxiliary PDE is defined in a three-dimensional domain, it can be discretised
with any existing method for PDEs in 3D. This avoids the difficulties of discretising
surface differential operators on arbitrary surfaces.

Drawbacks:
e solving a PDE in a higher dimensional domain increases the computational complexity;

e in the original level set method [12] it is not clear which boundary conditions are to
be enforced on the boundary of the narrow band W. This problem is removed in the
improved method presented by Greer [67];

e the auxiliary PDE is much more complicated than the original surface PDE, especially
in the improved method proposed by Greer [67].

2.7 Conclusions

In this chapter we have set the necessary notions to understand and motivate the novel results
in the remainder of the thesis. In particular, we have recalled in detail the SFEM for elliptic
and parabolic PDE problems on compact surfaces, introduced in [37] and [39], respectively.
We have reviewed some of the existing methods for such PDE problems, thereby discussing
some advantages and drawback of each method. In the next chapter we present a novel
extension of the SFEM, called Surface Virtual Element Method (SVEM) for the numerical
approximation of the Laplace-Beltrami equation.
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Chapter 3

The Surface Virtual Element
Method for the Laplace-Beltrami
equation

The Surface Virtual Element Method (SVEM), introduced in the recent work [58] is a novel
extension of the SFEM that allows for polygonal approximations 'y, of the surface I' in which
each face of I'y, is a polygon with arbitrarily many edges.

The Virtual Element Method (VEM) for PDEs on planar domains was first introduced in
[8] for the Laplace equation and was then extended to several classes of partial differential
equations on planar domains. A non exhaustive list is: linear elasticity [30], plate bending
[17], fracture problems [10], eigenvalue problems [98], Cahn-Hilliard equation [3], heat [130]
and wave equations [129].

The core idea of the virtual element paradigm is that, given a polynomial order £ € N and a
polygonal element K, the local basis function space on K includes the polynomials of degree
k (thus ensuring the optimal degree of accuracy) plus other basis functions that are not
known in closed form [8]. The presence of these virtual functions motivates the name of the
method. However, the knowledge of certain degrees of freedom attached to the basis functions
is sufficient to compute the discrete bilinear forms with a degree of accuracy k. The aim of
the present chapter is to consider the VEM in the case k = 1 and extend it to solve surface
PDEs, i.e. PDEs having a two-dimensional smooth surface in R? as spatial domain. Here
we will focus on the Laplace-Beltrami equation (2.9), that is the prototypical second order
elliptic PDE on smooth surfaces.

We will show that the novel SVEM has an improved geometric flexibility with respect to
the triangular SFEM, as it handles polygnal and/or nonconforming meshes (see [5, 8] for
the case of planar domains). This increased flexibility can be exploited in mesh pasting. In
fact, nonconforming meshes naturally arise when pasting several meshes to obtain a polygonal
approximation of the whole domain or surface [11, 22] and, in contrast to conforming pasting
techniques [75, 122], there is no need to match the nodal points.

We prove, under minimal shape regularity assumptions on the polygonal mesh, some error
estimates for the approximation of surfaces and for the projection operators and bilinear forms
involved in the method. Furthermore, we prove the existence and uniqueness of the discrete
solution and a first order (and thus optimal) H' error estimate.
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Numerical examples are provided to show (i) the application of the SVEM to mesh pasting
and (ii) that the experimental order of convergence in H' norm is linear as predicted by our
analysis.

The structure of the chapter is as follows. In Section 3.1 we introduce polygonal approximation
of surfaces and discrete function spaces involved in the method. In Section 3.2 we present
the SVEM discretisation of the Laplace-Beltrami equation. In Section 3.3 we prove error
estimates for the discrete bilinear forms and the approximation of geometry. In Section 3.4
we prove existence, uniqueness and first order H' convergence of the numerical solution. In
Section 3.5 we face with the issues related to the implementation of the SVEM. In Section 3.6
we (i) discuss some advantages of the SVEM when applied to mesh pasting and (ii) present
three numerical examples on a sphere, a torus and a cylinder, respectively.

3.1 Approximation of the surface and discrete function spaces

We now introduce polygonal approximations of surfaces (or polygonations) that generalise at
once (i) the triangulations of the SFEM considered in Subsection 2.5.1 and (ii) the planar
polygonal meshes of the VEM introduced in [§].

Given a C? surface in R3 and a number h > 0 called meshsize, a polygonation I';, of T is
defined by

r), = U K, (3.1)

Keky,

where

e cach K € Ky, is a simple polygon in R3, i.e.without holes and with non self-intersecting
boundary, such that the diameter hx of K does not exceed h;

e the N € N vertices @;, i = 1,..., N of I, (called nodes) lie on I';

o for any Ki, Ko € Kp with K; # K, the intersection K7 N Ky is either empty, or a
common vertex, or a common edge of K and Ko;

e [';, is contained in the Fermi stripe U associated to I', see Lemma 1;

e ifa: U — T'is the normal projection defined in Lemma 1, the restriction ap, : I'y = T
is one-to-one.

Different examples of polygonations are depicted in Figures 3.5(a), 3.6(a) and 3.7(a). Let
vy = (Vh1,Vh2,Vh3) : I — R3 denote the outward unit normal vector field on T'j,. Notice
that vy, is piecewise constant as vy is constant on every face K € Kp. Furthermore, we
consider the following mesh regularity assumptions in the remainder of the chapter. There
exist 71,72 > 0 such that, for all A > 0, for any polygonation I'y, of I and for any K € Kj,

(Al) K is star-shaped with respect to a ball of radius px such that
pr = Mhi;
(A2) for every pair of nodes P,Q € K, the distance ||P — Q|| fulfils
1P = Qll = 72hx-
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We now define a discrete function space on I'y. To this end, given K € K), we consider the
space Vj(K) defined by

Vi(K) :={V € HY(K)|V,, € P1(e) V e € edges(K), AxV € P(K)}.

We remark that functions in V},(K) are virtual, i.e. they are not known in closed form. For
this reason, in order to formulate a computable numerical method, we consider the projection
ITY. : Vi (K) — Py(K) defined by

/ VKHX(V) Vg = / ViV - -Vikaq, Vg, € Pl(K); (3.2)
K K

Y ImRv(p = Y v(Pp) (3.3)
Péenodes(K) Penodes(K)

where (3.3) is needed to fix the free constant in (3.2). Exactly as in the case of planar domains
considered in [8], this projection is computable. The local virtual element space is defined by

Vi (K) == {V € Vh(K)‘/K (V-IV)g =0V q € IP’l(K)} . (3.4)

In [1] it has been proven, for the special case of planar domains, that the nodal values
{V(P)|P € nodes(K)} are unisolvent for Vj(K), i.e. any specific choice of the nodal val-
ues uniquely identifies a function in Vj(K). Through a linear mapping argument it follows
immediately that the same result holds when K is a polygon in R3. Moreover, even if the
functions in Vj(K) are still not known in closed form, we will be able to formulate a com-
putable numerical method by using this function space. The global virtual element space Vp,
is defined by

Vy, :={V € COT) Vi € Vi(K) VK € Ky} (3.5)

For each i = 1,..., N, the i-th virtual basis function x; is the unique Vj, function such that
Xi(x;) = dij, ,j=1,...,N.

Since the nodal values {V(z;)|i = 1,..., N} are unisolvent for Vj, the set {x;|i =1,..., N}
is a basis for V. In analogy with the Lagrange interpolant considered in Subsection 2.5.1 for
the SFEM, we define the virtual interpolant Ij,(v) of a function v € C°(T') or v € C°(T'},) as
the unique Vj, function such that

I (v)(xi) = v(x;), i=1,...,N. (3.6)

Similarly to the expansion (2.21) considered for the SFEM case, Ij,(v) can be expressed in the
virtual basis as

In(v)(x) = Zv(mi)xi(a:), x ey
i=1
Furthermore, we define the average-free virtual element space as

/Fhvzo}. (3.7)

We observe that, from definition (3.5), the integral in (3.7) is computable even if the functions
in Vj, are not known in closed form.

Vh,O = {V S Vh
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3.2 The SVEM space discretisation

In this section we introduce, following our recent work [58], the SVEM discretisation of the
weak Laplace-Beltrami equation (2.15). Let I be a C? surface without boundary and let T},
be a triangulation of I' as defined in Section 2.5.1.

3.2.1 Approximation of the a(-,-) form

Let K € Kp. Since the functions in Vj(K) cannot be expressed in closed form, the local
bilinear form ap g : Vi(K) x Vi (K) — R defined by ap (U, V) = fK ViU - VgV for
all U,V € V(K) is not computable. Hence, we need to define a computable bilinear form
b 2 Vi(K) x Vi (K) — R that approximates ap, i, defined by

b (U, V) := / ViIU - VIV 4 Sk ((Id — T)U, (Id — 1Y) V), (3.8)
K

for all U,V € Vj,(K), where Sk : V,(K) x V,(K) — R is the stabilising form defined by

Sk(U V)= > UMPV(P), UV eV,yK) (3.9)
Péenodes(K)

Notice that, since Hqu = q for all ¢ € P1(K), the local form by, i fulfils the consistency
property
bk (U, q1) = anx (U, q1), U € Vi(K), q1 € P1(K). (3.10)

Moreover, under the mesh regularity assumptions (A1)-(A2), Sk scales as ap i on the kernel
of Hlv(, i.e. there exist ¢* > ¢, > 0 such that

ceap (U, V) < Sk (U, V) < c*ap (U, V), U,V € kerIly,, (3.11)
see [8]. We can now define a global bilinear form b, : Vi x V,, — R as follows

bh(U V)= Y bux(Uk,Vig), UV EV, (3.12)
KeKy,

3.2.2 Approximation of the average-free condition

In order to impose the condition fF} U = 0 to the numerical solution U, we need to define a

computable approximate L? inner product on Vj. To this end, let K € K;,. We consider the
local projection 119 : Vi, (K) — Py (K) defined by

/ H(}(Uql :/ Uqy, q E]P)l(K). (313)
K K

We remark that I1% = II}, see for instance [1]. Hence, I1% is computable. Following [8], we
define the following local approximate L?(K) form

(U, V)M ::/ %-UT%V + | K|Sk ((Id — TI%)U, (Id — TI%)V), U,V eV,(K), (3.14)
K
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where Sk and II9 are defined in (3.9) and (3.13), respectively, and |K]| is the area of K.
Notice that the bilinear form in (3.14) fulfils the following consistency property

(Uya)mrx = U qi)ox, UeVi(K), qe€Pi(K). (3.15)
A computable global approximate L? form is obtained by pasting the local ones:
UV)y =Y Ug.Vikhurg, UV EV, (3.16)
Keky

As a consequence of (3.15) and (3.16), we have that the integral of any function in V}, can be
computed exactly, i.e.

(U, 1) :/ U Uev, (3.17)
'y

Property (3.17) implies that the average-free virtual element space V}, o can be represented as
Vh,[) = {U S Vh‘<U, 1>M = 0}. (3.18)

Hence, the space V}, o is computable. We will utilise the representation (3.18) of V¢ for the
implementation of the SVEM.

3.2.3 Approximation of the right-hand-side
Let f € HZ(T) be a load term (see Remark 5). Analogously to the SFEM, we consider an
average-free approximation fy of I (f) defined as
1
fu(®) = In(f)(®) — =

In(f), xzely, (3.19)
Twl Jr,

By construction, f; fulfils fl“h fn = 0. To approximate the right hand side of the weak
formulation (2.15), following [8], we consider the functional (f,-)r : V}, — R defined by

(frV)r= > /f @, Vevy, (3.20)

nK
Keky Péenodes(K)

where ng is the number of vertices of K. From (3.17) we have that (fy,V)r is computable,
given the degrees of freedom of f, and V. Furthermore, notice that

(s Dr="{fn, )= [ fn=0. (3.21)

I'n

3.2.4 Discrete formulation

We may now ready to introduce the SVEM approximation of the Laplace-Beltrami equation
(2.15):

find U € V, such that
bh(U,¢) = (fn.9)r Yo € Vp; (3.22)
(U, )i =0,

By using (3.18) and the consistency properties (3.10) and (3.15), the discrete Laplace-Beltrami
problem (3.22) is equivalent to

find U € V0 such that by (U, ¢) = (fa, &)r Vo € V. (3.23)
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3.3 Interpolation, projection and geometric error estimates

In this subsection we recall and introduce some results that are crucial to analyse the SVEM
in terms of existence, uniqueness and optimal convergence of the numerical solution. The
following result taken from [16] addresses the projection error in P;(K) for all K € K.

Theorem 6. Under the mesh reqularity assumptions (A1)-(A2), there exists C' > 0 depending
only on the constants 1, v2 defined (A1)-(A2) such that, for s € {1,2} and for allV € H*(K),
there exists a Vp € P1(K) such that

||V_V7r

0.k +hglV = Vil k <Chik|V]s k. (3.24)

The following theorem from [8] gives an interpolation error estimate in Vj(K) for all
K e Ky,

Theorem 7. Under the mesh regularity assumption (A1), there exists C > 0, depending only
on the constant v, defined in (A1), such that for all V € H%*(K), the interpolant I;,(V) €
Vi(K) fulfils

IV = L(V)llo,x + hi|V = (V) |1k < Chi Vo, (3.25)

To approximate integrals and bilinear forms under lifting, a geometric error must be taken
into account. To this end, we recall some geometric quantities from [40]. For any x € T'y, let
B.(x) be an open ball (in the topology of I';) centred in @ with radius e. The quotient dp,
between the smooth and discrete surface measures is defined by

meas(a(B:(x)))

on(x) = 21_1?% meas(B. (@) x ey, (3.26)

where meas denotes the two-dimensional Hausdorff measure in R3. Let Py, : T, — R?3 be the
matrix-valued function representing the projection onto I'j, defined by

P}M‘j(m) = (5” — Vh,i($)7/h,j(m))7 xTr € Fh, i,j = 1, 2, 3. (3.27)

This operator is the discrete counterpart of the projection P onto the continuous surface I,
introduced in Definition 2. Let H : I' — R33 be the Weingarten map of I' defined by

Hij(x) := D,vj(x), xzel, i,7=1,2,3. (3.28)

Let now Qp, : I';, — R? be the matrix-valued function defined by

Pla(e))(I - d@)H(a(x)))Py(e)(I - d(@)H(a(@))P(a@)), @€ T4

(3.29)
In the following lemma we provide geometric error estimates. The result extends [40, Lemma
4.1], devoted to triangulations, to the case when I'j, is a polygonation of I' as described in
Subsection 3.1.

Lemma 3. Let 'y, be a polygonal approximation of I' as in Subsection 3.1. The oriented
distance function d(-) introduced in (2.3) fulfils

1d(-)[loo,n < Ch2. (3.30)
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The surface measure quotient 6, defined in (3.26) fulfils
11— 6plco,n < CRZ. (3.31)

The following estimate holds
1P = Qnlloon < Ch. (3.32)

In all of the claimed inequalities C' depends only on the curvature of T.

Proof. Throughout this proof we denote by d(-) the oriented distance function defined in
(2.3), in order to avoid confusion with the diffusion coefficient defined in (2.10). We start by
recalling the definition of the |- |s2 seminorm on polygons, segments and bulks. Let U be an
open set in R?, let K be a polygon contained in U and let r be a segment contained in K.
Without loss of generality, K and r may be assumed to lie in R? and R, respectively. Let
u € C?(U). Then consider

0%u
ulez(ry = max @(3«") 3
0%u
e = ma, ma | 7 )]
|ax|=2
0%u
ey = mhax, | e (@)
le|=2

with the multi-index notation for partial derivatives. It is easy to prove that

[ule2(ry < |ule2(ry < ule2 @y (3.33)

Furthermore, if u, is the linear interpolant of u on r, i.e. the affine function on r that agrees
with u at the endpoints of r, the following classical interpolation error estimate holds

lu = urlloo,r < ClrPlulezpy, (3.34)

where |r| is the length of 7, see [26]. Consider K € K, see Fig. 3.1(a). First of all we prove
that

1d()lloo.or < Ch?[d(-)]c2 (k) (3.35)
To this end, let xp € OK and let e be an edge of K such that xp € e, see Fig. 3.1(b). Then,
if de(-) is the linear interpolant of d(-) on e, then (i) de(x) = 0 for all & € e since d(-) vanishes

at the endpoints of e and (ii) the interpolation error estimate (3.34) holds with r = e and
u = d(-). Using also (3.33), we have

ld(25)] < [lde(-)lloo,e + 1d() = de(lloo,e < Clel*|d(-)lcz(ey < CR2|A(:)le2 (i),

that proves (3.35). Now let x € Io( and let s be any straight line contained in the plane of
K and passing through @, let x;,x2 € s N OK such that [, x2] C K, see Fig. 3.1(c), and
let ds(-) be the linear interpolant of d(-) on s. By choosing r = s and v = d in (3.34), using
(3.33) and (3.35) we have that

l[d(@)] < [lds()lloo,s + 14(-) = ds(-)lloo,s = max(|d(@1)], |d(@2)]) + [|d(-) = ds(-)]loo,s

9 9 9 (3.36)
< ld()lloc,0x + Cls7d()lc2(s) < Ch7I()|e2(x) < Ch7lA()le2(wy,
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(a) The element K is given (b) The point xp is on the edge e
of the boundary 0K

L2

T
(¢) @1 and @2 are two distinct in-

tersection points between s and
OK such that [@1,x2] C K

Figure 3.1: Graphical representation of the construction involved in the proof of Lemma 3.

where U is the Fermi stripe of I'. Now, |d(:)|¢2() depends only on the curvature of I, thus
(3.36) proves (3.30). To prove (3.30), (3.31) and (3.32), we proceed as in [40, Lemma 4.1]
using estimate (3.30) for polygonal meshes. O

The remainder of our analysis relies on the following equalities borrowed from [40]:

vvi— [ ov=[(i-2 utvt (3.37)
(56
r Ty r h

/VFUE - VrV?t —/ Vr,U-Vr,V = /(P— Q) VrU* - VrV¥, (3.38)
r T r

for all U,V : I', — R such that the gradients and the integrals are well-defined. We remark
that, even if the work in [40] is restricted to the case when I'j, has triangular faces, the proof of
equalities (3.37)-(3.38) does not utilise the assumption of triangular faces. Hence, the relations
(3.37)-(3.38) still hold true in our polygonal setting. The following lemma generalizes Lemma
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4.2 in [40] to our polygonal setting and provides lower and upper bounds for some norms of
arbitrary functions when they are unlifted from I' to I'y, or lifted from I', to I'.

Lemma 4. Let V : T, — R with lift V! : T — R. Let a : T'y — I' be the projection
onto I' defined in (2.3) and, for every K € Ky, let K := a(K) C I be the curved element
corresponding to K € K. Then

1
lVlox <1Vloz < ClIVIlox; (3.39)
1
lVeVilox < IVEVill z < CIVEV ok (3.40)
IVEV ok < CIVEV g i + ChilIV Vo i (3.41)

if the norms exist, where V%( and V%( denote the tangential Hessian on K and K , respectively,
and C depends only on the curvature of I'.

Proof. We use the estimates of Lemma 3 for polygonal meshes into (3.37)-(3.38) and proceed
exactly as in [40, Lemma 4.2]. O

Notice that Egs. (3.39) and (3.40) express the following equivalences under lifting: (3.39)
between L?(T';) and L?(I') norms and (3.40) between H!(T';) and H'(I') seminorms. Eq.
(3.41) can be interpreted as an h-perturbed dominance of the H?(I') seminorm over the
H?*(T'),) seminorm. The following result provides error estimates for the interpolation in V§
and the projection on (][ P1(K ))’. The interpolation result extends to SVEM Lemma 4.3
in [40] for the triangular SFEM.

Lemma 5. Given a C? surface T, there exists C > 0 such that, for all v € H*T) and
we H(T'), s € {1,2}, and for all h > 0, then

e the interpolant Iy, (v) € V}, fulfils
lo = In(v)llo + Alv = I(v) |y < CR® (Jvlz + hlol1) ; (3.42)

e there exists a projection wx € [[gex, P1(K) such that

Jw —wk|lo + hlw — wh|p, < Ch® (Jwlgs(ry + hlwly) . (3.43)

Proof. From Lemma 4, w™* € L*(I';) N [xex, H°(K). Let wr be the [[xcx, P1(K) pro-
jection of w™* defined piecewise by (3.24) and let I;,(v) be the interpolant of v—* defined by
(3.6). From Theorems 6 and 7, by summing piecewise contributions, we have

Hwiz — w7rH0,h + h‘wie — wﬂ‘l’h < Chsl’wfqzh; (3.44)
[o™8 = () [lop + Rl = I () [1n < CRAv™ . (3.45)

From (3.44), (3.45) and Lemma 4 we have

lw = willo + Blw = wi|1p < Ch° (Jw] sy + hlw]1) ; (3.46)
lv = In(v)llo + hlv = Tn(v)‘|1.n < Ch* (|v]a + hlv]), (3.47)
that are the desired estimates. O
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The following Lemma extends Lemma 4.7 in [40] to our polygonal /virtual setting and provides
bounds for the geometric errors in the bilinear forms.

Lemma 6. For any (V,W) € H'(I';,) x H'('},), the following estimates hold:
[(VEW 0 — (VW )on| < CR2IV oW o; (3.48)
la(VE W) —a(V,W)| < CR?|[V eV lol Ve o, (3.49)
where C' depends only on the geometry of I'.

Proof. We proceed as in Lemma 4.7 of [40], but here using, into (3.37)-(3.38), the generalised
estimates (3.30)-(3.32) given in the previous Lemma 3. O

In the following theorem we prove a discrete Poincaré inequality in HJ(T'y,), i.e on polygonal
surfaces I'j, of the type (3.1).

Theorem 8 (Poincaré inequality in H}(I'y,)). Let T be a closed C3 surface in R3. Then there
exist hg > 0 and C > 0 depending on ' such that, for all 0 < h < hy and T}, as in (3.1),

Vilop <ClVhe YWV eLiTnn [] B (K). (3.50)
Keky,

1
+ — /Vf : (3.51)
o [I|zJr

Now, from (3.39) we have that V¢ — ﬁ [- V%€ H}(T). Then, from Poincaré’s inequality (2.8)
and (3.40) it follows that

Proof. From (3.39) and the triangle inequality we have

1 ¢

|/ g—
LN

[V]lon < CIIVio < C ('

v

<OV < CV i (3.52)
T Jr

0

Furthermore, from (3.39), (3.48) and the fact that V is average-free on I'y, it follows that

1 /V€< 1 <
vz Jr 02

Combining (3.51), (3.52) and (3.53) we have

/ V‘ +0h2||vf||0|r|é) < CR2||V 0. (3.53)
I'n

(1= CH)||V]jon < CIV]1-

. . _ 1
By choosing, for instance, hg = NoTolk the result follows. O
Concerning the convergence rates of the error estimates in Lemmas 5 and 6, we observe
that:

e Asshown in Lemma 6, in the approximation of the bilinear forms (3.48) and (3.49), the
polygonal approximation of geometry yields a geometric error that is quadratic in L?
norm and linear in H! norm. In fact, this Lemma is based on the geometric estimates
of Lemma 3.
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e The interpolation error on I', as shown by (3.42) in Lemma 5 (and its proof) arises from
two sources. The first one is the interpolation error on flat polygons (cp. Theorem 7).
The second one is given by the geometric estimates given in Lemma 3.

This implies that using higher-order virtual element spaces instead of (3.5) will not improve
the convergence rate of the method, since geometric error would dominate over the interpola-
tion one. The same drawback occurs with the standard SFEM [40] of higher order; in [32] it
has been shown that a finite element space of degree k € N defined on a suitable curvilinear
triangulation of degree k (isoparametric elements) provides a SFEM with the same conver-
gence rate as polynomial interpolation of degree k. This suggests that, to formulate a SVEM
of order k > 1, a different approximation of the surface is needed.

We close this section proving an error estimate for the approximate right hand side < fp, ¢ >
in the discrete formulation (3.22).

Theorem 9. Let f € H}(T). Under the reqularity assumptions (A1)-(A2), there exists C > 0
depending on ', y1 and o such that
(£, V0 = (fn VIRl < Ch (|11 + hlfl2) VY1, Ve V. (3.54)

Proof. Let I(f) be the piecewise linear interpolant of f and f; be as in (3.7). We split the
erTor as

(£ V0 = (s VIRl < 1A V0 = Tn(f), Vol + [KIn(F): Von = (far Vol

(3.55)
+ 1(frs VYo = (s VIml.
From the Cauchy-Schwarz inequality and (3.48) we obtain
1.V 0 = (Tn(f), Vionl < [(F = In(H) Vol + [I()", Vo = (Tn(f), VYol (3.56)

< = () NollVEllo + CRANIW (A oV E -
From the Cauchy-Schwarz inequality, the definition of fj, and (3.48) we have
() VYo = (s V)oal < IDaI72 KIW(F); Dol [V o
<ITal™% (IR (N) = £, 1ol + CR2ITA() o) 1V 1o (3.57)
< (11" = Fllo + ORI 1lo) 1Vl

Following [8], we know that
[(fns Vo = (fn, Vgl < Chlfi
but, from the definition of f; and from (3.40) it follows that
[ frlin = In(H)lin < CHLH - (3.59)
(

Combining (3.55)-(3.59), using (3.39),(3.40), (3.42), the Poincaré inequalities (2.8), (3.50) and
the triangle inequality we obtain

V00 = s VIal < (IF = In(F) llo + CAITLC |+ CRAITAC) o) IV
< (0 + CIOISF = () llo + CR | Fllo + ChIF = n(F)' s + ChIfL ) VA1

<C((W+EY|fla+ (h+ B>+ h2)|f11) [V < Ch(|f]1 + hIfl2) VY4,
that is the desired estimate. O

LalVn, (3.58)
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3.4 Existence, uniqueness and error analysis

The following theorem, that is the main result of this chapter, extends the error analysis
in Theorem 3.1 in [8] for the case of planar domains to the Laplace-Beltrami equation on
surfaces. In fact, it provides: (i) the existence and the uniqueness of the solution for the
discrete problem (3.22) and (ii) an abstract convergence result. As a corollary, an optimal
HY(T) error estimate for problem (3.22) will be given.

Theorem 10 (Abstract convergence theorem). Let a : HY(T') x HY(T) — R be the bilinear
form defined by

a(u,v) = / Vru - Vo, u,v € Hy(T),
r

and let by, : Vi 0 X Vi, 0 — R be any symmetric bilinear form such that

w(U.V) = ) bnx (U, ViK) (3.60)
KeKy,
where, for all K € ICp, by i is a symmetric bilinear form on Vi, (K) x Vi, (K) such that
b1 (P, Vi) — aig (0", Vi) < CR2P'|, 4 lViich i Vik € Va(K),  pePi(K); (3.61)
awag (Vi Vig) < bnx(Vig, Vig) < a*ag(Vig, Vi), Vig € Va(K), (3.62)

where o, and o are independent of h and K € Ky,
IfV’h,O is the topological dual space of Vy, ¢, let F' € L=2(T) and F}, € V/h,o be linear continuous
functionals. Consider the problems

€ H}(T
u € Hy(T) (3.63)
a(u,v) = F(v) Vv e HYT)
UeV
5l (3.64)
bp(U, V) =Fp(V) VYV €V
Problem (3.64) has a unique solution and the following error estimate holds
fu =01 < € (lu—wblng +lu = ufh + Fo + Bl Fl-2ry) (3.65)
where Fy, is the smallest constant such that
IF(VY = F,(V)| < FulVi, V€V (3.66)

Proof. Existence and uniqueness for (3.64) follows from Lax-Milgram’s theorem. In fact the
bilinear form by, is

e coercive since

BV = |3 bV V)| = o 3 Jag Wi Vi) = ae 32 V2 5
(3.60) Kek, (3.62 Kek, Keky,

> C Z |V‘%,K:C’V|ih > CHVHih, V€V p;
(340) ek, (3.50)
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e continuous. In fact, since by, is symmetric and coercive (i.e. it is an inner product on
Vh,0), then it fulfils the Cauchy-Schwarz inequality. Then we have

(VW) < (0n(V, VbW, W)z < | S0 S bk (Vig, Vi) an ke (Wiger, Wiger)
(360) \ ek, Kreks

N|=

* * 1
< o | YD ap(Vik Vidag (Whe, Wie) | = o (a(VE VE)a(WE, WH))2
(3.62) KeKy, K'eky,

=V WY < V,W € Vj.
(3.40)

Hence, the discrete problem (3.64) meets the assumptions of Lax-Milgram’s theorem.

Let us now prove the error estimate (3.65). Let ur € [[xci, P1(K) be the projection of
u defined in (3.43) and let u; € Vj o be the interpolant of u defined in (3.42). From [40,
Theorem 3.3], The solution of (3.63) fulfils u € H?(I') and thus u, and u; are well-defined.
Let 6, = U — uy. It holds that

a*\é ’W Q4a ((5h,(5é) < bh(éh,éh) = bh<U 5h) - bh(uj,éh)

550) Fy(6n) — Z bn,k (ur, 0n) = F(0n) — Z (bh,K(uI — U, Op) + bh,K(Um5h))

Keky, KeKy
< Fp(dn) — Z (bh,K(UI — Un, Op) + ak(ufw(sﬁ)) +Ch? Z ’Ufr|1,1”<|5i€|1j(
(361) KeKy, KeKp,
=F(6n) — > (bh we(ur = um, 0p) + ag (up —u, 6,) + ak(uﬁfl)) (3.67)
Keky '

+CR? (Jub 3, + 1973 ) = Fu(0) = alu, of) + Ch2(Ju 1 + 154 13)

- Z (bh,K(uI — U, 0p) + af((ufr —u, 5%)) = Fj,(63) — F()
Keky

= 3 (bnrclur = um,80) + (s =, 00) ) + OB (k1 + 1663
KekKy,

By using (3.62) and (3.66) into (3.67) and the continuity of a and by, we obtain

(e — CR?)|03] <

uglig (3.68)
By using (3.40) and for h sufficiently small, (3.68) yields
(47 < C(Fn + lup — uzlny + lug — uln1)[05 | + Ch2|ug]f ;. (3.69)

By defining A = Fj,+|ub—ul|p,
(3.69) we have

CA

A
66, < 22 4 = \/C2A2 +ACR2 L2 | < ¢

1
=+ 5(CA+2VOh|ul|11) < CA+ Ol |n,.
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By recalling the definition of A and applying the triangle inequality, we get
lu— U1 < C(Fp + [u—uflr + |u—ubln1) + Chluk|n.
By applying the triangle inequality to the last term, we obtain
ju— Uy < € (Fa+ Ju = ufh + (1 R~ ullna + hlul )

The obvious stability estimate |u[y < C|F[|;_(r), where C' is the constant in the Poincaré
inequality (2.8), together with h < hg, complete the proof. O

From the abstract framework given in Theorem 10 we are now ready to derive the H(T')
error estimate between the continuous problem (2.15) and the discrete one (3.22).

Corollary 1 (H(T') error estimate). Problem (3.23) has a unique solution. Let u and U be
the the solutions of (2.16) and (3.23), respectively. Under the mesh regularity assumptions
(A1)-(A2), if f € H3(T), the following estimate holds:

fu— Ul < Ch(lula + [ f1) + Ch?|f2. (3.70)
Proof. In Theorem 10, we choose

F(v) = (f,v)o, ve€HD);
Frp(V) = (fn, V)R, V € Vyp,

with by, defined in (3.8), (3.12). Under the mesh regularity assumptions (A1)-(A2),
1. Assumption (3.61) follows from (3.10) and (3.49);
2. Assumption (3.62) follows from (3.8), (3.11) and (3.40);

3. From [40, Theorem 3.3] we have u € H%(T'). Then, Lemma 5 provides

|u—ufr]h,1+ ]u—uﬂl < Ch(|u|2 + hlul1); (3.71)

4. if f € H}(T'), the Poincaré inequality (2.8) provides

[EN -2y = Ifllo < Clflu, (3.72)

and (3.54) yields
Fn < Ch(|f[1 + h|fl2). (3.73)

By substituting (3.71)-(3.73), into the abstract error bound (3.65), we obtain
[u— Ul < Ch(lula + [ £1) + CH*(July + [ f]2)- (3.74)

By using the Poincaré inequality (2.8), the stability estimate |u|; < C|F|| -2y and (3.72)
into (3.74), the result follows.
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3.5 Implementation

In this section we will discuss how to implement the SVEM using only information on the
mesh and the nodal values of the load term f. The major differences with respect to the
planar case are:

1. construction of test problems on arbitrary surfaces, with the knowledge of the exact
solution and construction of polygonal meshes;

2. computation of local matrices (mass, stiffness and load term);

3. formulation of the discrete problem as a square, full-rank linear system which also
accounts for the zero-average condition on the solution.

3.5.1 Constructing test problems

To perform a convergence study of any numerical method for the Laplace-Beltrami equation,
it is necessary to construct some test problems, where the exact solution is known in closed
form. Constructing test problems, which is trivial in the planar case, is more involved on
curved surfaces. For a generic surface, we proceed as follows:

e Represent I' as a zero level set of a suitable function ¢ as in Definition 1;
e Compute the unit normal vector field v according to (2.1);

e Choose the exact solution u such that u is well-defined and sufficiently smooth in an
open neighbourhood of T’

e By repeatedly computing the tangential derivatives of u as in (2.5), compute the Laplace-
Beltrami of u according to (2.6), thus obtaining the right-hand side f of the Laplace-
Beltrami equation (2.13). We remark that, if I" has no boundary, then, by construction,
f is average-free on I'.

Though being merely algorithmic, this procedure can be particularly lengthy and tedious even
on rather simple surfaces, neverthless a symbolic calculus software could be used for this task.
On very special surfaces, such as spheres and cylinders, some eigenfunctions of the Laplace-
Beltrami operator are known in the literature [97]. Hence, if @ is an eigenfunction of —Ar with
eigenvalue A, a test problem is immediately obtained by choosing the load term as f = A\u.
This approach will be used in our numerical example provided in next Section 3.6 (Example
3.6.2).

Concerning the discretisation of generic surfaces for a Laplace-Beltrami equation, to the best
of the author’s knowledge, the problem of generating and refining arbitrary polygonal meshes
is an open question and no general algorithm is available. More is known on the specific case
of triangular meshes, see [31, 40, 107] and some codes are available [108, 119]. Here we suggest
a possible way of constructing polygonal meshes in the following cases:

1. On spherical surfaces: polygonal meshes can be constructed starting from arbitrary
triangulations by suitably subdiving the triangles and projecting the resulting nodes
onto I', as explained in Figure 3.2 for a single triangle. In the caption of this figure
we describe the steps required by this construction. We will apply this approach in
Example 3.6.2, see Fig. 3.5(a).
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C C
(a) Step 1 b) Step 2
(d) Step 4 e) Step 5

Figure 3.2: Algorithmic procedure, mentioned in Section 3.5.1, for the construction of polyg-
onal meshes on the sphere. (a) Given a triangular element 7', we consider the out-circle C
(which is contained in I'). (b) We consider a circle C’, concentric with C’, whose radius is
such that C’ intersect each edge of T in two distinct points. (c¢) The resulting six points are
moved, orthogonally to the plane of 7', onto I'. (d) By connecting these points, an hexagon
K is created, whose vertices are on I'. (e) New triangles are added to connect the nodes of K
with the neighboring nodes of T

2. For special surfaces, such as cylinders or tori: it is possible to trivially construct quadri-
lateral or trapezoidal meshes that significantly reduce the number of elements, on equal
number of degrees of freedom. We will consider these meshes in Section 3.6.2 (Examples
2 and 3).

3.5.2 Constructing local matrices

In this section we explain how the construction of the stiffness and mass matrices on polygonal
meshes in R? differ from the planar case. For every element K € Kj,, consider the local mass
and stiffness matrices Mg and Ag defined respectively by

MK - ( IJ() <XZ7X]>MK7 Z)j : mi7$j S nOd@S(K);

Ar = (a; ) bh. i (Xi» X)), i,j : @i, x; € nodes(K).
For all K € K}, we move K to the horizontal plane {z = 0} and we use the algorithm
described in [9] for the computation of the local matrices in the planar case.
To move K onto the horizontal plane, we proceed as follows. Let nx € N be the number of
vertices of K, let P;, i =1,...,nk be the vertices of K and let P/ = (z},4}),i=1,...,nk, be
the vertices of the transformed element. For the sake of simpleness, we fix the transformation
by enforcing that

e the first vertex P; is moved to the origin, i.e. P/ = O;
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e the second vertex P, is moved onto the z-axis, i.e y}, = 0;

e if j:=min{i = 3,...,nkg | Pi, P, and P; are not aligned}, then P; is moved onto the
positive y half-plane, i.e. y; > 0.

The vertices of the transformed element can be computed with the following rule:

P,—P)-(P,—P) )
x1 =0, x’-:( , 1=2,...,NK;
! i 12— P K
(P — P1) x (P — P,)|

[P — P ’
y; >0,  signy=sign (P~ P)x (P~ Pp)-

vi=yy =0, |y =

-(PQ—PI)X(B—Pl)), i:j+1,...,n[(,

where x denotes the cross-product. Notice that the transformed elements are used in the
computation of the local matrices, only. The numerical solution is then plotted on the original
mesh in R3.

3.5.3 Full-rank linear system associated to SVEM for the Laplace-Beltrami
equation

As pointed out in Remark 2, the Laplace-Beltrami equation must be complemented with
the zero-average condition when (i) I' has no boundary or (ii) The boundary condition are
of homogeneous Neumann type. In this subsection we explain how to write the discrete
formulation as a square, full-rank linear system that accounts for the zero-average condition
and whose dimension is minimal, i.e. equal to the number N of vertices. The implementation
of the SFEM for the Laplace-Beltrami equation discussed in Section 3.5 is a special case
of the procedure presented here. We express the numerical solution of (3.22) in the basis
{xili=1,...,N} as

N
Ux) =Y &xj(@),  @ely,
=1

with §; € R for all j =1,..., N. Problem (3.22) is then equivalent to

N
> (i )& = (froxidr,  i=1,...,N; (3.75)
=1
]N
> (L x;)mé = 0. (3.76)
j=1

Problem (3.75)-(3.76) is a rectangular (N+1)x N sparse linear system that has, from Corollary
1, a unique solution. We want to rephrase this problem as a square N x N sparse linear system.
To this end, notice that the function y := Zf\il x; fulfils x(x;) =1forall j =1,...,N and
thus, from the definition (3.5) of the virtual element space Vj, we have

N
sz(ac) =1, xzcTy. (3.77)
i=1
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We show that the sum of all equations in (3.75) vanishes. In fact, for the left hand side of
(3.75), using (3.10) and (3.77), we have that

N N

N
Zzbh Xis Xj gj th <ZX17X]>€] th1XJ Za1XJ f]—o
J=1

i=1 j=1

while for the right hand side of (3.75), from (3.21) and (3.77) we have Zfi1<fh7Xi>R =
(fn,1)r = 0. We conclude that the sum of equations (3.75) vanishes. This implies that we
can remove, for instance, the N-th equation in (3.75). System (3.75)-(3.76) is then equivalent
to the N x N system

N

Z XZ?X] é-] <fh)Xi>Rv 1= 13"°7N_ 17
v

Z 1 s Xj ng =0.

=1
Consider the stiffness matrix A, the mass matrix M, and the load term b defined by

A= (az]) —bh(XuX]) M:(mij) = <Xi>Xj>M> i,j=1,...,N;
b= (b):={fa.Xi)r, i=1,...,N.

The matrices A and M are assembled from the corresponding local matrices introduced in
the previous section. To compute the load vector b we observe that, from (3.20) and the
definition of the basis functions, it holds that

by — / for i=1,....N. (3.78)
K:x; enodes

Each integral in (3.78) is computed as follows. The nodal values of the load term f;, are
computed by

S O DS @) _ oy S (D mig)f (@)
(L D * Zz]\il Zjvzl mij

forall k=1,...,N. For every K € Kj, the integral of f; on K is given by

/th =(fmDpr= >, (elpgh@)= ) Yo omf | fulz).

i:x;€nodes(K) i:xz;€nodes(K) \ j:x;€nodes(K)

(frs D)

fu(xr) = In(f)(zr)— T

= f(zg)—

)

In conclusion, the discretisation of the Laplace-Beltrami equation (2.15) by SVEM is given
by the following sparse, square, full-rank linear algebraic system

N
=1
X (3.79)
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In matrix form, we write system (3.79) as
B¢ =c, (3.80)
where B = (b;;) € RNVY and ¢ = (cy,...,cn)!" are defined by
aij ifi=1,....N—1, j=1,...,N;

boi = d XN
" Z mnj, if i = N;
=1

b, ifi=1,...,N—1;
C; =
0 if i = N.

The matrix B in (3.80) is sparse, with only its last row being full, and unstructured. For a
general review on numerical methods for sparse linear systems we refer the reader to [116].

3.6 Applications and numerical examples

3.6.1 Mesh pasting

In this section we discuss a possible advantage of SVEM with respect to SFEM. Suppose
that ' is made up of two surfaces I'y and I'9, joining along a curve ¢, i.e. I' = T'; U’y and
I't NI’y = £. Furthermore, suppose we are given two corresponding polygonal surfaces I'y j,
I'> . We want to construct a polygonal surface I'y, by pasting I';, 1 and I', 5. Such a process
can lead to nonconforming and/or discontinuous meshes. For this reason, pasting algorithms
for standard FEMs typically need additional steps to deform the meshes and match the nodes,
see for instance [75, 122]. As illustrated below, mesh pasting becomes trivial in the framework
of the SVEM. We distinguish two cases.

Pasting along a straight line

In the first case £ is a straight line. Suppose that I'; ;, and I'y}, are triangulations that fit ¢
exactly, i.e. I'1, NT'9 5 = £. An example of pasting process is depicted in Fig. 3.3. As shown
in Fig. 3.3(b) this can lead, in general, to a nonconforming overall triangulation, that is I'y, is
composed of three quadrilaterals and two triangles in this specific example. It is well-known
that the triangular FEMs, including SFEM, are not applicable to nonconforming meshes,
since the basis functions are not well-defined in the presence of arbitrarily many vertices per

polygon.

Pasting along an arbitrary curve

The general case when £ is an arbitrary curve is more interesting. In this case it is not true
that I'1 , NI’ 5, = £. In general, only the vertices of I'y j, and I'y j, lie on ¢. Hence, I';, 1 UL}, 2
might be a discontinuous mesh, as depicted in Fig. 3.4(b).

In order to apply the SVEM in this case, we proceed as follows:

1. We sort the boundary nodes (i.e. that are on £) of I';, ;UI', 5 according to their curvilinear
abscissa;

o4



£ ¢ £

(a) Step 1 (b) Step 2

Figure 3.3: Graphical illustration of the algorithmic procedure, described in Section 3.6.1, for
pasting two meshes along a straight line. Step 1: two surfaces I'y and I's are given together
with their approximations I'; ;, and I'y ;. The elements having an edge on ¢ are depicted and
their nodes on ¢ are black-marked. Step 2: by pasting the polygonal surfaces, a nonconforming
polygonation of I' =Ty U T’y is formed, due to the presence of hanging nodes on ¢, which are
red-marked.

2. For each pair (P, R) of subsequent boundary nodes of I'y, 1 and let T be the element to
which it belongs, see Fig. 3.4(a);

3. For any boundary node @ of the other polygonal surface I';, o that is between P and R,
consider the orthogonal projection Q' of @ onto the edge PR, as shown in Fig. 3.4(b);

4. Add @’ to the element T} as a hanging node;
5. Repeat steps (2)—(4) on the boundary nodes of the other mesh I'j, o;

6. For any pair (Q,Q’) as above, enforce the virtual continuity condition U(Q) = U(Q")
on the numerical solution U.

Note that if Q@ = @Q’, then of course the continuity condition is automatically fulfilled, but a
new nonconforming element arises (see e.g. R = R’ in Fig. 3.4(b)). We remark that, when
assembling the matrices involved in the method (mass, stiffness and load term), @ and Q'
are associated to the same degree of freedom, hence virtual continuity does not affect the
size of the linear system associated to the SVEM. Once again, this procedure strongly relies
on the possibility of handling polygons with arbitrarily many vertices and hanging nodes,
where standard FEMs are not well-defined. Furthermore, we point out that our convergence
analysis in Section 3.4 does not cover this case of discontinuous meshes. However, without
giving full details, our analysis can be extended to the present case in a straightforward way.
In fact, based on interpolation estimates, it can be proven that the distance ||Q — Q’|| decays
quadratically with the meshsize (a similar result has been proven in [23] in the planar case).
In Example 3 of the following Section 3.6.2 we experimentally show that this approach to
mesh pasting does not affect the convergence rate of the method.
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(a) Step 1 (b) Step 2

Figure 3.4: Graphical illustration of the algorithmic procedure, described in Section 3.6.1,
for pasting two meshes along an arbitrary curve. (a) Step 1: two surfaces I'y and I'y are
given together with their approximations I'y 5, and I'y,. The elements having an edge on ¢
are depicted and some nodes on ¢ are black-marked. (b) Step 2: by pasting the polygonal
surfaces, a discontinuous polygonation of I' = I'y UT'g is formed. The new node @’ is obtained
by projecting @@ onto the edge PR, so that the triangle T} becomes a quadrilateral with a
hanging node, and the virtual continuity condition U(Q) = U(Q’) is enforced on the numerical
solution. The node R coincides with its projection R’ onto QS and the triangle T becomes
a quadrilateral with a hanging node.
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3.6.2 Numerical examples

In this section we will validate the theoretical findings through numerical examples.

In Example 1, a Laplace-Beltrami problem on the unit sphere, approximated with a polygonal
mesh, is used to test the convergence rate in (3.70). The example also shows the robustness
of the method with respect to “badly shaped” meshes, i.e with very tight polygons and of
very different size, thus confirming the generality of assumptions (A1)-(A2). In Example 2,
we solve the Laplace-Beltrami equation on a torus using the SVEM on trapezoidal meshes.
In Example 3, to present an example of mesh pasting along a curve, we solve the Laplace-
Beltrami equation on a cylindrical surface. We show that, even if discontinuous meshes are
used, the theoretical convergence order of the SVEM is preserved.

All the simulations in the present thesis have been carried out using MATLAB. The linear
systems have been solved with MATLAB direct solver in the “backslash” command. The
codes are available on request.

Example 1 (Sphere)

In this example we solve the Laplace-Beltrami equation

{— Aru(w,y,2) = 6ry, (v,y,2) €T (3.81)

Jru(z,y, z)do = 0.

on the unit sphere I' := S2, whose exact solution is given by u(z,y, z) = zy, (z,y,2) € I'. In
this case, the Fermi stripe of I' is U = R3\ {0}, the oriented distance function is given by
d(x) = ||| — 1, € U and the outward unit normal vector field is given by v(x) = x, ¢ € T
Hence, the representation (2.4) of the tangential gradient of a function f € C!(T') becomes

1—22 —ay -z
Vrf(e) =Vf(x) - (Vi(z) )z =| -2y 1-y* -—yz | Vf(z)
-z —yz 1= 22

for all x = (x,y, z) € I'. We solve the problem on a sequence of seven polygonal meshes, with
decreasing meshsize h, made up with triangles and hexagons whose vertices lie on I". These
polygonal meshes are constructed with an ad-hoc algorithm starting from a triangulation of
the sphere obtained with the MATLAB library DistMesh [108]. Each polygonal mesh has been
obtained by the algorithm explained in the previous Section 3.5.1. The sequence of polygonal
meshes is such that in each mesh the ratio between the number of triangles and hexagons is
approximately constant and for A — 0, this ratio tends to 12 : 1. Furthermore, the sequence
of polygonal meshes fulfils the regularity assumptions (A1)-(A2).

We test the convergence rate as follows. Let u; be the interpolant, defined in (3.42), of the
exact solution v and let §;, := u; — U. We consider the following approximations of the L?,
L>® and H! errors, respectively:

Erz2p, = (0n, 6n) 3 (3.82)
B ) 1= 5nl: 3.83

L%k PEnrgld%)s{(Fh)| hl ( )
Egxt p = bn(0n, 0n), (3.84)
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where the forms by, (-, -) and (-, -) s are defined in (3.12) and (3.16), respectively. These approx-
imations are O(h?)-accurate, see for instance [130]. The need of defining these approximate
norms and seminorms arise from the presence of the virtual basis functions that are not known
in closed form. These norms are reminiscent of the approximate L? norm used for instance in
[130, Equation 46], but also account for the fact that, in our case, the exact and the numerical
solutions are defined on different surfaces. The convergence rate in the norms and seminorms
defined in (3.82)-(3.84) is estimated by computing these errors as functions of h.

The coarsest of the polygonal meshes under consideration (meshsize h = 0.6209) is shown in
Figure 3.5(a). The numerical solution obtained on the finest mesh (meshsize h = 0.0798) is
shown in Figure 3.5(b). The convergence results are shown in Fig. 3.5(c). The convergence is
linear in H' norm and, even if the method is not designed for optimal L? and L> convergence,
it appears to be quadratic in L? norm and almost quadratic in L> norm. We remark that
the considered meshes, like the one in Fig. 3.5(a), have polygons of very different size and
shape, this means that the regularity assumptions (A1)-(A2) are quite weak and the method
is thus robust with respect to badly shaped meshes.

Example 2 (Torus)
In this example we solve the Laplace-Beltrami equation

1
— Aru(@,y,2) = 9= (2 F@2+12)7F), (0,y,2) €T
Jru(z,y, z)do = 0.

(3.85)

on the torus
7

2
2 21_7 2 _ 9
<(x +y°)2 10) + z —100}, (3.86)

whose exact solution is given by u(z,y,2) = 2z, (z,y,z) € I'. A similar example has been
considered in [33]. In this case, the Fermi stripe of I' is U = {(z,y, 2) € R3|(z,y) # (0,0) A
(22 + 9% # ﬁ)—% V z # 0)}, that is the whole space deprived of a circle and the z-axis, the

.= {(x,y,z) e R3

1
oriented distance function is given by d(x) = (((x2 + y2)1 )%+ 22> ‘— 3 xeU and

2 - 10 10°
the outward unit normal vector field is given by v(x,y,z) = ?(w,y, z) — ﬁ(x,y,()),
ri4y<)2

(z,y,z) € T'. Hence, the representation (2.4) of the tangential gradient of a function f € C*(T")
becomes

L-vi(@) —n(@)r(@) —v(@)s()

Vrf(z) = Vf(x) - (Vi(@) z)x = |-vi(z)() 1-vilx) -n@s)| Vi)
—vi(@)rs(x) —ra(x)vs(x) 1 vi(w)

for all ® € T, with v(z) = (vi(x),va(x),v3(x)) as defined above. We consider a family

of meshes defined as follows. Given m,n € N, the approximation I'j, of the torus I' is the

polytope having the following mn gridpoints as vertices

7 3 2 29 (7 3 2\ . 29w 3 | 2w
P = —+_-—cos— |Jcos—,| —+-—cos— |sin—, —sin— |,
10 10 n m 10 10 n m 10 n
foralli =1,...nand j = 1,...,m, such that a trapezoidal mesh is obtained. To test the

)

convergence, we consider a sequence of six trapezoidal meshes I‘;Lk of the type described
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(a) Polygonal approximation I'y, of the unit (b) Numerical solution obtained on T'y,
sphere I', made up of triangles and hexagons, for h = 0.0798.
with meshsize h = 0.6209.
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(c) Convergence results in the Ep2, and Eps , norms and
in the Ey1 ) seminorm defined in (3.82), (3.83) and (3.84),
respectively.

Figure 3.5: Example 1. Laplace-Beltrami problem (3.81) on the unit sphere. The example
(i) illustrates the usage of polygonal meshes on the sphere as described in Section (3.5.1),
(ii) provides a convergence test and (iii) shows the robustness of the method with respect to
meshes made of polygons with different shape and size.

59



above, obtained by increasing n = 3-2% and m = 8-2%, k = 0,...,5. The mesh Fgf)

is shown in Fig. 3.6(a), while the numerical solution obtained for & = 5 is shown in Fig.
3.6(b). For all K =0,...,5, the errors (3.82)-(3.84) are shown in Fig. 3.6(c) as functions of
h. The experimental convergence rate is quadratic in the approximate L?, L> norms and H'
seminorm. This superconvergence is due to the symmetry of the mesh and of the solution.

Example 3 (Cylinder)

In this example we solve the Laplace-Beltrami equation and we address the problem of pasting
two surfaces along a curve. We consider the cylinder

= {(z,y,2) R} |2 + 1y =1 A0 < 2 <2} (3.87)

and we split it into two parts I'; :=T'N{z <1} and 'y :=T'N{z > 1}.
We consider the following Laplace-Beltrami problem with Neumann boundary conditions

—Aru = ((10 + 72)z? — 62* — 622y? — 2) cos(7z2), (x,y,2) €T}

=0, (2,y,2) € OT; (3.88)
Jrudo =0,
whose exact solution is given by x(x,vy,2) = 22 cos(nz), (x,y,2) €T

In this case, the Fermi stripe of I' is U = {(z,y,2) € R3|(x,y) # (0,0)}, the oriented distance
function is given by d(z,y,2) = /22 +y%? — 1, (z,y,2) € U and the outward unit normal
vector field is given by v(z,y,z) = (z,y,0), (x,y,z) € I'. Hence, the representation (2.4) of
the tangential gradient of a function f € C!(I") becomes

1—22 —zy O

VFf(m) = Vf(m) - (Vf(m) ’ (xayv 0))(1’,]./, 0) = ) 1- y2 0 Vf(m),
0 0 1

for all ® = (z,y,2) € I'. We consider a family of meshes defined as follows. Let n € N. The
half cylinder I'; is approximated with 6n? equal rectangular elements having the following
6n(n + 1) gridpoints as vertices:

Pij:<cos;n7r,sin;n7r,i>, i1=1,...6n, j=0,...,n,

while the half cylinder I'y is approximated with 6n? equal rectangular elements constructed
on the following 6n(n + 1) gridpoints:
2i+1 2i+1 4

Pz'j=<cos G s = w,n+1>, i=1,...6n, j=0,...,n.

By pasting these meshes we end up with a nonconforming and discontinuous mesh I';, made
up of 12n? elements, of which 12n(n — 1) rectangles and 12n degenerate pentagons with one
hanging node each.

To test the convergence, we consider a sequence of six meshes Fglk) of the type described above,
by increasing n = 2*, k = 0,...,5. Notice that h = (’)(%) For n = 1, the nonconforming
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(a) Trapezoidal mesh F,(f) for the torus T,

with meshsize h = 0.2470.

10

10

(c) Convergence results in the Er2 j, and Ere ; norms and in the 1, semi-

-5

I‘;f), with meshsize h = 0.0314.

*

norm defined in (3.82), (3.83) and (3.84), respectively.

Figure 3.6: Ezample 2. Laplace-Beltrami problem (3.85) on the torus (3.86). The example:
(i) shows the usefulness of polygonal meshes in approximating particular surfaces as described

in Section 3.5.1 and (ii) provides a convergence test.
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mesh Fg)) is shown in Fig. 3.7(a), in which the rectangles are green and the pentagons are
orange, while the corresponding numerical solution on the finest mesh is shown in Fig. 3.7(b).

For all k =0,...,5, the errors in the norms and seminorms (3.82)-(3.84) are shown in Fig.
3.7(c) as functions of h. The experimental convergence rate is quadratic in the approximate
L? and L™ norms and superlinear in the approximate H'! seminorm.

3.7 Conclusions

We have presented a Surface Virtual Element Method (SVEM) for the numerical approxi-
mation of the Laplace-Beltrami equation on smooth surfaces, by generalising the VEM on
planar domains [8] and the SFEM [37]. The ability of the proposed method of handling non-
conforming and/or discontinuous polygonal meshes can be easily exploited in mesh pasting.
The SVEM retains the same (optimal) first-order convergence rate in H' norm exhibited by
the SFEM [37, 40] and the planar VEM [8].

In the next two chapters we present another novel variation of the SFEM: the Lumped Sur-
face Finite Element Method (LSFEM) for the numerical approximation of the semilinear heat
equation (2.10) and RDSs (2.11), respectively. Even if the LSFEM can be equally applied to
elliptic problems, we apply the LSFEM to time-dependent PDEs, only, because our analysis
of the LSFEM is mainly concerned with (i) discrete mazimum principles for the semilinear
heat equation and (ii) numerical preservation of invariant regions of RDSs.
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(a) Nonconforming polygonal approxi- (b) Numerical solution obtained on the finest

mation I‘S) of I', with meshsize h = mesh Ff).
1.4142, made up of rectangles and pen-
tagons.
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(c) Convergence results in the E;2 j, and Ere , norms and in the Ey1 j, seminorm
defined in (3.82), (3.83) and (3.84), respectively.

Figure 3.7: Ezample 3. Laplace-Beltrami problem (3.88) on the cylinder (3.87). The example
(i) illustrates the possibility of pasting two meshes along a curve, as discussed in Section 3.6.1
and (ii) provides a convergence test.
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Chapter 4

The heat equation on stationary
surfaces

4.1 Introduction

This chapter is focused on a simple class of scalar parabolic surface PDEs, the semilinear heat
equation (2.10). Our interest in the semilinear heat equation stems from the fact that (i) it
models diffusion processes on a surface [39] and (ii) it constitutes a remarkable special case
of the more general RDSs addressed in the next chapter.
An important property of the semilinear heat equation (2.10) is the mazimum principle, that
is

0 <wu(x,t) < max uo(y), (z,t) e T x [0,T], (4.1)
where T" > 0 is the final time, v : I' x [0,7] — R is the strong solution to (2.10), and
up : I' = R is the initial datum, see [18]. The maximum principle (4.1) (i) automatically
provides a stability estimate for the solution and thus (ii) can be exploited in the convergence
analysis of numerical methods. For the special case of the homogeneous heat equation on
surfaces, i.e. when § = 0 in (4.2), it is known that the maximum principle is fulfilled at the
continuous level, see [18].
The increasing interest from applications in PDEs on manifolds has stimulated the develop-
ment of several numerical methods for such PDEs, and in particular for the semilinear heat
equation (2.10). We have reviewed some of these methods in Section 2.6. Many of these
method are examples of the well-known Method of Lines (MOL) [118], i.e. the given PDE
is approximated, through space discretisation, by a system of ordinary differential equations
(ODEs). The ODE system obtained with the MOL must be then approximated through a
numerical method for ODEs. Among the applications of the MOL to parabolic PDEs on man-
ifolds -including the semilinear heat equation (2.10)- we mention the SFEM, see for instance
[39, 40], whose success is mainly related to its geometric flexibility in coping with arbitrary
surfaces.
In this chapter we present, following our recent work [56], a novel spatial and full discretisation
of (2.10) that preserve the maximum principle (4.1) under discretisation, namely our methods
fulfil discrete maximum principles. In particular:

e The spatial discretisation is obtained through a novel extension of the SFEM, the
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Lumped Surface Finite Element Method (LSFEM). The method extends to surfaces
the Lumped Finite Element Method (LFEM) analysed in [101, 126] for scalar parabolic
equations on planar domains.

e The full discretisation is obtained by discretising the ODE system arising from space
discretisation through the implicit-explicit (IMEX) Euler method, that approximates
the linear diffusion part implicitly and the nonlinear reaction part explicitly. Fully
discrete schemes based on the IMEX Euler time discretisation have beed considered in
the literature, for instance in [82, 91].

To the best of our knowledge, numerical methods for the semilinear heat equation (2.10) on
surfaces that preserve the maximum principle have not yet been investigated. This motivates
the contents of the present chapter. The main contributions of this chapter are the following;:

1. For the semilinear heat equation (2.10), we prove that the LSFEM space discretisation
and the IMEX Euler-LSFEM full discretisation preserve the invariant rectangles. A
timestep restriction depending on the Lipschitz constants of the kinetics is needed at
the fully discrete level. These preservation results require no space meshsize restriction
or modified kinetics. A numerical example on the unit sphere confirms the result for
the linear heat equation (Example 1).

2. By exploiting the discrete maximum principles, we prove optimal error bounds for the
semi- and fully discrete schemes. These results are novel in that they account for
errors arising from mass lumping and surface approximation, respectively. A numerical
example on the unit sphere confirms the result for the homogeneous heat equation
(Example 2).

The remainder of this chapter is structured as follows. In Section 4.2 we recall the semilinear
heat equation on a compact surface in its strong and weak formulations and we recall the
notion of maximum principle. In Section 4.3 we present the LSFEM space discretisation of
the semilinear weak equation, while the LSFEM-IMEX Euler full discretisation is presented in
Section 4.4. In Section 4.5 we prove the preservation of the maximum principle under spatial
and full discretisation. In Section 4.6 we prove asymptotically optimal convergence results for
the spatially and fully discrete methods. In Section 4.7 we present two numerical examples
to confirm (i) the theoretical convergence rate of the LSFEM-IMEX Euler full discretisation
of the linear heat equation on a sphere and (ii) the preservation of the maximum principle at
the fully discrete level for the homogeneous heat equation on a sphere.

4.2 The semilinear heat equation at the continuous level

Let I be a C? surface in R? without boundary and let 7' > 0 be a final time. We consider the
following semilinear heat equation

{a(w,t) — dAru(z,t) = —Bu®(z,t),  (x,t) €T x [0,T]; 42)

u(z,0) = up(x), xel.

where 8 >0, a > 1, d > 0 is a diffusion coefficient and uy € C%(T) is a smooth initial datum,
that we will omit in the remainder of this chapter.
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Remark 6 (Regularity of I'). In Sections 2.4, 2.5 and Chapter 3, devoted to the Laplace-
Beltrami equation, we had imposed the stronger assumption that I' € C3. In fact, the analysis
of the Laplace-Beltrami equation relies on the Poincaré inequality in its continuous (2.8) and
discrete (2.24) forms, which hold true when I' € C3. For the whole analysis carried out in
this chapter, which does not rely on these Poincaré inequalities, it is sufficient to require that
' € C?, such that the Laplace-Beltrami operator Ar is well-defined.

Remark 7 (Surfaces with boundary). The following arguments still hold for systems on
surfaces with boundaries, whose boundary conditions could be taken as homogeneous Neumann
type, i.e. zero conormal derivative on OI' [40]. However, we will confine the present analysis
to the case of compact surfaces without boundary to simplify the presentation.

Definition 10 (Maximum principle). Problem (4.2) is said to fulfil the maximum principle
if up(x) >0 for all x € T implies

0 <u(xz,t) < max uo(y), (z,t) €T x [0,T]. (4.3)
y€
Remark 8 (Minimum-maximum principle). The nonlinear right-hand-side of the semilinear
heat equation (4.2) is not defined for u < 0. However, for scalar PDEs that also admit negative
solutions, one can consider the following minimum-maximum principle:

min {O,minuo(y)} < u(x,t) < max {0, max uo(y)} , (z,t) e T x[0,T]. (4.4)
yel’ yel

In the remainder of this chapter we present a semi- and a full-discretisation of (4.2), introduced

in our recent work [56], that preserve the maximum principle (4.3) under discretisation.

4.3 The Lumped Surface Finite Element Method (LSFEM)

In the remainder of this chapter we utilise the same notations and definitions introduced in
Section 2.5.1 for the SFEM. The LSFEM, that discretises the weak formulation (2.36) of the
semilinear heat equation (4.2), seeks to find U € L?([0,T); V}) with U € L?([0,T7]; V}) such
that

/ Ih(U¢)+d/ vr,U-Vr,0=—0 In(U“9), Vo € Vp, (4.5)

Tp Lp Iy

where the initial condition Uy € V}, is the Lagrange interpolant of the exact initial condition
up € C?(T'), namely Uy = Iy (ug). Since {x;|j = 1,... N} is a basis for V},, we can reformulate
(4.5) as

/ Ih(UXj) + d/ VF,LU . VF;LXj =-0 Ih(Uan), j=1,...,N. (4.6)
Ty Iy I

Remark 9 (Standard finite elements). The LSFEM discretisation (4.5) is obtained by adding
the Lagrange interpolant Ij, (mass lumping) to the standard SFEM discretisation (2.39). As
we will see in the remainder of this chapter, mass lumping yields two advantages. In fact,
the simplified structure of the ODE system associated to (4.5) (i) results in a computational
advantage and (i) allows us to prove a discrete mazimum principle which does not hold in
the absence of mass lumping.
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In order to formulate (4.5) as an ODE system, we express the spatially discrete solution
U as a linear combination, with time-dependent coefficients, of the nodal basis functions
{xili=1,...,N} as follows

N
t) = Z&(t)xi(a:) (z,t) € Ty, x [0, 7). (4.7)

By plugging the expansion (4.7) into (4.6) we obtain the following ODE system

N (0%
Zgz / Ih XiXj +dZ£z / VFth VFhX] IB/F;L Iy, ((;£Z(t)xl) Xj)v (4-8)

forall j=1,...,N and t € [0,7]. From the definition (2.19) of the Lagrange basis functions
and the definition (2.20) of the Lagrange interpolant, we can swap the integral with the sum
in the right-hand-side of (4.8). Hence, (4.6) is equivalent to

Zéz / Ih XiXj +d2§z ap, XzaX] *ﬂzgz / Ip, XlX]) (4'9)

=1

forall j=1,...,N and ¢t € [0,7]. In matrix form, the ODE system (4.9) can be written as
NIE(t) + dAE(t) = —BNIEN(), e [0.T], (4.10)

where £(t) = (&1(1),...,En (1), €2(t) == (EX(t),..., &), A € RMN is the stiffness
matrix defined in (2.34) and M = (m;;) € RV is the lumped mass matriz defined by

My :z/ In(xi, xj) = {fpth ?fl,_j" ,7=1,...,N. (4.11)
1—‘h 0 lf 7 7& j?

The lumped mass matrix (4.11) is positive definite and, in contrast to the standard mass

matrix defined in (2.33), it is diagonal. Hence, the computation of its inverse M ~! is trivial.

This feature can be exploited in the implementation of the fully discrete scheme presented

in the next section and results in a computational advantage. For the maximum principle

analysis, we rewrite (4.10) as

£(t) = —dMLAE(t) — BEX(t), t e [0,7). (4.12)

4.4 Time discretisation

To carry out a fully discrete scheme, we adopt the well-known Method of Lines, i.e. we regard
the spatially discrete method as a system of ODEs, which we discretise through an ODE
solver (timestepping scheme). The timestepping scheme that we choose for our purposes in
the Implicit-Explicit (IMEX) Euler scheme, that approximates the diffusion terms implicitly
and the reaction terms explicitly.

Let 7 > 0 be the timestep. By applying the IMEX Euler timestepping to the spatially discrete
method (4.10), we obtain the fully-discrete scheme

B £n+1 £n

T

M2>——= + dAE™ = —BM(€M)?, n=0,...,Np, (4.13)
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with €% = £(0), where £(t) is defined in (4.7), and Np := L%J is the number of time steps.
Equivalently, we write the scheme (4.13) as

€ = (M +drA)"'M(€" —18(¢€M*), n=0,...,Np. (4.14)

We remark that, for 5 = 0 (for the case of the homogeneous heat equation), the timestepping
scheme collapses to the standard implicit Euler method.

4.5 Semi- and fully-discrete maximum principles

In this section we show that, under suitable assumptions on the triangulation 7, the LSFEM
space discretisation and the LSFEM-IMEX Euler full discretisation fulfil discrete maximum
principles, i.e. discrete versions of (4.3). To this end we first introduce a regularity assumption
for the triangulation on the mesh Ty.

4.5.1 Mesh regularity assumption

We now introduce a regularity assumption for the triangulation on the mesh 7; that mim-
icks the standard Delaunay condition on planar domains. We also show how this regularity
assumption affects the properties of the matrices involved in the semi- and fully-discrete
schemes.
Let e be an edge of the triangulation 7, and let T} and 75 be the triangles sharing the edge
e. Let a; and ag be the angles in 77 and T, opposite to e, respectively. For every edge e in
Tn we require that

a1 +ag <. (4.15)

This condition is represented in Fig. 4.1.

Remark 10. We remark that the construction of good quality meshes on arbitrary surfaces
is well-studied in the literature and some theoretical works in this area are available (see for
instance [31, 36, 107] and references therein). However the work in these references does not
explicitly discuss the construction of surface meshes fulfilling the Delaunay property (4.15).
To the best of our knowledge, algorithms for the construction of Delaunay triangulations on
arbitrary smooth surfaces remain an open area of research.

We provide the following result that extends to triangulated surfaces a characterization of
(4.15) given in [126] for the planar case.

Lemma 7. T, fulfils (4.15) if and only if

Proof. Let x; and x; be two distinct nodes of 7;,. If x; and x; are not neighbours, then
(Vr, Xi» Vr, x;) = 0. Otherwise, let e be the edge connecting x; and x;. Since the intersection
of the support of the pyramidal functions x; and x; is 71 UT5 (see Fig. 4.1) then we can write

(Vr,xi> Voo X5) = (Vouxi, Vrxg) + (Voxi, Vi xg)- (4.17)
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.K2

a

Figure 4.1: Schematic representation of Delaunay condition (4.15) for two triangles K and
K.

Let F1 and Fy be two linear transformations that map 77 and 75 into two triangles T 10 and
T 20 contained in the xy plane, respectively, and let J; and Jo be the Jacobians of F} and Fy,
respectively. Then, expression (4.17) can be written equivalently as

/To <J1VT10(Xi ° Ffl)) ' (JlVTP(Xj © Ffl)) det(J1)
+/To (JQVTQO (xi © FQ_I)) : <J2VT20(Xj ° F2_1)> det(Jo).

We choose Fy and F} as direct isometries, that is det(J;) = det(J2) = 1. Since Vo and Vo
both collapse to the standard gradient V in R?, the expression above becomes

. Vixio Fi')-Vi(xjoFi )+ /TO VixioFy 1) - V(xjoFyh).
1 2

It is known that (see [126]) this expression only depends on the transformed angles of = as,
ozg = ap and is given by —%, which is nonpositive if and only if a3 + ag < 7. This

completes the proof. O

Next, we proceed to state two key properties associated with the lumped mass and stiffness
matrices to be used throughout the analysis. Let 1 and 0 be the vector of ones and the
null vector in RY, respectively. As shown in [126, pages 272-273], the structure (4.16) of the
stiffness matrix A, together with the diagonal structure of the lumped mass matrix M, imply
that, for every s > 0, M + sA is an M-matrix. It then follows that

(M +sA)"*M >0, (4.18)

meaning that this matrix has nonnegative entries. If £ = 1, from (4.7) we have U(x,t) = 1
for all (z,t) € 'y, x [0,T], and thus Vr, U(x,t) vanishes, which yields A1 = 0. It therefore
follows that

(M +sA)"*M1=1. (4.19)

We will show that (4.18) and (4.19) play a crucial role in the discrete maximum principle for
the parabolic equation (4.2) and, in the next chapter, the preservation of invariant regions of
reaction-diffusion systems.
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4.5.2 Discrete maximum principles

It is known that the lumped FEM fulfils a discrete maximum principle for the homogeneous
heat equation on planar domains (see [101, 126]). The purpose of this section is to extend
this result to the semilinear heat equation on surfaces (4.2) which includes as a special case
the homogeneous heat equation on surfaces.

Theorem 11 (Maximum principle for (4.12)). Under the Delaunay condition (4.15), the
semi-discrete solution &€(t) of (4.12) fulfils the following discrete mazimum principle

0 < &(1) g%%x{g(o)}, i=1,...,N, t>0. (4.20)

Proof. Consider the auxiliary equation
&= —dM ' AE — B|¢|*sign(€), (4.21)

where €] and sign(§) are the componentwise absolute value and the componentwise sign
function of &, respectively. If p = maxpn{£€(0)}, it is sufficient to prove that the solution
of the ODE system (4.12) does not escape the set ¥ = [0, 4]V, i.e. we have to prove that,

for every ¢ > 0, the solution of (4.21) does not leave the set ¥ := [—¢,u]". To this end,
we have to prove that the vector field on the right-hand-side of (4.21), computed on every
(N — 1)-dimensional face of 3, points toward the interior of . To this end, let & be a point
on J¥. This means that there exists i = 1,..., N such that & € {—e, u}. Suppose & = u; in
the case & = —e the proof is analogous. Then

<& JFi (4.22)
All we have to prove is that & is negative. Hence, we prove that:
1. —|&|¥sign(&;) = —|u|*sign(u) < 0 from (4.22);

2. The i** component of the vector —dM ~L A€ is nonpositive. In fact, since M is a diagonal
matrix, this component is given by

N

— (AMYAE); = —dmy;" Y aié;. (4.23)
j=1

We can split the sum on the right-hand-side by isolating the a;;¢&; term:
dmg' | —aa&i+ > (—ai)§ | (4.24)
Je{L,...N}\{i}

Since a;; < 0 for ¢ # j from Lemma 7 and & < & for j # i from (4.22), expression
(4.24) is less than or equal to

N
dm;lfl —ai; + Z (—aij) = —Clmi_ilfi Z agj. (4.25)
Je{L,..N}\{d} j=1
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From the definition of A, we have

N N
—dmg; &y ag = —dmi_ilfi/ Vruxi - Vr, > Xi
j=1 Tn j=1

Since I', has no boundary, Z;V:1 xi(x) =1, x € T}, and thus

N
Vr, sz'(m) =0, x €l
j=1

By combining (4.23)-(4.27), we finally have

— (dM~A€); <0.

(4.26)

(4.27)

(4.28)

The above points 1. and 2. imply the desired result that 51 is negative. This completes the

proof.

O

The following theorem is the fully-discrete counterpart of Theorem 11. In the specific case
of the homogeneous heat equation on planar domains, the following theorem was proven in

[126].

Theorem 12 (Maximum principle for (4.14)). Under the Delaunay condition (4.15), the
fully-discrete solution €™ with initial data €° of scheme (4.14) fulfils the following mazimum

principle
0 o
ngfglﬁ%}({é}, 1=1,...,N, neN,

if the timestep T satisfies

br < (max {UO(;,)})M.

yely,

In particular, for § =0, (4.29) holds with no restriction on 7.

Proof. From the matrix properties (4.18) and (4.19) we have that, for every 7 > 0,

(M +drA)" M1 = 1;
(M +drA)~'M > o0.
Let n € NU{0}. We assume by induction that £ > 0. We have to prove that
n+1 n,
rfé‘gleE < r%%XE ;
€TL+1 > 0.
We first prove (4.33). Using (4.31) and (4.32) in the scheme (4.14), we observe that

max £ = max (M +drA)~'M (€" = 7B(£")%)

< (M +drA)~*M (1 n%%]x (&" — Tﬂ(ﬁn)a)> = lﬁ?\“{x (&" —7B(€")%).
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Hence, (4.33) holds if
max(€" — 7BE"") < max(E”). (4.30)

Since, from inductive hypothesis, £" > 0, then (4.36) holds. We are left to prove (4.34). Using
(4.32) in the scheme (4.14), (4.34) holds if

§" —1B(&")" = 0; (4.37)
Condition (4.37) holds if
l1—a
5 < min (€)') < (max(eh) (4.5)

We have proven that, for all n € NU {0}, (4.38) implies (4.33) and (4.34). From (4.33), the
most severe of the timestep restrictions in (4.38) is

< (mae(e?)) e (e (0w} - (.39

yely

which completes the proof. ]

4.6 Convergence analysis
In this section we show optimal convergence results for the semi- and full-discretisations of
the semilinear heat equation (4.2). These results are special cases of Theorems 18 and 19 in

the forthcoming Section 5.3, devoted to general reaction-diffusion systems. Hence, we omit
the proofs.

Theorem 13 (Error estimate for the semi-discrete solution (4.5)). If the analytical solution
u of (4.2) and its time derivative 1 are L°([0,T]; H*(T')) and the approzimate initial datum
Uo fulfils ||ug — Ug|lo < ch?, then the following estimate holds

lu—U*lo < C(u, T)R?, (4.40)
where C(u,T) is a constant depending on u and T.
Theorem 14 (Error estimate for the fully-discrete solution (4.14)). If the analytical solution
u of (4.2) and its time derivative 1 are L°°([0,T); H*(T")), i is L>([0,T]; L*(T")) and the
approximate initial datum Uy fulfils ||ug — U§|lo < ch?, then the following estimate holds

la" = U™ o < C(u, T) (B +7), (4.41)

where u™ is the exact solution at time t, :=nt and C(u,T) is a constant depending on u and
T.
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4.7 Numerical examples

In this section we provide numerical validation of our theoretical results and show that the
LSFEM combined with the IMEX Euler in time:

o fulfils the discrete maximum principle for the homogeneous heat equation as proven in
Theorem 12, while the standard SFEM does not;

e exhibits the optimal convergence rate predicted in Theorem 14;

The meshes for our numerical examples have been constructed by using the MATLAB package
DistMesh (see [108]). A-posteriori, we have verified that the generated meshes fulfil the
Delaunay condition (4.15). The linear systems arising at each timestep have been solved with
MATLAB direct solver in the “backslash” command.

Example 1: The homogeneous heat equation and the maximum principle

We solve the parabolic equation (4.2) for the homogeneous case 5 = 0 on the unit sphere
I’ with d = 0.1 until the final time 7" = 1 and the nonnegative compactly supported H!(T')
initial datum

V1=25(z2+42)  if 2522 +y?) <1, 2> 0;

(4.42)
0 elsewhere on TI'.

U(](ﬂl',y, Z) = {

In this case, the invariant region is X = [0, 1], then the solution must stay nonnegative at all
times. Moreover, since 8 = 0, the IMEX Euler time discretisation reduces to Implicit Euler. In
this example, as well as in the following example, the problem is solved on a sequence of eight
meshes I';, ¢ = 0,...,7 with corresponding meshsizes h; with hg = 4.013e-1 and h; ~ \/§_Zh0
for all 4 = 1,...,7 and corresponding timesteps 7; with 79 = 0.2 and 7; = 2 %1y for all
i=1,...,7 (see parameter values in Tab. 4.2). Hence, 7; is approximately proportional to h?
in order to reveal the quadratic convergence, with respect to the mesh size, of the method.
The minima of the computed numerical solution, obtained for every (h;,7;), i =0,...,7, are
reported in Table 4.1. This example confirms our findings, as the LSFEM fulfils the discrete
maximum principle, while the standard SFEM violates the maximum principle as illustrated
in Table 4.1.

Example 2: The linear heat equation and convergence

In this example we solve the parabolic equation (4.2) in the linear case & = 1 on the unit
sphere I' = {(z,y,2) € R3|2? + ¢y + 22 = 1}:

{ 1w — dAru = —Bu; (4.43)

’U,()(.%',y, Z) = TY=z, (xayaz) € Fa

with d = i and 8 = %, to test the convergence rate of the LSFEM method. The exact solution
of (4.43) is u(x,y,2,t) = xyze t, (z,y,2) € T, t > 0. We solve this problem on the same
sequence of meshes I';, ¢ = 0,...,7 and corresponding timesteps 7;, ¢ = 0,...,7 considered in
the previous example. For all ¢ = 0,...,7, 7; fulfils the stability condition given in Theorem
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1 N h min U SFEM  min U LSFEM

Ty x[7,1] Ty x[7,1]
0 126 4.013e-01 -3.454e-04 7.016e-09
1 258  2.863e-01 -4.695e-06 4.812e-12
2 516  2.026e-01 -1.299e-03 1.213e-16
3 1062 1.414e-01 -2.123e-07 2.746e-23
4 2094 1.007e-01 -7.546e-04 3.142e-32
5 4242 7.082e-02 -1.037e-05 1.816e-45
6 8370 5.041e-02 -4.163e-04 5.324e-64
7 16962 3.542e-02 -1.254e-04 3.126e-90

Table 4.1: Ezample 1: homogeneous heat equation (4.2) on the unit sphere with § = 0,
initial datum (4.42) and final time 7' = 1. Discrete maximum principle analysis on a sequence
of eight Delaunay meshes I';, ¢ = 0,...,7, and corresponding timesteps 7;, ¢ = 0,...,7 as
described in the text. The SFEM violates the discrete maximum principle for all i = 0,...,7,
while the LSFEM fulfils the discrete maximum principle for all ¢ = 0,...,7.

12. For every i = 0,...,7 the L>([0,T], L?(T})) error between the numerical solution U and
the interpolant I (u) of the exact solution is reported in Table 4.2. The lumped solution at
the final time 7" = 1 obtained on the finest mesh is shown in Figure 4.2 (left), as well as its
planar projection through spherical coordinates

T =cos¢cost, y=cospsiny, z=sin, (¢,¢)€[—7r,7r]><[

7r W}
2°21°

In this example the predicted second order convergence in space is attained. Furthermore, we

observe that, for this specific example, the lumped SFEM exhibits a better accuracy than the

standard SFEM. We believe that this phenomenon, which does not occur in general, is due
to the particular symmetry of the considered problem.

4.8 Conclusions

We have introduced a surface finite element method with mass lumping (LSFEM) for the
spatial discretisation of the semilinear heat equation (2.10) and we have carried out a fully
discrete scheme by applying the IMEX Euler method to the semi-discrete formulation. Our
spatial and full discretisations fulfil discrete maximum principles with no restriction on the
mesh size. Only a timestep restriction is required for the fully discrete maximum principle.
In the next chapter we extend the LSFEM space discretisation and the LSFEM-IMEX Euler
full discretisation to general RDSs of arbitrarily many equations. The key feature of the
proposed methods will be the preservation of invariant rectangles for such systems. For the
special case of the semilinear heat equation (2.10), the preservation of invariant rectangles
will imply the discrete maximum principles. Hence, the theory presented in the next chapter
constitutes a generalisation of the present chapter.
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Figure 4.2: Example 2: Linear heat equation (4.43) on the unit sphere with d = 2%1, 8= % and
final time 7' = 1. LSFEM solution obtained on the Delaunay mesh I'; with N = 16962 nodes,
meshsize hy; = 3.542e-2 and timestep 77 = 1.6e-3 at T' = 1 (left) and its planar projection
through spherical coordinates (right).

SFEM LSFEM

i N h L>(L?) error rate L*(L?) error rate
0 126 4.013e-01 6.100e-03 - 3.061e-03 -

1 258  2.863e-01 3.129e-03 1.977 1.846e-03 1.498
2 516  2.026e-01 1.594e-03 1.951 1.095e-03 1.510
3 1062 1.414e-01 7.899e-04 1.953 5.444e-04 1.945
4 2094 1.007e-01 3.966e-04 2.030 3.025e-04 1.731
5 4242 7.082e-02 2.013e-04 1.925 1.401e-04 2.184
6 8370 5.041e-02 1.003e-04 2.049 7.671e-05 1.773
7 16962 3.542e-02 5.063e-05 1.938 3.929e-05 2.200

Table 4.2: Ezample 2: Linear heat equation (4.43) on the unit sphere with d = i, 8 = %
and final time 7' = 1. Comparisons of the convergence analysis in L>°([0, 7], L?(T';,)) norm
between the SFEM and the LSFEM.
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Chapter 5

Reaction-cross-diffusion systems on
stationary surfaces

In recent years, there has been a remarkable increase in the theoretical analysis of mathe-
matical models of reaction-diffusion type with or without cross-diffusion, on planar domains
or surfaces. Diffusion is a process in which the gradient in the concentration of one chemical
or biological species induces a flux, either linearly or nonlinearly, of the species itself. Cross-
diffusion, instead, is the process for which the gradient in the concentration of one species
induces a flux of another species.

Reaction-diffusion systems (RDSs) have been extensively employed to model many different
processes in a wide range of fields. On planar domains, we mention applications to biol-
ogy ([51, 100, 102]), chemistry ([131]), electrochemistry ([13, 81]) and finance (e.g. [7]). On
surfaces, RDSs have been applied to the study of biological patterning ([6]), tumour growth
([19]), metal dealloying ([43]), biomembrane modeling ([45]), electrochemistry ([79]) cell motil-
ity ([46]), just to mention a few examples.

We also mention some processes that have been modelled through reaction-cross-diffusion
systems (RCDSs). For instance, in molecular biology, cross-diffusion processes appear in mul-
ticomponent systems containing at least two solute components [96, 135]. Multicomponent
systems containing nanoparticles, surfactants, polymers and other macromolecules in solution
play an important role in industrial applications and biological functions [96]. In developmen-
tal biology, recent experimental findings demonstrate that cross-diffusion can be quite signifi-
cant in generating spatial structure [132]. The effects of cross-diffusion on models for pattern
formation have been studied in many theoretical papers, such as [94]. Apart from pattern
formation in developmental biology, other applications of reaction-cross-diffusion systems in-
clude cancer motility [61], finance [7] and biofilms [113]. The introduction of cross-diffusion in
standard reaction-diffusion models has been shown to prevent blow-up phenomena that are
associated with reaction-diffusion systems in the absence of cross-diffusion [71]. It must be
noted that the concept of cross-diffusion includes well-known processes such as chemo- and
haptotaxis [61].

In this chapter we consider reaction-cross-diffusion systems (RCDSs) of arbitrarily many equa-
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tions on a compact surface of the form

ou; " .
8; — ;dijAFUj = f,-(ul, . .,ur), inI' x (O,T], (5.1)
ui(zx,0) = up(x), xel, i=1,...,7

where I is a C? surface in R without boundary, d;; are any real diffusion and cross-diffusion
coefficients such that the diffusion matrix D = (d;;) is positive definite, fi,..., f» are C2(I;R)
reaction kinetics defined on an open set I C R” and an initial condition (ug 1, ..., uq,) € C*(T')
is given.

For many RCDSs, an important property is the existence of invariant regions. From a mod-
elling point of view, it is useful to know that a given model possesses an invariant region. For
real applications, solutions for RCDSs are usually meaningful as long as they range within a
limited set of values and an invariant region could provide an a-priori bound on the analyti-
cal solution which can be helpful, for instance, when studying the convergence of numerical
methods. Sufficient conditions for a region to be invariant for a given RDS or RCDS were
given (i) in [25, 123] for RCDSs on planar domains and (ii) in [125, p. 335-353] for the case
of stationary surfaces. In the literature, preservation of invariant regions under discretisation
has been addressed in the following special cases. In the scalar case, the existence of invariant
regions corresponds to the maximum principle. On planar domains, works in this direction
cover the homogeneous heat equation [20], RD scalar equations [47, 49, 101], anisotropic RD
[87] and reaction-convection-diffusion scalar equations [88]. For RCDSs of many equations
on planar domains, the problem is addressed in [73]. The aforementioned papers consider
different spatial approximation approaches. Most of them require the discretisation to be suf-
ficiently refined, in order to preserve invariant rectangles and maximum principles. A notable
exception is the lumped finite element method (LFEM) [20, 47, 87, 88, 101].

In this chapter we present the results given in the recent works [55, 56] on RDSs and RCDSs,
respectively. These results are organised as follows. In Section 5.1 we recall the weak formu-
lation of the RCDS (5.1), we present its LSFEM space discretisation and its LSFEM-IMEX
Euler time discretisation. In Section 5.2 we prove sufficient conditions for the existence of
invariant regions of polytopal shape at the semi- and fully-discrete levels for semilinear RCDSs
of the form (5.1). In Section 5.3 we prove (i) stability estimates at the continuous, spatially
discrete and fully discrete levels and (ii) optimal asymptotic convergence rates for the spatially
discrete and the fully discrete methods. In Section 5.4 we present four numerical examples to
show:

e in the first two examples, the preservation of an invariant region for a RCDS with
Rosenzweig-MacArthur kinetics on a sphere, without and with cross-diffusion respec-
tively;

e in the third example, the convergence of the LSFEM-IMEX Euler full discretisation of
a RDS with Schnakenberg kinetics on a sphere;

e in the fourth example, the comparison with an existing method for RCDSs on surfaces
in terms of Turing pattern formation for the Schnakenberg model on a sphere.
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5.1 Reaction-cross-diffusion systems on surfaces

Let T’ be a C? surface in R? without boundary (see Remarks 6 and 7 in the previous chap-

ter). As shown in Section 2.6.1, the weak formulation of (5.1) is given by: find uy,...,u, €
L2([0,T); HY(T)) with 41, . .., 1%, € L2([0,T]; H~Y(T')) such that
r 1 r r

for all ¢,, € L2([0,T]; HY(T)) and m = 1,...,7.

5.1.1 Space discretisation

Let I'y, be a triangulation of I' as defined in Section 2.5.1 and let V; be the finite element
space defined in (2.18). We define the following LSFEM space discretisation for the weak
RCDS (5.2): find Uy,...,U, € L*([0,T); V) with Uy, ..., U, € L*([0,T]; V}) such that

,
/ I (Uniom) + > d / Vi, Uk - Vi, om= / (U om), (5.3)
Tp k=1 Tp Tp
for all ¢, € L*([0,T],V}) and m = 1,...,r, where the initial condition (Up1,...,Up,) € VI,
is the Lagrange interpolant of the initial condition (ug1,...,uo,) of the weak continuous
system (5.2). Notice that (5.2) is analogous to the SFEM spatial discretisation (2.44), but
differs for the presence of the interpolant operator I (mass lumping). By expressing each
component Uy as

N
Uk($’t) = ng,i(t)Xi(m)a S Fha te [O7T]’ (54)
=1

and choosing the test functions in (5.3) to be the nodal basis functions, we rewrite (5.3) as
follows

r N
/F h Ih(Umxj>+;dmk;£k,i /F Ve Vi = /F N, (55)

forallm =1,...,7and j = 1,...,N. If A and M are the stiffness- and the lumped mass-
matrices defined in (2.34) and (4.11), respectively, the matrix form of the LSFEM (5.5) is
given by

ME, + > dui Al = M [y, &),  m=1,...n, (5.6)
k=1

where, for all k =1,...,7r, &.(t) = (&c1(t), ..., &N ()" are the time-dependent coefficients
of the nodal expansion (5.4) of Uy in the Lagrange basis {x;|i = 1,...,N}. The system of
ordinary differential equations (ODEs) (5.6) can also be rewritten as

él El fl(glv"'vgr)
I,oM|: |+DeA|: |=I,oM : , (5.7)

é'r Er fr(gh:"’gr)
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where I, € RV is the identity matrix and ® denotes the Knonecker product, see [83]. Since,
from the properties of the Kronecker product [83], (I,@M) Y (D®A) = (I,oM ) (D®A) =
(I.D)® (M~ *A) = D® (M 'A), we end up with the following ODE system of dimension
rIN:
51 51 fl(gla"'asr)
L |=-DeM A | | + : : (5.8)
Er ér f?‘(gla"wgr)

with &, ;(0) = Upg(x;) for kK =1,...,r and i = 1,...,N. In the remainder of this chapter
we assume that the mesh I'j, meets the Delaunay property (4.15). We will show that the
characterisation, given in Lemma 7, of the Delaunay property plays a crucial role in the
existence of invariant regions of RCDSs at the discrete levels.

5.1.2 Time discretisation

As we did for the semilinear heat equation considered in the previous Chapter 4, we carry
out a fully discrete scheme by applying the IMEX Euler timestepping to the semi-discrete
scheme (5.3). If 7 > 0 is the timestep (hence, the total number of timesteps is given by
Nr := L%J) the LSFEM-IMEX Euler fully-discrete method for (5.2) is: for alln =0,..., Np,
for all p1,...,p, € Vp

UnJrl U'1 .
/Ih< 801) +Zd1k/VrUn+ -Vrpr Z/Ih(fl(Un)Sﬁl);
r r

(5.9)
Un+1 Un 1
/Ih< > +Zdrk/vFUn+ - Vrer :/Ih(fr(Un)Qor)’
r r
where the initial condition (UY,...,U?) coincides with that of the semi-discrete method
(Uo,1,-..,Upy). We will utilise formulation (5.9) for stability and convergence analysis. In

particular, the stability estimates for (5.9) will rely on an energy argument. For the imple-
mentation, we write system (5.9) as a system of rN algebraic linear equations, using the
lumped mass- and stiffness-matrices M and A:

£Tll+1 5711+Tf1(£?7a£:})
: =N, +7TD® (M tA))™! : , (5.10)
gt & +1f(&, ... 80)

to be solved at each timestep ¢, := n7 for n = 0,..., Ny. Note that scheme (5.10) can be
obtained equivalently by applying the IMEX Euler timestepping to the semi-discrete scheme
(5.8). If the solutions of (5.8) and (5.10) are a-priori confined within any (possibly unbounded)
set X contained in the domain of definition I of the kinetics and the kinetics are Lipschitz
on X, then these solutions are well-defined at all positive times. This further motivates the
study of invariant regions, addressed in the following section.

79



5.2 Invariant convex polytopes for the semi- and fully-discrete
schemes

This section focuses on investigating an interesting property of the LSFEM discretisation of
RCDSs which does not hold in the absence of lumping, that is the existence of invariant
convex polytopes. For our purposes, we recall the following definition given in [123, 125].

Definition 11. For the system (5.1), a region ¥ in the phase-space R" is said to be positively
mwvariant if, whenever the initial condition wg is in X, uw stays in X as long as it exists and
1S unique.

Let us now consider polytopal invariant regions. Let s € N, let n € R", I =1,...,s be
unit vectors and let ¢! € R, 1 = 1,...,s be real constants. Let 3 be the convex polytope in
the phase-space defined as the intersection of s half-hyperspaces:

Y={yeR |n-y<d 1=1,..., s}, (5.11)

and consider its hyperfaces X! := {y € ¥ | nl-y = '}, 1 =1,...,s. Consider the following
inward flux condition for the kinetics:

fly) -ny) <0, yext, 1=1,...,s, (5.12)
and the following compatibility condition between > and D
n! is a left eigenvector of D I=1,...,s. (5.13)

In order for the region ¥ to be invariant, (i) condition (5.12) is sufficient in the absence
of cross-diffusion when I' is a Riemannian manifold without boundary [125], while (ii) the
simultaneous conditions (5.12) and (5.13) are sufficient when I' is a k-dimensional domain in
RF, k € N [123].

We remark that, on stationary domains, some systems are known to possess an invariant
region which do not meet the strict inequalities (6.21)-(6.22). For instance, for many mass-
action laws, the positive orthant is invariant [21, 56] even though the flux of f is tangent to
this region, instead of strictly inward.

Remark 11 (Invariant regions in the absence of cross-diffusion). In the absence of cross-
diffusion, i.e. when D is diagonal, the left eigenvectors of D are the standard basis vectors
of R". Consequently, the regions fulfilling the compatibility condition (5.13) are the hyper-
rectangles of the form

2 = [[lex 74, (5.14)
k=1

where, for all k = 1,...,r, g, € RU{—o00} and 5 € RU {+o0}. We remark that hyper-
rectangles of the form (5.14) can be bounded or unbounded. Some examples of unbounded
hyper-rectangles are half-spaces, stripes and orthants.

Remark 12 (Maximum and minimum-maximum principles in terms of invariant regions).
In the case r = 1 of scalar equations, the mazimum principle (4.3) considered in the previous
chapter is equivalent to the invariance of the following family of regions:

0,M], M >0, (5.15)
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while the minimum-mazimum principle (4.4) is equivalent to the invariance of the following
family of regions:
(=M, Ms], My, My > 0. (5.16)

In the following theorems we prove that, in the presence of cross-diffusion on a compact
surface, under assumption (5.12), ¥ is an invariant region for the semi- (5.8) and fully-discrete
(5.10) systems conditionally on 7, as well.

Theorem 15 (Invariant convex polytopes for the semi-discrete system (5.8)). Let the kinetics
f be Lipschitz on the polytope ¥ in (5.11) and assume that (5.12)-(5.13) hold. Then X is an
invariant region for the semi-discrete problem (5.8).

Proof. It suffices to prove that the rN-dimensional polytope ¥ = %% is an invariant region
for the ODE system (5.8), i.e. we have to prove that the vector field on the right-hand-side
of (5.8), computed on the boundary of ¥, points toward the interior of 3. To this end, let
(&1,...,&,)" be a point on 9. This means that there exist 4 = 1,...,N and [ = 1,...,s
such that n' L= ¢. Then, n!- £ < c for j # 4, that implies

Egom <&i-nl, j#4 (5.17)

All we have to prove is that é;,i-nl is nonpositive. But since, from (5.12), f(£14,...,&4) nl <
0, it remains to prove that

3}
— | DM 'A)| : -nl <0. (5.18)
£T 0

Since n! is a left eigenvector of D (with eigenvalue A' > 0), the left-hand side of (5.18) is
equal to

3
Ao M 1A | -n!
&,

i

T r N
== —)\l Z n% (M_1A£k>i == —)\l Z n%m;l Z aijka
h=l k=1 i=1 (5.19)

N r N
I -1 l l~—1 !
=—-Amy; Z Qij Z g8k, = —Amy; Z aij(&,;-m)
k=1 j=1

j=1
= Nmit [au(€i-n)+ > ay(éynb)
JE{L,..NI\{i}

From a;; <0, i # j (Lemma 7) and (5.17), the right-hand side of (5.19) is less than or equal
to

N
N (& -nl) | —as + Z (—aig) | = =My (€. nh) Zaij~ (5.20)
Je{L,...N}\{i} j=1
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From the definition of A we have
N N
So= [ Vo v 521
j=1 n =1

Since I'j, has no boundary, E;\le xi(x) =1, ¢ € T'y, and thus

N
vr, le(a:) =0, xely. (5.22)
j=1
By combining (5.19)-(5.22), we have proven (5.18), which completes the proof. O

In order to prove the fully-discrete counterpart of Theorem 15, we need the two folliowing
original lemmas. In particular, Lemma 8 extends Lemma 15.5 in [126].

Lemma 8 (Preservation of linear constraints). Given r,N € N, let B € RNVN be a matriz
with real nonnegative eigenvalues such that bj; < 0 for i # j, let H € R™ be a (possibly
non-symmetric) positive definite matriz, let n be a left eigenvector of H with real eigenvalue
A let Cpyooy 6 €RY and let ¢ = (Cq,---,¢)" € RV If (n'” @ In)¢ > 0, then it holds
that (n'" @ In)(I,y + H® B)"'¢ > 0.

Proof._For p > 0, we consider the matrix K := pl,n — (ITN+1_LI®B) =(u—-1)I,n—H®B.
Now, A is an eigenvalue of H ® B if and only if A := 1 —1 — X is an eigenvalue of K, in fact
det(AI,y — H® B) =det((u—1—-X)I,y — H® B) = 0. Notice that

Re(\) = p— 1 —Re(N), Im(\) = —Im(X). (5.23)

Since, from the positive definiteness, the eigenvalues of H have positive real part and, by
assumption, B has real nonnegative eigenvalues, then the eigenvalues of H ® B have non-
negative real part, namely Re()\) > 0. Consequently, (5.23) implies |[Re(\)| < u — 1, which,
in combination with (5.23), yields |[A]? < (u —1)% + (Im(;\))2. It follows that, by choosing

2
b > MAX5coig(HeB) %, the spectral radius of K is less than i, then the spectral radius

of p~1K is less than 1, and thus 'K may be expressed as the sum of a geometric series.
Assume now (n'” ® I'n)¢ > 0. Then

(n'" @ In)I,x +H® B) ¢
=(n" @ In)(uly — K)7'¢ = (n" @ In)u~ (Iy — p ' K)™'¢

+oo +oo
=(n" @ I Y pIKIC =Y T I (0" @ In)((n = VI,n — H 9 BYC.
7=0 7=0

We need to prove that, for all j € N, (n"" @ Ix)((u — 1)I,y — H ® B)’¢ > 0. However, by
induction, it suffices to prove that

" @In)(u— I,y — H® B) > 0. (5.24)
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From the properties of the Kronecker product, the left-hand side in (5.24) can be rearranged
as

(u—1n" @Iy — (n"H)® (InB)|¢=[r—1)n" @Iy — \n' @ B|C. (5.25)
Claim (5.24) can now be written componentwise as
(=1 ((n" @ IN)C) > M(n'" @ B)¢);, i=1,...,N. (5.26)
We recast the left-hand side of (5.26) as

(n—1) Z Nk C,is (5.27)
k=1

and the right-hand side of (5.26) as

r r N N r r
A ne(BCi =AY me Y iy =AD b > il < Abii Y g, (5.28)
k=1 k=1 j=1 =1 k=1 k=1

where, in the inequality, we have exploited the the assumption that b;; < 0 for ¢ # j and
(n'" @ In)¢ > 0. Now it suffices to prove that the right-hand side of (5.28) is less than or
equal to (5.27) for all ¢ = 1,..., N, which is true by enforcing p > Amax;—1,_ n(bi) +1. O

Lemma 9 (Zero discrete diffusion of spatially uniform states). Let M, A, D be the lumped
mass matriz, the stiffness matrix and the diffusivity matriz introduced above, let 7 > 0 and
let v € R" be a column vector. Then (I,x + TD® (M 'A)) Y v®ly)=v® 1y.

Proof. The claim follows from A1 = 0. ]

Theorem 16 (Invariant convex polytopes for the fully-discrete scheme (5.10)). Let the ki-
netics f be Lipschitz on the polytope ¥ in (5.11) and assume that (5.12)-(5.13) hold. Then ¥
is an invariant region for the fully-discrete problem (5.10) if the timestep T fulfils

T T =

(5.29)

max
I=1,...,s

where L1,..., L, are the Lipschitz constant of the kinetics f1,..., fr, respectively.

Proof. Givenn =0,..., Ny and U™ € 3, we must ensure that U"™! € ¥, i.e., that it satisfies
n' - U <, 1=1,...,s. Since U™ is an S} function, it suffices to verify that U™*!
satisfies the inequality at the gridpoints. Using the definition of the fully-discrete scheme
(5.10) we wish to show that

n! U = (n'T @ IN)M(E" +7f7) < 1y, l=1,...s, (5.30)

where M := (I, +7D@MtA)~! and " := f(&7,...,&"). Ifv € R"issuch that n'-v = ¢,
(5.30) becomes

(PTQINME +7f) < (T oIn)(vely), 1=1,...,s, (5.31)
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By applying Lemma 9 in the Appendix to the right-hand side of (5.31), we end up with
T RINME +7f"—v@1y) <0, [=1,...,s. (5.32)
From Lemma 8 in the Appendix, it suffices to prove that
T RIN)(E +7f"—v®1y) <0, 1=1,...,s, (5.33)
but, recalling that n! - v = ¢, (5.33) is equivalent to
(T QIN)(E"+7f") <dly, 1=1,..., s (5.34)

We now observe that d'" := 1y — (ntT ® In)€" is a vector in RN such that, for all
1 =1,..., N, the i-th component dﬁ’n =cl—n! E"Z is the oriented distance between the solution
€, on the i-th nodal point and the hyperplane Yl We then rewrite (5.34) as 7(ntT @I ) f™ <
d'™™, 1 =1,...,s. Componentwise, we have rn' - I < di’”, t1=1,....,N,l=1,...,5. Now,
since U™ € X, we can upper-bound this last inequality in terms of the oriented distances

d"™ and the directional Lipschitz constant L' of the kinetics f along the outward normal n'!,
obtaining Tf)ldli’" < di’n, i=1,...,N,l=1,...,s but since L} < /3% _ (nk)2L2, the result
follows. O

Notice that, from Theorems 15 and 16, Remark 11 holds at the semi- and fully-discrete
levels, as well.

Remark 13 (Timestep restriction in the absence of cross-diffusion). In the absence of cross-
diffusion, since the eigenvectors of D are the standard basis vectors of R”, the timestep re-
striction (5.29) becomes

T<Fi=—— (5.35)

-----

5.3 Stability and error analysis

Next we prove in this section stability estimates and optimal L°°([0,T], L*(T')) error bounds
for the semi-discrete (5.8) and the fully-discrete (5.10) solutions of the RCDS (5.1) of r € N
equations. First, we proceed to recall some preliminaries and basic notations.

The lumped L? product (see for instance [60, 101, 105, 126]) defined by (U,V); :=
fl“h I,(UV), UV € L*(T'}), where I is the piecewise linear interpolant defined in Section
5.1.1, induces the norm ||U||y, := /(U,U)n, U € V},, which is equivalent to || - ||o 5, uniformly
with respect to h (see [114] for the proof):

[Ullon < [IUl[n < ClIU

0,hs UeVy,, h>0. (5.36)

In [56] we proved the following estimate for the error e, (U, V) := [ (UV — I;(UV)) in the
lumped quadrature rule (U, V), for all U € H?(T,) and V € Vp:
len (U, V)] < ch? U |2al|V [[10- (5.37)
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We remark that inequalities (5.36) and (5.37) were proven on planar triangulations in [105]
and [101], respectively. By using an affine map argument, we extended these inequalities to
triangulated surfaces. From Lemma 4 we derive the following estimate for the broken H?
norm of U.

Lemma 10 (Dominance of H2(I") norm over H%(T) norm). Ifu € H(T), thenu™" € H*(T})
and

w2 < Cllull2. (5.38)
Proof. Let K € K. Then, from (3.39)-(3.41), we have

1 1
—0 —0 —L —£
| u H%,K =|lu H(%,K +1|Vku ”%,K + || Viku ‘g,K < Cﬁ”“”afg + C*QHVRUH(QM”(

(5.39)
+P V2l g+ PR gul? e < O+ Rl .
Now, from (5.39), we have
™ 3n= > Bk < CA+h*) Y |ully z = CQ+h)[ul3. (5.40)
KeKy, (5.39) KeKp,
This completes the proof. ]

For the following proofs we need to consider, for any positive definite matrix B € R™",
the seminorms |- | and | - |g on H(I') and (H'(I'y))" respectively, defined by

U|% := / BVru: Vr,u = / B*Vru : Vr,u, we HY(D); (5.41)
r r
U|B,, = A BV, U :Vr, U = A B*Vr,U : VU, U e H\(T},), (5.42)
h h
respectively where B® := B+TB” is the symmetric part of B. It is well-known that a matrix
is positive definite if an only if its symmetric part is positive definite. Then, the eigenvalues
Ai, i =1,...,7, of B® are real and positive. It follows that
min (A)ulf < |ulp < max (\)ulf,  we (H(D)) (5.43)
=1,...7 1=1,...,T
min (AU, < [Ulp, < max (W)[U[T,, U e (H (W), (5.44)
i=1,...,7 i=1,...,7

i.e. the seminorms (5.41) and (5.42) are equivalent to |- |; and |- |1, respectively.

We employ usual energy argument techniques to carry out the following stability esti-
mates. Note that due to the existence of an invariant region, these estimates will not depend
exponentially on time since they will not rely on Gronwall’s lemma. The only requirement
is that the reaction kinetics f in (5.1) are Lipschitz locally in the invariant region and not
globally Lipschitz. We recall that, given n,m € N and any two matrices A, B € R™™, the
Frobenius inner product of A and B is defined by A: B := 37" | > a;;b;;.
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Lemma 11 (Stability estimates for the weak formulation (5.2)). If w is the solution of (5.2),
Y as in (5.11) is a bounded invariant region for (5.2), f is Lipschitz (and thus bounded) on
Y and ug € X, then the following estimates hold

T
mu>nun%+u/ IVrul2 < C (T + Juoll?) (5.45)
te[0,7] 0
T
‘/'nu|%+-sup IVrul < € (T + [ Vruol?) (5.46)
0 t€[0,T]

for all'T > 0, where C is a constant independent of T and ug.

Proof. By summing over the equations in (2.37) and choosing ¢ = u we have

1d
sap [l el = [ £ (5.47

where | - | denotes the Euclidean norm of the vector w. By combining (5.43) and (5.47) we
have

d
giluld+luf < [ £ s ul
r
Since u € ¥ at all times and f is bounded on X, we obtain
d 2 2

By integrating both sides of (5.48) over [0, T, estimate (5.45) follows.
To prove the second estimate, we sum over the equations in (2.37) and we set ¢ = 1,
thereby obtaining:

. 1d .
/]u\z—l—/DVFU:VFU</\f(u)Hu\, (5.49)
but, since f is bounded on ¥, it holds that
1 s 1 [ 1
fllal <5 [ [f)"+5 [ o <C+5 [ |al] (5.50)
r 2 Jr 2 Jr 2 Jr

Combining (5.49) and (5.50) we have
S
lullg + 3 lulp < €, (5.51)
from which, by integrating on [0, 7] we obtain
T 2 2
|l + el < 0T+ fuof, (55
By using (5.43) into (5.52), we have
T 2 2
[+l < € (7 ual).
from which estimate (5.46) immediately follows. O
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In the next lemmas we show analogous estimates for the semi- and fully-discrete problems.

Lemma 12 (Stability estimates for the semi-discrete system (5.3)). If U is the solution of
(5.3), X is a bounded invariant region for (5.3), f is Lipschitz on ¥ and Uy € X, then

T
sup U]+ [ I9rU[3 < € (T +[Uol): (5.59
t€[0,7] 0
T .
| 101+ sup [IVeUI, < € (T -+ 19500l (5:5)
0 te[0,T]

for all'T > 0, where C is a constant independent of T and Uy.

Proof. We use an energy argument as in the previous lemma and then use the equivalence
(5.36) between the norms || - || and | - ||o,n- O

Lemma 13 (Stability estimates for the fully-discrete system (5.9)). Let 7 > 0. IfU",
n=20,...,Np, is the solution of (5.9), X is a bounded invariant region for (5.9), f is Lipschitz
on'Y and U° € 2, then

O™ 5 +7 Y IV, U™ [, < CUIU lon + T); (5.55)
n=0
1 = n n m
- MU = UG, + Ve, U™ o s < CUIVR UG, + 1), (5.56)
n=0

for allm=0,...,Np and T > 0, where C is a constant independent of T and U°.

Proof. By summing over the equations in (5.9) and choosing ¢" = U™"! we have

1
(o - [ n@r o) s o, = [ nrwn o,
h h
After multiplying by 7, Cauchy-Schwarz inequality yields
[T H; + U™ p g < (U IR IO [0 + 7 £ Q)" [T s

Since U™ and U™"! € ¥ and f is Lipschitz on ¥, the last term on the right-hand side is
bounded by some constant C' > 0: [|[U" |2 + 7|U" ™ |p,, < U™ |L|U™||n + CT. Young’s
inequality yields |[U™"Y|2 + 7|U™ %), < |[U™|? + C1. We sum for n = 0,...,m to obtain

m
O™ Y + 7 Y U™ B < IU°NIE + Cme.

n=0

By using (5.36), (5.44) and m < Np, (5.55) follows immediately. Summing over the equations
in (5.9) and choosing ¢" = D(U™! —U™), since D is constant and positive definite we have

1
;HU”“ —U"|; + 1DV, UG, — DV, U™ . DV, U™
Ty

<C | L(fU™:DU™ -UM).
Ty,
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The Cauchy-Schwarz inequality yields

1 n n n
—[Umt = UM+ 1DV, UG,
< DVe, U o u| DV, U o + ClEOMn DO =T

Since f is Lipschitz -and thus bounded- on ¥, say maxsy, |f| = C, we can bound the last term
on the right-hand side as follows:

1
—[U™ = UM + 1DV, UG < (IDVE, U™ o s DVE, U op + CIIU™ = U -

Young’s inequality yields
1
—[Umt = U + 1DV, U™ G,
1 1
<5 (IDVR, U5 + 1DVR, UG 5) + Cr + EIIU”+1 ~U"|;-
Rearranging terms and multiplying by 2 we have
1
—[Umt = U + 1DV, UG < 1DV, U™ G, + Cr (5.57)

By summing (5.57) for n =0, ..., m we have

1 m
— 2 U = U { + IV, U, < DV, UG, + Cmr.

n=0

Now, since D is positive definite, by using (5.36) and m < Np, (5.56) finally follows. O

In what follows, we adopt the surface Ritz projection considered in [34, 44] to prove the
convergence of the semi- and fully-discrete methods.

Definition 12 (f{itz projection). Given u : [0,T] — HY(T), the Ritz projection of u is the
unique function U : [0,T] — V}, such that

VFhU -Vr,p = / Vru - VI‘QOZ and / U= / U Yo € V. (5.58)
IV r Iy r

It must be observed that this definition is different from the one considered in [41, 89]. The
following error estimates for the Ritz projection can be found in [34, 44].

Theorem 17 (Error estimates for the Ritz projection). Given u : [0,T] — H?(T') such that
w:[0,T] — H?(T'), the error in the Ritz projection satisfies the following bounds
lu = T*llo + Rl Vr(u =T lo < CR?|lul)2; (5.59)
I = U*lo + Rl Vr(@ = U)o < CB? (Jlull2 + [1ll2) - (5.60)
From here onwards, we will denote by U the componentwise Ritz projection of a given vector
function w. This entails that the estimates (5.59)-(5.60) still hold in their respective tensor
product norms.

In the following theorems, extracted from [55], we prove asymptotically optimal error bounds
for the LSFEM space discretisation and for the LSFEM-IMEX Euler full discretisation.
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Theorem 18 (Error estimate for the semi-discrete solution (5.3)). Assume that ¥ is an
invariant region for (5.2) and (5.3), that f € C*(X) and that wy,Uqy € X. If the solution u
of (5.2) and its time derivative @ are L>([0,T]; H*(T")) and ||ug — Ub|lo < Ch?, then the
following estimate holds

lu—Ullo < Clu, TR,
where C(u,T) is a constant depending on w and T
Proof. Following [56, Theorem 7], let us write the error as U* —u = (U* — Ug) + (UE —u) =

6° + p’. Since u and @ are L°([0,T], H*(I)), from the error estimates (5.59)-(5.60) for the
Ritz projection and (3.39)-(3.40) we have that

lpllon < Cllp “llo = CIIU * — ullo < Ch*||ulls; (5.61)
Ipllos + 21V, pllon < Ch2 (|ullz + [|i]l2) - (5.62)

It remains to show the convergence for 8¢. For the sake of simplicity, we derive an estimate for
6 in the norm || - ||, and then we will use (3.39) and (5.36) to estimate ||@¢|p. In the weak and
semi-discrete formulations (5.2) and (5.3) we choose the same test functions ¢,,, m =1,...,r,
under lifting. By subtracting these two formulations and summing over m = 1,...,r, we have

(/u 7 —/FhIh(U:cp)> + </FDvFu:vF<pf— FhDVFhU:Vrhcp>
~([#w: o[ i) ).

Using (3.37) and (5.58) we rearrange the three terms between brackets in (5.63) as follows

1) /Fuchf—/FhIh(U:so)
:/F(l%)u;¢féhp:¢+eh<ﬁ,¢>/Fhmé:so);

/ DVru: VFQDZ — DV, U :Vr, e
r I

(5.63)

= DVFhU Vrhcp DVFhU Vrh(p = — DVFhe : Vrhip;

IV
/f so—/fh /f so—/f—“ ot [ e
SRR /F (@) - ) )

= [ (1= 5 ) s s as g [ e - s )
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By using these relations in (5.63) we obtain

[ m@:e)+ [ DV Vre= [ B((FO) - flu ) i)
'y T'n 'y

et )= [ (1= 5 ) s = [ ore (564

h

= 1
—i—sh(U,cp)+/ (1—£>u;¢é.
r (5h

In (5.64) we choose ¢ = 0. For the first term of (5.64) we observe that

. 1d
Ih(0:0) = =— 0|7 :
| @0 = gleli (5.65)

We estimate the single terms on the right-hand side of (5.64) in turn. By using the Cauchy-
Schwarz inequality, the Lipschitz continuity of f, the definition of 0, (3.39), (5.36) and (5.61),
we have that

Azmq&n—ﬂwﬂwoﬂsaw>u4mwm
< C(lpllo + 181 18]l = CCw)(B + 1811161

(5.66)

By using the estimate (5.37) for ey, (5.38), the regularity assumptions w € L°°([0, T], H*(T))

and f € C%(X), and by applying the chain rule to the composite function f(u) it follows that
len(f(u™),0)] < CR2| f(u™")2nllOlln < CR?|| f(u)]2]6
< CR?| flle2(yllull2l6llr < Ch?[6]]1,5-

L (5.67)

Since f is Lipschitz over the compact region X, then f € L°°(X). Hence, by using the
Cauchy-Schwarz inequality, (3.39) and the geometric estimate (3.31) we have

/F(l—;i)f(u):eﬁ <

From the Cauchy-Schwarz inequality, the error estimate (5.62) for p and (3.39) we have

1

== IF@llolle’lo < chle
h

0h- (5.68)

|

o0

[ #:6| < Cloloalolos < 6o (5.69)
IV

From the estimate (5.37) for &5, the estimate (5.62) for p, (3.39),(3.40), the triangle inequality
and U, 0 € V;, we have
en(U,0)] < Ch2|Ull1u]10]l1n < CH? (Hb\ll,h + Hu*glh,h) 18]

: | 2 (5.70)
< Ch* (C(u)h + Cl|a|1) [|0]|1,n < C(u)h”||0]]1 4.

The Cauchy-Schwarz inequality, (3.39), the geometric estimate (3.31) and the stability bound

(5.45) yield
1Y . .
[ (15 )ue alol8llon < C)R210on. (5.71)
h

T

YA
Ol oo

90



Combining (5.64)—(5.71), using (3.39), (3.40), (5.36) and (5.44), we have

1d

5 7 1017 + IV, 0I5, < C(w) (b + 110]1n) 011, < Cu,m) (b + [6II5) + ml 6] 1,

where m = min(eig(D?)). Canceling mHVphOHah on both sides and using (5.36), we have
that £(0]? < C(u)h* + C(u)||0]|7. Using Grénwall’s lemma, the assumption 105]l0 < Ch?,
(5.36) and (3.39), we obtain [|8°(|2 < C(u, T)h*, which yields the desired result. O

Similarly to the approach employed in [101] and [82], one obtains the following L°°([0, T], L?(T"))
error estimate for the fully-discrete solution (5.9) as follows.

Theorem 19 (Error estimate for the fully-discrete solution (5.9)). Assume that ¥ is an
invariant region for (5.2) and (5.9), f € C3(X) and uo, Uy € . If the solution u of (5.2)
and its time derwvative @ are L>® ([0, T]; H*(T')), it is L>([0, T]; L*(I")) and ||uo —U§|lo < ch?,
then the following estimate holds

|u™ — U"|o < C(u,T)(h®+7), n=0,...,Np,

where u™ is the exact solution at time t, := nt and C(u,T) is a constant depending on u
and T.

Proof. Following [56, Theorem 8], let us write the error as U™ —u" = (U™ — Ue’n) + (l_fg’n -
u™) =: 05" + p®" and the discrete time derivative of any function ¢ : I';, x [0,7] — R” as
= n n—1
9" = =" Since u and @ are L([0,T], H*(I)), from (3.39), (3.40), (5.59) and (5.60),
we have that
lp™ o < Cllp*"llo = CIIT" — u"llo < ch?|u”l2; (5.72)
1p™ o + R Vr, 2" log < ch® (a2 + || |2)- (5.73)

It remains to show the convergence for 8%". To this end, we derive an estimate for 8" in the
L*(I') norm and then use (3.39) and (5.36) to estimate ||@“"||o. The continuous problem
(5.2) and the fully-discrete formulation (5.9), the definition of Ritz projection (5.58), and the
relation (3.37), imply that

/ 1,(00" : ")+ | DVr,0" : Vr, " = —ep(f(u™t"71), ")
Ty I

-/ (1 - 51;;) far et [ (O = ) ) .

4 / (P — Fum) : " — [ 3p": " + en (30", ")
r Iy

_ 1
—/ (D — d)u=bn : on +/ <1 - 5@) a b,
Ty r h

In (5.74) we choose ™ = 6". For the first term in (5.74) we observe that, from Young’s
inequality,

39N n 1 n n—
[ 1607 = 5 -lev 6 . (5.75)
Ty, T
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We estimate the single terms on the right-hand side of (5.74) in turn. From the Cauchy-
Schwarz inequality, the Lipschitz continuity of f, the definition of 8", (5.36) and (5.72), it
follows that

/F L@ = fu™"1) 0" < OIIU™ ™ — a5 4107

(5.76)
<C(lp" Mo + 10" )16 In < C(w)(h* + (16" H11)116™]]1-
From the estimate (5.37) for &}, and (5.38), we obtain that
en (a1, 0%)] < O£ o 10" 5o

< CR||F(u" ) I2010" 11 < CR2|| Fllez(sy 1w 12]10" ([ < CR?(16" |11,

where we have exploited the regularity assumptions f € C?(X) and uw € L®([0,T], H*(T)).
Since f is Lipschitz over the compact region ¥ then f € L°°(X). This fact, together with
Cauchy-Schwarz inequality, (3.39) and the geometric estimate (3.31), yields

1 n—1\ . pfn 1
/F<1—5£>f(u ): 0" <

60
h oo
The Cauchy-Schwarz inequality yields, together with (3.39) and the stability estimate (5.46),

£ (" llo,ll€0"(lo < CR*[[6™lop-  (5.78)

'1_

tn
[ = g 07| < = w07 = ‘ [ 16l
t it lo (5.79)
< \\9”!\0,h/t [@llo < Tllll Lo o,79,2(r)) 16" lo,p = C(w) (16" [[o,p-
n—1
The Cauchy-Schwarz inequality and the estimate (5.73) for p yield
A1 n c o : n
oo 0| < e T Y
'y tp—1 0,h (580)

C o
<Z18Mon [ |
T tn—1

From the estimate (5.37) for €5, the estimate (5.73) for p, the equivalences (3.39), (3.40), the
triangle inequality and OU™, 8" € V}, we obtain
in
/tn 1

< CP2||U || oo o110, 112 (o) 10" 110 (5.81)

8" llon < C(w)h?(|6"lon-

C’h2

[n(0U™,0M)] < CH* 00" ||1,4]16" 1,

SChQ(Hp”LOO([O,T},Hl(Fh))'f‘Hﬂ_Z||L°°([0,T},H1(F;L)))HanHl,h
< CR* (C(wh + Ol oo o,01,1 (0)) 1107 1.0 < C(w)B?(|07 1 - (5.82)
The Cauchy-Schwarz inequality and (3.39) give rise to the following inequalities

tn
<Cll(9 - ) ”Ho||0”||0h<*|\9”||0h [[a(t) — @(tn)[lodt

tn—1

tn n
/ ()| dsdt < Crliil] o go.21.220 10" oA =C @) [0" o, (5.83)

(5 at) En.on
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where we have exploited the assumption that @ € L°°([0,T], L*(T')). The Cauchy-Schwarz
inequality, (3.39), the geometric estimate (3.31) and the stability bound (5.45) yield

/ <1 — 1€> a” ;b
T 5h

Combining (5.74)-(5.84), using (5.36), (5.44) and Young’s inequality we get

|

1 e n n
— 57| " Mloll€ o < C(u)h?[10"[|o- (5.84)
h

o0

1 n n— 3 n— n
o (16711 = 10" HIR) + ml|Vr, 075, < Cw) (A% + 7+ 107 |n) 10" 1,1

(5.85)
< Clu,m) (W + 72+ (16"77) +ml|6™7 1,

where m = min(eig(D?)), from which, canceling ||Vr,8"(|o,, on both sides of (5.85), and
using (5.36), we have that

10715 < (1 + C(u)n)|0" |7 + Clu)T(h* + 72). (5.86)
By recursively applying (5.86), taking into account the assumption that [|°|y < Ch2, and

then using (3.39) and (5.36), we obtain [|§°"||2 < C(u)(h* 4 72), which yields the desired
result. O

In summary, the previous theorems entail that our semi- and fully-discrete schemes exhibit
optimal convergence rates that are quadratic in the mesh size and linear in the timestep.
5.4 Numerical examples

In this section we provide numerical validation of our theoretical results and show that the
LSFEM combined with the IMEX Euler in time:

e preserves the invariant rectangles of RDSs, while the standard SFEM does not (see
Example 1);

e preserves the invariant polytopes of RCDSs, while the standard SFEM does not (see
Example 2);

e exhibits the optimal convergence rate predicted in Theorem 14 (see Example 3);

e the LSFEM can be applied for the approximation of Turing patterns on surfaces, in
good agreement with the results obtained with another method in [62] (see Example 4);

The meshes for our numerical examples have been constructed by using the MATLAB package
DistMesh (see [108]). A-posteriori, we have verified that the generated meshes fulfil the
Delaunay condition (4.15). The linear systems arising at each timestep have been solved with
MATLAB direct solver in the “backslash” command.
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Example 1: preservation of an invariant rectangle of a RDS

In this example we consider the reaction-diffusion system with Rosenzweig-MacArthur kinetics

(see [60, 65])

ut—dlApu:au(l—u)—bu+a, (5.87)

— dv,

vy — do ATV = ¢
U+ o

where «, a, b, ¢ and d are positive constants. The surface considered is the Dupin ring cyclide

261 2 V30\ 361
[:= (w,y,Z)€R3:<:c2+y2+z2+m) —4<2x—> —2—51/2:0 . (5.88)

(see [59]). This system has been numerically solved in [60] on a planar domain with LFEM in
combination with an implicit Euler time discretisation. However, since the theory developed
in [60] addresses a problem on domains of more general dimension (n < 3) there is no discrete
maximum principle and the authors consider modified kinetics to ensure the positivity of the
numerical solution. The present example shows that, on two dimensional manifolds, lumping
guarantees the preservation of the invariant region without the need of modifying the kinetics.
When c=dand 0 < a < % for every 0 < & < 1 — 24/a, the rectangle
2= (o1 %[0, 57

5 (5.89)

is an invariant region for (5.87), see for instance the analysis in [65]. An easy way to see this
is to observe that, for every €, & > 0, the rectangle

ean ao
¥y i= 1 -, —=
1 [5, + b ]x[ g, 2b]

fulfils condition (5.12). Since the intersection of invariant regions is still invariant, hence ¥ is
invariant for (5.87). The H'(T') initial datum

— — v T )
UO(x,y,z):{E+(1 €)m if y* < 0.16;

0 elsewhere on I
ac

27ba (CE,y,Z) EF,

Vo (:Ea Y, Z) =
is contained in the invariant region 3. Furthermore, for 0 < o < 1, it is easy to verify that,

in ¥, the Lipschitz constants L; and Lo of the kinetics in (5.87) fulfil

200 2

b d
L1<\/§<3a+>, and L2<\/§<20a+>.

In the following we choose € = 1le-7 while, for the diffusion coefficients and reaction parameters
we set

di = dy = le-2, a = le-3, a = 10, b= 1le-2, c=d=1. (5.90)
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With these settings the invariant region (5.89) becomes

1
Y =[le-7,1] x [0, 2} ) (5.91)
and the stability condition (5.35) on the timestep is fulfilled if we choose
1
< T = ~ 1.4e-3. (5.92)
Vemax{(3a+3). (55 +9)}
We thus solve the problem on a sequence of seven spatial meshes I';, ¢ = 0,...,6 with cor-

responding meshsizes h; with hg = 1.190 and h; ~ V2 'hg for alli = 1,...,6, with a fixed
timestep 7 = le-3 and final time 7' = 5. In Tables 5.1-5.2 we show the minima and the
maxima of the components of the computed numerical solution: we observe that the LSFEM
solution preserves 3., whilst the SFEM one blows-up on all meshes. In Figure 5.1 we show, for
the v component, the SFEM (left) and LSFEM (right) solutions, computed on mesh i = 6, at
the time ¢ := 0.4770 in which the SFEM solution attains its absolute minimum (—5.529). In
Figure 5.1 we set the bounds of the colormap to the endpoints of the invariant region ([0, 0.5])
to highlight the points on the surface in which the SFEM solution violates the region.

0.5 0.5
0.4 0.4
1l 0.3 . 0.3
z 0- Z 0
a4 0.2 1 102
e \ e
2 0.1 2 . 0 0.1
0 e
2
0 y o X 0

Figure 5.1: Ezample 1: Rosenzweig-MacArthur RDS (5.87) on the Dupin ring cyclide (5.88)
with diffusion coefficients and reaction parameters as in (5.90) and final time 7" = 5. Com-
ponent v of the numerical solution obtained by SFEM (left) and LSFEM (right) on a mesh
with N = 15552 gridpoints, meshsize h = 0.1531, at the time ¢ = 0.477. The bounds of the
colormap are set to [0,0.5] to highlight the areas in which the SFEM solution violates the
invariant region (5.91).

Example 2: preservation of an invariant parallelogram of a RCDS

In this example we consider the RCD system with non-dimensional Rosenzweig-MacArthur
kinetics [60, 65] and linear cross-diffusion given by

Ut — dyy Aru — dypy Arv = au(l —u) — buﬁf’a; (5.93)
Ut — dpu ArU — dyp Arv = ¢ — dv, '

utfa

on the unit sphere I', where «, a, b, ¢ and d are positive constants.
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i N h min U max min V max V
Ty x[7,5] 'y x[7,5] Ty x[7,5] Ty x[7,5]
0 242  1.190e4+00 -2.199e+173 1.670e4+169 -1.157e-01  5.159e-01
1 486 8.537e-01  -1.654e+161 2.663e+157 -1.629e+00 7.239e-01
2 986 5.898e-01 -2.788e+254 5.341e+4+250 -5.002e-01  2.170e+00
3 1950 4.273e-01 -4.164e+174 7.136e+170 -2.448¢+00 3.394e-+00
4 3866 3.011e-01 -5.784e+215 8.624e+211 -2.816e+00 7.301e+00
5 7766 2.114e-01 -1.961e+158 5.002e+154 -2.472e+01 2.114e+01
6 15552 1.531e-01 -2.891e+178 1.688e+175 -5.529e+401 1.085e+01

Table 5.1: Example 1: Rosenzweig-MacArthur RDS (5.87) on the Dupin ring cyclide (5.88)
with diffusion coefficients and reaction parameters as in (5.90) and final time 7' = 5. Invariance
analysis for the SFEM solution: the solution blows up on all meshes, hence the SFEM does
not preserve the bounded invariant region (5.91).

max V
Fh X [7',5]

min V
l—‘h. X [7-75]

max U
l—‘h X [7-75]

3 min U
1_‘h, X [7—75]

1.005e-07
1.005e-07
1.005e-07
1.005e-07
1.005e-07
1.005e-07
1.005e-07

ST W N~ O

0.999919049314999
0.999859791592458
0.999928903829794
0.999882762800890
0.999929620790774
0.999932927703920
0.999934143729114

0.140403459482026
0.140314932710790
0.140311706814337
0.140311624718897
0.140311624053878
0.140311624044096
0.140311624043996

0.499999499006500
0.499999500147031
0.499999500464241
0.499999500411808
0.499999500465688
0.499999500467816
0.499999500468662

Table 5.2: Example 1: Rosenzweig-MacArthur RDS (5.87) on the Dupin ring cyclide (5.88)
with diffusion coefficients and reaction parameters as in (5.90) and final time 7' = 5. Invariance
analysis for LSFEM: the numerical solution stays in the invariant rectangle (5.91) for all
meshes. The minima of U coincide up to machine precision.

In the absence of cross-diffusion, this model has been solved in [60] on a planar domain.
To the best of the authors’ knowledge, until now there is no discussion about the existence
of an invariant region at the discrete level. In the present example we show that the IMEX-
LSFEM full discretisation of system (5.93) possesses an invariant parallelogram in the presence
of linear cross-diffusion with no modifications of the kinetics. For the reaction kinetics, we
choose the following parameters

a=1e3, a=10, b=1e-2, c=1, d=2.2. (5.94)
For the diffusion coefficients, we choose
dyy  duw\ _ [6e-2 0
<dvu dm,> o (16—2 1.26—1> ’ (5.95)
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It is possible to verify that the parallelogram Y. defined by

¥ = {(u,v) € R? | oy(u,v) >0, I =1,...,4}, (5.96)
where the affine functions g;, [ = 1,...,4 are given by
o1(u,v) =u—c¢g; (5.97)
o9(u,v) = 6 — 5a + /(6 — 5a)? + 24a(6 — ) — 12u; (5.98)
o3(u,v) =u+6v —¢; (5.99)
o4(u,v) =34+¢e —u— 6o, (5.100)

with € = le-7, is an invariant region for system (5.93). ¥ is depicted in Fig. 5.2. The

v

Figure 5.2: Ezxample 2: Rosenzweig-MacArthur RCDS (5.93) on the unit sphere, with reaction
parameters and diffusion coefficients as defined in (5.94) and (5.95), respectively. Pictorial
representation of the invariant parallelogram ¥ defined in (5.96). The edges are represented
as the zero-level sets of the functions oy, i = 1,...,4 defined in (5.97)-(5.100), in which we
set € = le-7. The slope of the slanting edges is —%. The corner P lies on the nullcline P of
the kinetic for u.

invariance of ¥ means that o;, [ = 1,...,4, defined above, are positive for all times after
discretisation. The H'(T) initial datum

wo(@,y, 2) = e+ (1—e¢) 1—7x2:5y2 if 22 +y? <r? z>0; (5.101)
e € elsewhere on I
vo(®,y, 2) = % (z,y,2) €T, (5.102)
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N h minr, x (751 01(U)  minp, -5 02(U)  minp, x7 503U, V) minp, (-5 04(U, V)

0 126 4.013e-01 -7.503e+-271 -4.733e+269 -7.460e+271 -7.730e+-268
1 258 2.863e-01 -1.538e+305 -1.935e+303 -1.521e+305 -3.086e+302
2 516 2.026e-01 -1.871e-02 2.198e-02 -4.275e+00 -1.707e+00
3 1062 1.414e-01 -1.704e-02 -1.901e-01 -2.756e-01 -1.588e+00
4 2094 1.007e-01 -1.424e-02 2.198e-02 -8.777e+00 1.613e-02

5 4242 7.082e-02 -1.288e-02 2.198e-02 1.553e-01 -5.531e+00
6 8370 5.041e-02 -9.164e-03 2.198e-02 1.553e-01 -2.390e+00
7 16962  3.542e-02 -6.391e-03 2.198e-02 1.553e-01 7.946e-03

Table 5.3: Example 2: Rosenzweig-MacArthur RCDS (5.93) on the unit sphere, with reaction
parameters and diffusion coefficients as defined in (5.94) and (5.95), respectively, with final
time T' = 5. Invariance analysis for the SFEM solution. By solving the problem on a sequence
of eight meshes I';, ¢ = 0, ..., 7 with fixed timestep 7 = 1e-3, the solution blows up on the five
coarsest meshes. On the three finest meshes the numerical solution stays bounded, though
still violating the invariant parallelogram ¥ defined in (5.96) and depicted in Fig. 5.2.

with r = 0.2, is contained in the invariant region ¥. It is easy to verify that, on X, the
Lipschitz constants L; and Ls of the kinetics in (5.93) satisfy

- b - d
Li<Li=v2(3a+—) ~49.4975, and Lo < Ly := V2 [ = + &) ~ 708.6624.
2a 200 2
The stability condition (5.29) on the timestep is fulfilled if we choose
1
T<T:= ~ 1.43e-3. (5.103)

max (El, JEE ggig)
We solve the problem with a fixed timestep 7 = le-3 until the final time 7" = 5, on a sequence
of eight meshes I';, ¢ = 0,...,7 with decreasing meshsizes h; ~ %, ho = 4.013e-1, so that,
for all t = 0,...,6, the number of nodal points of I';41 is approximately double that of I';. For
alli=0,...,7, the minima of ;, [ = 1, ..., 4, defined above are shown in Table 5.3 for SFEM
and in Table 5.4 for LSFEM. We observe that the LSFEM solution is in ¥ at all times, whilst
the SFEM solution without lumping escapes 3 on all considered meshes. Furthermore, the
SFEM exhibits a stability threshold: the numerical solution blows up on meshes I';, i = 0, 1,
while it appears to stay bounded on the finer meshes I';, ¢ = 2,...,7. It is worth noting that
the timestep restriction (5.103) is only a sufficient condition for the IMEX-LSFEM scheme to
possess an invariant region. In fact, we have carried out the above invariance test with larger
timesteps and we have observed that the IMEX-LSFEM admits 3 as an invariant region on
all meshes I'; also for larger values of 7, that is 1le-3 < 7 < le-1, while for 7 = 0.2, the method
violates X on all meshes I';.

Example 3: RDS and convergence

In this example, we test the convergence rate of the method on the unit sphere I' for the
well-studied activator-depleted substrate kinetics (see [63, 100, 110, 120]) with an additional
forcing term:

{ut_dlAFu:a—u-f-UQU‘f‘fl(xvyaZ’t); (5.104)

Vt — dQAFU =b- UZU + f2(x73/7 th)a
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N h minr, x (7,51 01(U)  minp, (-5 02(U)  mingp, «[7 503U, V)  minp, (-5 04(U, V)

0 126 4.013e-01 6.667e-10 2.198e-02 1.619e-01 2.033e-02
1 258 2.863e-01 6.667e-10 2.198e-02 1.568e-01 7.509e-02
2 516 2.026e-01 6.667e-10 2.198e-02 1.556e-01 1.158e-01
3 1062 1.414e-01 6.667e-10 2.198e-02 1.553e-01 8.724e-03
4 2094 1.007e-01 6.667e-10 2.198e-02 1.553e-01 1.496e-02
5 4242 7.082e-02 6.667e-10 2.198e-02 1.553e-01 8.220e-03
6 8370  5.041e-02 6.667e-10 2.198e-02 1.553e-01 1.326e-02
7 16962  3.542e-02 6.667e-10 2.198e-02 1.553e-01 8.201e-03

Table 5.4: Example 2: Rosenzweig-MacArthur RCDS (5.93) on the unit sphere, with reaction
parameters and diffusion coefficients as defined in (5.94) and (5.95), respectively, with final
time T = 5. Invariance analysis for the LSFEM solution. By solving the problem on a
sequence of eight meshes I';, ¢ = 0,...,7 with fixed timestep 7 = 1le-3, the solution stays
in the invariant parallelogram ¥ defined in (5.96) and depicted in Fig. 5.2 on all considered
meshes.

where the functions fi(x,t) and fa(x,t) are chosen in such a way that the exact solution is
known at all times. Although this example is beyond the scope of the present work, due to
the space and time dependence of the reaction terms, we include it merely as a numerical
test. For the reaction parameters and the diffusion coefficients, we choose

a=1, b=1, dlzé, dgzé. (5.105)
Moreover, we choose the following forcing terms
fi(z,y, z,t) = zye (1 + 22y2e™2t) — 1, folz,y, z,t) = —23y3ze ™t — 1; (5.106)
and the following initial condition
uo(z,y,2) = xy, vo(z,y,2) = —xyz, (z,y,2) €T} (5.107)

such that the exact solution is given by
u(z,y, z,t) = xye v(z,y,2,t) = —zyze ", (z,y,2) €T, t>0. (5.108)

We solve the problem on the same sequence of meshes and timesteps considered in Example
1, with final time T' = 1, for both the SFEM and the LSFEM, where the contributions due to
the forcing terms fj, k = 1,2 are approximated with the standard and the lumped quadrature
rule given by

/[h(fk>Xi7 and /Ih(kai), i=1,..., N,
'y Ty

respectively. We observe that the standard quadrature rule is exact for piecewise linear
functions, whilst the lumped one is only exact when the product of the functions is piecewise
linear. For this reason, the LSFEM is expected to produce larger errors than the SFEM.
The L? errors and experimental convergence rates are plotted in Figure 5.3 together with
the LSFEM solution obtained on the finest mesh at the final time T = 1. As expected,
the LSFEM exhibits slightly larger errors than the SFEM. Nonetheless, they have the same
convergence rate, in agreement with our theoretical findings.
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Figure 5.3: Example 3: RDS with activator-depleted kinetics (5.104) on the unit sphere with
reaction parameters and diffusion coefficients as in (5.105), forcing terms (5.106), initial da-
tum (5.107) and final time 7" = 1, solved on a mesh with N = 16962 nodes and timestep
7 = 1.6e-3. Top row: the u-component of the LSFEM solution at the final time T = 1
and its corresponding planar projection through spherical coordinates. Bottom row: conver-
gence analysis of the SFEM and LSFEM. As predicted, the LSFEM retains the quadratic
convergence rate of the SFEM.

Example 4: RCDS and pattern formation

In this example, we solve the RCDS with Rosenzweig-MacArthur kinetics in (5.93) with the

following diffusion coefficients
(dvu dw> N <400 500) ’ (5.109)

and the following reaction parameters

11 2 2 11
a=1, b= —, c=—,

T 3 30 4= To00°

(5.110)
The final time is 7" = 50. This choice is equivalent, by rescaling time, to the parameter
choice in Fig. 4A of [62] and leads to Turing instability, as proven therein. The initial

condition is a spatially random perturbation, of amplitude le-5, of the homogeneous steady
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state (u*,v*) = (% 41— Loy + C%)) = (0.1935,1.0406). Since, in [62], the problem

is solved on the square [0,200]?, we consider a sphere of the same area, thus with radius
R= %. We solve the system with SFEM and LSFEM on a mesh with N = 16962 gridpoints
and timestep 7 = le-2. The solutions at the final time 7" = 50 are shown in Fig. 5.4(a) for
SFEM and in Fig. 5.4(b) for LSFEM, respectively. We observe that (i) starting from the same
initial datum, SFEM and LSFEM exhibit almost the same final pattern and (ii) with SFEM
and LSFEM, we obtain the same kind of patterns obtained in [62] by using finite differences

in space (on the planar domain).

SFEM u at T=50

LSFEM u at T=50

(b) LSFEM

Figure 5.4: Example 4: Rosenzweig-MacArthur RCDS (5.93) on a sphere with radius R = 1—\%?
with diffusion coefficients (5.109), reaction parameters (5.110) and final time 7" = 50, solved
on a triangular mesh of N = 16962 gridpoints, with timestep 7 = le-2. The picture shows
the u-component of the SFEM (top row) and LSFEM (bottom row) numerical solutions at
the final time 7' = 50. The planar deployments of the numerical solutions, through spherical

coordinates (¢, ), are shown on the right side of each panel.

101



5.5 Conclusions

We have presented a LSFEM spatial discretisation and a LSFEM-IMEX Euler full discretisa-
tion of RCDSs on C? surfaces without boundary. Both discretisations preserve the invariant
regions of the continuous PDE problem at the spatially- and fully discrete levels with no
restriction on the meshsize. A timestep restriction depending on the Lipschitz constants of
the kinetics is required at the fully discrete level, only.

In the next chapter we extend the LSFEM to solve RDSs on evolving surfaces and we prove
sufficient conditions, that account for surface evolution, for the existence of invariant regions
at the spatially and fully discrete levels.
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Chapter 6

Linear heat equation and
reaction-diffusion systems on
evolving surfaces

6.1 Introduction

In this chapter we consider RDSs on surfaces which may be time-dependent, namely RDSs on
evolving surfaces. RDSs on evolving surfaces arise from the mathematical modelling of numer-
ous phenomena, among which we mention brain growth [85], cell migration [14], chemotaxis
[46], developmental biology [92], and phase field modeling [136]. The growing interest toward
PDEs on evolving surfaces has stimulated the development of several numerical methods for
such problems, among which we mention embedding methods [12], kernel methods [59], sur-
face finite element methods (SFEM) [40] and some of their recent variations and extensions
[48, 56, 58, 66, 78, 127].

As well as for the case of RDSs on stationary surfaces, we care about existence of invariant
regions. Once again, for scalar equations, the well-known notion of maximum principle is
equivalent to the invariance of all the regions of the form [0, M], M > 0. As mentioned in the
previous chapter, for RDSs on a stationary surface, sufficient conditions have been found for a
region to be invariant at the continuous level, see [125]. To the best of the authors’ knowledge,
the extension of these results to RDSs on evolving surfaces has not been considered in the
literature. In this chapter we will focus on surfaces that evolve according to a prescribed
material velocity field.

From a numerical point of view, it is interesting to understand if the invariant regions of
the continuous problem are preserved under discretisation. In the previous chapter, based on
our recent publications [55, 56] we proved that, for RDSs and RCDSs on stationary surfaces,
the LSFEM, combined with the IMEX Euler method, preserves the invariant regions of the
continuous problem. The purpose of the present chapter, based on an unpublished manuscript,
is to extend these results to the case of evolving surfaces, in particular (i) we prove a semi-
and a fully-discrete maximum principle for the heat equation with a linear source term and
(ii) we provide sufficient conditions under which a region is invariant at the semi- and fully-
discrete levels when a lumped evolving surface finite element method (LESFEM) and an IMEX
Euler timestepping are considered. In particular we quantify the impact of surface evolution
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(measured through the dilation rate) on the existence of invariant regions and we find that
surface growth or contraction respectively fosters or inhibits the invariance of a given region
in the phase-space.

Crucial in our analysis is the assumption that the mesh preserves the Delaunay property
under evolution, which is not true for an arbitrary surface evolution law. A class of surface
evolution laws for which the Delaunay property is automatically preserved is that of isotropic
growth [93], which has biological applications [27, 86, 111, 117]. To the best of the authors’
knowledge, an adaptive strategy for the preservation of the Delaunay property under a generic
evolution law is still an open problem. An attempt in this direction is the work in [77]. For
the special case of isotropic growth, we provide fully practical sufficient conditions for the
existence of invariant regions at the semi- and fully-discrete levels. As an application of our
general theory, we classify some classes of invariant regions, depending on the growth rate of
the evolving surface, for two well-known RD models in the literature: the activator-depleted
(or Schnakenberg, also known as the Brusselator model) and the Thomas models. Finally,
we provide two numerical examples. In the first example we experimentally show that the
LESFEM-IMEX Euler method, applied to the heat equation with a linear source term on
a linearly growing sphere, exhibits optimal convergence rates in space and time. In the
second example we consider the Thomas RDS on an exponentially growing Dupin ring cyclide
thereby showing (i) the existence of invariant regions for the fully discretised model and (ii)
the violation of this region in the absence of mass lumping.

The chapter is structured as follows. First, in Section 6.2 we recall (i) the derivation
of RDSs on evolving surfaces and (ii) some basic notions about invariant regions and we
introduce the notion of dilation rate, which is crucial in our analysis. In Section 6.3 we
introduce the LESFEM for the space discretisation of RDSs on evolving surfaces and we
carry out a fully-discrete scheme using the IMEX Euler timestepping. Section 6.4 deals with
the characterisation of the dilation rate in terms of the material velocity. In particular, we
compute exactly the dilation rate for the class of isotropic growth laws. In Section 6.5 we
prove a semi- and a fully-discrete maximum principle for the linear heat equation on evolving
surfaces with a linear source term. We prove, in Section 6.6, sufficient conditions for the
existence of invariant regions for RDSs of arbitrarily many equations on evolving surfaces at
the semi- and fully discrete levels. Section 6.7 presents some classes of invariant regions for
the activator-depleted, the Thomas, the DIB and the Hodgkin-Huxley RD models on evolving
surfaces, respectively. Numerical examples are presented in Section 6.8. Finally, in Section
6.9 we conclude and discuss our findings with an eye for future extensions of the present work.

6.2 Reaction-diffusion equations on an evolving surface

6.2.1 Preliminaries and basic results

In analogy with Definition 1 in Chapter 2 -with the bare addition of time dependence- let
T > 0 be the final time and, for ¢ € [0, 77, let ['(t) be a C? orientable surface in R?, represented
as the zero-level set of a signed distance function d € C'([0,T],C?3(R3)), i.e. T'(t) = {x €
R? | d(x,t) = 0}, with Vd(z,t) # 0 for t € [0,7] and € T'(t). Hence, the outward unit
normal vector field on I'(t) is given by

Vd(x,t)

n(x,t) = TVd@ )]’ t 0,77, x e (t), (6.1)
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where || - || denotes the Euclidean norm in R3. Following [40, Section 5], we assume that there
exists a mapping G : T'(0) x [0,T] — R, G € C'([0,T7],C%(T(0))), such that for all ¢ € [0, 7],
G(I'(0),t) = I'(t) and G(-,t) is a diffeomorphism between I'(0) and I'(¢). The space-time
surface Gr is defined by Gr := Ueo ) I'(t) % {t}. The material velocity v : Gr — R3 of I'(t)
is defined by

v(G(xo, 1), 1) = %f(mo,t), zo € T(0), telo,T]. (6.2)

Vice-versa, if v € C([0,7],C?(R?)) is an extension of v, i.e. ¥(G(xo,t),t) = v(G(x0,t),t)
for &y € T'(0) and ¢ € [0,T7], the mapping G (and thus the time-dependent surface I'(t)) is
recovered by solving, for each xg € I'(0), the Cauchy problem

oG
= 3 T M
ot (CC(),t) ’U(G(wo,t),t), le [07 ]7 (63)
G(wo, 0) = ZXy.
For t € [0,7] and ¢ > 0, let Us(t) be the open neighbourhood of I'(t) defined by
Us(t) == {(x,t) € R® x [0,T] : |d(z,t)| < 6}. (6.4)

In the following, we will write I" instead of I'(t) to simplify the notation. Furthermore, let
0°g denote the material derivative of g defined by

99
0% = — - Vg, 6.5
9=, tv: Vg (6.5)
where V is the standard gradient in R? and § is any differentiable extension of ¢ defined on a
neighborhood of Gp. Definition (6.5) is intrinsic, i.e. it does not depend on the choice of the
extension g (see [41] for further details). The analysis of RDSs on evolving surfaces requires
suitable function spaces, the evolving Bochner spaces, introduced in [2].

Definition 13 (Bochner spaces on evolving surfaces, see [2]). Let I'(t), t € [0,T], be an
evolving surface as defined in Section 6.2.1. For t € [0,T), let B(t) be either HY(T'(t) or
H=Y((t)). The evolving Bochner spaces L?([0,T]; B(t)) and L>([0,T]; B(t)) are defined by

T
LQ([O,TJ;Ba)):{f:[o,THBu) \ / rf<t>\|23(t>dt<+oo};

L>=([0,T); B(t) = {f 0,7 — B(t)

ess sup |[f(t)lpw) < *oo}’

t€[0,T]

respectively. These spaces are Banach spaces with the respective norms

T 3
£l z2(0,10:B(1)) = (/0 ||f(t)|!23(t)dt> : f € L*([0,T); B(t));

£l oo (0,17:B(1)) = eSStS[uPT] 1f @), f e L>=([0,T]; B(t)).

)

Let us recall some basic results from [40].
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Lemma 14 (Integration by parts). If g € L*([0,T]; HY(T'(t))), it holds that

/g~u= VF'Q—/ (g-n)(Vr-n),  te[0.T), (6.6)
BING) I'(t) I'(t)

where p : OR(t) — R3 is the outward conormal unit vector on OR(t), i.e. normal to OR(t)
and tangent to R(t). Specifically, if g is tangent to T, i.e. g-m =0, it holds that

/ g-uz/ Vrg,  te[0T] (6.7)
ar(1) T(t)
O]

Lemma 15 (Transport formula). If g € L2([0, T]; HY(T'(t))) is such that
0°g € L*([0,T); H-Y(I'(t))), then it holds that

/ g= / (0°g+ gVr - v), t€0,T]. (6.8)

]

Remark 14 (Surfaces without boundary). Lemma 14 holds on surfaces with or without
boundary, i.e. OL(t) # 0 or OT(t) = 0, respectively. Specifically, if OT'(t) = (), then the

boundary integral in (6.7), vanishes.

6.2.2 Derivation of the reaction-diffusion model in strong form

Suppose we are given 7 € N species uy, : ['(t) = R, k = 1,...,r, and let g, : ['(t) — R3,
k =1,...,r, be their fluxes tangent to I'(t). We recall from [6] the derivation of a system
of r equations for w := (u1,...,u,) that accounts for (i) the diffusion on the surface, (ii) the
flux across the boundary (if non-empty) and (iii) the (possibly nonlinear) production rates
fr(w), & = 1,...,r, of the given species. To this end, let R(0) be a portion of I'(0) and
let R(t) = G(R(0),t) be the portion of I'(t) corresponding to the initial portion R(0). We
consider a mass balance on R(t) of the form

d

GLom=— aens [ A k=loon eIl (69
R(t) OR(t) R(t)

Since the fluxes g;, k = 1,...,r, are tangent to I'(¢), we can apply the integration-by-parts
formula (6.7) to the first term on the right hand side of (6.9). Then (6.9) becomes

d

< uk——/ Veegut [ fow),  k=1,...r tel0,T.  (6.10)
R(t) R(t) R(1)

By applying the transport formula (6.8) to the left hand side of (6.10), we obtain
/ (a.uk+ukvrv+vFQk):/ fk’(u)a k=1,...,m te [O’T]a (611)
R(t) R(t)

where v is the material velocity defined in Section 6.2.1. Since R(¢) is an arbitrary portion,
we conclude that

0%up, + urVr - v+ Vr - q;, = fi(u), E=1,...,r t€[0,7T). (6.12)
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We assume g, corresponds to a diffusive flux according to Fick’s law as follows:
qi = *deFuk, k= 1, ceey Ty (6.13)

where di, k = 1,...,r, are positive diffusivity constants. By inserting (6.13) into (6.12), we
end up with the reaction-diffusion system of the form

8.uk+ukVF"U:dkAFUk+fk(u), kzl,...,T, te [O,T]. (6.14)

6.2.3 Invariant regions and maximum principle

In this section we recall basic notions concerning invariant regions for systems of the form
(6.14) and conjecture a sufficient condition under which system (6.14) possesses an invariant
region. To this end, we give the following definitions.

Definition 14 (Dilation rates). The minimum and maximum instantaneous dilation rates

are defined by

min(t) == min Vr - v(x,t) and H; ..(t) == max Vr-v(z,t), t e 0,7,
zel (1) zel ()

(6.15)

respectively. When the minimum and mazimum instantaneous dilation rates coincide, we call
H*(t) .= H},.(t) = H},,.(t) the instantaneous dilation rate. The minimum and maximum
global dilation rates are defined by

:U';km'n = tg[l(]l,rjl“] H:;nn(t) and M:;la:t = tg[l(f]i}(] H:;zax (t)v (616)

respectively. When the minimum and mazimum global dilation rates coincide, we call p* =
Hoin = Mmaz the global dilation rate.

As in the previous chapter, we are interested in invariant regions for the RDS (6.14). The
definition 11 of invariant regions holds unchanged in the case of evolving surfaces considered
here. For scalar RDSs (r = 1), we consider the following notions of maximum and minimum-
maximum principles.

Definition 15 (Maximum and minimum-maximum principles). Consider the scalar case r =
1 in the RDS (6.14) in strong formulation, let u(x,t) be its solution. The minimum-maximum
principle holds if, for any initial condition u(-,0), the solution fulfils

min {O, min u(y,O)} < u(zx,t) < max {0, max u(y,O)}, (xz,t) € Gr. (6.17)
yer(0) y€r(0)

For nonnegative initial conditions u(-,0) > 0, the minimum-mazimum principle reduces to
the following: maximum principle:

0 <u(z,t) < max u(y,0), (z,t) € Gr. (6.18)
y€r(0)
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The above definition of maximum and minimum-maximum principles is analogous to the one
considered in the case of stationary surfaces (see Definition 10 and Remark 8), but includes
the time-dependence of I'. As well as in the case of stationary surfaces, the maximum and
minimum-maximum principles can be regarded in terms of invariant regions, see Remark 12.
We focus our attention on regions ¥ C R" of hyper rectangular shape, that is to say of the

form
T

%= [Llox 4, (6.19)

k=1

where g, € RU{—o0} and 7 € RU {+o0} for all k = 1,...,r. For instance, if g, = 0 and
0r = +oo for all k = 1,...,r, then X is the positive orthant in R", which means that the
solution of the RDS stays positive at all times. Consider the (r — 1)-dimensional hyperfaces

Ek::Eﬁ{uk:gk}, fk::Eﬁ{uk:Ek}, k=1,...,7

For k=1,...,r, we define the constants
x if o5, > 0; . if o3 > 0;
iy = Qe T TE = e (6.20)
oz it o7, <0, Hoim it g}, <0,

where p . and p, .. are defined in (6.16).

Next, we conjecture a criterion under which a hyper-rectangle is invariant for system (6.14).
This criterion holds true in the stationary cases (when p* = 0): (i) when T is a stationary
monodimensional domain in R (see [123]), (ii) when I' is a stationary k-dimensional domain in
R*, k € N (see [25]) and (iii) when T is a stationary Riemannian manifold without boundary
(see [125]). In the case of isotropically evolving flat domains, the invariance of the positive
orthant was studied in [134]. To the best of the author’s knowledge, the case of evolving
surfaces has not been studied at the continuous level. Hence, we introduce at the continuous
level the following conjecture.

Conjecture 1. Let ¥ be a hyper-rectangle as in (6.19) in the phase space of (6.14) and let
f be Lipschitz on X. If

fr(u) < @mio, ueX,NR, k=1,....r (6.21)
fk(u) >H2gk, ’U;EkaRT, k:17...,7", (622)
then ¥ is an invariant region for (6.14). In particular, when G = 400 and g;, = —0o0,

then X NR" and I, NR" are respectively empty, and so (6.21) and (6.22) are automatically
fulfilled, respectively.

Notice that on stationary surfaces, since 75 = p; = 0, then conditions (6.21)-(6.22) reduce to
the inward flux condition considered in [125, Chapter 4]. In the next Section 4, we will prove
the discrete counterpart of Conjecture 1 obtained by discretising the RDS in space with the
lumped version of the ESFEM method [40] and IMEX Euler in time.
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6.2.4 Derivation of the variational formulation

Following [6], we derive the variational formulation of system (6.14). To this end, for each
t € [0, 7] we multiply the equations of(6.14) by respective test functions p1,...,p, €
L2([0,T); HY(T'(t))) with 0%p1,...,0%p, € L*([0,T); H~1(I'(t))) and integrate over I'(t):

/ ((pka.uk + opurVr - v — gokfk(u)) = dk/ SOkAFUk, (6.23)
I(t) I'(t)

for all k = 1,...,r. By applying the Green formula (2.7) to the right hand side of (6.23) we
obtain

/ (er0%ur + rupVr - v — o fr(u)) + dk/ Vrek - Viug = dk/ 0 Vrug - p, (6.24)
(1) (1) ar(1)

for all kK = 1,...,r. We assume that either I'(¢) has no boundary, i.e. 9T'(¢t) = 0, or ho-
mogeneous Neumann boundary condition are enforced, i.e. Vrpug - p = 0 on 9I'(t), so
that the last term in (6.24) vanishes (see Remark 14). Furthermore, by observing that
0°* (pruk) = er0®uy + upd® vy, (6.24) becomes

/ 0* (prur) /( ) (up0® i, — YruLEVr - v + i fr(u)) — di /( | Vrer - Vrug,  (6.25)
Tt

forall kK =1,...,r. By applying the transport property to the first term on the left hand side
of (6.25), we have

d .
— PrUug — / up0*pr = / o fr(u) — dg Vrek - Viug, (6.26)
dt Jrq) 0 0 0
for all k =1,...,r. Therefore, the variational formulation seeks to find uq,...,u, €
L2([0,T]; HY(T'(t))) with 0%uy,...,0%, € L*([0,T]; H-(T'(t))) such that, for each t € [0, 7],
d .
/ UkPk —/ ugd @kerk/ Vrug - Vrpy :/ fie(w) e, (6.27)
dt Jrr) r(t) r(t) r(t)

for all p1,..., ¢, € L2([0,T]; HY(T'(t))) with 8%¢1,...,0%p, € L?([0,T]; H-1(T'(t))).

6.3 Lumped evolving surface finite element method

Following the evolving surface finite element method (ESFEM) studied in [6] for the ap-
proximation of the variational problem (6.27), and extending to evolving surfaces the LSFEM
presented in the previous chapter, we present a lumped evolving surface finite element method

(LESFEM).

6.3.1 Surface triangulation and some definitions
Following [38], given h > 0, called meshsize, a triangulation I',(¢) of the evolving surface I'(¢)
is defined by

= U 20),

Z(t)eZp(t)
where Z,(t) is a set of evolving triangles, with x;(¢t),i = 1,..., N € N, being the overall
evolving nodes, such that
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e The nodes evolve with the exact material velocity, i.e. @;(t) = v(x;(t),t) for t € [0,T]
andi=1,...,N;

e For all t € [0,7] and for any two distinct triangles Z;(t) and Za(t) in Z,(t), the inter-
section Z1(t) N Zy(t) is either empty, or a node, or a complete edge;

e Forallt € [0,T] and Z(t) € Z,(t), Z(t) C U(t), where U(t) is the Fermi stripe of I'(t)
as defined in Lemma 1;

e For all t € [0,7T], the normal projection a(-,t) : Us(t) — I'(t) defined in Lemma 1 is a
one-to-one mapping between I'y,(t) and I'(¢), i.e. a(T'n(t),t) =T'(¢).

Notice that, for the special case of stationary surfaces, i.e. v(x,t) = 0 for all (x,t) € R3 x
[0, 7], the above definition of evolving triangulations reduces to the definition of stationary
triangulations given in Section 2.5.1. We assume that, for each ¢ € [0,T], I'5(¢) meets the
Delaunay condition (4.15). This assumption does not hold true for arbitrary evolution laws,
but it does for any isotropic growth law, as we will show in a later section. The space-time
triangulated surface G, r is defined by

Gnr = J Tult) x {t}.

te[0,7

Since I'j () is piecewise planar, there exists a time-differentiable mapping Gy, : I',(0) x [0, 7] —
R3 such that, for all ¢ € [0,7T], G,(T1(0),t) = T'4(¢) and, for every facet Z € Zp,, Gp(-,t) is a
diffeomorphism between Z(0) and Z(t).
For a fixed time ¢ € [0, 77, let V,(¢) be the space of piecewise linear functions on I',(¢) defined
by

Vi(t) == {p € CO(TH(1)) | ¢|z is linear affine for each Z € Z,}. (6.28)

Let V;, be the space of time-dependent, spatially piecewise linear functions defined by
Vi i={¢:Gnr = R | ¢(-t) € Vi(t) for each t € [0,T7]}. (6.29)

Given t € [0,T] and a function n € C%(T',(¢)), its linear interpolant I;7 is the unique function
in Vj(¢) such that

Lun(@i(t) = n(@i(t),  i=1,...N.

The discrete material derivative of a sufficiently smooth function U € V}, is defined by

ou
af.LU = E + Ih(v) : VU7 (:B,t) € gh,T7

where v is the material velocity. For our purposes, we define the discrete counterpart of the
dilation rates introduced in Definition 14.

Definition 16 (Discrete dilation rates). The minimum and maximum discrete instantaneous
dilation rates are defined by

Hppin(t) :== essinfer, (1) Vr, - In(v)(x,t), te[0,T]; (6.30)
Hypar (t) == esssupger, 1y Vry, - In(v) (2, 1), t€[0,T7, (6.31)

111



respectively. When the minimum and mazimum discrete instantaneous dilation rates coincide,
we call H(t) := Hpin(t) = Hpae(t) the discrete instantaneous dilation rate. The minimum
and maximum discrete global dilation rates are defined by

MHmin ‘= tg[l(i%“} Hpin (t)a Hmaz ‘= tIer%((?:}Y(“] Hpaz (t)7 (632)

respectively. When the minimum and maximum discrete global dilation rates coincide, we call
W= lmin = HUmaz the discrete global dilation rate.

For every ¢ = 1,..., N, the i-th Lagrange basis function y; is the unique V; function such
that

Xi(mj(t)7t) :52']'7 te [OaT]v i,j=1,...N, (633)
where 4;; is the usual Kronecker symbol. The components Uy, ...,U, € V; of the spatially

discrete solution may be expressed in the Lagrange basis as

N
Uk(w7t) = Zﬁk,l(t)X’L(w7t)7 (wat) € gh,Ta k= 17 s T (634)
=1

6.3.2 Preliminary results on triangulated surfaces

We recall from [38] the following property of the basis functions.

Lemma 16 (Transport property of the basis functions). The basis functions x;, it =1,..., N,
defined in (6.33) fulfil
drxi =0, i=1,...,N. (6.35)

Hence, for the functions Uy, k =1,...,r defined in (6.34) it holds that

N
ai.lUk(wv t) = Z gk,z(t)Xl(ma t)’ (CC, t) € gh,T, k= ]-a s T (636)
i=1

We recall from [40, Lemma 5.6 and Remark 5.7] the following preliminary result.

Lemma 17 (Leibniz formula on triangulated surfaces). For any time-differentiable U,V € Vy,
it holds that

d

= UV:/ 6°UV+/ Ua‘V+/ UVVr, - Iy(v). (6.37)
dt Jr, @) 10 (1) I0)

O
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6.3.3 Lumped evolving surface finite element method

The lumped evolving surface finite element method (LESFEM), applied to the variational
formulation (6.27), seeks to find Uy, ..., U, € V} such that

d

4 ) - / Ui +de [ Vo, Uk - Vi, xi = / L)), (6.38)
at Jr, Tt

Tn(t) Ln(t)

forall kK =1,...,r and ¢ = 1,..., N. Thanks to the transport property (6.35) of the basis
functions, formulation (6.38) is equivalent to: find Uy, ..., U, € V}, such that

S U [ Vet V= [ BG@x). (039
dt Jru La(t) Pa(t)

forallk=1,...,rand i =1,..., N. The LESFEM method (6.39) differs from the evolving

surface finite element method (ESFEM) in [6] due to the presence of the interpolant operator

on the first and the last terms in (6.39). By expressing Uy, ..., U, according to (6.34), the

matrix form of (6.39) is

d

a(MEk)_deAEk:Mfk(él?7£r)7 k:].,...,’f', (640)

where A and M are the (time-dependent) stiffness and lumped mass matrices defined by

A(t) = Vr,Xi Vo Xis i =1,...,N;
T (t)
i ifti=g; .
M;;(t) :/ In(xixs) = Jr X e i,j=1,...,N,
Th(t) 0 if 1 # 4,

for t € [0,T], respectively. Notice that the lumped mass matrix M(¢) is diagonal. The
Delaunay condition (4.15) holds iff

Ai(t) <0, i34, telo,T) (6.41)

Since, for all t € [0, T], M (t) is diagonal, we obtain the following time-dependent counterparts
of relations (4.18)-(4.19):
(M +sA)"'M(@t)>0, s>0, tel0,T]; (6.42)
(M +sA)*M(tH1=1, s>0, tec]o,T], (6.43)

see Section 4.5.1 for the derivation.

6.3.4 Time discretisation

We are now concerned with the time discretisation of the spatially discrete system (6.40)
arising from the LESFEM. We discretise system (6.40) by means of the IMEX Euler method,
i.e by treating diffusion implicitly and reaction terms explicitly. To this end, let 7 > 0 be a
timestep, let ¢, ;= n7 for all n = 0,..., Ny with Np = L%J, let A™ and M™ be the stiffness
and lumped mass matrices at time ¢,, respectively, let (£7,...,&") be the coefficients of the
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numerical solution at time t,,, and let £} := f,(&7,...,€") foreach k= 1,...,r. If (£9,...,€%)
are the coefficients of the spatially discrete initial datum, the IMEX Euler time discretisation
of (6.40) is

Mn—HEZ-H . MTLEZ

+ d AT = Mg k=1,...,r, n=0,...,Np, (6.44)
=

or equivalently

M = (M + rdg AT TIM(ER + T, kE=1,...,r, n=0,...,Np. (6.45)

6.4 Characterisation of surface growth

The purpose of this section is to characterise surface growth in terms of the material velocity
v, with specific regard to isotropic growth. In fact, the lumped mass M (t) and stiffness A(t)
matrices depend on w. In particular:

1. For an arbitrary triangulated surface that evolves with an arbitrary material velocity,
we bound the time derivative % of the lumped mass matrix in terms of the constants
Pmin and ey defined in (6.32), ie. in terms of the divergence Vr, - I(v) of the
discrete material velocity. We will need this result to prove a sufficient condition for the

existence of invariant regions for the semi- and fully-discrete schemes;

2. For an arbitrary smooth or triangulated surface that evolves with an arbitrary material
velocity, we characterise the velocity flows Vp-v and Vr, -Ij,(v) in terms of the mappings
G and G}, introduced in Sections 6.2.1 and 6.3.1, respectively;

3. For an arbitrary smooth or triangulated surface that evolves isotropically in space, that
is

v(x,t) = S(t)x, (x,t) € R® x [0,T], (6.46)
where S : [0,7] — R is an arbitrary smooth function, we compute exactly Vr - v and

Vr, - In(v) in terms of v. This result will yield a fully practical criterion to detect the
invariant regions of a given RDS in the case of isotropic surface evolution.

6.4.1 Bounding the rate of change of the mass matrix in terms of the
dilation rates

In this section we bound the time derivative %—Af of M in terms of the discrete dilation rates

defined in (6.32). To this end, we prove the following characterisation of %/[.

Lemma 18 (Transport formula for the lumped mass matrix M). The entries of the lumped
mass matrix M fulfil the following property

d .
-_— Ih(Xin) = / Ih(Xin)vI‘h ~Ih(v), 1 = 1,...,N. (647)
dt Jr, @) T (t)
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Proof. By choosing U = Ip(x;x;) for any ¢,5 = 1,...,N and V = 1 in the Leibniz formula
(6.37) we have
d

S ) = / O In(xix;) + / In(xix;)Vr, - Tn (o). (6.48)
dt Jr, @ () (1)

Now, if ¢ = j, then Iy, (xix;) = xi, otherwise, if i # j, Iy (xix;j) = 0. Then, from the transport
property (6.35) we have 0°Ip,(xix;) = 0 for all 4,j = 1,..., N. Equation (6.48) thus implies
the desired result (6.47). O

In some proofs we will need the following corollary of Lemma 18.

Corollary 2 (Consequence of the transport formula for the lumped mass matrix M).  The

diagonal matriz % fulfils the estimates

dm;
dt

Mmmm“(t) < (t) < ﬂmaxmii(t)a 1=1,..., N, te [0, T], (649)

where fimin and fimae are defined in (6.32). O]

6.4.2 Characterising velocity flows in terms of the mappings G and G},

We wish to characterise the continuous and discrete velocity flows Vr - v and Vr, - Ij(v)
in terms of the mappings G and G}, introduced in Sections 6.2.1 and 6.3.1, respectively, for
arbitrary smooth or triangulated surfaces that evolve under an arbitrary material velocity.
To this end, let I'(¢) be an arbitrary evolving smooth surface and let (A, X) be any local
parametrisation of T'(0), where A C R? is an open connected set and X : A — T'(0) is a
differentiable map such that its Jacobian J is full-rank on A. Let B be a measurable subset
of A. For all ¢, the portion X (B) of I'(0) evolves into G(X (B),t) C T'(¢).

By choosing f(x,t) =1 for each (z,t) € Gr in the transport formula (6.8), we have

d

4 - / Vr - v. (6.50)
dt Jax(s).b G(X(B).b)

Let é;, i = 1,2, 3, be the standard basis vectors in R. For (8,t) € B x[0,T], let J(x,t) € R?3
be the (spatial) Jacobian of the function G(X(0),t) and let

J(0,t) := det c R3. (6.51)

The surface integrals in (6.50) can be written as integrals on the planar domain B by using
the parametrisation G(X (-),t) : B — G(X(B),t). Hence, (6.50) becomes

d - -
5 [ 10108 = [ ve-w(Gxie). ol ie.nae, (6.5
B B
where || - || denotes the Euclidean norm in R3, or equivalently,
d, - .
[ 10100 = [ Ve w(Gix(0).0)10.0]0, (6.53)
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Since (6.53) holds for any measurable subset B of A, then it holds that
d . - -
1780l = Vr - v(G(X(8), )] (8, 1)]]. (6.54)
By applying the chain rule, (6.54) is equivalent to
d By
Vi w(G(X(0),1)) = 5 LJ(6,1)]. (6.55)

Given any triangulated surface I'y(¢) (which evolves under the discrete velocity field Ij,(v)),
we notice that every facet Z(t) € Z,(t) is smooth and thus parametrisable. For any facet
of the initial triangulated surface, Z(0) € Z,(0), let (A, X) be a parametrisation of Z(0), as
described above. For (0,t) € A x [0,T], let J,(0,t) € R*3 be the Jacobian of the function
G1(X(0),t) and let
Jn(0,t) :=det | e R3. (6.56)
Jh, (07 t)

By reasoning as above we obtain the following discrete counterpart of (6.55).
d -
Vi, - 10(Ga(X(0), 1)) = 3 1n[J1(0, 1) (6.57)

Relations (6.55) and (6.57) are useful in that they (i) express the velocity flow without tan-
gential derivatives and (ii) can be computed exactly when G and G}, are known explicitly, e.g.
for the isotropic growth as discussed in the next subsection.

6.4.3 Computing the dilation rates for the isotropic growth

In this section we compute the dilation rates defined in (6.16) and (6.32), respectively, for
arbitrary surfaces that evolve with the material velocity (6.46). The velocity field (6.46)
corresponds to the specific case of isotropic evolution, see for instance [28, 93] for the case
of evolving planar domains and [6, 109] for the general case. In particular, for suitable
choices of the function S(t), the growth law (6.46) admits some specific cases such as uniform,
exponential, logistic and periodic growth, see [6, 28, 93, 109]. From (6.3), it is easy to show
that, with the velocity field (6.46), each @y € I'g evolves to the point

G(xo,t) = exp </0t S(T)d7'> X, t €[0,T], (6.58)

therefore the evolution induced by an isotropic growth is a time-dependent dilation of the

initial surface. The function
t
t) :=exp </ S(T)dT) , te[0,T7], (6.59)
0

that appears in (6.58) is known as the growth function, see for instance [93].

Remark 15 (Properties of isotropic growth). Isotropic growth preserves the angles of trian-
gulated surfaces. This has two consequences:
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1. if ', (0) meets the Delaunay condition, then I'y(t) retains the Delaunay condition for all
tel[0,T);

2. if A(0) and M(0) are the stiffness and the mass matrices at t = 0, then
A(t) = A(0),  M(t)=¢*()M(0),  tel[o,T). (6.60)
Hence, in implementations, A(t)and M (t) need not be computed at each time step.

In the following result we compute the dilation rates fmin, tmaz, K a0 ., ON an
arbitrary smooth or triangulated surface that evolves with the material velocity (6.46), in
terms of S(t).

Theorem 20 (Velocity flow on isotropically growing smooth or triangulated surfaces). Let
['(t) be a smooth surface that evolves with the velocity field (6.46) and let T'y(t) be the corre-
sponding triangulated surface. Then, the instantaneous dilation rates satisfy

H(t)=2S5(t) = H*(t), t€[0,T7. (6.61)

Hence, it follows that
min — ;kn'm:2 in S(1), d max — :’Lamzz S(t). 6.62
I 1 i (t), and p I nax (t) (6.62)

Proof. Let T';(t) be an evolving smooth surface and let (A, X), J(8,t) and J(8,t) as defined
in Section 6.4.2. From (6.58) and (6.59), J(0,t) fulfils

J(Oat) = ¢(t)JX(6)a (evt) € Ax [07T]7 (663)
where Jx : A — R?3 is the Jacobian of X. It follows that
| det J(8,1)|| = ¢°(t)]| det J(8,0)[,  (8,t) € A x[0,T], (6.64)

which implies that
t
In||det J(0,t)|| —In| det J(0,0)| =2In¢(t) = 2/ S(r)dr, (0,t) € Ax[0,T]. (6.65)
0
By differentiating (6.65), we have

%m I det J(8,0)] = 28(1),  (0,) € A x [0,T]. (6.66)

By combining (6.55), (6.66) and dropping the parametric coordinates 6, we have
Vr-v(x,t) =25(1), (x,t) € Gr, (6.67)

which proves the first equality in (6.61). Analogously, we prove the second equality in (6.61)
by using (6.57). This completes the proof. O

For the uniform, exponential, logistic and periodic growths, the functions ¢(t), S(t) and the
dilation rates tmin, [in, Hmaz and @, ... are detailed in Table 6.1, see also [93, Table 1] for
the case of evolving planar domains, while the corresponding plots are depicted in Figure 6.1.
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Type of growth ‘ Growth function ¢(t) ‘ S(t) Hmin = flmin ‘ Hmaz = Hinax
T 2r
Li 1 2
inear rt + RN T 11 r
Exponential exp(rt) r 2r 2r
L K exp(Krt) rK(K —1) 2rK(K—-1)
L t 2r(K —1
OBIsHe K — 1+ exp(Krt) K—1+exp(Krt) | K—1+exp(KrT) ( )
Periodic 2 — cos(rt) _rsmirt) sin(rt) — 2rv3 2rv3
2 — cos(rt) 3 3

Table 6.1: Particular types of isotropic growth with their respective growth functions ¢(t),
S(t) functions and constants fimin, fmazs Pimins a0d . The constant » > 0 is the growth
rate. For the logistic growth, K > 1 is the carrying capacity, i.e. the square root of the
asymptotical ratio between the final and the initial area of the surface, see [93].

S

Iy N

10

t

Figure 6.1: Plots of the growth functions ¢(¢) (top row) and the corresponding S(¢) functions
(bottom row) listed in Table 6.1 for K = 2 and r = 0.5,1,1.5. From left to right: linear,
exponential, logistic and periodic growth profiles.

6.5 Linear heat equation and discrete maximum principles

We consider, for k = 1, the specific case of linear heat equation on an evolving surface T'(¢):

O®u+uVr v = dAru — Su, B eR, (6.68)

and we prove the semi- and fully-discrete maximum principles for the case when ppin + 8 >
0. Equation (6.68) is a special case of the general system (6.14) that we are interested in.
However, we start with this specific case as (i) it provides more insights on the effect of growth
on stability, (ii) we are able to prove a better timestep stability condition and (iii) to make
the reader familiar with the demonstrative techniques.

The following result, that we proved in [56, Theorem 2.1] for the special case of stationary
surfaces, addresses the maximum principle at the semi-discrete level.

Theorem 21 (Semi-discrete maximum principle for the linear heat equation (6.68)).
If the velocity field v fulfils

With fimin as defined in (6.32), and the triangulation I'y(t) meets the Delaunay condition for
all t € [0,T], then the LESFEM solution of (6.68) fulfils the following discrete mazimum
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principle
min {0, “min @(0)} < &i(t) < max {0, max @(0)}, (6.70)
j=1,...,.N j=1,...,.N
fori=1,...,N andt € [0,T).
Proof. From (6.40), the LESFEM spatial discretisation of (6.68) is

d

—(ME) + dAE = —BME. (6.71)
By applying the chain rule, (6.71) becomes
. dM
ME + ~-€ + dAE = —BME. (6.72)

By multiplying (6.72) on the left by M !, we have

£=—dM1AE - M’l%\fﬁ — BE. (6.73)

All we have to prove is that the ODE (6.73) is dissipative, i.e. —dM ~1A[¢|-M 14 1g|—pl¢| <
0. For every ¢t € [0,T], M is diagonal with positive diagonal entries and A fulfils (6.41) from
the Delaunay condition. Then, it follows that —dM ~1A|¢| < 0. Hence, it suffices to prove
that —(Mfldd—]‘f + pI)|€] < 0, which is true provided

dM
M—lE +BI > 0. (6.74)

By using (6.49), condition (6.74) is true if
(Hmin + B)T > 0, (6.75)
which holds true from assumption (6.69). This completes the proof. ]

The next theorem shows the same result for the LESFEM-IMEX Euler full-discretisation of
(6.68), under a timestep restriction. This result holds true for the special case of stationary
surfaces (see [56, Theorem 2.2]).

Theorem 22 (Fully-discrete maximum principle for the linear heat equation (6.68)).
If the velocity field v fulfils

With fmin as defined in (6.32), and the triangulation Ty, meets the Delaunay condition for
all t > 0, then the LESFEM-IMEX Euler solution of (6.68) fulfils the following minimum-
mazximum principle

i : 00 ~¢en 0 .
min {0, nin £ } < &' < max {O’j:r??%N £ } , (6.77)
fori=1,...,N andn=0,..., Ny, if the timestep satisfies

T8 < 1. (6.78)

In particular, there is no timestep restriction if 5 < 0.
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Proof. The full-discretisation (6.45) of the heat equation (6.68) can be written as
€ = (M 4 rd AV T (MY T MM (1 - 78)€Y, n=0,...,Np.  (6.79)
From (6.42)-(6.43) we have

(Mn+1 + TdAn+1)71Mn+1 > 0’ n = 0, RN NT; (680)
(Mn+1 + TdA"H)_lM”Hl =1, n=20,...,Nr. (6.81)

Then, the scheme (6.79) fulfils the discrete maximum principle if

(MnJrl)ian(l _T/B)En > min{O,En}, n= O’- --,NTQ (682)
()AL - 7A€ < max{0,€7), 0= 0,....Nr. (6:53)

Since (M™+1)~1M™ is diagonal with strictly positive diagonal entries, conditions (6.82)-(6.83)
are true provided

1—742>0; (6.84)
(1—78)I < (M™)"'M™, n=0,...,Nr. (6.85)
Condition (6.84) is true under assumption (6.78). In order to prove (6.85), we need to estimate

M1 as a function of M™. To this end, by applying Gronwall’s lemma to the first inequality
in (6.49), we have

M"™ > Mremhming = 0,..., Np. (6.86)
By using (6.86), condition (6.85) is true if
1—78 < eHmin, (6.87)

Let us now define f(7) := 1 — 7 and g(7) = e#min. These functions fulfil f(0) = g(0) = 1,
f is linear and g is non-concave for all i, € R. Then

e if f/(0) > ¢'(0), then condition (6.87) is not fulfilled for any sufficiently small 7.
e if f/(0) < ¢'(0), then condition (6.87) is fulfilled for every 7 > 0.

Now, condition f'(0) < ¢’(0) means —3 < fmin, which is true from assumption (6.76). This
completes the proof. O

Remark 16 (Interplay between material velocity and source term). Relation (6.69) implies
that

e domain growth (fmin > 0) can enable the discrete maximum principle even for § < 0;

e local domain contraction (min < 0) can prevent the discrete maximum principle even

for B> 0.
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This interplay is justified by observing that domain evolution implies a dilution effect, ex-
plained as follows. By choosing ¢ = 1 in the variational formulation (6.27) with k = 1 and
fi(u) = —pu, we obtain

d

4 u:—ﬁ/ w  te[0,T]. (6.88)
dt Jre I'(t)

If |T'(t)| denotes the surface area of T'(t) and (u(t)) := ﬁ fF(t) u denotes the mean value of
u, (6.88) becomes

%(If(t)IW(t))) = —BIL@®)(u(®)),  t[0,T]. (6.89)

By solving (6.89) for &(u(t)), we obtain

d BIL®)] + &)
g lu®) =~ |1“(t)d]

(u(t)), t€0,7). (6.90)
By choosing g = 1 in the transport formula (6.8), we have

d *

POl = [ ez Ok, eI (6.91)

By combining (6.90) and (6.91) we have

S u(t) < ~(B+ i) w0, 1€ [0,7] (6.9

From (6.92), the dilution effect arising from surface growth can be interpreted as the dampening
or uplifting effect of ..., on (u(t)). The estimate (6.92) implies that (u(t)) is non-increasing
if

which is the continuous counterpart of (6.69). We conclude that condition (6.69) is consistent
with the interpretation of surface growth in terms of dilution effect.

Remark 17 (Interplay between timestep restriction and source term). Relation (6.78) im-
plies that the timestep restriction needed for guaranteeing the discrete maximum principle is
independent of the material velocity and it only depends on the stiffness parameter B of the
source term. In particular, when the source term is nonnegative (i.e. when [ < 0), the
LESFEM - IMEX FEuler fully-discrete scheme unconditionally fulfils the discrete mazimum
principle.

6.6 Reaction-diffusion systems and invariant regions

In this section we prove, for the semi- and full-discretisations of RDSs of the form (6.14), a
criterion to test if a hyper-rectangle in the phase-space is invariant. In the case k = 1 of scalar
equations, the notion of invariant region collapses to that of minimum-maximum principle,
considered in the previous section for the special case of the linear heat equation. We assume
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that the Delaunay regularity of the mesh is preserved under evolution. For k = 1,...,r, we
define the constants

— ) Hmin if o, > 0; ) Hmaz if O > 0;
Hoe Hmax it 7, <0, Ex Hmin if o < 0,

(6.94)

where (i, and g, are the dilation rates defined in (6.32). In the following theorem we
prove that, under similar assumptions of Conjecture 1, 3 is an invariant region for the solution
obtained from the semi-discrete scheme (6.40). Hence, in the following theorem we extend
[56, Theorem 3.3] to the case of evolving surfaces.

Theorem 23 (Invariant rectangles for (6.40)). Let ¥ be a hyper-rectangle as in (6.19) in the
phase space of (6.40), let f be Lipschitz on .. If the triangulation T'y(t) satisfies the Delaunay
condition for all t > 0 and

f(U) < ok, Ucyy NR", k=1,...,r; (6.95)
fk(U) >Hkgk, UEZkﬁRT, k= 1,...,’/’7 (696)

then ¥ is an invariant region for (6.40).

Proof. The semidiscrete method (6.40) can be written, after applying the chain rule to the
term %(M ¢,) and multiplying on the left by M1 as
dM

€= —dpMTAE, + fr(&y,... &) — M~ e k=looom (6.97)

Since M is diagonal with positive diagonal entries and A;; < 0 for 7 # j from the assumption
of Delaunay regularity, proceeding as in the proof of [56, Theorem 3.3|, it suffices to verify
that, for all (Uy,...,U,) €X, k=1,...,r,andi=1,..., N,

_pdmy; _
U1, Thy e Up) —m 3 0k <0 (6.98)

_pdmy;
fk(U17""gk‘7""Ur)_miil dzz

t
where ), and G are as in (6.19). Using relation (6.49), conditions (6.98)-(6.99) hold if, for
allk=1,....r

oy > 0, (6.99)

fk(U17---,Qk7---,Ur)—Hk g, >0, (6.101)

with g, and 7z, as in (6.94), that is true from assumptions (6.95)-(6.96). This completes the
proof. O

The following theorem provides a sufficient condition for regions to be invariant for the
LESFEM-IMEX Euler scheme (6.45) and extends [56, Theorem 3.4]. In contrast to the semi-
discrete case, we relax the strict inequalities (6.21)-(6.22) with conditions (6.103)-(6.104), in
which we use the perturbed dilation rates fix and py given by

o Hmin 7% 20 Tl g >0
Mk = eT,Uzmu.:E — 1 /’Lk = T (6‘102)

. if 7 <0, Pomin it o), <0,
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respectively, and fimin and pime, are defined in (6.32). Observe that iy — iy, and pp — By

as 7 — 0.

Theorem 24 (Invariant rectangles for (6.45)). Let ¥ be a hyper-rectangle as in (6.19) in the
phase space of (6.40), let f be Lipschitz on . If the triangulation T'y(t) meets the Delaunay
condition for allt > 0 and

f1(U) < opjig, UcXNR", k=1,...,7; (6.103)
fe(U) = gk, UecX, NR", kE=1,...,r (6.104)
then ¥ is an invariant region for (6.45) if the timestep T fulfils
7L <1, k=1,...,m (6.105)
where, for allk =1,...,r, Ly is the Lipschitz constant of f.
Proof. The fully-discrete scheme (6.45) can be written as
£+t = (ML 4 7d AT TN (MY IR + 77, (6.106)

n € NU{0}, k =1,...,r. Since the mesh meets the Delaunay assumption at all times, the
matrix properties (6.80)-(6.81) hold. Then, it suffices to prove that

ol < (MMM +7f7) <Rl k=1, (6.107)

where 1 is the column vector of ones. We will prove the two inequalities in (6.107) in turn.
From (6.49), the inequality on the right-hand-side of (6.107) holds true if

L+ TfL < TrpePr1, E=1,...,r (6.108)

with 7i;, as defined in (6.94). Suppose 7 > 0. From assumption (6.103) we can estimate f
as follows
f}g < Gy, + Ly (k1 *EZ), k=1,...,r (6.109)

From (6.109), condition (6.108) holds true provided
€Y1 — 7Ly) + 700k + TLoR1 < Tre™Pr1, E=1,...,r (6.110)
From assumption (6.105), since €} < 71, then (6.110) holds true if
1(1 — 7Ly) + Th,0% + TLioy < oRe’ P, k=1,...,r (6.111)

that is to say B
1+ 7y, < eHk, k=1,...,7 (6.112)

which holds true for each 7 € R. Suppose, instead, o5 < 0. From assumption (6.103) we can
estimate f as follows

n eTHk — 17 . n
fk: < Tak—l-[/k(dkl—&k), k=1,...,r (6.113)
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From (6.113), condition (6.108) holds true provided
EN(1 —7Ly) + (e — 1+ 7LE)1 < Tre™ 1, k=1,...,r (6.114)
From assumption (6.105), since &€ < 71, then (6.114) holds true if
Tr(1 = 7Lp)1 + 74 (e™ — 1+ 7Lg)1 < Tre ™ *1, k=1,...,r (6.115)

As (6.115) always holds with the equality, we conclude that the second inequality in (6.107)
is true under assumptions (6.103) and (6.105). Similarly, the inequality on the left side of
(6.107) holds under assumptions (6.104) and (6.105). This completes the proof. O

Remark 18 (Sharper timestep restriction). In the specific case of the linear heat equation
(6.68), estimate (6.78) in Theorem 22 is sharper than estimate (6.105) in Theorem 24. In
fact, since the Lipschitz constant of the source term is L = ||, the timestep restriction (6.105)
is fulfilled for T|B| < 1, which is more restrictive than condition (6.78).

6.7 Velocity-induced invariant regions for RD models

Now, we consider four different RDSs that are well-known in the literature and prove, at the
discrete level, the existence of discrete invariant hyper-rectangles for these RDSs, depending
on the global discrete dilation rates pmi, and pinq, defined in (6.16). The results in this
section are confined to the spatially discrete level, but from Conjecture 1, we claim that the
same results holds at the continuous level. In the special case of stationary surfaces (i.e.
when fimin = fmaz = 0), we obtain invariant hyper-rectangles that have been studied in the
literature (see [21, 25, 65]). It is worth remarking that, even though we consider four RD
models for illustrative purposes, the following analysis can be easily extended to other types
of RDSs.

6.7.1 RDS with activator-depleted kinetics

Let us consider an RDS with the well-known non-dimensional activator-depleted kinetics, also

known as Schnakenberg or Brusselator kinetics (see for instance [6, 120]), on evolving surfaces

O*ui + w1V - v — Arug = fi(ug, ug) :=vy(a —uy + u%ug); (6.116)
0%ug +usVr - v — dArug = fg(ul, UQ) = 'y(b — ’UJ%UQ),

where a, b and = are positive parameters and d is a positive diffusion rate. The model
describes a system of two interacting chemicals, in which u; > 0 and us > 0 are the respective
concentrations. For this reason, we focus our attention on invariant regions contained in the
positive ortant. In the following theorem we prove that: (i) the positive orthant is invariant
for (6.116) regardless of fmin and fimee. At the continuous level, the result holds in the
specific case of stationary planar domains, see [21]. (ii) when f,in > 0, the model possesses
unbounded invariant stripes (depending on fi,i,) in the positive orthant.

Theorem 25 (Velocity-induced invariant regions for the activator-depleted model (6.116)).
For the LESFEM spatial discretisation of (6.116), the following statements hold:
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1. For any value of the constants fmin, and pmas defined in (6.32), the positive orthant
YT = [0, +oc[? is invariant.

2. If thmin > 0 and T2 is a constant such that

b
0o > i

T Mmin

, (6.117)

then the stripe ¥ = [0, +00[x [0, 2] is invariant.

Proof. In order to prove Statements 1 and 2 we have to verify conditions (6.21)-(6.22). For
Statement 1, we observe that

a) X, := {0} x [0,79] C X := {0} x [0, +oc[ and, for (uy,us) € X7, we have S (ur,ug) =
fl(ul,UQ) =va > 0;

b) X, :=[0,51] x {0} C 2; := [0, +00[x{0} and, for (uy,us) € Z;, we have i2(u1,uQ) =
fg(ul,UQ) = ’yb > 0.

This proves Statement 1. For Statement 2, let ti;, > 0 and we assume for the moment that
the strict inequality holds in (6.117). Then the set ¥X; := [0, +00[x {72} is contained in the
region

u>0,v>

{(u, v) € R?

ya — (7 + ,UJmin)u
yu? ’

in which fy(u1,u2) := fi(u1,u2) — pminur < 0. This proves Statement 2 when the strict
inequality holds in (6.117). Otherwise, observe that

% = [0, +00[x[0,72] = (][0, +00[x[0,72 + €], (6.118)
e>0
i.e. X is the intersection of invariant regions and is thus invariant. This completes the proof
of Statement 2. O
6.7.2 RDS with Thomas kinetics

Let us consider an RDS with the non-dimensional Thomas kinetics (see for instance [100, p.
78]), on evolving surfaces

0%u; +u Ve -v — Arug = fl(u17u2> =" (a —u1— p%) ; (6 119)
0%ug + uaVr - v — dArug = fa(ur, ug) == (a(b —u2) = P#ﬁ@% ’

where «, a, b, v, K and p are positive constants and d is a positive diffusion rate. The model
describes a system of two interacting chemicals, in which u; > 0 and us > 0 are the respective
concentrations. For this reason, we focus our attention on invariant regions contained in the
positive orthant.

Theorem 26 (Velocity-induced invariant regions for the Thomas model (6.119)). For the
LESFEM spatial discretisation of (6.119), the following statements hold:
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1. For any value of the constants fimin, and fimes defined in (6.32), the positive orthant
YT = [0, +o0[? is invariant.

2. If pmin > —ymin(l, ) and 1 and o are two constants such that

ya , = > Yyab

El > 2 =
YO+ fmin

. L : (6.120)
Y+ Hmin
then the region ¥ = [0,71] x [0,72] is invariant.

Proof. To prove Statements 1 and 2, we have to verify conditions (6.21)-(6.22). For Statement
1), observe that

a) for (ur,uz) € X; := {0} x [0,02], we have f, (u1,u2) = fi(u1,u2) = a>0;
b) for (ui,u2) € X, :=[0,71] x {0}, we have i2(u1,uQ) = fo(uy,uz) = ab > 0.

Items a) and b) prove Statement 1. For Statement 2, let iy, > —ymin(1, ) and we assume
for the moment that the strict inequalities hold in (6.120). Then, observe that

c) the set X1 := {71} x [0,72] is contained in the region

1+ u+ Ku?

{0 € Ru> 00> a = Gomin + ) R
Ypu
in which fy(u1,u2) := f1(u1,u2) — ftminu1 < 0;
d) the set X5 := [0,51] x {72} is contained in the region
b(1 Ku?

{(u,v)€R2u>O,v> yob(l +u+ Ku) 2},

you + (Y + fmin) (1 + u + Ku?)

in which 72(U1,U2) = fQ(ul,UQ) — Uminuz < 0.

Items a) through d) prove Statement 2 when the strict inequalities hold in (6.120). Otherwise,
we have that

S =1[0,51] x [0,52] = [|[0,51 + €] x (0,52 + €], (6.121)
e>0
i.e. X is the intersection of invariant regions and is thus invariant. O

6.7.3 Morphochemical RDS model for electrodeposition

Let us consider a RDS on an arbitrary evolving surface I'(¢), given by

9%ur +u1Vr - v — Aruy = fi(ur, ug); (6.122)
0%ug +usVr - v — dArug = fz(ul, UQ), ’
where fi(u1,u2) and fa(u1,u2) are the kinetics considered in [79, 80, 81], given by
fl(ul, UQ) = Al(l — uQ)ul - Agu? - B(UQ - a); (6.123)
fg(ul, UQ) = C(l + kQU1)<1 — UQ)(I — v+ ’)/UQ) — DU2(1 + ”yU,Q)(l + kgul), (6.124)
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respectively, and A, As, B,C, D, «, 7, ko, k3 are positive constants. Following [80], we fix the
following constraints on the parameters:

a=05,7=02 ky=25, ks = 1.5; (6.125)
D _(A-o)1—-7+79)

== = ~ (0.8182. 6.126

X C a(l + vya) ( )

Hence, we choose A, Ag, B, C' as free parameters. The above model (called DIB model after
the authors) describes electrodeposition processes as discussed in detail in [80]. In particular,
we recall that the unknowns have the following interpretation:

e ui(x,t) is the morphology. A positive value of u;(x,t) corresponds to metal deposition,
while a negative value of u;(x,t) corresponds to corrosion;

o uy(x,t) is the surface chemistry and ranges in [0, 1].

To summarize, the solutions of the DIB model should be confined in the region R x [0, 1] of the
phase space. Even if this property has not been proven in the literature, our invariant region
analysis gives a partial answer to the problem. In fact, a consequence of the next theorem is
that, when the parameters fulfil (6.125)-(6.126), and I'(¢) is not contracting too quickly, then
the ug(x,t) component of the solution fulfils ug(ax,t) < 1. A rigorous proof of the positivity
of ug(x,t) remains an open problem. It is worth remarking that this RD model has been
studied in the literature on stationary planar domains in [80, 81] and on stationary surfaces
in [79]. However, in this section we pose the model on evolving surfaces and we carry out
an invariant region study. Hence, in the special case pimin = fhmaez = 0 our invariant region
analysis covers the case of stationary domains and surfaces.

Theorem 27 (Velocity-induced invariant regions for the DIB model (6.122)-(6.124)). Let
conditions (6.125)-(6.126) hold. Let

Ve — vk — 1k — k2 -
gy 277 D2 = X V(27 = Dk — xk3)? +4(1 — 7)kay (k2 + xks) 42847, (6127)
2y (k2 + xks)
S (27 — L)ka — xks + /(27 — L)ka — xk3)? + 4(1 — 7)kay (k2 + xks3)
9=

B 2y(k2 + xk3)

~ 0.6262, (6.128)

and let A, A be defined by

A= (1—-0y)(1—7+7va9) — x05(1 + v0,) = 0.2006; (6.129)
A= (1—-79)(1 — v +~72) — xo2(1 +772) ~ —0.2306, (6.130)

If the minimum dilation rate ppmin fulfils

; A A
Hmin . max { } ~ —0.04682, (6.131)
C gy 02

then there exist o; < 0 and @3 > 0 (depending only on Ay, Az and B) such that the region
Y = [01,01] X [0y, 02] is invariant for the LESFEM spatial discretisation of the DIB model
(6.122)-(6.124).
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Proof. To prove the theorem, we have to verify conditions (6.21)-(6.22). To this end observe
that, since g5 < 0 and @2 > 0, then i2(U1,U2) = folur,ue) = faluy,uz) — tminue for all
(u1,us) € R2. Now notice that fo(u1,uz2) can be rearranged as

Falur,ug) = C{ul[k2(1 —ug)(1 — v +yuz) — xks(1 + yuz)us]

i (6.132)
I = u2) (1= 7+ ) = (14 yu)ug] — F s .
Hence, f(u1,u2) does not depend on u; when
ka(1 = u2)(1 — v + qu2) — xks(1 + yug)us = 0, (6.133)

i.e. when ugy takes one of the two values g, or o2 defined in (6.127)-(6.128). In particular, for
all u; € R, it holds that

fa(u1,72) = CA — prinda; (6.134)
folur,03) = CA — pminos, (6.135)

with A and A as defined in (6.129) and (6.130). Now, in order to verify conditions (6.21)-(6.22)
for fa(uy,us) we require that

CA — piminoa < 0; (6.136)
CA — fimingy > 0, (6.137)

i.e. we require that (6.131) holds. To complete the proof we need to prove the existence of
g, < 0 and o1 > 0 such that

filay, u2) = pmingy > 0; (6.138)
f1(@1,u2) — pminT1 <0, (6.139)

for all us € [0,,72]. But since the dominating term in fi(ui,us) is —Aqu$, it suffices to
choose o, and @ sufficiently large in modulus in order to fulfil conditions (6.138)-(6.139).
This completes the proof. ]

We remark that the dilation rate restriction (6.131) means that the evolving surface I'(¢)
is allowed to grow arbitrarily quickly, but if I'(¢) is contracting, then the contraction must be
sufficiently slow in comparison to C.

6.7.4 RDS with Hodgkin-Huxley kinetics

Let us now consider a RDS on arbitrary evolving surfaces with the well-known non-dimensional
Hodgkin-Huxley kinetics (see [29, 72] and [123, Chapter 14]), given by

= u%u;a,(cl —uy) + kzui(CQ —uy) + k3(cs —up);
(u1)(h(ur) — ug);
(u1)(h2(u1) — us);
(u1)(hs(u1) — ua),

O%ui +u1Vr - v — Arur = fi(u1, uz, us, ug
0%ug + uaVrp - v — diArug = fo(uy,ug) :=
0%uz +uzVr - v — doAruz = f3(u1,u3) :
0%uy + usgVr - v — dzArug = fa(ur,uq) :

) :
=g
92
93

(6.140)
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where ¢; > c3 > 0> c2, d; > 0,0 < hi(u) <1 and g;(u) > 0 for i € {1,2,3} and v € R. On
stationary planar domains, this model has been used to model the propagation of neuronal
impulses, see [29]. In particular, the variable u; represent a current (which can be positive or
negative), while the variables u; > 0, k = 2,3, 4, represent chemical concentrations. For this
reason, we focus our attention on invariant regions contained in the stripe S := R x [0, +oo[3.
In the following theorem we prove that: (i) the stripe S := R x [0, +-00[? is invariant for (6.140)
regardless of i and imae; (1) if fmin > 0, bounded invariant rectangles arise in S. At the
continuous level, the result holds in the specific case of stationary planar domains, see [25].

Theorem 28 (Velocity-induced invariant regions for the Hodgkin-Huxley model (6.140)).
For the LESFEM spatial discretisation of (6.140), the following statements hold:

1. For every value of the constants pumin and fimase defined in (6.16), the stripe S = R x
[0, +00[? is invariant for system (6.140);

2. 1If pmin >0, 0y < c2, 71 > ¢1 and

—1
ai+12<1+ Hmin ()> . ie{1,2,3), (6.141)
u

MaXyc(y, 7] Ji

then any region of the form ¥ := [o,,71] X H?ZQ[O,@-] (and thus ¥ C S) is invariant
for system (6.140).

Proof. In order to prove Statement 1 we have to verify condition (6.22). To this end, we
observe that

a) For (u,...,us) € Xy = R x {0} x [0,+00[?, we have folur,ug) = folur,ug) =
g1(u1)h1(ur) > 0;

b) For (u1,...,us) € Bg:=R x [0, +oo[x{0} x [0, +oo[, we have f,(u1,u3) = fs(ur,u3) =
92(ul)h2(ul) > 0;

c) For (uy,...,us) € X, := Rx|[0, +0o[?x{0}, we have £, (ur,ug) = fa(ur,ug) = gs(ui)hs(ur) >
0.

Then, condition (6.22) is fulfilled. This proves Statements 1. To prove Statement 2 we have
to verify conditions (6.21)-(6.22). Let us assume for the moment that the strict inequality
holds in (6.141). We complement the first part of the proof by observing that

d) For (uy,...,uq) € X, := {gl}xH?ZQ[O,Ei], we have f1(u1, ..., us)—fiminu1 = k1udus(c1—
o)+ kzui(CQ —0;) + ks <C3 — 0y <1 + ,u;:m > 0;
3
e) For (ui,...,uy) € 31 1= {El}xH?:ﬂO,Ei], we have fi(u1, ..., u4)—pminu1 = k1udus(c;—
51) + /ﬂguﬁ(Cg — 51) + k3 <63 — 01 <1 + ,Ulzu'n ) < 0;
3

f) For (uh s ,’LL4) € iQ = [QDEI] X {52} X H?:ZS[OaEiL we have f2(U1,UQ) — HminU2 =

. Hmin _ Hmin .
g1(u1) (hl(ul) - <1 i 91(U1))> <alm) (1 e (1 ’ MaXyelo, 1] 91(U)>> =
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g) Analogously, for (u1,...,us) € X3 := [01,71]x[0,72] x {73} x[0,74], we have f3(u1, uz)—
Hminus < 05

h) Analogously, for (ui,...,us) € By := [g7,71] X [[5_5[0,7i] x {74}, we have fi(u1,us) —
Pminta < 0.

Items a) through h) imply that conditions (6.21)-(6.22) are fulfilled. This proves Statements
2) when the strict inequality holds in (6.141). Let us now suppose that o, k = 2,3, 4, fulfil
the equalities in (6.141). Then it holds that

4 4
S =lonalx [Jl0,5) = [) ([0’1,01] x []0,7% +5k]> : (6.142)

k=2 £2,63,64>0 k=2

i.e. X is the intersection of invariant regions and is thus invariant. This completes the
proof. O

6.8 Numerical examples

The purpose of this section is to provide two numerical examples in which we (i) estimate the
experimental order of convergence of the LESFEM and (ii) experimentally show the ability
of Theorem 24 to find invariant regions of RDSs on evolving surfaces at the discrete level.

Example 1: Linear heat equation on an evolving sphere

In this example, we wish to estimate the experimental order of convergence of the LESFEM.
As a test problem, we consider the linear heat equation given by

1
0°u+uVr - v — ﬁApu = u. (6.143)
We choose T' = 1 to be the final time. The initial domain I'(0) is the unit sphere S?, that
evolves under the velocity field

xr

m7 ($,t) € Rg X [07 1]a (6144)

v(xz,t) =
and undergoes linear growth for » = 1, see Table 6.1. In particular, the domain I'(¢) at time
t € [0,7] is a sphere whose radius is given by the growth function ¢(¢) = ¢ + 1 and the
minimum dilation rate fulfils iy, = rT2:-1 =1 (see Table 6.1).
In order to determine the experimental order of convergence, we consider the analytical solu-

tion to (6.143) given by

TYZ
(t+1)3

t
u(x,y, z,t) = exp <t —2log(t+1) — t—|-1> , (z,y,2,t) € R x[0,1]. (6.145)

Hence, for the initial condition we choose the solution (6.145) at ¢ = O:
uo(z,y,2) = xyz, (z,y,2) € 82 (6.146)

See Appendix for the derivation of the analytical solution (6.145).
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y 2 -2y

Figure 6.2: Ezample 1: Linear heat equation (6.143) on a sphere that evolves linearly with
the material velocity field (6.144) with initial datum (6.146) and final time 7" = 1. Plots
at different times of the numerical solution obtained on the finest mesh I's (see text) with
N = 16962 gridpoints, initial meshsize hg(0) = 3.542e-2 and timestep 7 = 3.116e-4. Plotted
values range from —0.1924 (blue) to 0.1924 (red).

The constants = —1 and puni, = 1 fulfil the sufficient conditions (6.76) and (6.78) for
the discrete maximum principle for each 7 > 0. Hence, the LESFEM-IMEX Euler solution to
(6.143) fulfils a discrete maximum principle unconditionally on 7. In order to appreciate the
quadratic convergence in space we solve the problem on a sequence of eight Delaunay meshes

Iy, i = 1,...,8, whose mesh sizes at ¢t = 0 fulfil h;(0) = 0.4013 and h;(O) R M*Tléo), 1=

2,...,8. The corresponding timesteps 7; fulfil 7y = 4e-2 and 7 = (h?ﬁl) Ti—1,©=2,...,8.
In Fig. 6.2 we show a sequence of snap shots of the evolution of the numerical solution on the
finest mesh I's. The experimental order of convergence is computed by measuring the error,
in L>°([0,T], L*(T'(t))) norm, between the numerical solution U and the piecewise linear
interpolant I (u) of the exact solution. The result is shown in Fig. 6.3: the convergence is
experimentally optimal in that it is quadratic in the meshsize and linear in the timestep.
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Figure 6.3: Ezample 1: Linear heat equation (6.143) on a sphere that evolves linearly with
the material velocity field (6.144), with initial datum (6.146) and final time 7' = 1, solved
on a sequence of eight Delaunay meshes I';, ¢ = 1,...,8, and corresponding timesteps 7;,
i =1,...,8, as described in the text. Error in L°°(0,T, L?(T1(¢))) norm (left panel) and
experimental rate of convergence (right panel). The quadratic convergence in space is optimal.

Numerical Example 2: RDS with Thomas kinetics and invariant regions

In this example, we show that the LESFEM-IMEX Euler preserves the invariant regions of
RDSs on evolving surfaces. Let us consider the following RDS with Thomas kinetics

6'u1 + U1VF U — dlApul = fl(ul,ug) =7 (CL — Uy — p%) )

. i (6.147)
0%ug + uaVr - v — Arug = fa(ur, ug) :zy(a(b—uﬁ—pm ,
considered in Section 6.7.2, with the following reaction parameters:
a = 150, b = 100, p =13, K =0.05, v =1, (6.148)

as in [95]. With these parameters, the system (6.147) admits, in the absence of domain
growth, the homogeneous steady state P ~ (37.7382,25.1588) calculated using Newton-
Raphson method on a stationary domain. Notice that the diffusion coefficient for uy has
been normalised to 1 for convenience, and we choose d; = 0.01. The initial domain I'(0) is
the Dupin ring cyclide considered in [59, Appendix B], rescaled for convenience, given by

2
261 ° V 24
D= (z,y,2) € R?: <9(x2+y2+22)+1go> —4 <6m—39> —ST;)yQZ() , (6.149)

an orientable surface without boundary that is topologically equivalent to a torus. The surface
evolves under the isotropic velocity field (6.46) with

rK(K —1)

S0 =1y ot > 1€ [0, 7], (6.150)

with r = 0.2, K = 3 and undergoes a logistic growth, see Table 6.1. As final time we choose
T = 100. From Theorem 20, it follows that the corresponding dilation rates fulfil

Hmin = M:nm ~ 0, Hmax = :u;nax =0.8. (6151)
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Figure 6.4: Example 2: Thomas RDS (6.147) with reaction parameters (6.148) on any surface
that evolves logistically with the material velocity field defined by (6.46) and (6.150). Plot of
the region (6.152), which is invariant for the considered system under the timestep restriction
7 < 1.676e-3. This region is obtained by considering the nullclines of the modified kinetics
defined in (6.153)-(6.154).

From Theorem (26), model (6.147) possesses arbitrarily large bounded invariant regions con-
tained in the positive orthant. Let

S = [0,,51] X |09, 73] ~ [0.3366,126.4194] x [13.2938, 45.8182) (6.152)

be the smallest bounded region that (i) contains P and (ii) meets the modified inward flux
conditions (6.103)-(6.104) with 7 = 7 := 2e-3 and thus (6.103)-(6.104) hold for all 0 < 7 < 7.
As illustrated in Fig. 6.4, ¥ is obtained by considering the nullclines of the modified kinetics

?k(uhuQ) = fk(u17u2) — UminUk, k=1,2; (6153)
e%ﬂmaw -1
ik(ul,uQ) = fk(ul,uQ) — fuk, k= 1,2. (6.154)

It is easy to see that, on a region of the form ¥ = [g;,71] X [0y, T3], the Lipschitz constants
Ly and Ls of the kinetics f; and fo of (6.147) fulfil

Ly < Ly == yy/(1 + po2)2 + p2, Ly < Ly == 9/(p52)? + (a + p)2.

Hence, the timestep restriction (6.105) becomes 7 < m ~ 1.676e-3. It follows that

Y is invariant for the LESFEM-IMEX Euler full discretisation under the timestep restriction

0 <7 < min (7", m> ~ 1.676e-3. We choose 7 = 1e-3. The region X is smaller than
max( L1,

the invariant region provided in Theorem 26, which has a simple analytical expression but is
not optimal. The following initial condition

{ul,o(wx y,2) = a1 + (@1 — a)P(x,y, 2); (6.155)

u270<$7y7 Z) =03 + (52 - Qzﬁﬂ(% Y, Z)v

where (z,y, z) == \/1 — 25(min(Jy|, £))? fulfils (u1,0(x), uz,0(x)) € ¥ for all € T'(0) and is
shown in the first snap shot of Fig. 6.5. We solve the problem with 7 = 1e-3 on a sequence
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) (0 . i :
! i(0) e e e tG[TT]nz

1.190e+00 8.482e-02 1.841e-01 -8.001e-01 5.214e-01
8.537e-01  8.005e-02  5.281e-01 -5.318e-01 6.397e-01
5.898e-01  5.860e-02 1.759e-01 -5.083e-01 7.626e-01
4.273e-01  2.259e-02 1.793e-01 -6.559e-01 5.147e-01
3.011e-01  -7.288e-02 1.791e-01 -6.338e-01 8.181e-01
2.114e-01  -3.555e-01 1.241e-01 -5.017e-01 4.297e-01
1.531e-01  -5.376e-01 1.321e-01 -3.816e-01 6.152e-01

N O U W N

Table 6.2: Example 2: Thomas RDS (6.147) on the Dupin ring cyclide (6.149) that evolves
logistically with the material velocity field defined by (6.46) and (6.150), with reaction param-
eters (6.148), initial datum (6.155) and final time 7" = 100. Invariance analysis for ESFEM,
carried out by solving the system on a sequence of seven meshes I';, i = 1,...,7 as described
in the text with a fixed timestep 7 = le-3. The region ¥ defined in (6.152) is not invariant
for ESFEM for any ¢ = 1,...,7, as the method violates the minimum of U; for ¢ = 5,6,7 and
the minimum of Us for each i =1,...,7.

of seven meshes I'y,;(t), i = 1,...,7, with decreasing initial meshsizes h;(0), ¢ = 1,...,7,
with both the LESFEM-IMEX Euler and ESFEM-IMEX Euler methods. Snap shots of the
LESFEM-IMEX Euler numerical solution obtained on the finest mesh I';, 7 at different times
are shown in Fig. 6.5. In particular, at the final time 7" = 100 (see last snap shot of Fig.
6.5), the surface is stationary up to machine precision and the numerical solution has reached
a stationary pattern. For a given numerical solution (Uj,Us) on the mesh I'y;, i =1,...,7,
consider the following functions

() = min (G —U(x,t),  n,(t):= min (Up(x,t)—0oy), k=12
xzely, (1) - xely ;(t)

These functions are the oriented distances of the numerical solution (U, Us) from the edges
of ¥. If the oriented distances M and 7, k = 1,2, stay positive at all times, it means that
(Uy,Uz) is in ¥ at all times. For all 1 =1,...,7, we show the minima over the time interval
[7,T] (ie. excluding the initial data) of n, and My k = 1,2, for both the ESFEM-IMEX Euler
and LESFEM-IMEX Euler methods in Tables 6.2 and 6.3, respectively. We observe that
ESFEM-IMEX Euler violates ¥ for all ¢ = 1,...,7, while LESFEM-IMEX Euler preserves
foralli=1,...,7.

6.9 Conclusions

We have presented a LSFEM spatial discretisation and a LSFEM-IMEX Euler full discretisa-
tion of RCDSs on evolving compact surfaces. We have introduced indicators, called dilation
rates that measure the rate of evolution of the continuous and triangulated surfaces.

We have proved sufficient conditions for a rectangular region in the phase-space to be in-
variant (i) for the LESFEM space discretisation and (ii) for the LESFEM-IMEX Euler full
discretisation. These sufficient conditions account for the dilation rates of the discrete surface.
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Figure 6.5: Ezample 2: Thomas RDS (6.147) on the Dupin ring cyclide (6.149) that evolves
logistically with the material velocity field defined by (6.46) and (6.150), with reaction param-
eters (6.148), initial datum (6.155) and final time 7' = 100. Snap shots of the U; component of
the LESFEM-IMEX Euler numerical solution at different times, obtained on the finest mesh
I'7 (see text) with initial meshsize h7(0) = 1.531e-1 and timestep 7 = le-3.
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min ﬁ?

— . — .
P mO) i, gy i, 1, 21,

1.190e+00 1.060e-01 1.738e-01 7.6017752487788e-02 2.665e-01
8.537e-01  1.060e-01 4.796e-01 7.6017752487775e-02 3.676e-01
5.898e-01  1.060e-01 1.958e-01 7.6017752487774e-02 5.336e-01
4.273e-01  1.060e-01 2.163e-01 7.6017752487768e-02 6.679e-01
3.011e-01  1.060e-01 1.934e-01 7.6017752487765e-02 9.708e-01
2.114e-01  1.060e-01 1.909e-01 7.6017752487761e-02 9.401e-01
1.531e-01  1.060e-01 1.899e-01 7.6017752487756e-02 9.367e-01

N O TR W N

Table 6.3: Example 2: Thomas RDS (6.147) on the Dupin ring cyclide (6.149) that evolves
logistically with the material velocity field defined by (6.46) and (6.150), with reaction param-
eters (6.148), initial datum (6.155) and final time 7" = 100. Invariance analysis for LESFEM,
carried out by solving the system on a sequence of seven meshes I';, i = 1,...,7 as described
in the text with a fixed timestep 7 = 1e-3. The region X defined in (6.152) is invariant for all
t=1,...,7. The minima of m (and so the minima of Uy) coincide up to machine precision.

At the fully discrete level, a timestep restriction that depends on the Lipschitz constants of
the kinetics is required.

By applying the proposed theory, we have classified some families of invariant regions for the
LSFEM spatial discretisation of the Schakenberg, the Thomas, the Hodgkin-Huxley and the
DIB models on evolving surfaces.

We have provided two numerical examples to show:

1. the L°°([0, T], L*(T'(t))) optimal convergence (i.e. quadratic in the meshsize and linear in
the timestep) of the LESFEM-IMEX Euler full discretisation of the linear heat equation
on a linearly growing sphere, even though a theoretical convergence analysis is beyond
the scope of this thesis;

2. the existence of an invariant rectangle for the LESFEM-IMEX Euler full discretisation
of the Thomas RDS on a logistically growing Dupin cyclide.
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Chapter 7

Conclusions and possible extensions

In this work we have proposed novel extensions of the SFEM for the numerical approximation
of partial differential equations on stationary or evolving surfaces. The proposed methods
address two problems in numerical analysis: (i) polygonal approximation of the surface and
(ii) preservation of maximum principles and invariant regions under discretisation. The main
findings of this thesis can be summarised as follows:

e In Chapter 3 we have presented a Surface Virtual Element Method (SVEM) for the
numerical approximation of the Laplace-Beltrami equation on a stationary surface I'.
The method is well-defined on arbitrary (possibly discontinuous) polygonal approxima-
tions of the surface, rather than just on triangulations. The possibility of approximating
the surface with arbitrary polygons can provide a computational advantage in several
applications since (i) particular geometries can be approximated with fewer elements on
equal number of nodes and (ii) multiple meshes can be easily pasted together through
juxtaposition by imposing virtual continuity. We have proven optimal convergence in
H(T') norm (that is linear in the meshsize).

e In chapter 4 we have presented a Lumped Surface Finite Element Method (LSFEM) for a
semilinear heat equation on a stationary surface I' and a full discretisation based on the
implicit-explicit (IMEX) Euler method of the LSFEM spatially discrete formulation.
Both the spatial- and fully discrete methods preserve the maximum principle under
discretisations if the mesh meets the Delaunay angle condition. No restriction on the
meshsize is required, while a timestep restriction depending on the source term of the
equation is required at the fully discrete level. We have proven optimal convergence
in L°([0,T],L3(T")) norm for both the spatially- and fully discrete methods (that is
quadratic in the meshsize and linear in the timestep).

e In Chapter 5 we have extended the LSFEM and the IMEX Euler-LSFEM considered
in the previous chapter to solve reaction-cross-diffusion systems (RCDSs) on a sta-
tionary surface I'. Both the spatial- and fully discrete methods preserve the invariant
regions of the continuous PDE problem under discretisations if the mesh meets the De-
launay angle condition. No restriction on the meshsize is required, while a timestep
restriction depending on the Lipschitz constants of the kinetics is required at the fully
discrete level. As well as in the previous chapter, we have proven optimal convergence
in L>°([0,T], L*(T')) norm for both the spatially- and fully discrete methods.
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e Finally, In Chapter 6 we have further extended the LSFEM and the IMEX Euler-LSFEM
to solve the linear heat equation and reaction-diffusion systems (RDSs) on an evolving
surface I'(t). We have introduced novel indicators, called dilation rates, that measure
the rate of growth or contraction of both the continuous and triangulated surfaces. For
the linear heat equation we have proven sufficient conditions for the maximum principle
to hold at the spatially- and fully discrete levels. For RDSs we have proven sufficient
conditions for a region in the phase-space to be invariant at the spatially- and fully
discrete levels. We have conjectured that analogous sufficient conditions hold at the
continuous level. These sufficient conditions account for the dilation rates of the surface,
thus quantifying the impact of surface evolution on the maximum principle for the heat
equation and on the invariance of sets in the phase-space for RDSs. We have classified
families of invariant regions -depending on the dilation rates- for the activator-depleted,
the Thomas, the DIB and the Hodgkin-Huxley RD models.

We now outline possible direction for future studies:

1. Nonlinear cross-diffusion. In [123] the authors consider RCDSs with nonlinear cross-
diffusion on stationary planar domains. They prove that, in the absence of nonlinearities
in the diffusion term, the only possible invariant regions have polygonal shape while, in
the presence of nonlinear cross-diffusion, invariant regions with curved boundaries can
exist. To the best of the author’s knowledge, no numerical evidence of such invariant
regions with curved boundaries is available in the literature. Hence, devising a numerical
method that preserves the invariant regions of RCDSs with nonlinear cross-diffusion is
a possible direction for future studies.

2. Higher order convergence in space. Higher orders of convergence can be achieved by
adopting curved finite elements, as shown in [32]. However, raising the order of conver-
gence of the presented methods provides additional challenges, in fact:

e For the SVEM, the increased complexity arising from curved elements would re-
quire suitable techniques to retain computability;

e For the LSFEM, the main bottleneck is the impossibility of formulating a La-
grangian finite element method of arbitrarily high order such that the resulting
stiffness matrix is an M-matrix. In fact, if for linear Lagrangian elements it is
sufficient to impose the Delaunay angle condition, the work in [74] shows that, for
quadratic Lagrangian elements a much more restrictive angle condition is required,
while for cubic Lagrangian elements there is no angle condition that guarantees a
discrete maximum principle. Hence, novel machinery would be required.

3. Different time integrators. The LSFEM for stationary surfaces and the LESFEM for
evolving surfaces could be combined with different time discretisation schemes for two
reasons. First, by choosing a different time discretisation, the order of convergence in
time can be increased. For instance, in [42] the authors consider Runge-Kutta time
integrators combined with standard finite elements for parabolic problems on evolving
surfaces. Second, some time integrators are suited for particular kinds of solutions. For
instance, ESFEM and LESFEM could be combined with a symplectic time integrator
to approximate oscillating solutions.
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4. Preservation of the Delaunay condition under evolution. On evolving surfaces, the
assumption that the mesh preserves the Delaunay condition under evolution is too re-
strictive in many cases in which non-isotropic growth is considered. Some adaptive
mesh algorithms that produce quality evolving meshes (e.g. free of excessively distorted
elements) have been proposed in the literature, we mention for instance the work in
[77]. However, to the best of the author’s knowledge, the preservation of the Delaunay
condition under evolution remains an open problem.
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