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Preface

This English edition follows the organization and mathematical scope of the Chinese doctoral
dissertation. The chapters draw on the author’s published and unpublished work on anisotropic
geometric flows. Their terminology and exposition have been harmonized for a single thesis, while
the equation labels, proofs, and numerical examples are retained wherever possible.

Chapters 2 and 3 are based on the stabilized surface-diffusion method and the method with an
optimal energy stability condition, respectively. Chapter 5 develops the unified a-surface energy
matrix framework. Chapters 6 and 7 treat surfaces and moving contact lines. Chapter 8 includes the
numerical results from the author’s manuscript on coupled orientation and curvature dependence,
arXiv:2609.36419v1. The experimental data and figures in that chapter are reproduced from this
source; they are not newly computed for this edition.

The English edition uses a customized amsbook layout. All figures and tables are placed within
the main text.






Abstract

Anisotropic geometric flows arise in crystal growth, thin-film evolution, solid-state dewetting, and
other models of interfacial motion. Their driving energy depends on the interface orientation, and
their evolution is governed by geometric constraints and physical laws such as energy dissipation,
conservation of enclosed area or volume, and contact-line dynamics. Strong nonlinearity and
anisotropy can produce corners, necking, and topological changes. A numerical method must
therefore resolve the evolving geometry while retaining the relevant structural laws and an adequate
mesh.

This thesis develops structure-preserving parametric finite element methods for anisotropic
geometric flows on planar curves and surfaces in three dimensions. The analysis proceeds from a
surface energy matrix to a conservative weak formulation, a local energy estimate, and a fully discrete
energy inequality. This approach treats anisotropic surface diffusion and curvature flow, and extends
to crystalline thin films and solid-state dewetting with moving contact lines.

The main contributions are as follows.

e We characterize optimal energy stability conditions within the local energy estimate
framework. In two dimensions, a symmetric surface energy matrix attains the condi-
tion 3y(0) — 7(0 — ) > 0, without an additional restriction at equality. The resulting
surface-diffusion scheme preserves enclosed area and dissipates energy without a time-step
restriction. A preceding stabilized formulation also accommodates globally C!, piecewise
C? densities under its stated critical-case assumptions.

e We introduce an a-surface energy matrix that unifies a family of conservative formulations
and parametric discretizations. The framework gives a common energy stability analysis
and identifies the symmetric choice a« = —1 as the unique parameter attaining the non-
strict optimal directional condition within the analyzed family. The corresponding three-
dimensional condition is 2y(n) — y(-n) > 0. A formulation of the normal velocity as a map
depending on both geometric quantities and the background manifold provides a consistent
extension to other anisotropic flows.

e We extend the methods to crystalline-film evolution and solid-state dewetting. A relaxed
contact-angle condition couples the interface to the moving contact line within the weak
formulation. The resulting schemes preserve enclosed area or volume and dissipate the
discrete energy. Numerical examples investigate anisotropy-induced necking, multiple
equilibria, and the effects of initial geometry and contact-line dynamics.

The thesis also treats energies W(I') = | f(n, H) dA coupling orientation and mean curvature.
A mass-lumped projection of the curvature derivative pairs the symmetric surface energy matrix
with a discrete curvature evolution equation. Under convexity in curvature and the local directional
energy estimate, the fully discrete scheme dissipates energy. Its conservative variants preserve
discrete volume. Numerical results taken from the author’s manuscript on coupled orientation and
curvature dependence exhibit approximately second-order convergence in the manifold distance,
confirm the structural properties to nonlinear-solver accuracy, and illustrate anisotropic bending and
Helfrich-type shape relaxation. Solvability, rigorous error analysis, and the consistency of evolved
and geometric curvature remain subjects for further study.

Keywords: geometric flows; parametric finite element method; anisotropic surface energy; structure
preservation; area and volume conservation; energy stability; curvature-dependent energy.
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CHAPTER 1

Introduction

This chapter first explains the motivation for studying extrinsic anisotropic geometric flows. We
introduce surface energies to describe anisotropy, derive the basic form of extrinsic anisotropic
geometric flows from the first variation of the surface energy functional, and discuss two particular
flows with gradient flow structures. We then briefly review the relevant theory and numerical
methods before outlining the contributions of this thesis.

1.1. Physical background

Curvature-driven interface evolution arises in many scientific fields, particularly materials science
and solid-state physics. The study of curvature-driven problems is central to understanding and
simulating interfaces in solid materials. In his 1956 and 1957 works, Mullins introduced mean
curvature flow and surface diffusion as mathematical models for grain boundary evolution and
capillarity-driven migration of atoms or molecules along interfaces [113, 114]. Curvature-driven
geometric partial differential equations have since become a principal framework for interface
dynamics. Subsequent studies have examined their physical basis, variational structures, and
well-posedness. In geometric analysis and partial differential equations, research on curvature flows
has addressed existence and uniqueness [110, 75, 66], regularity [86, 75], singularity formation [87,
140, 43], and long-time behavior [88, 89]. In materials science and solid-state physics, these models
describe epitaxial growth [64, 79], surface phase formation [74, 40, 30], heterogeneous catalysis [122,
128], multiphase fluid dynamics [32, 5], and solid-state dewetting [132, 136, 139, 90]. As illustrated in
Figure 1.1, surface diffusion coupled with moving contact lines describes the dewetting of solid films
on rigid substrates [136, 94, 93, 145].

Figure 1.1. Under surface-diffusion-driven dewetting, a solid thin film breaks up into
multiple isolated hemispherical islands; the image is adapted from [136].

The intrinsic lattice structure of a crystalline material naturally gives rise to a direction-dependent
surface energy. Such anisotropy is essential in the study of crystal shapes and film evolution, whose
interface dynamics depend strongly on the material symmetry. When the surface energy density
depends on the interface normal, different orientations have different energy costs and driving forces,
leading to preferred and competing orientations. This selection mechanism, governed by crystal

1
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symmetry, can produce complex dynamics and induce instabilities and morphological transitions
under suitable geometric and boundary conditions.

(a)

[001]

Tip splitting

Side branching

Figure 1.2. Instabilities induced by anisotropy: pinch-off (top), fingering instability (bottom
left), and faceting instability (bottom right). The figure is adapted from [100, 152, 146].

Film retraction, the evolution of slender structures, and strong orientation preferences can give rise
to several interface instabilities; see Figure 1.2. Examples include Rayleigh—Plateau instability [120,
77], faceting instability [100, 80, 34, 73], fingering instability [95, 96, 116], corner instability [145], and
pinch-off [146, 131]. These processes can interact and occur in succession. For example, growing edge
perturbations may first produce fingers; the slender fingers may then undergo pinch-off, separating
into isolated islands. Such behavior involves evolution across multiple scales and changes in topology.
These frequently observed experimental features directly reflect the dynamical effects of anisotropy.

These complexities make accurate simulation of anisotropic curvature flows challenging: numerical
schemes must reliably capture the underlying physical mechanisms. The broad applications of
anisotropic geometric flows motivate a systematic framework for designing structure-preserving
numerical methods.

1.2. Surface energy and anisotropy

Anisotropic interface dynamics are often governed by the anisotropic surface energy, conventionally
denoted by y. In applications, y may depend on temperature, position, electromagnetic fields,



Chapter 1. Introduction 3

curvature, and other factors [82, 124, 129]. We first consider the simplified case y = y(n) > 0, where
n € S%1 is the outward unit normal to the surface.

If y(n) is independent of direction, namely y(n) = constant, the anisotropy disappears and the
surface energy is isotropic. A nonconstant surface energy is classified as either weakly anisotropic
or strongly anisotropic. This distinction affects the well-posedness of geometric flows [3, 42, 130], the
stability of equilibria [92, 37, 77], and the analysis of numerical methods [102, 57, 139, 11, 46].

1.2.1. Frank diagrams. We begin with the simpler two-dimensional setting. For the normal
n = (—sin 6, cos 0)7, the surface energy y(n) has an equivalent $(6) representation, namely $(0) :=
y(n(0)). The anisotropy can be classified using the surface stiffness 7(0) := 7(0) + p”(0) [115, 78]. If
7(0) is strictly positive everywhere, the energy is weakly anisotropic; otherwise it is strongly anisotropic.
For a general anisotropic surface energy y(n), this classification can be made using the Frank diagram
[65]. Here y(p) denotes the degree-one homogeneous extension defined below:

(1.1) F={peR?|y(p) <1},

In the direction n, the radius of the Frank diagram is ﬁ ; hence it is also called the %—plot. Figures 1.3
and 1.4 show Frank diagrams for several anisotropies, whose formulas are given in Section 2.1 and

Appendix B.

OV
O C

Figure 1.3. Several Frank diagrams of two-dimensional anisotropies. From left to right, top to
bottom: three-fold symmetric anisotropy with g = % ; three-fold symmetric anisotropy with
B = % ; piecewise anisotropy; piecewise BGN anisotropy; /!-norm anisotropy;
yn)=1+ %(n‘lL + n‘zl); y(n)=1+ %(n? + ng).

The convexity of the Frank diagram determines the strength of the anisotropy y(n). If the diagram
is convex, the anisotropy is weak; if it is nonconvex, the anisotropy is strong [137].

1.2.2. Weighted curvature and the Cahn-Hoffman vector. From the perspective of the second
law of thermodynamics, decreasing total energy drives the evolution. For a surface I in RY with
prescribed anisotropy y(n), we define the total surface energy by

(1.2) W(T) = /r y(n)dA,
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Figure 1.4. Several Frank diagrams of three-dimensional anisotropies. From left to right, top
to bottom: three-fold symmetric anisotropy with = ; cubic anisotropy with g = % ;
[001]-oriented anisotropy with § = 3; piecewise BGN anisotropy; /4

[111]-oriented anisotropy with § = 3.

-norm anisotropy;

where dA is the area element on I'. Let I'* be generated by a smooth normal variation nn of I'. The
chemical potential is defined as the first variation of the energy functional W(I'):

(13) wi= S, owmin = [ pnaa.

In two dimensions, the y(0) formulation gives the explicit expression for the chemical potential

(1.4) p =70 =[7(0)+7"(0)lx,

where 7(0) is the surface stiffness and x = —(dssX) - n is the curvature. Thus u is also called the
weighted curvature. For the normalized isotropic density y = 1, u reduces to the usual curvature «.
Once the driving force p is known, the physical mechanism determines how i produces a normal
velocity. Nonconservative evolution typically gives curvature motion, whereas transport dominated
by diffusion along the surface gives surface diffusion. This leads to different geometric flow models.

In 1972, Cahn and Hoffman introduced what is now called the Cahn-Hoffman &-vector to study
anisotropy in crystalline materials [84, 37]. To define it mathematically, we first extend the anisotropy
y(n), defined on S%~!, by degree-one homogeneity:

Pl Vp e R0}
(15) y(p) =
0, p=0.

The Cahn-Hoffman &-vector is then defined by
(1.6) En) = (&1,&, &))" = Vy(p) - Vn e §%71,

where V is the gradient in R?. Homogeneity implies that & satisfies

(1.7) &-n=y(n).

Figure 1.5 shows &-plots for several anisotropies. For a weak anisotropy, the &-plot is a simple closed
surface; a strong anisotropy produces “ears”, as shown in the last example of Figure 1.5.



Chapter 1. Introduction 5

Figure 1.5. Several &-plots of three-dimensional anisotropies. From left to right, top to
bottom: isotropic; ellipsoidal anisotropy; piecewise BGN anisotropy; three-fold symmetric
anisotropy with g = 1; cubic anisotropy with g = 1; cubic anisotropy with g = 1.

In polar coordinates, the Cahn—-Hoffman vector has an explicit expression. In the two-dimensional
7(0) formulation,

(1.8) £0)=9(O@)n—-9'(0)r, VO e2nT,

where n = (—sin 6, cos 0)7, T = (cos 6,sin 0)T are the curve normal and tangent, respectively. In the
three-dimensional y(0, ¢») formulation, the vector decomposes as

090,9) 1 97(0,9)

(1.9) &0,0) =70, p)n + 0 't eno 70 T,
where {n, 11, 72} form the orthonormal frame
(1.10a) 1n(6, ¢) = (sin 0 cos ¢, sin O sin ¢, cos 0)7,
(1.10b) 71(0, ¢) = (cos O cos P, cos O sin ¢, —sin O),
(1.10c) 72(0, ¢) = (-sin ¢, cos ¢, 0)T.
For a hypersurface I in R?, the weighted curvature u and the Cahn-Hoffman vector satisfy [37]
(1.11) w=Vr-§&,

where Vr- is the surface divergence on I'. In two dimensions, when the curve is parameterized by arc
length s, u takes the form

(112) w=-0: (84 n,

Here L denotes a clockwise rotation by 7.
For the normalized isotropic density y = 1, & reduces to the normal n. Since H = Vr - n, the
weighted curvature p then equals the mean curvature H of the surface.

1.3. Typical anisotropic geometric flows

Geometric flows are partial differential equations describing curve or surface evolution driven
by geometric quantities such as curvature. A flow associated with the anisotropic surface energy
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y(n) is specified by its normal velocity V,,. Widely used examples include anisotropic curvature flow,
area-preserving anisotropic curvature flow, and anisotropic surface diffusion, with normal velocities

—u, anisotropic curvature flow,
(1.13) Vu=4 —u+A,  volume-preserving anisotropic curvature flow,
Arp, anisotropic surface diffusion,

where A = [ uds/|T] is a Lagrange multiplier enforcing conservation of the enclosed volume, and Ar
is the Laplace-Beltrami operator. Power geometric flows V,, = u* (k > 2) and more general nonlinear
geometric flows V,, = f(u) also arise frequently [29, 2]. We briefly discuss anisotropic curvature flow
and anisotropic surface diffusion below.

1.3.1. Anisotropic curvature flow. Anisotropic curvature flow is characterized by the normal
velocity V,, = —pu. It arises in crystal growth, film evolution, and grain boundary migration, and
provides a basic geometric model for interface evolution in multiphase systems.

From a variational perspective, anisotropic curvature flow is the L? gradient flow of the surface
energy functional W(I'): the interface evolves in the direction of the negative chemical potential,
ensuring energy dissipation. More precisely, a closed surface I satisfies the dissipation law

(1.14) iW(r) = /VnydA = —/yz dA <0.

while its enclosed volume Q satisfies

(1.15) o= /vn dA = —/ydA.
dt r r

Thus this flow generally does not conserve volume. Adding a Lagrange multiplier to the velocity to
cancel the net volume flux gives volume-preserving anisotropic curvature flow, or area conservation
in two dimensions.

1.3.2. Anisotropic surface diffusion. Anisotropic surface diffusion is another important geometric
flow, in which mass transport along the surface drives interface evolution. Spatial variations of the
chemical potential ; induce a tangential flux

(1.16) J=-Vry,
and mass conservation gives the normal velocity
(1.17) Vi ==Vr-J =Arpu.

This model is the H™! gradient flow of the surface energy functional W(I') under a conservation
constraint. Since u already contains curvature, anisotropic surface diffusion is a fourth-order
geometric evolution equation. It has an energy dissipation structure analogous to that of curvature
flow. For a closed surface, we formally obtain

(1.18) iwm = /yAry dA = — /(vry)2 dA <0.
and the enclosed volume satisfies
(1.19) i|Q| = /Ary dA =0.

dt r

Thus surface diffusion preserves volume conservation under natural conditions. For two-dimensional
curves parameterized by arc length, the surface differential operators are replaced by arc length
derivatives, namely V;, = dssu. Its higher order makes surface diffusion more challenging to analyze
and compute than anisotropic curvature flow.
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1.4. Equilibria of conservative geometric flows

An equilibrium of a conservative geometric flow minimizes the total surface energy while preserving
the enclosed volume. This is the following optimization problem with a fixed volume constraint:

(1.20) ngn (/ y(n) dA) , |Q| = constant.
r

Gibbs first formulated this problem, and Wulff subsequently provided the construction now known
as the Gibbs—Waulff theorem [141]. Wulff proposed that the distance from the crystal center to a
facet should be proportional to its surface energy density. Accordingly, the minimizer of (1.20) is
determined by

(1.21) W={peRl|p-n<ymn)}.

This geometric object is called the Wulff shape [134, 71, 33]. Although Wulff did not prove his assertion,
subsequent work established rigorous mathematical proofs, providing the foundation of the theory
of crystal equilibrium shapes [47, 36, 82, 99, 109, 83]. Figure 1.6 shows Wulff shapes for several
commonly used anisotropic surface energies.

Figure 1.6. Wulff shapes of several anisotropies corresponding to the Frank diagrams in
Figure 1.4.

By (1.7), the magnitude of the normal component of the Cahn-Hoffman &-vector is y(n). Together
with (1.21), this suggests a close relation between the &-plot and the Wulff shape. For weak anisotropy,
the &-plot has no “ears” and coincides with the Wulff shape boundary. For strong anisotropy, the
“ears” of the &-plot must be removed to obtain that boundary. Figure 1.7 compares the y-plots, Frank
diagrams, &-plots, and Wulff shapes for several anisotropies.

1.5. Literature review

The mathematical theory of geometric flows is extensive. Elliott and Garcke established local
existence and regularity for C* initial curves [58]. Escher, Mayer, and Simonett proved local well-
posedness of surface diffusion in higher dimensions, together with global existence and exponential
convergence for initial surfaces sufficiently close to spheres [61]. Their results provide a basis for the
long-time theory of fourth-order flows; Escher and coauthors also discussed singular behavior such
as pinch-off [62]. Chambolle and coauthors first proved existence and uniqueness for anisotropic
mean curvature flow [39]. For volume-conserving anisotropic mean curvature flow with convex
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Figure 1.7. The y-plots, Frank diagrams, &-plots, and Wulff shapes for several
three-dimensional anisotropies. From top to bottom: /!-norm anisotropy; piecewise BGN
anisotropy; cubic anisotropy with g = 1; cubic anisotropy with g = 1.

initial data, Andrews proved long-time existence and exponential convergence to the corresponding
Waulff shape [1]. Further discussion can be found in the monograph by Giga and Pozar [72].

Numerical methods for curvature-driven problems have been studied extensively over recent
decades. These include level set methods [35, 117, 111], phase-field methods [51, 31, 121], marker-
particle methods [50, 138], 6—L methods, finite element methods [44, 45], discontinuous Galerkin
methods [142], evolving surface finite element methods [97, 98, 85], and parametric finite element
methods [53, 22, 108, 11, 54]. A level set method represents the surface implicitly as the zero level
set of a function in one higher dimension, allowing complex geometric and topological changes. A
marker-particle method represents the surface by discrete particles and tracks their motion; it typically
requires restrictive stability conditions and frequent particle redistribution. The evolving surface finite
element method parameterizes the position vector X on a fixed space and other variables, including the
normal # and curvature H, on evolving spaces. Convergence can be proved for higher-order finite
elements with polynomial degree > 2; see [85, 56, 97, 98]. However, the strong nonlinearity and
evolving anisotropy often require artificial tangential velocities or mesh regularization to prevent
distortion and vertex collisions. Moreover, most of these methods do not preserve structure at the
fully discrete level and cannot simultaneously preserve energy dissipation and mass conservation or
the mass decay rate.

The parametric finite element method has attracted increasing attention because of its mesh quality,
accuracy, efficiency, and structure-preserving properties. It originated in Dziuk’s work, which first
takes a variation on the manifold, then discretizes, and finally introduces local parameterizations.
The method approximates the surface I'(t,,+1) by a parameterization over the surface I'(t,) at the
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preceding time level. Using the geometric identity Hn = —ArX, Dziuk rewrote mean curvature flow
d:X = —Hn in the heat-equation form

(1.22) X = ArX.

and discretized the weak formulation

(1.23) X - wdA +/ VrX :VrwdA =0, Yw € [Hl(I’(t))]d.
() ()

Unlike the evolving surface finite element method, the parametric finite element method pa-
rameterizes all variables, including the position vector X, on evolving spaces. Dziuk’s method is
unconditionally energy stable: the area of the discrete surface decreases during evolution,

(1.24) | <™,  Vm > 0.

However, the absence of tangential vertex motion can cause mesh concentration and vertex collisions,
degrading the numerical solution; see Figure 1.8. Long-time simulations therefore often require mesh
redistribution. Since its introduction in 1991, the parametric finite element method has been extended
to surface diffusion, Willmore flow, Gauss curvature flow, and other curvature-driven problems.
Convergence studies have also advanced the numerical analysis of geometric flows. Detailed accounts
are given in [44, 29, 102].

t=0. t = 0.075 t = 0.088759

Figure 1.8. Evolution of a spindle-shaped surface under mean curvature flow simulated by
Dziuk’s method; the figure is adapted from [102].

Among parametric finite element methods, the energy-stable method of Barrett, Garcke, and
Niirnberg [22, 25], commonly called the BGN method, is known for unconditional energy stability
and good mesh quality. To improve mesh behavior, the method allows tangential vertex motion and
imposes the mean curvature law only on the normal velocity V,, = n - d;X. It is based on the weak
formulation

(1.25a) / n-aXpdA+ | HepdA=0, VeeH\(T()),
I(t) ()

(1.25b) / Hn -wdA- | ViX:VrwdA=0, Vo e [H'TH).
I(t) I(t)

The resulting parametric finite element scheme retains the unconditional energy stability of Dziuk’s
method and improves mesh quality; see Figure 1.9. By designing a suitable discrete normal n, Bao
and Zhao subsequently developed a structure-preserving parametric finite element method that also
preserves volume conservation or the volume decay rate [19, 7, 8].

The BGN method has been applied to many isotropic curvature-driven problems, including
surface diffusion [21], Willmore and Gauss curvature flows [15, 16, 68], multiphase flow [67, 69],
biomembranes [26], Stefan problems [63], Mullins-Sekerka problems [27], and open curve or surface
evolution in solid-state dewetting [151, 20]. Numerical experiments indicate robust performance,
particularly in long-time simulations. A central feature of BGN methods is the discretization of
curvature in addition to the position vector X through the geometric identity

(126) Hn = —AFX = —Vr . (IdVrX) ’
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t=0.075 t = 0.08875
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Figure 1.9. Evolution of a spindle-shaped surface under mean curvature flow simulated by
the BGN method; the figure is adapted from [102].

This identity expresses the curvature vector and provides a natural framework for energy-stable
discretization of H, where I is the d-dimensional identity matrix. Further discussion and applications
are reviewed in [29].

Several attempts have extended the BGN energy-stable parametric finite element method to anisotropic
flows. In two dimensions, Bao and coauthors used the explicit weighted curvature u = [y(0)+7"(0)]x
to derive a parametric finite element method for anisotropic surface diffusion [11], where u denotes
weighted curvature. Zhao, Jiang, and coauthors introduced the Cahn-Hoffman &-vector and the
weak formulation

(1.27) pn - @ds - & dswds =0,  VYw e [HI(T®))],
I'(#) T'(#)

to construct a parametric finite element method for arbitrary anisotropies 7(0) [93]. It was applied
successfully to open curves in two-dimensional solid-state dewetting. They subsequently used

(1.28) un - w dA = / y(n)VrX : Vrw dA + Z EinjVrx; - VrwjdA,
I'(t) I'(t) 1<i,j<3 ()

to extend the method to open surfaces in three dimensions [150], observing energy decay numerically.
Despite these numerical results, rigorous energy stability proofs remained difficult.

In 2008, Barrett and coauthors introduced the surface energy matrix ﬁdet(G)G‘1 and derived an
unconditionally energy-stable parametric finite element method for the special Riemannian metric

anisotropy y(n) = Vn - Gn. Subsequent studies applied this construction to various anisotropic
curvature-driven problems. Li and Bao later introduced a new two-dimensional surface energy
matrix [108]

. 7(0)  =7"(9) " 2
1.29 GO)=| 4 A , 0) € C*(2nT),
(1.29) () ()/(9) 7(6) 7(6) € C*(2nT)
and proved that the weighted curvature p satisfies the identity

(1.30) un = —d, (é(e)asx) .

Their work extended BGN energy-stable methods to general anisotropic surface energies, although
energy stability still required restrictive conditions on y(6). In 2023, Bao, Jiang, and Li introduced a
stabilizing function and the symmetric surface energy matrix [9, 12]:

(1.31) Zi(n) =yn)l,; - n&n)" — Em)n’ + k(n)nn’,

where k(n): S*1 - Rygisa prescribed stabilizing function and &(n) is the Cahn-Hoffman &-vector.
Based on this symmetric matrix, they proposed a symmetrized structure-preserving parametric finite
element method for surface or curve evolution with symmetric anisotropy

(1.32) y(n) =y(-n), Vn e ST,

This enabled efficient structure-preserving computations for many anisotropic problems in materials
science [103, 18, 52, 104, 105, 106]. However, some surface energies y(n) are asymmetric or fail to
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satisfy these conditions, including three-fold symmetric anisotropies [136, 11]. More recently, Bao
and Li introduced the nonsymmetric surface energy matrix

(1.33) Gi(n) = y(n)I; — n&m)" + Em)n’ + k(n)nn'.

Based on this construction, Bao and Li developed an analytical framework for proving the energy
stability of parametric finite element methods [13, 14]. Energy stability follows from a local energy
estimate when the stabilizing function k(n) is at least a bounded minimal stabilizing function ko(n).
This framework relaxes the condition on the anisotropy to

(1.34) (5-d)y(n) > y(-n), VnesS¥!, d=2,3.

The energy stability analyses of existing structure-preserving and energy-stable parametric finite
element methods can be recast and improved within this framework. For example, [18] used a local
energy estimate to relax the stability condition for the symmetrized method with matrix Z(n) from
(1.32) to 3y(n) > y(—n).

Although local energy estimates substantially improve the energy stability conditions for anisotropic
parametric finite element methods, several questions remain. As shown in [14], a necessary condition
for the local energy estimate associated with Gi(n) is

(1.35) G -d)y(n) = y(-n), d=2,3.

Thus condition (1.34) is almost optimal for their method. However, the critical case (5 — d)y(n*) =
y(—n") has not been analyzed in detail in the preceding work. Inspired by their analysis, we obtain the
same necessary condition (1.35) for the surface energy matrix family analyzed here; see Remarks 3.5
and 6.6. This raises the question of whether the condition is also sufficient and, if so, which matrix
achieves this optimal condition. Different surface energy matrices produce different numerical
schemes and typically require different analytical approaches. A unified analysis would allow
us to derive optimal stability conditions for these constructions and compare their computational
performance systematically.

Different curvature-driven problems often require specially designed discretizations. The discrete
variables mustbe chosen carefully to preserve the essential structures while maintaining computational
efficiency. As models are extended and coupled, designing each scheme separately becomes
cumbersome. The wide applications of anisotropic curvature-driven problems therefore motivate a
systematic framework for structure-preserving discretization.

1.6. Contributions of this thesis

This thesis develops structure-preserving parametric finite element methods for anisotropic geometric
flows of two-dimensional curves and three-dimensional surfaces. We first propose a stabilized method
for planar anisotropic curve evolution and analyze the critical case in detail, proving unconditional
energy stability under an additional mild constraint. We then construct a structure-preserving
method with an optimal energy stability condition and prove that (1.35) is sufficient, achieving
optimality within the local energy estimate framework. We apply both methods to crystalline film
evolution and solid-state dewetting in two dimensions and identify new numerical phenomena. For
two-dimensional anisotropic curvature flow, we introduce a parameter to construct a unified surface
energy matrix including the existing formulations within the analyzed family and establish an energy
stability framework for the associated fully discrete schemes. We also formulate a new perspective that
provides a systematic approach to structure-preserving discretization of anisotropic curvature-driven
problems. We extend this work to anisotropic evolution of surfaces in three dimensions and apply it
to three-dimensional solid-state dewetting.

Chapter 2 studies closed planar curves under anisotropic surface diffusion. Using the 7(0)
representation of the anisotropy, we introduce a stabilized conservative weak formulation and
its stabilized parametric finite element discretization. A systematic analytical framework proves
unconditional energy stability under mild conditions on y(6), including the critical case 3(0*) =
7(0" — m). Numerical experiments with several surface energies 7(0) examine efficiency, accuracy,
and structure preservation.
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Figure 1.10. Dissertation structure overview.

Chapter 3 proposes and analyzes a structure-preserving parametric finite element method with an
optimal energy stability condition for closed curves under anisotropic surface diffusion with energy
density 7(6). Within the local energy estimate framework, we prove that 37(0) — (6 — 1) > 0 is
both necessary and sufficient for the local energy estimate underlying unconditional energy stability
of the analyzed symmetric scheme. We introduce the symmetric surface energy matrix Z;(6) with
stabilizing function k(0), yielding a symmetrized conservative weak formulation. Under the stated
condition, its fully discrete parametric finite element scheme rigorously preserves the enclosed
area and dissipates energy unconditionally. Numerical experiments verify efficiency, accuracy, area
conservation, and energy dissipation.

Chapter 4 applies these methods to two-dimensional crystalline film evolution under surface
diffusion and to solid-state dewetting. We examine how the initial aspect ratio affects film pinch-off.
For open curves in solid-state dewetting, we derive an accurate structure-preserving parametric finite
element method and simulate evolution from different initial curves toward multiple equilibria under
strong anisotropy.

Chapter 5 develops a structure-preserving parametric approximation for curvature flows with
general anisotropy. Introducing the parameter « gives the surface energy matrix (A?IO(‘(Q), which unifies
existing and admissible alternative formulations. We derive a fully discrete parametric scheme that
exactly preserves the area decay rate. A unified analysis based on local energy estimates proves that
a = —1 is the unique value achieving the optimal energy stability condition 3y(0) > (0 — 7). We
also interpret the normal velocity as a mapping depending on both geometric quantities and the
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background curve. This perspective leads naturally to a unified discretization framework with a
consistent energy stability analysis.

Chapter 6 extends the structure-preserving parametric finite element method based on the a-
surface energy matrix to three dimensions. The three-dimensional a-surface energy matrix yields a
general conservative weak formulation for anisotropic surface diffusion. We discretize it using the
semi-implicit Euler method in time and the parametric finite element method in space. We prove
unconditional energy stability under a mild condition and show, as in two dimensions, that & = -1 is
the unique construction achieving the optimal energy stability condition. Numerical experiments
examine the efficiency, accuracy, and structure-preserving properties of the scheme for anisotropic
surface evolution.

Chapter 7 develops a structure-preserving parametric finite element method for three-dimensional
anisotropic solid-state dewetting. We introduce a relaxed contact angle into the weak formulation to
ensure energy stability, then discretize using the semi-implicit Euler and parametric finite element
methods. The scheme evolves the interface and contact line together while preserving volume, or
mass, and unconditional energy stability. Numerical experiments explore evolution from complex
initial surfaces, the effects of anisotropy on moving contact lines, and pinch-off of solid films.

Chapter 8 extends the surface energy density to f(n, H), which depends on both the normal and
mean curvature, and studies geometric gradient flows of closed surfaces in three dimensions. We
combine a symmetric surface energy matrix at fixed curvature with the curvature evolution equation
and introduce a mass-lumped projection of the curvature derivative of the energy to construct a
parametric finite element scheme for generally coupled energies. Under convexity in curvature and
the corresponding local energy estimate, we prove discrete energy dissipation. A time-averaged area
normal additionally gives a volume-preserving gradient flow scheme. Three-dimensional numerical
experiments examine convergence, energy dissipation, volume conservation, and computational cost,
and illustrate evolution from ellipsoidal, six-lobed, toroidal, and biconcave initial surfaces.

Finally, Chapter 9 summarizes the main results and discusses directions for future research and
improvement.






CHAPTER 2
A stabilized parametric finite element method for curve evolution

In this chapter, we introduce a stabilized parametric finite element method (SPFEM) for two-
dimensional anisotropic surface diffusion. The introduction of surface energy matrices marked an
important advance in structure-preserving numerical methods for anisotropic geometric flows. The
earliest work was the extension by Barrett and coauthors to surface energies of a special Riemannian
metric form. Subsequently, using the (6) formulation, Li and Bao introduced the surface energy
matrix G(0) and extended the BGN energy-stable parametric finite element method from isotropic to
general anisotropic surface diffusion [108]. Without a stabilizing term, their method requires relatively
restrictive conditions to ensure energy stability. Bao, Jiang, and Li then used the y(n) formulation
and a stabilizing function to construct the symmetric surface energy matrix Zy(n). They proposed
a symmetrized structure-preserving parametric finite element method in [9, 12] for anisotropic surface
diffusion with symmetric anisotropies satisfying y(n) = y(-n). However, some surface energies
arising in applications are asymmetric or fail to satisfy the earlier conditions, including the 3-fold
anisotropy (2.1); see [11, 139]. More recently, using the y(n) formulation, Bao and Li introduced a
new nonsymmetric surface energy matrix Gi(n) and developed a systematic analytical framework for
proving unconditional energy stability [13, 14]. This framework allowed them to relax the condition
on the anisotropy to 3y(n) > y(-n), Vn € S..

However, their analytical framework did not address the critical case 3y(n*) = y(-n"), n* € st
The framework relies on a gradient estimate for y(n), whose analysis is complicated because y(n) is
defined on the unit circle S!. In contrast, the 7(0) formulation, defined on 27T, has a simpler derivative
structure and is therefore better suited to analyzing the critical case 37(0*) = 7(0* — nr), 0" € 2nT.
Inspired by their analytical framework, we adopt the y(0) formulation to investigate this critical case.

The main objective of this chapter is to propose a structure-preserving stabilized parametric finite
element method for anisotropic surface diffusion under the following mild conditions:

i) 37(0) = (6 —n), VO € 2nT,
(ii) whenever 39(6%) = §(6* — ), 6" € 2nT, we have 7’(0*) =0,

Here the governing surface diffusion equation is (2.6) with surface energy 7(0).
Compared with the y(n) formulation, the y(6) formulation has the following advantages:

(i) it is more intuitive and concise in applications;
(ii) it reduces the regularity requirement on the anisotropy from C? to globally C! and piecewise
C%;
(iii) it facilitates the analysis of the critical case in two dimensions, where 39(6") = (6" — n) for
some 0" € 27T.

The remainder of this chapter is organized as follows. Section 2.1 lists anisotropic surface energies
commonly used in materials science. In Section 2.2, we introduce the stabilized surface energy matrix
G1(6) and derive a new conservative strong formulation for anisotropic surface diffusion. Section 2.3
presents a weak formulation based on this conservative form, its spatial semidiscretization, and a fully
discrete stabilized parametric finite element scheme. In Section 2.4, we analyze area conservation
and unconditional energy stability and develop a systematic framework for the energy stability
analysis. We first define a minimal stabilizing function ko(6) and, assuming that ko(0) is well-defined,
establish the main result through a local energy estimate. The existence of ky(0) is proved in Section
2.4.4. Finally, Section 2.5 presents numerical experiments demonstrating the efficiency, accuracy, and
structure-preserving properties of the method.

15
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2.1. Common anisotropic surface energies
We list several anisotropic surface energies widely used in materials science:
(1) m-fold symmetric anisotropy [11]
(2.1) 7(0) =1+ Bcosm(O0 — 6Oy), 0 € 2nT,

where m =2,3,4,6,|| <1, with p the dimensionless anisotropy strength and 6y € 2nT is
a constant. The surface energy 7(0) is weakly anisotropic when || < m21—1 and strongly
anisotropic otherwise.

(2) Ellipsoidal anisotropy [135]

(2.2) 7(0) =Va+bcos? 0, 6 € 2nT,

where a, b are dimensionless constants satisfyinga > 0and a +b > 0.
(3) Riemannian metric anisotropy, also called Barrett—Garcke—Niirnberg or BGN anisotropy [24, 23]

L
(2.3) 7(0) = Z Vn(6)TGn(0), n=(-sinO,cos )7, 6 € 2nT,
1=1

where L > 1 and the matrix G; € R¥? is positive definite for every 1 < [ < L. When
L =1, Gy = diag(a,a +b), (2.3) reduces to the ellipsoidal anisotropy (2.2).
(4) Piecewise BGN anisotropy [44]

. 5 3

(2.4) P(0) = \/(5 + Esgn(nl)) ni+nj,

where n = (n1,n3)" := (-sin 0, cos 0)7, 0 € 2nT.

(5) I"-norm anisotropy
1

(2.5) 7(0) = (jm|" + |n2|")7, r>2,

where n = (n1,n2)" := (=sin 6, cos 0)7, 6 € 2nT.

2.2. A conservative form for two-dimensional surface diffusion

We first recall the evolution equation for two-dimensional anisotropic surface diffusion:

(2.6) Vi = dssu,
where
(2.7) p=[p0)+77(0)] %,
and «k = —(dssX) - n denotes the curvature. In this section, we reformulate (2.6) by introducing a
stabilized surface energy matrix and obtain a conservative form.
Using the geometric identity kn = —dss X [110], we rewrite the anisotropic surface diffusion
equations (2.6)—(2.7) as
(2.8a) n-0iX —dssu=0, 0 <s < L(b), t>0,
(2.8b) un + [7(0) + 77(0)] dssX =0,

where L(t) := fr(t) ds is the length of T'(t).
Tueorem 2.1. The weighted curvature u defined in (2.7) satisfies the identity

(2.9) un = -0, (G(0)2.X),
where
A _ [ 7)) =9'(9) sin® 0 —cos9sin O
210)  Gu(0) = ( 2@ 30 | TRO| _oepne  wsto ). voeoT,

and k(0) : 2n'T — Ry is a nonnegative stabilizing function.
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Proor. We note that

(2.11) n=-9;X*=(-dsy, dsx)", dsx = cos O, dsy =sin 6,
and hence

(2.12) dssx = —sin 60,0, dssy = cos 09;0,

which gives

(2.13) K = —(95sX) - 11 = D55 x5y — ssYdsx = —(sin® O + cos® 0)ds0 = —3;0.
The geometric identity xn = —d;s X and the relation ;X = 7 = n* yield

(2.14) KdsX = knt = —dss X+, Kds X+ = —xn = dss X.

It follows from (2.13) and (2.14) that
as(p(e)asx) = 9/(0)9:09:X + P(0)ds: X
(2.15) = —k9/(0)ds X + 7(0)dss X
= 77,(6)855Xl + 77(9)855}(,

and

97(0)9509: X+ + 9/(0)dss X+
—kP"(0)ds X+ + P'(0)dss X+
= —9"(0)dss X + 7'(0)dss X *.

Since n79d;X = n -t = 0, the term J; (k(6)nn’d;X) vanishes identically. Combining (2.8b), (2.15),
and (2.16), we obtain

pn = —[9(0) + 97(0)19ss X — 5 (k(0)nn' s X)
217) = -0,(7(©)2.X) + 9,(7(©)2.X*) - 2, (K(©O)mn" 2. X)

P} (y'(e)asxl)
(2.16)

) (p(e)asx —P(0)9:X* + k(@)nnTasx).

Moreover, (2.11) gives

) . .
sin“ 0 —sinfcos@ | _ [ —sin6 | . T
(2.18) ( —sin 6 cos O cos? 0 ) h ( cos 6 ) (=sin0,cos0) = nn’,
and therefore
A _ 7(0) -9(0) sin? 0 —sin 6 cos 6
Gi(0)d:X = [( P(6)  7(0) +kO)| _ sin O cos 6 cos? 9 %X

(2.19) = [P(O)2 + P'(0)] + k(O)nn" | 9, X

= 9(0)3;X — 7'(0)9: X+ + k(O)nn' 9, X,
where I is the 2 X 2 identity matrix. Substituting (2.19) into (2.17) proves the desired identity (2.9). O

Using the identity (2.9), we rewrite the geometric partial differential equations (2.8) governing
anisotropic surface diffusion in the following conservative form:

(2.20a) n-0i X —dssu=0, 0<s < L(t), t>0,
(2.20b) un + 9, (ék(e)asx) - 0.

RemaRk 2.1. In the isotropic case, the curvature vector satisfies kn = —dss X = —ds (128SX ) This

motivates the stabilized conservative form un = —d; (ék(e)asx ) for anisotropic surface diffusion.

The stabilizing term is designed according to two principles: (i) it should make no contribution
at the continuous level, so the tangent vector d; X lies in its kernel; and (ii) it should be positive
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semidefinite to provide favorable numerical properties. We therefore choose the stabilizing term as

) .
T _ sin” 0 —cosOsin0
k(O)nn" = k() ( —cos 0sin 0 cos? 0

Remark 2.2. Taking (2.10) with the stabilizing function k(6) = 0, we obtain Gr(0) =

7(©0) —7'(0)
( 70)  $(0)
in the y(n) formulation, the one-to-one correspondence n = n(6) = (-sin 6, cos )" allows us to
define the stabilizing function by k(n) := k(n(0)) = k(0), so the stabilizing term becomes k(n)nnT.
Thus Gk(0) becomes the surface energy matrix in [13], denoted by G(n).

) which reduces to the surface energy matrix in [108] denoted by G(6). Moreover,

RemARk 2.3. At the continuous level, the stabilizing function k(6) makes no contribution because
n’9;X = 0. Thus the conservative form (2.20) is equivalent to the original form (2.8). At the
discrete level, however, k(0) provides stabilization and relaxes the energy stability requirement on
the anisotropy 7(0). For example, the surface energy matrix G(0) in [108], which has no stabilizing
term, ensures energy stability only for certain weak anisotropies. Adding the stabilizing term extends
the formulation to more general anisotropies; see condition (2.56).

2.3. A stabilized parametric finite element method for surface diffusion

In this section, we derive a new weak formulation from the conservative form (2.20) and introduce
its spatial semidiscretization. Applying the semi-implicit Euler method in time then gives a structure-
preserving stabilized parametric finite element method that preserves area conservation and energy
dissipation at the discrete level.

2.3.1. Weak formulation. To derive a weak formulation of (2.20), we introduce a time-independent
parameter p on the fixed interval I := [0, 1] and parameterize the curve I'(t) by

(2.21) I(t) := X(p,t) = (x(p, 1), y(p, )T : IX R — R2,

The arc length parameter s is given by s = fop |d,X(q,t)] dg. When no confusion arises, we use X (p, t)
and X (s, t) interchangeably.
We introduce the following function space on the evolving curve I'(t):

(2.22) L) := {u :I->R| / lu(s)|>ds = /lu(s(p,t))|28ps dp < +oo} ,
I'(t) I
equipped with the L? inner product

(2.23) (u,v)r(t) = /F(t) u(s)v(s)ds = /Hu(s(p,t))v(s(p, t))dps dp,

where u, v are arbitrary scalar- or vector-valued functions. The associated Sobolev spaces are defined
by

(2.24a) HY(I):={u:I>R|ue LX), and dou € L* ()},

(2.24b) Hy(T) := {u € H'(T) | u(0) = u(1)} .

These definitions extend directly to the vector-valued spaces [L2(I)]?, [H!(I)]* and [H; {7
Multiplying (2.20a) by a test function ¢ € H; (I), integrating along I'(t), and applying integration
by parts, we obtain

=0.

(2.25) (n X, (P)r(t) * (as,l’ aS(p)F(t) -
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Similarly, taking the dot product of (2.20b) with the test function w = (w1, = [H; (I)]? and
integrating by parts gives

0= (yn + ds (ék(e)é’sX) ¢ w)r(t)

(yn, a))m) + (8s(ék(6)&sX), w)m)

(un, w)m) - (ék(e)asx, 8sa))

(2.26)

()

Combining (2.25) and (2.26), we obtain the following weak formulation of (2.20): given an initial
closed curve T(0) := X(-,0) = Xo € [Hy(D]? find (X (-, £) = (x(-, £), y(-, )T, u(-, 1) € [Hy(D]* x Hy(D)
such that

=0, VoeH/D,

(2.27a) (n L9, (p)m) i ((95 ,J,as(p)m) _

e — 1(m\12
(2.27b) (yn,w)r(t) (Gk(6)85X,85w)r(t) 0, Vwe[H®DP

The weak formulation (2.27) preserves two geometric properties: area conservation and energy
dissipation.

ProposiTiON 2.1 (Area conservation and energy dissipation). Let I'(t) be determined by a solution
(X (-, 1), u(-, t)) of the weak formulation (2.27). Define its enclosed area and total free energy by

(2.28) A(t) := / y(s,t)dsx(s, t)ds, W(t) := P(0)ds.
I(t) I'(t)

Then

(2.29) A) = A(0), WEH <W(H)<SW(0), Vt>H>0.

More precisely,

d _ d _ 2
(2.30) aA(t) =0, CULW(t) = /F(t) |dspul”ds <0, t>0.

To prove this proposition, we introduce the following transport lemma:

Lemma 2.1 (Transport lemma). Let T(t) be a two-dimensional piecewise C' curve parameterized by
X(p,t), and let f : T(t) x R* — R be differentiable. Then

d

(2.31) 4 / Fds = / f + FO.(9:X) - 9. X ds.
dt Jru T(t)

Proor. Since [d,X| = 1/(d,x)? + (dpy)?, we have

_ 9px01(9px) + 9,y 9i(dpy)

3119,X] = : :
Ot @)

(2.32) 90X 90%)
= 10,1 (o] 19Xl

= 0.X - 0:(:X)|9,X],
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and hence

d

d /1
— ds = — d,X|d
dt r(t)f dt Jo f| P l p

1
= [ 3:12,X1+ £243, X1 dp
(2.33) 0

1
= /O 0:f 19, X| + £35(9:X) - 95X, X| dp

:/ Oif + fO5(9,X) - 95X ds.
I(t)

We now prove Proposition 2.1:

Proor. Let Q(t) be the region enclosed by I'(t). For area conservation, the Reynolds transport
theorem [123] and the choice ¢ =1 in (2.27a) give

d

d
EA(t) T dt

1dxdy :/ n-0d:Xds
(2.34) Q) I®)

- (n . a"LX'l)r(t) - —(&y,&ﬂ)rm =0

For energy dissipation, Lemma 2.1 gives

%W(t)z/ 27(6) + 7(6)95(3:X) - 9 X ds
(2.35) re

= / 7(60)0¢0 + 7(0)s (91 X) - ds X ds.
I(t)

On the other hand, using (2.32), we rewrite d;(d; X) as
1
|9, X]|
1
|9, X|
_ 1 (
IR

d5(d:X) = ap(at)()

(2.36) 9 (19pX|(cos 0,sin 6)")
dsX - 95(9:X)|dpX|(cos O, sin 0)" + |0, X|(—sin O, cos 9)T<9t6)

Together with d; X+ = (sin 0, — cos 0)T, this yields

(2.37) 0:0 = —05(9;X) - s X .
Therefore,
d ~ AL
(2.38) SW() = /r 100X~ 00.X] - 0.0%)ds

Since nT9;X = 0, we have
P(0)9sX — 7/(0)d; X+ = $(0)d: X — P/(0)ds X+ + k(0)nn' 9, X

(2.39) .
Gk(e)asX;

and consequently

d A
(2.40) S = /F | 600X 2.0.X)ds.
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Taking ¢ = y and w = J;X in (2.27a) and (2.27b), respectively, we obtain

d R
W = (Gk<e>asx,as<atx>)r(t)

(2.41)
- (Hn’th)r(t) - (&S‘u’ 8Su)r(t)

O

2.3.2. Spatial semidiscretization. For the spatial discretization, let N > 2 be an integer, set the
mesh size 1 = 1/N and the nodes p; = jh, and define I; = [p;-1, pj] for j =1,2,--- ,N. This gives
a uniform partition I = U?’: Ij of I = [0,1]. We approximate the closed curve I'(t) = X(-,t) by a

polygonal curve I'*(t) = X" (-, t) = (x"(-, 1), y" (., t))T with initial condition X" (p;, 0) = X(p;, 0).

The polygonal curve T'"(t) consists of the ordered edges {h; (WY namely

_11
(2.42) rh(t) = U hi(t)  where hj(t) = (hjx, hjy)" = X"(p;, t) = X"(pj-1,1).
j=1
We assume that fimin(t) = min |h;(t)| > 0 forall t > 0.
1<j<N

The edge h; determines the discrete geometric quantities on each interval: the unit tangent 7", the
outward unit normal n", and the inclination angle 6". Specifically,

(2.43) ), = B T "y =)t = U n';
| VIRl v IO
and
h h - p_ Dix - on_ Ny
(2.44) 0" =07, satisfying cos 0; = , sin@'=——.
o 7 |hjl 7 |hjl
We introduce the finite element spaces
(2.45a) K":={u" e ()| u"|;, e PX(Iy), Vj=1,2,--- ,N} € H'(D),

(2.45b) K= {u" e K" | u"(0) = u" (1)},
where P1(Ij) is the set of polynomials on I; of degree < 1.

h
For u,v € K", the mass-lumped inner product (-, ')rh( ) on Fh(t) is defined by
t

N
1 -
(246) (09), = 3 Zl O (-0 + e 0)p7)
where u(p]?) = lim u(p). For f € K", the discrete differential operator J; is defined by
p—p;

|1j] '
These definitions also apply to vector-valued functions.
The spatial semidiscretization of the weak formulation (2.27) reads as follows. Let Té’ =X"(-,0) €
[K}@’]Z, u(-) € K”} approximate I'g := Xp(-), to(:), respectively. For t > 0, find (Xh(-, f), yh(-)) €
[K;j]2 X K;,’ such that

(2.47) ds fli; ==

h h
K h ok [—"
(2.484) (" 2x", )rh() (06", 0.9 )rh(t) 0, Ve'eK!,

h h
h,h h A h h — h h12
(2.48b) (,,L n", w )mt) (Gk(e )9, X", dsw )m) 0, Vo'e[K'P,
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where

s o _ [ PO =M n sin? " —cos 0" sin 0"

Let A”(t), W"(t) denote the enclosed area and total free energy of the polygonal curve I''(t),
respectively, defined by

N
(2.502) A0 = 3 D - X O + 5 0),
=1
N
(2.50b) Wi = ) Ih(0)17(6)),
i=1

where x;’(t) = x"(p;, t),y]’?(t) :=y"(pj,t), VO<j<N.
An argument similar to the proof of Proposition 2.1 shows that the semidiscretization (2.48)
preserves both geometric properties:

ProrosiTiON 2.2 (Area conservation and energy dissipation). Let T"(t) be determined by a solution
(X" (-, 1), u"(-, 1)) of (2.48). Then

(2.51) Alt) = AM0), Wht) < Wh(t) < W(0), Vit >t > 0.

2.3.3. A structure-preserving stabilized parametric finite element scheme. Let 7 be a uniform

time step. We approximate I'(t) = X(-,f) att,, = m7 (m =0,1,---) by I = X"(-) = U?leh;”, where

h;.” = X"(pj) — X™(pj-1)- The mass-lumped inner product (-, ~)?m, unit tangent 7", outward unit
normal #n”, and inclination angle 0™ on I'" are defined analogously.

Inspired by the techniques used in [19, 91, 9, 8] to construct structure-preserving schemes for
isotropic surface diffusion, we apply the semi-implicit Euler method in time. This yields the following
semi-implicit structure-preserving scheme for anisotropic surface diffusion (2.8):

Let the initial approximation () € [K’},’]2 be given by X°(p;) = Xo(p;),¥0 < j < N. For
m=0,1,2,..., find (X"*() = (x™1(), y™ ()T, () € [K’;]Z X K;,‘ such that

m+1l _ ym h h
(2.52a) (nm+% : ¥'¢h)r,,, + (asymﬂ,asgoh)rm =0, Vo'ekh
h . h
(2.52b) (ymﬂnm%,wh)rm - (Gk(emwsxmﬂ,aswh)rm =0, Vo'e[K!P,
where
A comy _ [ PO™) =P(O™) m sin® 6™ —cos 0™ sin ™
(2.53) Gr(0™) = ( Pem (e + k(07) —cos 0™ sin O™ cos? ™ ’
and
(2.54) n"tE = —1#((9 X"+ 9,X" )t
’ ’ 2|(;PXm| p p :

ReMARK 2.4. The scheme is weakly implicit: the integration domain is given explicitly, and each
equation contains only one nonlinear term. This term is at most quadratic in the components of
X"+ and p™*!, so the scheme can be solved efficiently and accurately by Newton iteration; see
Appendix A.1.2 or [19].

Remark 2.5. The choice of n™*7 is essential for area conservation. Replacing it by n™ gives a
semi-implicit scheme that preserves only energy dissipation.
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2.3.4. Structure preservation. The enclosed area A™ and total energy W™ of the polygonal
curve I'"" are given by

1 N

(2.55a) A" =2 ; (x"(pj) = x"™(pj-1)) (¥ (pj) + ¥ (pj-1)) ,
N

(2.55b) W™ = Z [H9(07).

—_

]:
In applications, 7(6) often has limited regularity. Throughout the following analysis, we assume
that 7(6) is globally C! and piecewise C? on 2xT.
For convenience, we introduce the following energy stability condition:

Derintrion 2.1 (Energy stability condition). Suppose that (6) is globally C! and piecewise C2. Its
energy stability condition is defined by
(2.56a) 37(0) > (0 —m), VO € 2nT,
(2.56b) 7'(07) =0, whenever 37(0%) = (6" — n), 6" € 2nT.

The main theorem of this chapter establishes the structure-preserving properties of (2.52):

THeorEM 2.2 (Structure preservation). For any surface energy y(0) satisfying (2.56), the scheme (2.52)
preserves area conservation and, for sufficiently large k(0), unconditional energy dissipation, namely

(2.57) Al am = =AY W< <. <W0, Vm>0.
We first prove area conservation. Energy dissipation is discussed in detail in the next section.
Proor. Let I'(a) = X"(p, a) be the linear interpolation between X" and X"*!:
(2.58) X"p,a):=(1-a)X"(p) +aX"(p), O0<a,p<l.

Let n" be the outward unit normal to I'"(a), and let A(a) be the area enclosed by I (). Applying
the Reynolds transport theorem [123] to A(«a) gives

%A(a) = / 0aX" - n"ds
h
(2.59) '@

= / [X71 = X" - [-(1 = @)9, X" — ad,X"1] " dp,
I
Here we have used (2.58) and the identities
(2.60) X" =X X", 0l =9, X" 79, X ") .

Integrating (2.59) from 0 to 1 and using the definition of n"*3 in (2.54), we obtain

L
A(1) — A(0) = /[Xm+1 _Xm] ) [_% (apXm +9pXm+1)] dp
(2.61) I
— ((Xm+1 _ Xm) . nm+% 1)h
I‘m
Taking ¢" = 1in (2.52a) gives A(1) = A(0), or equivalently A™*! = A™. This proves area conservation.
O

ReMARK 2.6. The scheme (2.52) is designed for a sharp-interface model. Stabilization techniques
for phase-field models, such as convex splitting [133, 76] and stabilized semi-implicit schemes [51,
41], therefore do not apply directly here. The scheme (2.52) preserves the original energy stability
without additional correction terms.

Remark 2.7. For the m-fold anisotropy 7(0) = 1+ 8 cos m8, condition (2.56) holds for || < 1 when
m is even and for |f| < 1 when m is odd. Compared with the energy stability condition || < ﬁ in
[108], this substantially relaxes the restriction on the anisotropy strength.
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Remark 2.8. For the ellipsoidal anisotropy 7(6) = Va + b cos? 0, the energy stability condition in
[108] requires —5 < b < a, whereas (2.56) holds for alla > 0,a +b > 0.

Remark 2.9. For every symmetric anisotropy satisfying 7(6) = (60 — n), VO € 2nT, including
Riemannian metric anisotropy, condition (2.56) holds automatically. Thus the scheme (2.52) is
unconditionally energy stable.

2.4. Proof of unconditional energy stability

The key to proving energy dissipation for (2.52) is an estimate of the form

n h
(2.62) (Gk(emwsxm“,as(xm“ - X’”))rm > Wt W

which controls the energy difference between successive time levels. We first establish its local version
in the following lemma:

Lemma 2.2 (Local energy estimate). Let p,q be two nonzero vectors in R?, written as p =
|pl(cos @, sin p)T, g =|q|(cos 0,sin O)T. For sufficiently large k(0), the following inequality holds:
1 (4 . N
2.63) 7 (640p) - =)= 1pi7(e) - lal P (©)

Remark 2.10. Condition (2.56) is almost necessary for the local energy estimate. Taking p = —¢q
gives ¢ = 0 — 1, and (2.63) reduces to 2|q|7(0) > [q|9(6 — 1) — |q|7(0). Thus condition (2.56) is
almost necessary for establishing this local estimate.

2.4.1. The minimal stabilizing function and its properties. To prove the local energy estimate
(2.63), we introduce two auxiliary functions:

(2.64a) Pu(¢,0) == 2\/%(9) +aP(0)sin® ¢, V¢ € 2nT,
(2.64b) Q(¢,0) :=7(6 — )+ p(0)cos p + 7'(0) sin ¢, Vo € 2nT.

Using the auxiliary functions P,, Q, we define the minimal stabilizing function by
(2.65) ko(0) :=inf{a > 0] Pa(¢,0) — Q(¢h, 0) = 0, V¢p € 2T} .

By definition, ko(0) is determined by the surface energy y(6) and is therefore independent of time.
The following theorem ensures the existence of ky(0):

Tueorem 2.3. Suppose that 7(0) satisfies (2.56). Then the minimal stabilizing function ko(0) defined in
(2.65) is well-defined.

We defer the proof of Theorem 2.3 to Section 2.4.4.

A prescribed 7(0) determines the minimal stabilizing function ko(0), inducing a mapping from
7(0) to ko(0). This mapping is sublinear: it satisfies positive homogeneity and subadditivity.

Lemma 2.3 (Positive homogeneity and subadditivity). Let 7;(0) (i = 1,2, 3) be anisotropic surface
energies satisfying (2.56), and let k;(0) be the corresponding minimal stabilizing functions.

(i) If 72(0) = cP1(0) for a prescribed positive real number ¢ > 0, then ko(0) = ck1(0);
(ii) if P3(0) = 71(0) + P2(0), then k3(0) < k1(0) + k2(0).

Proor. Denote the auxiliary functions associated with 7;(0) by P, ;, Q;, respectively.
(i) If 92(0) = cp1(0), then
Pery (), 6) ~ Qal@), 0) = 24/c292(6) + 2k (6)71(6) sir®
(2.66) = (c71(0 = ¢) + cP1(0) cos ¢ + c7;(0) sin )
c (Pk1,1(¢/ G) - Ql((l)/ 6)) = 0.

By the definition of the minimal stabilizing function, k»(6) < ck1(0). Since 71(0) = %)92(9),
the same argument gives k(0) < %kz(e). Hence k»(0) = ck1(0).
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(ii) Suppose that 73(0) = 71(0) + 72(0). We note that

P2 (6, 6) = 4(71(6) + P2(6)) + 4 (71(6) + 72(6)) (K1(6) + ka(6)) sin?
=4 (92(0) + P3(0) + P1(0)k1(0) sin? ¢ + P2(0)ka2(0) sin ¢b)
+4[91(0) (92(0) + ka(0) sin® ) + 72(0) ($1(0) + k1(0) sin® ) |
(2.67) > 4 (72(0) + $1(0)k1(0) sin? § + P2(0) + 72(0)ka(6) sin? )
+8y/(§2(0) + 71(0)k1(0) sin? §) (P2(0) + 92(0)ka(0) sin? )
= (P, 1(¢, 0) + P, 2(¢p, 9))2 ,

Thus Pi,+£,3(¢, 0) 2 Pk, 1(, 0) + Pk, 2(, 0).
Together with Q3(¢, 0) = Q1(¢, 0) + Q2(¢, 0), this gives

Pry1k,,3(¢, 0) = Q3(¢p, 0) 2 Py 1(@, 0) — Q1(@, 0) + Py, 2(p, 0) — Qa(¢p, 0)

>0,

(2.68)

The definition of the minimal stabilizing function therefore gives k3(0) < k1(0) + k2(6).
O

2.4.2. The local energy estimate. In this subsection, we prove the local energy estimate (2.63)
assuming Theorem 2.3.

Proor. From the definition of G(6) in (2.10), we note that
) . .
sin” 0 —cosOsin@ |\ [ —sin0O . T
(2.69) ( —cosOsinf cos? 0 ) B ( cos 0 ) (=sin®,cos ) = nn",

where n = —q~+/|q| is the corresponding unit normal. Hence
1 A 1 A A’ T
7 (GOp) - p = - [9(O)L + 7(©)] + K@ ] p - p
= PO+ o Op - p+ K(O)(n - p)
gl gl P g g
1 1
= —9(0)|p|* + —=k(O)(n - p)*
Iqu( pl 4l (6)(n - p)
1
g

(2.70)

= 7 [7(0) +k©O)sin?(0 - @)] IpI?,

and

2 (64Op)-a = [0+ 7 0) + Ko |- g
_ 1, RN gL T,.
= |q|y(9)(q p)+ mly(@)fp q+ |q|k(9)nn p-q

s cos 0 cos @ ~r 0 -1 cos @ cos 0
(2.71) —|P|)/(9)( sin 0 )( sin ¢ )+|p|)/(9)(1 0 )( sin ¢ )( sin 0 )
sin® 0 —cos Osin 0 cosp | [ cosO
—cos 0sin 0 cos? 0 sin ¢ sin 6

+ |p|k<6>(

= |p|P(0) cos(6 — @) +|plP'(0)(~sin @, cos ) - (cos O, sin O)
= |p| [7(0) cos(0 — ) + $"(0) sin(0 — ¢)] .
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Recalling the definition of P, (¢, ), Q(¢, 0) in (2.64), we obtain

A _pr
(2.72a) o (6HOP) - p = 4P (0,0),

o (6xOp) 4 =1pI(Q(0, 0) - 760 - ),

—_ 8 |~

(2.72b)

where ¢ = 0 — ¢.
Substituting (2.72a) and (2.72b) into the local energy estimate (2.63) gives

% (ék(e)”) (p—q) = (Ipl7(e) - 1917(0))

2
(2.73) = lfl(@)P;f(e)(ﬁb 0) - pl(Q(¢, 0) — (6 — §))

~1pIP(6 - ¢) +1q17(0)
1
= W [|P|2P2(9)((P 9) 4|p||q|y(6)Q(¢ @)+4lq|2 2(6)]

Thus the local energy estimate (2.63) is equivalent to

(2.74) PI’PL (0, 0) = 4lpllgl P(0)Q(, 0) + 4I4I*7*(0) > 0,
or, equivalently,
(2.75) (Ip1Pxo) — 21917(0))* + 41pl 1 417(0) (Pro)(9, 0) — Q(9, 0)) 2 0

By (2.65), we have Py (¢, 0) —Q(¢, 0) > 0, V¢ € 2nT for every k(6) > ko(6), which proves (2.75).
Theorem 2.3 ensures that the minimal stabilizing function k() < +oo is well-defined. We may
therefore choose k(6) > ko(0) sufficiently large to obtain the desired inequality (2.63). O

2.4.3. Unconditional energy stability. The local energy estimate (2.63) in Lemma 2.2 allows us
to prove the energy dissipation statement in Theorem 2.2.

Proor. Choose k(0) sufficiently large that k(0) > ko(60). Taking g = h]’.”, p= h]’.”+1 in the local
energy estimate (2.63) gives

(2.76) (Ge(Oy 1) - (1 = 1) = | WU 5(0) - [ (0.

1
[h"]

Consequently, for every m > 0,

A A hm+1 h;n+1 _ h;n
(Grtomax,o,xm+ = x™) = 3" |1 | Gu(0)) )
j
— 1 (é (Qm)hm+1) . (hm+l _ hm)
A YT j j

(2.77)

\%

m+1).8qm+1 m|s(Qm
1141507+ - 7)) |

e EMZI EMZ.

|hm+1|y(9m+l) _ Z |hm|]/(9m)
j=1

-
Il
—_

owm,

I
E
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Taking ¢" = u"*!, @" = X"+ — X™ in (2.52) gives

h h
(G"k(em)asXm+llas(Xm+l _ XI’H)) — (ym+1nm+%,Xm+l _ Xm)
(2.78) Im h Irm
— _T(asym+1’ asym+1)rm )
Combining this with (2.77), we obtain
A h
Wm+1 WM< (Gk(em)asXm+1,as(Xm+l _ Xm))rm

(279) m+1’ 85#m+1)h

T (as 1 m

0, Vm > 0.

IAIA

O

2.4.4. Existence of the minimal stabilizing function. In this subsection, we prove the existence
of ko(0) under condition (2.56).
Recalling the definition of P,, Q in (2.64), we set

Fa(9,6) = Pa(e, 0) = Q*(¢, 0)
(2.80) = 49(0) (7(0) + asin® )
~ (70~ ¢) + P(O) cos ¢ + P'(6) sin ).
Let C > 0 be a constant such that % <9(0) < Cand |7(0),17”(0) < C, VO € 2nT.

Lemma 2.4. For a globally C' and piecewise C? function $(0), there exist an open neighborhood Uy of 0
and a positive constant kyy, > 0 such that Fo(¢, 0) > 0,V € Uy for every a > ky,.

Proor. The regularity assumption implies that there exists 0 < ¢ < 5 such that y(0) is 2 times
continuously differentiable on both [0 — ¢, 0] and [0, 0 + ¢].
Applying the mean value theorem on [0 — ¢,0] and [0, 0 + ¢] separately, we find that for
¢ € Up:={¢ | |$| < ¢} there exists & between 0, 0 — ¢ such that

R . . 7] 5
281) 760 - 9) = 7(6) - /() + L2
There also exists &1, &, between 0, ¢ such that
(2.82a) cosp=1- %¢2 + Sir;él qb3
(282b) sinqb — ¢) _ COZEZ (P?)‘

Substituting (2.81) and (2.82) into 27(6) — Q(¢, 0) gives
29(6) - Q6 6) = 27(6) - 7(6) + 7/(0)0 ~ 27"(E)¢"

= 9(0) + 37(0)6" - £7(O)sin&1¢°

(2.83) )
—7'(0)¢ + 27(0) cos £r¢p”
= 2(7(0) = "(€) 9 — £ (PO)sin&s ~ 7'(0) cos &) ¢
Hence
127(6) - Q(, O)] < 5 (P(O) + 7" 6P
289 + 2 (19(O)sin &l +17/(8) cos &) |6

C
< CloP + 191,
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Since [27(0) + Q(¢, 0)| < 2|7(0)| +|Q(¢, 0)| < 5C, for every ¢ € Uy we have
147%(6) — Q%(¢, 0)] < 129(6) + Q(¢, 0)I127(6) — Q(¢, 6)]

(2.85) SSC(C|<P|2 |¢I3) 5¢” — (B+191) 19l

< 5(6 + 7I)C2|¢)|2

For every ¢ € Uy, the inequality | sin ¢| > Z|¢| holds. Therefore,

Fa($, 6) = 49(B)asin® ¢ +49%(6) - Q%(9), 6)
5(6 + n)c2

2 2
(2.86) 2 = zalol - ————I9l
16 5(6 + n)C2 )
o2 G [$|°, Vo € Up.
Choosing kyj, := M gives Fo(¢p, 0) > 0,V € U for every a > kyy,. m|

LemmMma 2.5. Fix O € 2nT and assume (2.56). There exist an open neighborhood Uy of T and a positive
constant ky, > 0, both allowed to depend on 0, such that Fo(¢, 0) > 0,V € Uy for every a > ky,,.

PROOF. (i) If 39(0) > y(0 — n), then
(2.87) Fy(rt, 0) = 39(0) — 7(0 — 1)) (7(0) + (6 — )) > 0.
By the continuity of F,(¢, 0), there exists an open neighborhood U, of 7t such that F,(¢, ) >
0,V¢ € Uy.

(ii) Otherwise set 6* = 0. The assumptions give 37(0*) = p(0* — nr) and y’(6*) = 0. Since
7(0 — 1) /9(0) < 3, this function attains its maximum at 6%, and hence

(?(9 - ﬂ))' _ 7O - m)p(67) - 7(6" — 1)7'(67)
7O ] lo=e- 72(6%)

P60 =) =37'(0)

7(6%)
ov4 6* _
= —y (A T() = O,
7(07)

(2.88)

Thus 7(6* — ) = 0.

As in the derivation of (2.81), the mean value theorem gives a positive constant0 < ¢ < 7
and an open neighborhood U, = {¢ | |¢p — nt| < €} such that, for every ¢ € Uy, there exists a
constant ¢ between 0" — ¢, 0" — 1 satisfying

’\Il(é)

PO =) =P(0" —m) - P (0" —m)(p — ) +
(‘5)((]5

There also exists a constant &1 between 7, ¢ sat1sfy1ng

(
Substituting (2.89) and (2.90) into 29(6*) — Q(qbfbe *) gives
”’(5) (¢ -
4G )(CP m)* ~9'(6")sin ¢
= 2 (0" cos &1~ §(£) (9~ ).

(¢ -
(2.89)

= (6" -

(2.90) cos = —1 — 8¢t

29(67) = Q(¢, 07) = 29(6") = (6" — ) —

(2.91) +7(67) + <551
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Hence
A % * ]' A * Y74
(2.92) 127(67) = Q(¢, )] < 5 (17(07) cos &al +[77(£)) ¢ — m|®
< Cl¢ — .

Since [27(0") + Q(¢, 07)] < 5C, we obtain

(2.93) 149%(6") = Q%(¢, 0")] < 12P(6") + Q(¢, 0")[12P(6") — Q(¢p, 67|
' < 5C2¢ — 2.
Noting that | sin | > 2|¢ — 7|, V¢ € Uy, we have
Fa(o, 0%) = 49(0")asin® ¢ + 492(0%) — Q*(¢, 07)
16

(2.94) > @a|¢—n|2—5C2|(p—n|2

16
[@a —5c2] | —n|?, Vo € Uy.

Therefore, there exists a positive constant kg, := 5”126c3 such that F,(¢, 0*) > 0,V € Uy for
every a > ky,.

O
Using these lemmas, we now prove Theorem 2.3:

Proor. (Existence of the minimal stabilizing function) Fix 0 € 2nT.

(i) For ¢bo # 0, 71, there exists an open neighborhood Uy, on which sin? ¢ has a strictly positive
lower bound: there is a constant ¢ > 0 such that sin” ¢ > ¢ > 0, V¢ € Uy,. Thus, on this

neighborhood,
Fu(, 0) = 49(0)a sin®* ¢ + O(1)

(2.95) > 4cP(0)a + O(1).

There exists a constant k; b <+ such that F,(¢, 0) 2 0,Y¢ € Uy, for every a > ky 4"
(ii) For ¢o = 0 or 7r, Lemmas 2.4 and 2.5 provide a neighborhood Uy, of ¢9 and a constant
ku¢0 < +oo such that F,(¢, 0) 2 0, V¢ € Uy, for every a > ku%.
Since 27T is compact and {Uyg, : ¢po € 21T} is an open cover, the finite subcover theorem gives a
finite subcover {Ui}f\fl C {Ug, : ¢o € 2nT}. Consequently, for every a > max ky,,

1<i<M
(2.96) Fo(¢,0) >0, Vo € 2nT.
This shows that ko(6) = inf {a > 0| Pa(p,0)—Q(¢,0) >0, Vo € 27'(T} < +o0 and completes the
proof. m]

2.5. Numerical experiments

In this section, we present numerical results for the scheme (2.52). Extensive tests examine its
efficiency, accuracy, area conservation, and unconditional energy stability.
We mainly consider the following two anisotropic surface energies:

e Casel: P(6) = 1+ B cos36, where || < 1. This energy is weakly anisotropic when |B| < §
and strongly anisotropic otherwise.
e CaseIl: 7(0) = V1 + bcos? 6, where b > —1.

To compute the minimal stabilizing function ko(6), we take 20 uniformly distributed nodes
0 =-n+ %, V1 < j £ 20in [-mr, ] and solve the optimization problem (2.65) at each node to obtain
ko(0;). Values between neighboring nodes in (6}, 0;41) are obtained by linear interpolation, namely
ko(0) = (1 = A)ko(0;) + Ako(0+1), where A = %(6 — 0;), with periodic continuation at the endpoints.
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We introduce the manifold distance [151, 108]
(2.97) M(I'1,T2) == 2|Q1 U Qp| — Q] =[Oy,

to measure the distance between two closed curves I'y, I';, where Q; (i = 1, 2) is the region enclosed
by I'; and |Q;| denotes its area. Let I be a numerical approximation to I'"(t = t,;, := m1). We define
the numerical error by

(2.98) e (t) T M@T",T(t = ty)).

To examine mesh quality, area conservation, and energy stability numerically, we introduce the
following quantities: the weighted mesh ratio
(2.99) RE(t) = M

min, 7GRl

and the normalized area loss and normalized energy

AR Am-AC whiy|  wm

2.100 = , =,
( ) AM0) t=t,, A0 W(0) t=t,, Wo

VYm > 0.

The scheme (2.52) is formally second-order accurate in space and first-order accurate in time.
Unless otherwise stated, the time step 7 is therefore set to 7 = O(h?); in this chapter, we use T = 16h2.
The tolerance for Newton iteration is tol = 10712,

2.5.1. Convergence rates and structure preservation. In the following tests, the initial curve
is an ellipse with major axis 4 and minor axis 1. Since an analytic exact solution is unavailable,
we approximate I'(t = t,,) numerically on the fine mesh h = h,, 7 = 7.. In this chapter, (k,, 7.) =
(278,2712).

107}

= 107

103}

1072
h

Figure 2.1. Convergence rates of the SPFEM (2.52) with k(0) = ko(6) for (a) anisotropy in
Case I at t = 0.5 with different §; (b) anisotropy in Case Il with b = —0.8 at different times
t =0.125,0.25,0.5.

Figure 2.1 shows the convergence rates of (2.52) for (a) the 3-fold anisotropy 7(6) = 1+ cos 360 with

different strengths g at the fixed time ¢ = 0.5, and (b) the ellipsoidal anisotropy 7(6) = V1 — 0.8 cos? 0
at different times. The scheme achieves second-order spatial convergence for all anisotropies and
times considered, demonstrating its robustness.

Figure 2.2 shows the convergence rates of (2.52) for Case I with $(0) = 1 +  cos 30 and different
k(0): (a) B =0; (b) B = 1/9. The stabilizing function k(0) is independent of time, and its choice does
not affect convergence.
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1071t 10711
(a)
= 1072} < 102
—-k(0) = ko(0)
—o—k(0) = sup ko(0)
. ——k(0) = ko(0) +1
03 (0) = swpho(0) + 1 o)
10
h
Figure 2.2. Convergence rates of the SPFEM (2.52) for Case I at t = 0.5 with different k(6): (a)
B=0;(b)p=1/9.
5 1.8 v
L e I h =24 T
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— I i T 7 — :/’ 1 i
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<= =3 P <= 1.4 1.55 I i
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1 L L L L
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t
Figure 2.3. Weighted mesh ratio of the SPFEM (2.52) with k(8) = ko(0) for (a) anisotropy in
Case I with g = §; (b) anisotropy in Case Il with b = —0.8.
x1071° 4 x1071®
51 (a) 3 °1 )
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t

Figure 2.4. Normalized area loss (blue dashed line) and number of Newton iterations (red

line) of the SPFEM (2.52) with k() =

with g =

ko(0) and h =277, = 2719 for (a) anisotropy in Case I
1; (b) anisotropy in Case Il with b = —0.8.
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Figure 2.3 shows that the weighted mesh ratio Rg’, converges to a constant as t — +oo. This
indicates that (2.52) produces an asymptotically quasi-uniform mesh distribution.
Figure 2.4 shows the time evolution of the normalized area loss AA"(t)/A"(0) and the number of

Newton iterations with (1, ) = (277,2710). The time evolution of the normalized energy W (t)/W"(t)
for different mesh sizes h is shown in Figure 2.5.

1 ‘ ‘ ‘ 1 ,
N h = 2_4 ..... h = 2—4
o9t (@) h—2 N
o8l - -h=27 | -l
—h—2 BRI
~ 0.7 |:: !
1
i
1
‘ ‘ ‘ ‘ |
15 2 0 0.5 1 15 o

t

Figure 2.5. Normalized energy for (a) anisotropy in Case I with § = %; (b) anisotropy in Case
I with b =-0.8.

The results in Figures 2.4-2.5 show that:

(1) The normalized area loss is of order 1071, close to round-off error; see Figure 2.4. This
verifies area conservation to machine precision.

(2) The number of Newton iterations starts at 3 or 4 and quickly decreases to 2; see Figure 2.4.
Thus (2.52) can be solved efficiently in only a few iterations.

(3) When the surface energy 7(0) satisfies (2.56), the normalized energy is monotonically
decreasing; see Figure 2.5. Figure 2.5(a) shows that (2.52) remains energy stable when the
anisotropy strength  reaches the maximum value 1/2 allowed by Remark 2.7. Figure 2.5(b)
also shows that, unlike the energy-stable parametric finite element method in [108], the scheme
(2.52) is unconditionally energy stable for b < —1/2, as stated in Remark 2.8.

2.5.2. Morphological evolution under two-dimensional surface diffusion. We apply (2.52)
to simulate the morphological evolution of closed curves under anisotropic surface diffusion.
Figures 2.6-2.7 show the evolution from the initial shapes to numerical equilibria.

Figure 2.6 shows the morphological evolution of an ellipse with major axis 4 and minor axis 1
under surface diffusion with four different surface energies: (a) Case I with § = 1/2, reaching the
maximum value in Remark 2.7; (b) Case Il with b = —0.8; (c) the 4-fold anisotropy 7(0) = 1+ 11—6 cos 40

[11]; and (d) 7(0) = \/(% + %sgn(m)) n% + n%, where n = (n1,n2)" = (-sin 0, cos 0)T [44].
The results in Figure 2.6(a)—(c) show that (2.52) performs well over a broader parameter range
than the energy-stable parametric finite element method in [108]. Figure 2.6(d) shows that (2.52) also

applies to anisotropies with limited regularity, namely those that are globally C! and piecewise C2.
Figure 2.7 also shows the morphological evolution of the four-fold star-shaped curve

x=(1+0.5c0s40)cos O,
(2.101) { y=(1+0.5c0os40)sin 0,

and an ellipse rotated counterclockwise by {; under the same four surface energies.

0 € 2nT,

2.6. Chapter summary

In this chapter, we have proposed a structure-preserving stabilized parametric finite element method
for anisotropic surface diffusion. The method requires only the mild condition (2.56) on y(6) and
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2 -1 0 1 2 2 -1 0 1 2
Figure 2.6. Morphological evolution of an ellipse with major axis 4 and minor axis 1 under

anisotropic surface diffusion with different surface energies: (a) anisotropy in Case I with
B= %; (b) anisotropy in Case Il with b = -0.8; (c) 7(0) =1+ % cos46; (d)
P(0) = \/(g + 3sgn(n1)) n? + n3 with n = (n1,n2)" = (—sin 6, cos 6)". The red and blue lines
represent the initial shape and the numerical equilibrium, respectively. The black dashed

lines represent the intermediate curves. The mesh size and the time step are taken as
h=27,7=270

applies effectively to anisotropic evolution of closed curves. Introducing a new stabilized surface
energy matrix gives a conservative form and a weak formulation for anisotropic surface diffusion.
Combining parametric finite element discretization in space with the semi-implicit Euler method
in time yields a new stabilized scheme. To analyze unconditional energy stability, we extend the
framework of Bao and Li to the y(0) formulation. We define the minimal stabilizing function,
prove its existence, derive a local energy estimate, and establish unconditional energy stability. The
mild requirements on y(60) include the critical case and allow simulations for a broader range of
anisotropies. The scheme also applies to globally C! and piecewise C? anisotropies, a capability not
available in the other parametric finite element methods considered here.
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-2 -1 0 1 2 -2 -1 0 1 2
Figure 2.7. Morphological evolution of a four-fold star-shaped curve and a rotated ellipse

under anisotropic surface diffusion with different surface energies: (a) anisotropy in Case I
with 8 = %; (b) anisotropy in Case Il with b = —-0.8; (c) 7(0) =1 + 11—6 cos40; (d)
P(0) = \/(% + 3sgn(n1)) n? + n3 with n = (n1,12)" = (—sin 6, cos 6)". The red and blue lines
represent the initial shape and the numerical equilibrium, respectively. The black dashed

lines represent the intermediate curves. The mesh size and the time step are taken as
h=27,t=27




CHAPTER 3

A structure-preserving parametric finite element method with an optimal
energy stability condition

An important advance in structure-preserving methods for anisotropic geometric flows is the
introduction of a stabilizing function k(0) into the surface energy matrix. Building on this idea, [13]
established a unified analytical framework in which energy stability follows from a local energy
estimate, provided that the stabilizing function k(6) exceeds a bounded minimal stabilizing function
ko(0). The energy stability proofs for all existing structure-preserving or energy-stable parametric finite
element methods [14, 149, 108, 18, 107], including the method in Chapter 2, can be recast within this
framework. Thus the energy stability conditions on 7(6) depend on the chosen surface energy matrix
and the analytical techniques used to establish the local energy estimate.

For example, the symmetrized structure-preserving parametric finite element method [9, 12] uses a
symmetric surface energy matrix Z;. Applying the Cauchy inequality yields the stability condition
7(0) = (0 — n), and estimates of the minimal stabilizing function ky(6) are available for several
surface energies y(6). Subsequently, the works in [13, 14, 18, 107] introduced a nonsymmetric surface
energy matrix Gy and refined the analysis to obtain the condition 37(0) — $(6 — 1) > 0. In Chapter 2,
we further relaxed the condition to 37(0) — 7(6 — ©) > 0, with the additional requirement y’(6*) = 0
whenever 39(6%) — (6" — 1) = 0. However, an explicit characterization of the minimal stabilizing
function ko(6) remained unavailable.

On the other hand, the analysis of the surface energy matrix Gy in [14] first established that

3.1) 39(0)-p(@—m) >0, VO e2nrT

is a necessary condition for the local energy estimate. Inspired by that proof, we show in Remark 3.5
that this condition is independent of the particular construction of Gy or Z;. Hence the energy
stability condition in Chapter 2 is almost optimal, apart from the additional requirement ’(6") = 0.
This leads to three questions:

(i) Is this necessary condition also sufficient for energy stability?
(ii) If so, which surface energy matrix and analytical techniques yield this optimal condition?
(iii) How can we obtain an explicit estimate of the minimal stabilizing function ko(6)?

In this chapter, we propose and analyze a structure-preserving parametric finite element method
(SP-PFEM) for two-dimensional anisotropic surface diffusion. Under the energy stability condition
(3.1), it preserves area conservation and unconditional energy stability without any additional
constraints. We thereby prove that the necessary condition (3.1) is also sufficient, establishing its
optimality within the framework of local energy estimates.

The chapter is organized as follows. Section 3.1 introduces a conservative form using the
symmetric surface energy matrix Z:(0) and derives a weak formulation for anisotropic surface
diffusion. Section 3.2 presents a fully discrete parametric finite element scheme and states its
structure-preserving properties. In Section 3.3, we define the minimal stabilizing function ko(6) and,
assuming its existence, establish a local energy estimate and prove energy stability. Section 3.3.3
proves the existence of ko(6) and derives a global upper bound for ko(0) using a sharp estimate
lemma. Finally, Section 3.4 presents numerical experiments examining accuracy, efficiency, and
structure preservation.

3.1. A symmetric surface energy matrix and a symmetrized conservative form

We introduce the following symmetric surface energy matrix:
35
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DerintTION 3.1 (Symmetric surface energy matrix).

2:(0) : P(0) — 7'(0) sin 20 7/(0) cos 20
(32) T 7'(6) cos 20 7(0) + 9'(6) sin 20
3.2
sin? 0 —cosBsinf
+k(0) , VO € 2nT.
—cosBOsinf cos? 6

Here k: 2nT — Ry is a prescribed stabilizing function.

Tueorem 3.1. The surface energy matrix (3.2) satisfies the geometric identity
(3.3) un +9,(2(0)9.X ) = .

Proor. We note that n = (—sin 0, cos 0)" and 7 := d;X = (cos 0, sin 6)T. An argument analogous
to (2.17) gives

(3.4) un = —0, (p(@)asx + 79’(6)11).

Since n19sX = n - T = 0, the term 9s (k(G)nnTasX ) vanishes identically. We may therefore rewrite
(3.4) as

(3.5) un = —d, (p(e)asx +9(O)n + k(@)nnT8sX).

Set

—sin26 cos206
(3.6) LQ = . 7
cos26 sin20

Applying this matrix to the tangent vector d; X = T gives

—sin26 cos26)\ [cos B —sin 6
(3.7) Lgds X = = =n.

cos20 sin20 \sin0 cos 0
Hence
. 7,(0)9.X = ()9(6)[2 +9/(6)Le + k(@)nnT)8sX
= 9(0)9:X + 7/(0)n + k(0O)nn' 9, X,
Substitution of (3.8) into (3.5) proves the desired identity. |

Using the geometric identity (3.3), we rewrite the two-dimensional anisotropic surface diffusion
equations (2.8) in the following symmetrized conservative form:

(3.9a) X -n—0dssu=0, 0 <s < L(b), t>0,
(3.9b) un + 9, (Zk(e)asx) 0,

where L(t) = fr(t) ds is the length of T'(t).

3.2. A symmetrized structure-preserving parametric finite element scheme

In this section, we introduce a parametric finite element scheme based on the conservative form
(3.9) and describe its structure-preserving properties.
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3.2.1. Weak formulation. As in the derivation of (2.27), multiplying (3.9) by the test functions
Q€ H;(]I), w € [H;(]I)]2 and integrating by parts yields the following weak formulation of (3.9):

given an initial closed curve I'(0) = X(-,0) = Xp € [H;(]I)]Z, find (X(-, 1), u(-, 1)) € [H},(H)]2 X H;(]I)
satisfying

(3.10a) (n-aix, (p)m) + (2, 3S<p)m) =0, VeeH,

(3.10b) (,m, a))m) - (Zk(e)asx, asw)m) -0,  Vwe[HOP

Remark 3.1. Under the one-to-one correspondence n := n(6) = (—sin 0, cos 0)7, the surface energy
matrix Z(6) becomes the matrix Zi(n) in [9].

ProrosiTioN 3.1 (Area conservation and energy dissipation). Let I'(t) be determined by a solution
(X(-, 1), u(-, 1)) of (3.10). Its enclosed area A(t) is conserved, and its total free energy W(t) is dissipated,
namely

(3.11) A(t) = A(0), W(t) < W(t1) < W(0), Vi>t >0.
The quantities A(t), W(t) are defined in (2.28).

The proof of Proposition 3.1 is analogous to that of Proposition 2.1, so we omit the details.

3.2.2. Fully discrete scheme. Let 7 be a uniform time step, and let I”" = X"(-) approximate
I'(t,, = mt). Based on the weak formulation (3.10), the symmetrized fully discrete structure-preserving
parametric finite element scheme for (2.8) reads as follows: given an initial curve T? = X°(-) € [K}?, find

(XML, um () € [K,f,’]2 X K’;, m=0,1,2,... such that

m+l _ ym h h
(3.12a) (mt - %,@h)rm + (asym“,as(ph)rm —0, Vo'ek!
h . h
(3.12b) (ym+lnm+%,a)h)rn - (zk(QM)asxm“,aswh)rm =0, Vao'e[K!P,
where
m+1 1 m m+1\L 1 m m+1\+
. = = (9,X™ + 3, X - (3,X" +3,X :
(3.13) nT = 3 (XM OXMT) = o (90X + 0, XT)

The discrete geometric quantities and operators are defined in (2.43)—(2.47).

Remark 3.2. The spatial semidiscretization of (3.9) is analogous to (2.48), with only the surface
energy matrix replaced. It also preserves area conservation and energy dissipation.

3.2.3. Structure preservation. Let A™, W™ denote the enclosed area and total free energy of the
discrete curve I'", respectively, as defined in (2.55).

Tueorem 3.2 (Structure preservation). Suppose that § € C2(2nT) is strictly positive and satisfies the
optimal energy stability condition (3.1). The scheme (3.12) preserves area conservation and, for sufficiently
large k(0), unconditional energy dissipation, namely

(3.14) Al g == A0 W W < < WO, Yim > 0.

Area conservation is proved as in Theorem 2.2. The detailed proof of energy dissipation is given
in the next section.

RemARrk 3.3. In the y(n) formulation, the scheme (3.12) becomes the structure-preserving parametric
finite element method in [9]. Theorem 3.2 substantially improves the energy stability condition
y(n) = y(-n), or equivalently 7(0) = 7(0 — m), in [9]. The analysis in the (6) formulation shows
that the symmetry condition y(0) = 7(60 — n) for the symmetrized structure-preserving scheme can
be relaxed to the optimal condition (3.1) without additional assumptions.
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3.3. Proof of unconditional energy stability

We introduce the auxiliary functions

(3.15a) Pu(, 0) := 9(0) — 9/(0) sin2¢) + a sin® ¢,

(3.15b) Q(¢,6) = (6 — ¢) + $(6) cos ¢ — 7'(6) sin b,

and define the minimal stabilizing function by

(3.16) ko(0) = inf {a > 0] 49(0)Pu(¢, 0) = Q*(, 0), ¥¢ € 2nT}.

The following theorem ensures the existence of ko(0) and provides a global upper bound:

Tueorem 3.3. Suppose that § € C2(2nT) is strictly positive and satisfies (3.1). Then the minimal stabilizing
function ko(0) defined in (3.16) is well-defined. Moreover,

2 ~ A7 2
(3.17) ko(0) < 50 [A%(0) + 49(0)A(0) + 4|9(0)I?] < oo,
where
2
(3.18) A(0) = — |5sup [7”] +5[9"(0) + P(0) | -

8 2nT
The proof of Theorem 3.3 is given in Section 3.3.3.

Remark 3.4. Earlier existence proofs for the minimal stabilizing function relied on the finite
subcover theorem [13, 14, 149] and did not provide a global estimate. Numerical computations
therefore typically required solving an optimization problem to approximate ko(6). Theorem 3.3
provides the first global estimate of ko(0), eliminating the need for this preliminary computation in
applications.

3.3.1. The local energy estimate revisited.

Lemma 3.1 (Local energy estimate). For any p,q € R*\{0}, write p = |p|(cos¢,sing), q =
|q|(cos 0, sin 0)T. For sufficiently large k(0O),

(3.19) o1(240) - 7= 0) 2 70Nl - 7©)lgl.

Proor. Recalling the definition of Z(0) in (3.2), we have

(o). ""||p|| 20 )(C(')S(p)'(cw)

sin @ sin @
2
(3.20) ||F;|| (y(@) ’(9)5in2(6—(p)+k(6)sin2(9—(p))
2
- %Pkw ~,0)
and
L(Z ©) ) = 19| 24(0) cosp | [ cosO
lq KOIP |- q = 1Pk sin @ sin 6
(3.21)

= |pl (7(0) cos(0 - @) = 7(0) sin(6 - )
=1pl (QO - ¢,0) = () -
Theorem 3.3 gives 49(0)Pr(0 — @, 0) > Q*(6 — @, 0) for every k(0) > ko(6). Hence

2
i(2000) - 0> 00 - 9,0) - 19100 - 9,0) + p17p)

2 [pl7(p) ~1417(0).
The last inequality follows from t2 -t > —a, ¥t € R,a > 0. m|

(3.22) 4]
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Remark 3.5. Taking p = —q in (3.19) gives 0 = ¢ + 1, |p| = |g|. The local energy estimate (3.19) then
yields 2y(6) > 7(0 — nr) — y(0), which is precisely (3.1). This conclusion extends to any surface energy
(s:?r? g) 7(0), including G (6) as stated in Remark 2.10.
Thus, within the framework of local energy estimates, the energy stability condition (3.1) is optimal
and cannot be further relaxed.

matrix Z(6) satisfying (cos 0 sin 6) Z(0) (

3.3.2. Unconditional energy stability.

Proor. Choose k(0) sufficiently large that k(0) > ko(O).
For every m > 0, we have

Zk(em)aSXm+1/aS(Xm+1 Xm) m
r

hm+1 h171+1 — "
m L )
2446 )|hm|) I ]

|1

(3.23)

1 4 myg,m+1 m+1 m
W(Zk(ej ) (= |

M= 1=

I
—_

J
Combining the local energy estimate (3.19) with (3.23) gives

Zk(em)aSXm+1IaS(Xm+l Xm) m
r

(1700 - 1 (0)")|
(3.24)

S i

|hm+1|y(9m+l) Z |hm|)/(9m) _ Wm+1 W™,
j=1

Taking ¢" = u"*1, @" = X1 — X™ in (3.12) gives

-
I
—_

h h
(Zk(em)asxm+1’as(xm+l _ Xm))r — (‘um—o—lnm+%’Xm+1 _ Xm)

(3.25) L
_ _T(gs#m+1/ as”m+1)rm'
Combining this with (3.24) yields
(3.26) W W < —T(asym“,asym“)im <0, Vm>0.
This completes the proof. m]

3.3.3. A global estimate for the minimal stabilizing function. To prove the existence of ky(6)
under the optimal condition (3.1), we need a sharp estimate of Q(¢, ). Unlike the estimates in [13,
149], this estimate explicitly uses both P,(¢, 0) and 7(6). Lemma 3.2 provides the estimate that is
central to the existence proof.

RemMARK 3.6. In [149] and Section 2.4.4, Q(¢, 0) is controlled only by y(6). In [13], the authors
couple P, (¢, 0) separately with Q(¢, 0), 7(0) to obtain the required estimates. These estimates are
therefore less precise. Here we explicitly combine P,(¢, 0), 7(6) with Q(¢, 0) to obtain a sharper
bound.

Lemma 3.2. Let f be a nonnegative C? function on 2rT. For every positive constant C > sup|f”,
2nT

(3.27) lf'(x)y| < f(x)+ —séuq}13|f”| y < f(x)+ y , Vx,y € 2nT.
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Proor. The mean value theorem and the nonnegativity of f give, for every C > sup|f”|,
2nT

(3.28) 0< flx+y) < f(x)+ f(x)y + %y2, Vx,y € 2nT,

Thatis, — f’(x)y < f(x)+Sy2. Replacing y by —y gives f/(x)y < f(x)+Sy? by the same argument. O
y 2Y P gYby-yg y 2y~ by 8

RemMark 3.7. Lemma 3.2 is essential for controlling Q(¢, 0) and analyzing the critical case ¢ = .
An analogous inequality is difficult to obtain in the y(n) formulation.

Remark 3.8. Establishing an analogue of Lemma 3.2 in the y(n) formulation presents several
difficulties. Expanding y(n) at a point ng introduces the Hessian H,,, which is undefined at 0. If the
line joining n, ny passes through the origin, H, becomes unbounded, preventing effective control of
the gradient Vy(n). Even if a comparable estimate could be obtained, its coefficient would depend on
no, whereas the y(0) formulation permits an absolute constant.

Lemma 3.3 (Estimate of Q(¢, 0)). Suppose that the optimal energy stability condition (3.1) holds. Then

Q(¢, 0), defined in (3.15b), satisfies

(3.29) 1Q(¢, O)| < [Pagey(¢,0)+7(O)l, Vo €2nT,

The quantity A(0O) is defined in (3.18).

Proor. We first obtain a lower bound for Q(¢, 0) as follows:
Q(¢, 0) + Po(¢p, 0) + 7(0) = (0 — ) + 7(0)(2 + cos ¢p) — 7' (0)(sin ¢ + sin2¢))

> P(0—¢)+7(0)—P'(0)(1 +2cos p)sin P
> P(0) - 3|P"(0)l] sin P|

9
> —=sup|P”| sin® ¢,
2 2nT

The last inequality follows from (3.28). Moreover, using A(0) > gsuph?”l and Py (¢, 0) =
2nT
Po(¢, 6) + A(0) sin® ¢ gives

(3.30) Q(¢p, 0) = —Pae)(p, 0) = P(0), V¥ € 2nT.

For the opposite inequality, we first note that Q(0, 8) — Py(0, 8) — 7(0) = 0 and Q(mt, 0) — Po(m, 0) —
7(0) = = (37(0) — (6 — m)) < 0. We consider two cases.

Case 1: [¢| < 5. Applying the mean value theorem to Q(-, 0) — Py(-, 0) — 7(0) on [¢, 0] gives
&€ [¢,0],]&] < T such that

Q(¢,0) = Po(¢p, 0) — 7(0)
= % (7"(0 — &) = P(0) cos & + P'(0) sin & — 497(0) sin 2&) ¢*
(3.31) 1 ) (nz

< 5 |supl9”1 +519(O)] + 9(0) | | - sin® qb)
2nT

< A(0) sin? ¢.

Case 2: [ — 71| < 7. By (3.1), 37(0) — 7(6 — ) is a nonnegative C? function. Applying Lemma 3.2
gives
|(377(6) = 9"(6 — m)) (¢ — )|
sup [397(6) — p”(6 — )|

(3.32) < (39(6) - p(0 - m)) + 2=

. (¢ -

< (37(0) = 7(0 = ) + 2sup [7"1(¢ ~ P, VIg ~ 7l < >
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Applying the mean value theorem to Q(-, 0) — Po(-, 0) — 7(0) on [¢, 7t] gives & € [¢p, 7], | —n| < T

such that
Q(¢, 0) — Po(¢p, 0) — 9(0)
==(39(0) = (0 —m) + 39(0) = P'(0 — ) (¢ — m)
+ % (97(0 — &) — P(0) cos & + 7/(6) sin & — 497(0) sin 2&) (¢ — 71)?
< -(379(0) =90 —m)) + 3Bp(0) — (6 —n))
+ % (sup |9”| +5[7"(0)] + P(0) + 4sup I?”I) (¢ - m)>?
2nT 2nT
< %2 (5 sup || + 597(0)| + p(@)) sin? (¢ — 1) = A(0) sin® ¢.
2nT
Combining (3.31) and (3.33) yields
(3.33) Q(¢, 0) < Po(¢, 0) + 9(0) + A(0) sin® ¢ = Pag)(, 0) + $(0), V¢ € 2nT.
This completes the proof. m|

We now use the sharp estimate in Lemma 3.3 to prove Theorem 3.3.

Proor. (Existence of the minimal stabilizing function)
By Lemma 3.3,

(3.34) Q%(¢,0) < (Pa)(9, 0) + 9(6)).
Recalling the definition of Py(¢, 0) in (3.15a), we have P, (¢, 0) = Po(¢, 0) + a sin” ¢, and hence
49(0)Pa($, 0) - QX(¢, 0)
> 49(0)Pai6)($, 0) = (Pae)(@, 0) + 7(0))” + 49(0) (a = A(6)) sin® ¢
(3.35) = — (Pa)(¢, 6) = 7(6)) + 47(6) (a = A(0)) sin? ¢
_ (_ (=29"(0) cos & + A(0) sin §) + 49(0) (o - A(e))) sin? ¢
> [49(0)a — A%(6) - 417(0)|* - 49(0)A(0)] sin® ¢.

The last inequality follows from |a cos ¢ + bsin ¢| < Va? + b2,
Therefore, for every a > m [AZ(G) +49(0)A(0) + 4|77’(6)|2] , we have

(3.36) 49(0)Py (¢, 0) — Q*(¢,0) 20, V¢ € 2rT.
Consequently,

1 2 5 o7 2
(3.37) ko(6) < 50 [A2%(0) + 49(0)A(0) + 4|97(0)]?] < 0.

3.4. Numerical experiments

In this section, we present numerical experiments for (3.12). We first examine efficiency and
accuracy through convergence tests, then verify its structure-preserving properties: area conservation
and unconditional energy stability.

We mainly consider the following two anisotropic surface energies:

e Casel: 7(0) = 1 +  cos 30, where |B| < 1. This energy is weakly anisotropic when |B| < §
and strongly anisotropic otherwise.

e Casell: $(0) = \/(% + 3 sgn(m)) n? + n3, where n = (n1,n2)" = (-sin 6, cos 6)7.
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The scheme (3.12) is formally second-order accurate in space and first-order accurate in time.
Unless otherwise stated, we therefore use the time step 7 = h2. The definitions of the numerical error
e", weighted mesh ratio R)}ﬁ, and normalized area loss and energy are given in (2.97)—(2.100). Since
an analytic exact solution is unavailable, we approximate I'(f = t,,) using (3.12) on the fine mesh
he =278, 7, =2716,

We solve the nonlinear scheme (3.12) by a Newton method analogous to that in Appendix A, with
tolerance tol = 10712,

We first verify the upper bound for ky(6) in Theorem 3.3; see Figure 3.1. Here K(0) denotes the
bound given in (3.17).

AYAAVAAVA IWWAVAVIE

-7 —m/2 0 /2 T =

—m/2 0 /2 v

Figure 3.1. Minimal stabilizing function ko(8) and upper bound K(60) in (3.17) for Case I with
=13
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Figure 3.2. Convergence rates of the SP-PFEM (3.12) for Case I with g = 1/9 (a) at different
times with k(6) = ko(6), and (b) at t = 0.5 with different k(6); and for Case II (c) at different
times with k(6) = ko(6), and (d) at t = 0.5 with different k(6).
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Figure 3.3. Normalized area loss (blue dashed line) and number of Newton iterations (red
line) of the SP-PFEM (3.12) with k(0) = ko(60) and h = 276, 7 = 2712 for (a) Case I with § = 1/2;
(b) Case II.

1.5 2 0 0.5 1 1.5 2

Figure 3.4. Normalized energy of the SP-PFEM (3.12) with k(0) = ko(0) for (a) Case I with
B =1/2; (b) CaseIl.

3.4.1. Convergence rates and structure preservation. Figures 3.2-3.5 show the following results:

e The scheme (3.12) is second-order accurate in space and first-order accurate in time; see
Figure 3.2.

e The normalized area loss is approximately 107'°, on the order of round-off error; see
Figure 3.3. Thus the enclosed area is preserved to machine precision.

e The number of Newton iterations quickly decreases to 2 and eventually to 1. Thus this
semi-implicit scheme can be solved efficiently; see Figure 3.3.

e When 7(0) satisfies (3.1), the normalized energy is monotonically decreasing; see Figure 3.4.
For Case I, (3.1) requires 0 < § < % Figure 3.4(a) shows that (3.12) still dissipates energy
when f takes its maximum value, confirming Theorem 3.2. Unlike the method in [9], the
scheme (3.12) is also unconditionally energy stable for asymmetric surface energies.

o The weighted mesh ratio R;ﬁ(t) approaches a constant as t — +oo, indicating an asymptoti-

cally quasi-uniform mesh distribution for (3.12); see Figure 3.5.

3.4.2. Morphological evolution under two-dimensional surface diffusion. We now apply (3.12)
to simulate the morphological evolution of closed curves under anisotropic surface diffusion, using
the mesh size 1 = 27° and time step © = h2.
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1 \ \ 1 1 1 1
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) = ko(0)
k(0) = ko(6) + 5
—k(8) = ko(6) + 10
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Figure 3.5. Weighted mesh ratio of the SP-PFEM (3.12) for Case I with § = 1/9 is illustrated in
(a) for k(0) = ko(0) with different %, and in (b) for different k(6) with 1 = 27°; and for Case II
is presented in (c) for k(0) = ko(6) with different h, and in (d) for different k(0) with h = 27°.

Figure 3.6 shows the evolution of an ellipse with major axis 4 and minor axis 1 under anisotropic
surface diffusion with four surface energies:

(a) three-fold symmetric anisotropy [11]: (6) = 1 + 3 cos 36;

(b) piecewise ellipsoidal anisotropy [44]: 7(0) = \/ (%+%sgn(n1)) n%+n§, where n =

(n1,n2)" == (=sin 6, cos 0)7;
(c) four-fold symmetric anisotropy [11, 147]: #(0) = 1 + -~ cos 40;
Yy Py Y 10

(d) regularized crystalline anisotropy [119]: $(0) = 1 + \/ €2 + (1 — €2) sin? %0, where ¢ =
01,m=7.

Among these surface energies, anisotropy (c) is symmetric, whereas the others are asymmetric.
Figure 3.6 shows that, compared with the symmetrized structure-preserving parametric finite element
method in [9], the scheme (3.12) applies to both symmetric and asymmetric surface energies.
Figure 3.6(b) also shows that the method works for $(6) with limited regularity, namely globally C*
and piecewise C? anisotropies. This extends its applicability to a broader class of surface energies.

3.5. Chapter summary

We have proposed a structure-preserving parametric finite element method for two-dimensional
anisotropic surface diffusion with the optimal energy stability condition 39(0) — (6 — n) > 0.
Introducing the symmetric surface energy matrix Z;(60) gives a conservative weak formulation of
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2 -1 0 1 2 2 -1 0 1 2
Figure 3.6. Morphological evolution of an ellipse with major axis 4 and minor axis 1 under

anisotropic surface diffusion with different surface energies: (a) Case I with g = 1/2; (b) Case
II; (c) the 4-fold anisotropy 7(0) = 1 + 15 cos40; (d) the regularized crystalline anisotropy

y0)=1+ \/82 +(1 - €2)sin® %0, with ¢ = 0.1, m = 7. The red and blue lines represent the
initial shape and the numerical equilibrium, respectively. The black dashed lines represent
the intermediate curves.

anisotropic surface diffusion. We discretize this formulation using a parametric finite element method
with piecewise linear functions in space and the semi-implicit Euler method in time. The scheme is
second-order accurate in space and first-order accurate in time, and it preserves area conservation
at the fully discrete level. A sharp estimate lemma provides a global upper bound for the minimal
stabilizing function ko(6) under condition 3y(0) — 7(0 — ) > 0, explicitly characterizing and proving
the existence of ko(0) without additional assumptions. We then establish the required local energy
estimate and prove unconditional energy stability for sufficiently large k(0) > ko(6). Since this
condition is also necessary for the local energy estimate, it is optimal within this framework. Numerical
experiments verify the efficiency, accuracy, and structure-preserving properties of the method. In the
y(n) formulation, the method becomes the symmetrized parametric finite element scheme in [9, 103].
Our analysis further relaxes the symmetry condition in [9, 103] to 3y(n) — y(-n) > 0.






CHAPTER 4

Applications: two-dimensional crystalline film evolution and solid-state
dewetting

This chapter studies the morphological evolution of two-dimensional crystalline films and islands
in the solid state. We use a sharp-interface model in which the film boundary is represented by a
moving curve. Interface motion is driven by a reduction in interfacial energy, and mass transport
occurs primarily through diffusion along the free surface. Crystalline surface energies are typically
anisotropic, leading to phenomena such as faceting and pinch-off. The conservative mass transport
of surface diffusion also produces substantial geometric rearrangements and topological changes as
the energy decreases.

In Section 4.1, we use the preceding methods to simulate crystalline film evolution under anisotropic
surface diffusion. We study film stability, pinch-off, and island formation, and examine how geometric
scales and anisotropy strength affect topological changes. In Section 4.2, we extend the structure-
preserving parametric finite element method to open curves in solid-state dewetting and discuss the
evolution toward multiple equilibria under strong anisotropy.

4.1. Two-dimensional crystalline film evolution

The morphological evolution of crystalline films driven by anisotropic surface diffusion has long
attracted attention in materials science and solid-state physics [136]. Theoretical and experimental
studies have advanced the understanding of interface dynamics, with applications to heterogeneous
catalysis [122], quantum dot fabrication [64], and solid-state dewetting [143, 136]. Previous studies
[49, 90] show that an island becomes unstable when its aspect ratio exceeds a critical value. It then
undergoes pinch-off and separates into several smaller islands.

In this section, we apply the scheme (3.12) to simulate pinch-off of long thin films under anisotropic
surface diffusion and examine the evolution and associated topological changes.
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Figure 4.1. Normalized area and energy of a long thin film (aspect ratio of 50) governed by
anisotropic surface diffusion with the 4-fold anisotropy 7(6) =1 + % cos40.
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We first simulate a long thin film with aspect ratio 50 under the four-fold symmetric anisotropy
7(0) =1+ % cos40. Figure 4.1 shows the evolution of the normalized area and energy. Pinch-off
occurs at t = 140.5, accompanied by a sudden decrease in energy, while the area remains conserved.
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Figure 4.2. The number of islands formed from the pinch-off of a 2L x 1 long thin film as a
function of L and anisotropy strength f for: (left) the 2-fold anisotropy y(0) = 1 + g cos 20;
(right) the 3-fold anisotropy 7(0) = 1 + p cos 30. The solid curves separate regions producing
one and two islands, and regions producing two and three islands.
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Figure 4.3. The number of islands formed from the pinch-off of a 2L x 1 long thin film as a
function of L and anisotropy strength g for: (left) the 4-fold anisotropy 7(6) = 1 +  cos406;
(right) the 6-fold anisotropy 7(6) = 1 + B cos 60. The solid curves separate regions producing
one and two islands, and regions producing two and three islands.

Both the film aspect ratio and the anisotropy strength influence island formation. To examine
their effects, we perform numerical experiments with different aspect ratios and anisotropy strengths.
Figures 4.2-4.3 summarize the results for the common m-fold symmetric anisotropy 7(6) = 1 +
pcosmO, m=2,3,4,6.

For symmetric anisotropy y(0) = 1+ fcosm0, m = 2,4,6, the boundaries between regions
producing one and two islands, and between those producing two and three islands, are approximated
by the following linear fits L = p(m)B + q(m):
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e Boundary between one and two islands: p(m) = —12.23m? + 8.04m — 7.86, q(m) = 0.36m +
31.31;

e boundary between two and three islands: p(m) = —35.07m? — 165.40m + 279.82, q(m) =
0.18m + 83.06.

These results indicate that, at a fixed aspect ratio, increasing the strength of a symmetric anisotropy
promotes the formation of more islands.

For asymmetric anisotropy 7(0) = 1+ f8 cos 30, we use a quadratic fit L = 3285.708% —33.578 +29.11
for the boundary between one and two islands, and a linear fit L = —51.43f + 83.21 for the boundary
between two and three islands. At small aspect ratios, increasing the anisotropy strength instead
favors fewer islands. This behavior can be attributed to the asymmetry of the surface energy. The
two sets of simulations show that symmetric and asymmetric anisotropies can produce markedly
different morphological evolution of long thin films.

Finally, Figures 4.4 and 4.5 show the evolution of very thin films. In Figure 4.4, the asymmetry of
the surface energy produces different behavior on the upper and lower surfaces: pronounced peaks
and valleys form on the upper surface, whereas the lower surface remains relatively smooth and
nearly flat. Figure 4.5 shows that, at the same aspect ratio, a symmetric anisotropy favors more
islands than the isotropic surface energy.
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Figure 4.4. Snapshots of the evolution of a 140 X 1 thin film under anisotropic surface
diffusion with 3-fold anisotropy (6) = 1 + & cos 36.

4.2. Two-dimensional solid-state dewetting

When a solid film is heated above a critical temperature that remains below its melting point, it
may undergo complex morphological changes. This phenomenon is called solid-state dewetting [136,
92, 139]. It has applications in thin film technology, including catalysts for semiconductor nanowire
growth [125] and optical and magnetic devices [4, 112]. In two dimensions, solid-state dewetting
can be viewed as open curve evolution governed by surface diffusion and moving contact lines; see
Figure 4.6. In this section, we extend the conservative formulation (2.20) and the structure-preserving
parametric finite element scheme (2.52) for closed curves to two-dimensional solid-state dewetting
[11,92, 139].

4.2.1. The sharp-interface model and a stabilized formulation. As illustrated in Figure 4.6,
two-dimensional solid-state dewetting describes the evolution of an open curve

4.1) T(t) == X(s,t) = (x(s,1), y(s, )T, 0<s<lL,

under anisotropic surface diffusion and contact line migration. Here s and t denote arc length and time,
respectively, and L := L(t) = |I'(t)| is the total length of I'(#). As derived in [11, 92, 139], the dewetting
of a film with a weakly anisotropic surface energy is described by the following dimensionless
sharp-interface model:

The open curve X(s, t) satisfies the anisotropic surface diffusion equations (2.6)-(2.7) with the
boundary conditions:

(i) Contact point condition

(4.2) y(©0,t)=0, y(,t)=0, t=0;
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Figure 4.5. Morphological evolution of a thin film with aspect ratio 80 under surface
diffusion: (left) isotropic; (right) 6-fold anisotropy 7(0) =1 + 35% cos 66.
(ii) Relaxed contact angle condition
dx (¢ dx[(t
@3) SO ey, SO pepe), 20
(iii) Zero mass flux condition

(4.4) dsu(0,t) =0, dsu(L,t) =0, t>0;

Here x.(t) = x(0,t) < x/(t) = x(L,t) denote the left and right contact points, respectively, and
6; = Gé(t) 0}, = 0(t) are the corresponding contact angles. The function f(6; o) is defined by

(4.5) f(6;0) :=7(0)cosO —P'(0)sin 6 — 0, 0 € 2nT.

where 0 = cos Oy = %, Oy is the isotropic Young contact angle, and 0 < n < +o0 is the contact
line mobility [11, 92, 139].
As in (2.20), we derive the stabilized conservative form for solid-state dewetting:

(4.6a) n-X —dssu =0, 0<s < L(t), t>0,
(4.6b) un + 9, (ék(e)asx) =0,

with boundary conditions (4.2)—(4.4), where G k(0) is the stabilized surface energy matrix defined in
(2.10).
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Figure 4.6. An illustration of solid-state dewetting of a thin film on a flat rigid substrate in 2D,
where yry = $(0), yvs, Vrs denote the surface energy densities of the film/vapor,
vapor /substrate, and film/substrate interfaces, respectively, and x/, x! are the left and right
contact points.

4.2.2. Weak formulation. Let I'(t) be parameterized by a time-independent parameter p on the
fixed interval p € I = [0, 1], namely

(4.7) I(t) = X(p, t) = (x(p, 1), y(p, )" : IXR* - R?,

The arc length parameter s is then given by s = fop |d;X(q,t)| dg. Again, we use X (s, t) and X(p, t)
interchangeably.
We introduce the function space

(4.8) Hy(M) :={ue H'@|u0)=ul)=0},  X:=HYI)xH®.

Following the derivation in Section 2.3, the weak formulation of (4.6) with boundary conditions
(4.2)—(4.4) reads as follows: given an initial open curve I'(0) = X(-,0) = Xp € X, find (X(-, t), u(-, t)) €
X x HY(I) such that

) _ 1
(4.92) (n 8tX,(p)r(t)+(8sy,as(p)r(t) 0, VoeH\),
A 1 [dxk(t) dxl(t)
(4.9b) (” "’w)m) (Gk(6)8SX,8sa))r(t) n[ ar O+ =g

+ofwi(1)—w1(0)]=0, Vo= (w1, @) €X
The area A,(t) enclosed by I'(t) and the substrate, and its total energy W,(t), are defined by

(4.10) Ao(t) = /r L V6000 ds, Wolt) = /r s —a(xg(t)—xg(t)).

As in the closed curve case, the weak formulation (4.9) preserves area conservation and energy
dissipation.

ProrosiTiON 4.1 (Area conservation and energy dissipation). Let I'(t) be determined by a solution
(X (-, 1), u(-, t)) of the weak formulation (4.9). Then

(4.11) Ao(t) = Ag(0),  W,o(t) < Wo(t) < Wo(0),  Vt>t > 0.

More precisely,
(4.12) dA(t)—O dW(t)— / |9su]?d 1| (dxe 2+ dxi)’ <0, t>0
' ar TR T e T a at ) | =% =Y

The proof is analogous to that of Proposition 2.1, so we omit the details.
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4.2.3. A stabilized parametric finite element scheme and its properties. We introduce the finite
element space

(4.13) K= {u" e K" | uh0)=u"(1)=0}, X' =K'xKlL

The spatial semidiscretization of (4.9) and the proofs of its area conservation and energy dissipation
follow the same arguments as in Section 2.3; we omit the details.

Let 7 be a uniform time step, and approximate I'(t) = X(-,t) at t,, = mt,m = 0,1,... by
" =X"()= U?’: 1h;.”, where h;.” = X"(pj) — X" (pj-1). The structure-preserving stabilized parametric
finite element scheme for solid-state dewetting (4.6) reads as follows: let the initial approximation
() € X" be given by X%pj) = Xo(pj),¥0 < j < N. For every m = 0,1,2,..., find (Xm+1() =
(™), y™ ()T, w 1)) € X x K" such that

m+1l _ ym h h
(414a) (nm+% . %’(Ph)rm + (as[um‘f'llas(Ph)rm — 0, quh c Kh,
h h xm+1 —xm m+l _ m
m+1, m+3 h) _ ( A m m+1 h) _ 1 l L h Xy r h
n""2,w G (0™M)s XM, dsw w!(0) + —wi(1
w1 R (RCRES SR 'o) + L0l

+o[0l(1)-0l0)] =0, Vo'=(! ol)exh,

with x}”” = x"*1(0) < x/*1 = x™*+1(1). The matrix Gx(6") is defined analogously to (2.54).
Let A]' be the area enclosed by the open polygonal curve I and the substrate, and let W;" be the
total surface energy, defined by

1 N

(4.15a) Ay = ; (x"(pj) = x™(pj-1)) (¥" (pj) + y" (pj-1)) ,
N

(4.15b) Wit = 3 IR1Pe)) — o (x)! — ).

1
—_

]

We then obtain the following structure-preserving properties of (4.14).

THeorEM 4.1 (Structure preservation). For any y(0) satisfying (2.56) and sufficiently large k(0), the
scheme (4.14) preserves area conservation and unconditional energy dissipation, namely

(4.16) Al = A =... =AY, WM <WIP<.o o<W, Vm>0.

Proor. Area conservation follows by an argument analogous to that of Theorem 2.2; we omit the
details.
For energy dissipation, taking ¢ = u"*!, @ = X"+ — X" in (4.14) gives

N h
T (D™, o) + (Gk(e’”)asX*””,<9s(X’"+1 - X’”))rm
(4.17)

n

1 (xm+1 _ xm)Z X+l yem2
[ l l +(r ) —o [( = x) = (2 = x| =0.

T T

When 7(0) satisfies (2.56), Lemma 2.2 also applies to open polygonal curves. Following the
derivation of (2.77), we obtain

(4.18) (Gk(e’")asxm“,as(x’““ - X’”))rm > Z‘ R P07 — Z:‘ |117(07").
= =
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Therefore, using (4.17) and (4.18), we have

N N

Wy - Wy = Zl BP0 ") ~ Zl [ 7(67")
= ]=

o [ =) = (o = )]
< (ék(GM)asXm+1,as(Xm+l _ XWI))
4 —o (= x) = (- x)]
< -7 (aSlumH, 8sym+1)’;m
B St 0
n
<0, Ym > 0,

h
rm

T T

This proves the energy dissipation stated in (4.16). m]

RemMARK 4.1. Since the local energy estimate (2.63) depends only on 7(0), the energy dissipation
results for the closed curve scheme (2.52) extend to the open curve scheme (4.14) for solid-state
dewetting, including the conclusions in Remarks 2.7-2.9.

Remark 4.2. The local energy estimate implies energy dissipation for the discrete scheme. Replacing

G(0) by the symmetric surface energy matrix Zx(6) from Chapter 3 therefore relaxes the energy
stability condition to 37(6) > (0 — n) without additional requirements.

4.2.4. Convergence rates and structure preservation. In this subsection, we present numerical
results for the evolution of open curves in solid-state dewetting using (4.14).
We mainly consider the following two anisotropic surface energies:

e Casel: P(6) = 1+ B cos36, where || < 1. This energy is weakly anisotropic when |B| < §
and strongly anisotropic otherwise.

e CaseIl: 7(0) = V1 + bcos? 6, where b > —1.

To examine mesh quality, area conservation, and energy stability, we introduce the weighted mesh
ratio

max 7(0))| hjl

(4.20) Rg(t) =
i ACHILA

and the normalized area loss and energy
A AT -A W] W

0
AlO) |y, Al WOy, W

(4.21)

7

The scheme (4.14) is formally second-order accurate in space and first-order accurate in time; we
therefore use T = 16/h2. The Newton iteration tolerance is tol = 10712. Unless otherwise stated, the
initial shape is a half-ellipse with major axis 4 and minor axis 1. We approximate the exact solution
[(t) using (4.14) with k(6) = ko(0), the fine mesh h, = 278, and the small time step 7, = 27'2. The
contact line mobility is 7 = 100 throughout.

Figure 4.7 shows the numerical errors of (4.14) for (a) the three-fold symmetric anisotropy
7(0) = 1 + Bcos30 with different strengths f at the fixed time t = 0.5, and (b) the ellipsoidal
anisotropy 7(0) = V1 + 2 cos? 6 at different times. The results confirm second-order convergence of
(4.14).

As shown in Figure 4.8, the weighted mesh ratio R;ﬁ approaches a constant as t — +oco, indicating
an asymptotically quasi-uniform mesh distribution for (4.14).
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1072 1072
h h

Figure 4.7. Convergence rates of the SPFEM (4.14) with k(6) = ko(0) and ¢ = —‘/TE for (a)
anisotropy in Case I at t = 0.5 with different §; (b) anisotropy in Case II with b = 2 at different
times t = 0.125,0.25, 0.5.

Figure 4.8. Weighted mesh ratio of the SPFEM (4.14) with k(0) = ko(0) and 0 = —% for (a)
anisotropy in Case I with § = % ; (b) anisotropy in Case Il with b = 2.

h
Figure 4.9 shows the time evolution of the normalized area loss Aﬁ”((()t)) and the number of Newton
h 0
iterations with h =277, t = 2710, The normalized energy x‘;x; for different mesh sizes h is shown in

Figure 4.10.
Figures 4.9-4.10 show that:

(1) The normalized area loss is approximately 1071, on the order of round-off error; see Figure 4.9.
This verifies that area is conserved to machine precision.

(2) The number of Newton iterations starts at 3 and eventually decreases to 2; see Figure 4.9.
Thus the semi-implicit scheme (4.14) can be solved efficiently.

(3) When 7(0) satisfies (2.56), the normalized energy is monotonically decreasing; see Figure 4.10.
Unlike the enerqgy-stable parametric finite element method in [108], the scheme (4.14) remains
energy stable for Case I with 8 < £ and Case Il with b > 1, consistent with Remarks 2.7 and
2.8.

4.2.5. Morphological evolution in two-dimensional solid-state dewetting. We now apply (4.14)
to simulate the morphological evolution in two-dimensional anisotropic solid-state dewetting.
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Figure 4.9. Normalized area loss (blue dashed line) and number of Newton iterations (red
line) of the SPFEM (4.14) with k(0) = ko(0), 0 = —‘/75 and h =277, 7 = 271° for (a) anisotropy
in Case I with g = §; (b) anisotropy in Case Il with b = 2.
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Figure 4.10. Normalized energy of the SPFEM (4.14) with k(0) = ko(6) and ¢ = —\/75 for (a)
anisotropy in Case I with g = §; (b) anisotropy in Case Il with b = 2.

Figure 4.11 shows the evolution from the initial shape to the numerical equilibrium for an open
4 x 1 rectangular curve with four surface energies: (a) Case I with g = % ; (b) Case Il with b = 2; (c)

four-fold symmetric anisotropy 7(0) =1 + 11—6 cos46; and (d) 7(0) = \/ (% + %sgn(nl)) n% + n%, where

n = (ny,ny)" = (-sin 0, cos ).

As in the closed curve case, the scheme (4.14) extends the range of surface energies available for
solid-state dewetting simulations; see Figure 4.11(a)-Figure 4.11(c). Figure 4.11(d) also shows that
the method applies to 7(0) with limited regularity.

4.2.6. Multiple equilibria of open curves in solid-state dewetting. Following the derivations
in [108, 103, 149] and Section 4.2.3, the symmetrized scheme (3.12) also extends to the evolution of
open curves in solid-state dewetting. Its discrete formulation is analogous to (4.14), and we omit the
details. As in Theorem 3.2, the method preserves area conservation and is unconditionally energy
stable under (3.1).

As described in [10], stable equilibrium shapes in two-dimensional solid-state dewetting with
anisotropic surface energies can be predicted by the generalized Winterbottom construction. For
strongly anisotropic surface energies, multiple stable island shapes may exist.
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Figure 4.11. Morphological evolution of an open 4 X 1 rectangle under anisotropic surface
diffusion with different surface energies: (a) anisotropy in Case I with § = % ; (b) anisotropy in

Case Il with b = 2; (c) P(0) = 1 + 1x cos46; (d) P(0) = \/(g + 3sgn(n1)) n? + n? with

n = (n1,n2)"T = (—sin 0, cos 0)T. The red and blue lines represent the initial shape and the
numerical equilibrium, respectively. The black dashed lines represent the intermediate curves.

The parameters are 0 = —\/72, h=27,t=2710

(i) Construct the Wulff envelope. For a given anisotropy y(0), first plot its y-plot, shown as the
blue curve in Figure 4.12(a). Construct the Wulff envelope from the y-plot using [119, 10], as
shown by the black curve in Figure 4.12(a):

(4.22) 0 € 2nT.

x(0) = —p(0)sin — 9(0) cos 0,
y(0) = 7(0) cos 6 — 7'(0)sin O,
(ii) Remove unstable orientations. Remove orientations satisfying y(6) + 7”(0) < 0 from the Wulff

envelope; see the black dashed segments in Figure 4.12(b). The “ears” of the Wulff envelope
are unstable regions, as illustrated in Figure 4.12.
(iii) Truncate the Wulff envelope. Intersect the Wulff envelope with the flat substrate line y = o,
shown as the red dashed line in Figure 4.12(b)-Figure 4.12(f). The regions enclosed by the
remaining Wulff envelope and the substrate are stable equilibrium shapes; see the green
shaded regions in Figure 4.12(c)-Figure 4.12(e) and the blue shaded region in Figure 4.12(f).

We apply the proposed method to simulate equilibrium shapes obtained from different initial
films in solid-state dewetting, using the m-fold symmetric anisotropy 7(6) = 1+  cos m(6 — 6y). Itis
strongly anisotropic when |f| > ﬁ The results are shown in Figures 4.13-4.17.
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(a)

Figure 4.12. Generalized Winterbottom construction for surface energy 7(9) = 1 + 0.4 cos 46
and o = cos 2. The green and blue shaded regions are stable equilibrium shapes.

In Figure 4.13, the parameters are p = 0.4, 6 = 0 and 0 = cos 2. The simulations produce four
possible stable equilibria. The numerical shapes in Figure 4.13 agree closely with the generalized
Winterbottom construction in Figure 4.12, also shown by the black dashed curves in Figure 4.13.

Figures 4.14 and 4.16 compare the numerical equilibria for two anisotropies with the stable
shapes predicted by the generalized Winterbottom construction. Numerical equilibria are shown
as blue solid curves, initial curves as red solid curves, and the corresponding Wulff envelopes as
black dashed curves. The numerical and theoretical shapes agree closely. Unlike the symmetrized
structure-preserving parametric finite element method in [103], the proposed method applies stably to
both symmetric and asymmetric surface energies.
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Figure 4.13. Multiple equilibrium shapes for the 4-fold surface energy 7(6) = 1 +  cos 46
starting with different initial curves (shown in red dash-dotted line). The corresponding Wulff
envelope is shown as a black dashed curve. The parameters are f = 0.4, 0 = cos £ and
n = 100.
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Figure 4.14. Illustration of the generalized Winterbottom construction (a) and numerical
equilibrium shapes (b)—(c) starting with different initial curves for the 4-fold surface energy
P(0) =1+0.3cos4(0 + §)and 0 = 0.2.
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Figure 4.15. Morphological evolution of different initial shapes with the 4-fold anisotropy
P(0) =1+0.3cos4 (0 + %), 0 =0.2: (a) a unit square; (b) a right trapezoid. The red and blue

lines represent the initial shape and the numerical equilibrium, respectively. The black
dashed lines represent the intermediate curves.
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Figure 4.16. Illustration of the generalized Winterbottom construction (a) and numerical
equilibrium shapes (b)—(c) starting with different initial curves for the 3-fold surface energy
7(0)=1+0.3cos3(0 + £)and 0 = -0.2.
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Figure 4.17. Morphological evolution of different initial shapes with the 3-fold anisotropy
7(0) =1+0.3cos3 (6 + %) ,0 = —0.2: (a) a unit square; (b) a right trapezoid. The red and
blue lines represent the initial shape and the numerical equilibrium, respectively. The black
dashed lines represent the intermediate curves.






CHAPTER 5

Structure-preserving parametric approximation via an a-surface energy
matrix: anisotropic curve evolution

The energy-stable parametric finite element method developed by Barrett, Garcke, and Niirnberg [22,
25], commonly called the BGN method, has attracted considerable attention in structure-preserving
numerical methods for geometric flows because of its unconditional energy stability and favorable
mesh quality. It has been successfully applied to many isotropic curvature-driven problems, including
mean curvature flow [25, 102], surface diffusion [21], multiphase flow [67, 69], the Stefan problem
[63], the Mullins—Sekerka problem [27], and the evolution of open curves and surfaces in solid-state
dewetting [151, 20]. These applications demonstrate the robustness and efficiency of the method.

A key feature of BGN methods is that they approximate the curvature vector xn through the
geometric identity

5.1) Kt = -9 X = 0, (Idasx),

where I; denotes the d-dimensional identity matrix, instead of directly approximating the curvature «.
This approach provides a natural framework consistent with the geometric structure for establishing
energy stability in isotropic curvature-driven problems. For a detailed account of the theory and
numerical behavior of BGN methods, see the survey monograph by Barrett et al. [29].

Many studies have extended BGN methods to anisotropic problems. Their common feature
is to replace I, in (5.1) with a suitably constructed surface energy matrix, yielding an analogous
identity for the weighted curvature vector un. Barrett et al. first developed such an extension for

surface energies of the Riemannian metric form y(0) = (n(0) - Gn(0))"?, by introducing the matrix
?(Lg)det(G) G~ [24, 28]. In [108], a surface energy matrix G(6) = P(0)I, — n(0)&(0)" + &(0)n(0)" was
constructed using the Cahn-Hoffman &-vector. This gave the first extension of the framework to
general surface energies, although some restrictions on 7(60) remained necessary. Subsequently, a
stabilizing function k(0) was introduced in [9] to construct the symmetric surface energy matrix
Z1(0) = P(0O)]y — n&T — &nT + k(O)nnT. The resulting scheme was proved to be unconditionally
energy stable under the symmetry condition y(0) = 7(0 — m).

In Chapters 2-3, refined analysis substantially improved the energy stability conditions for the
proposed methods and yielded optimal results within the local energy estimate framework. The
analytical techniques differed somewhat between schemes. These studies show that different surface
energy matrices require different analytical tools and lead to substantially different energy stability
conditions, motivating further refinement and a unified treatment.

The main objective of this chapter is to establish a unified framework for analyzing the energy
stability of structure-preserving parametric finite element schemes associated with the constant-a family
of surface energy matrices introduced below. Within the local energy estimate framework, we derive
optimal energy stability conditions and systematically compare the computational performance of
the resulting schemes. The main contributions are as follows.

e A unified construction of the surface energy matrix. We introduce a hyperparameter a € R
and construct the unified a-surface energy matrix

(5.2) G4(0) = P(O) — n&" + a&n’ + k(O)nn’,

This construction includes all existing forms [14, 149, 9, 107] and those in Chapters 3-2
as special cases. It characterizes the normal-column modifications with the prescribed
tangential component and constant «; see Remark 5.3.

61
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e Optimal energy stability conditions within the local energy estimate framework. We
prove that the symmetric case @ = —1 is the unique member of this family that achieves
unconditional energy stability under the following necessary and sufficient condition for
the local energy estimate (see Remark 5.5):

(5.3) 39(0)- (0 -m) >0, V6 e2nT.

For other values of «, the stricter condition 37(0) — 7(6 — m) > 0 is required unless additional
constraints, such as 7’(6*) = 0, are imposed.

e A unified framework for discretizing velocity laws. We extend the structure-preserving
parametric finite element method to general anisotropic curvature-driven problems with normal
velocities of the form

(5.4) Vi = &),

where § is a mapping that depends on the weighted curvature u. This formulation naturally
encompasses all velocity laws in (1.13) and provides a unified discretization framework that
ensures energy stability.

The chapter is organized as follows. Section 5.1 introduces the hyperparameter a to construct a
unified representation of this family of surface energy matrices and derives a conservative variational
formulation for anisotropic curvature flow. Section 5.2 presents the corresponding fully discrete
structure-preserving parametric finite element scheme and states its structure-preserving properties.
Section 5.3 proves energy stability. Section 5.5 discusses extensions to other anisotropic curvature-
driven problems. Section 5.6 reports extensive numerical experiments that assess accuracy, efficiency,
structure preservation, and robustness.

5.1. A unified a-surface energy matrix

To study general anisotropic curvature-driven problems, we first turn from the anisotropic surface
diffusion considered in the preceding chapters to the simpler anisotropic curvature flow:

(5.5) Vi = —u,

where u = [7(0) + 7”(0)] x is the weighted curvature. Equivalently,
(5.6a) X =—un, 0 <s < L(t), 0<t<T,
(5.6b) p=[p0)+7"(0)]x.

Here L(t) = |I'(t)| is the length of the curve I'(¢) at time ¢, and T is the maximal existence time of the
solution.

During curve evolution, tangential velocity affects only the parametrization and leaves the geometry
of the curve unchanged. Its geometric evolution is therefore determined by the normal velocity
Vi = n - d:X. Allowing suitable tangential motion, we can rewrite the anisotropic curvature flow
(5.6) equivalently as the geometric PDE

(5.7a) n-oX =-u, 0<s <L(t) 0<t<T,
(5.7b) p=1[70)+7"(0)]x.

as we did for surface diffusion in Chapters 2-3.
To derive a conservative formulation of the anisotropic curvature flow (5.7), we introduce the
unified a-surface energy matrix

(5.8) GR(6) = P(O) —n(6)5(6) + a&(0)n(6)" + k(6)n(6)n(6)",

where &(0) = P(0)n(0) — 7'(0)1(0) is the Cahn—Hoffman &-vector, a € R, and k: 2nT — Ris a
prescribed stabilizing function.

Lemma 5.1. The weighted curvature 1 defined in (5.7b) satisfies the geometric identity

(5.9) un + 9, (ég(e)asx) 0, VaeR



Chapter 5. The a-matrix framework for curves 63

Proor. By [93] or (3.4),

(5.10) n = =9,(7(0)9.X + 7(0)n).

It therefore suffices to prove that

(5.11) G&(0)9sX = P(0)9sX + 7/(0)n.

Since n = (—sin 8, cos )T, T = (cos 6, sin 8)T, we have

(5.12) G&(0) = P(O)L + P'(O)(mnt" — atn’) + (k(0) + (a — 1)P(0)) nn’.

Combining (5.12) with d;X = 7 and nlo; X =0 gives

(5.13) ég(@)&sX = 9(0)3;X + 7' (0)n + (—aP’(O)tn” + (k(0) + (a — 1)P(0)) nn") 9;X
=7(0)d; X + 7' (O)n.

This proves the lemma. O

Using (5.9), we obtain the following strong formulation of the geometric PDE (5.7a)—(5.7b):
(5.14a) n-X+u=0, 0 <s < L(t), VO<t<T,

(5.14b) un + 9, (ég(e)asx) —0,
where L(t) is the length of the evolving curve I'(t).

Remark 5.1. When 7(0) = 1, the weighted curvature i reduces to the usual curvature k. Taking
k(6) =1 — a then gives éf(@) = I,. Thus (5.14) reduces to the standard BGN formulation of mean
curvature flow [22].

Remark 5.2. Different values of a yield different representations of the weighted curvature vector
un in (5.14). For o = —1, we recover the symmetrized formulations in [9, 107] and Chapter 3. The
choice @ = 0, k(0) = 0 gives the formulation proposed in [23]. For a = 1, we recover the formulations
in [108, 13, 149] and Chapter 2.

Remark 5.3. The family (5.8) includes the cited symmetric and nonsymmetric surface energy
matrices as particular choices of the constant parameter @ and the function k. Its algebraic scope
can be stated precisely in terms of its action on the orthonormal basis (7, n). Fix a € R and require
a matrix G(0) to satisfy G(0)t = $(0) + 7"(6)n and 77 G(0)n = —a’(6). Then G(0) = é;{"(@) for a
scalar function k(0).

Indeed, K(7) = {A eR¥>?| AT = 0} = {bn" | b € R?} has dimension 2. The prescribed tangential

action gives G — ég = bn' € K(1). Since égn = 0, the second prescribed action gives 7- b = —ap’(0).
Using & = n — $'1, we obtain b = a& + kn with k = n - b — ap. Hence G = ég +a&n’ + knn', as
claimed. This argument remains valid when 7’(6) = 0. The characterization concerns the constant-a
family with the two explicitly prescribed matrix actions.

5.2. Structure-preserving parametric finite element discretization via the a-surface energy matrix

5.2.1. Weak formulation. To derive the weak formulation from (5.14), we parametrize the
evolving curve I'(t) by a time-independent parameter p on the fixed domain I := [0, 1]:
(5.15) I(t): X(p,t) = (x(p, 1), y(p, 1),  Vpel, te[0,T].

The arc length is then given by s(p, t) = fop |0, X(r, t)] dr We do not distinguish between X(s, t) and
X(p, t), and assume that the p-parametrization remains regular: there exists a constant C > 1 such
that% <|ds(p,t) <C, Vpel

For the evolving curve I'(t), define the L? space

(5.16) LX) := {u: I-R| /F(t) lu(s)|>ds = /]I|u(s(p, t))|28ps dp < +oo} ,
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with the inner product

(5.17) (u,v)r(t) - /r (t)u(s)v(s)ds - /]I u(s(p, )o(s(p, )dpsdp, Va0 € LA(D).

The corresponding Sobolev spaces are
(5.18a) HYD) = {u e L’(D) | dou e L2},  Hy(@) = {u € H'D) | u(0) = u(1)}.

As in the derivations of (3.10) and (2.27), we multiply (5.14a) by a test function ¢ € H; (I) and
(5.14b) by w = (w1, w2)T € [H; (I)]?, integrate over I'(t), and integrate by parts. The resulting weak
formulation of (5.14) is as follows. Given the initial closed curve I'(0) := X(-,0) = (x(-,0), y(-,0))T €
[H; (I)]? and initial weighted curvature u(-,0) := uo(-) € H;(I[), find, for every t > 0, (X(-, 1), u(-, 1)) €
[H; {D)]? x H; (I) such that

(5.19) (n X, (p) =0,  VeeH,

* (H' (P)r(t) -

(5.19b) (;m, w)m) - (ég(e)asx,asw)m) =0,  Vwel[HOP

()

Let A(t) be the total area enclosed by I'(t) and W(t) its total energy, as defined in (2.28).
To derive the area decay rate and energy dissipation, we need an identity for the time derivative
d:0 of the inclination angle, together with the transport lemma (2.31).

Lemma 5.2. The time derivative of the inclination angle O satisfies

(520) 81}6 = 85(&tX) ‘n.

Proor. Differentiating |d,X| = +/(dpx)? + (d,y)? with respect to time gives
dpxdi(dpx) + oy (dpy) _ dpX  9p(d:X)

(521)  Ald,X]| = 10,X| = 95X - 35(9,X)|9,X].

VO +@E 19X 19pX]
Therefore, by (5.21),
05(9;X) = Lap(atX) = Lat (19,X|(cos 0, sin 0)")
19, X| [0, X|
(5.22) = 9,X - 95(9;X)(cos 6, sin 0)T + (—sin 6, cos 0)7 9, 6.
The result follows from n = (—sin 6, cos ). O

ProrosiTiON 5.1 (Area decay rate and energy dissipation). Let (X(-, t), u(-, t)) solve the weak formulation
(5.19). Then the total area A(t) satisfies the following decay rate, and the total interfacial enerqy W(t) dissipates
over time:

dA , ,
(5.23) & - —(y,1)m), W(t) < W(t)) < W(0), Vit >0.

Proor. Let Q)(t) be the region enclosed by I'(t). Reynolds’ transport theorem [123] and the choice
@ =1in (5.19a) give
d

d
—A(t) = — dxd =/ n-d;Xds
dt (*) dt Q(t) Y () !

- (n $0X, 1)F(t) - _(H’ 1)r(t)'

For energy dissipation, differentiating W (t) with respect to ¢t using Lemma 2.1 gives

d N )
(5.25) W) = /r ) [y (0) 9,6 + 7(6) 5(9: X) - asx] ds.

(5.24)
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Combining this with the geometric identity (5.20) for 0, we obtain

Qv = / |7(0)2.% +7(0)n] - 9.(21%) ds
(5.26) at e
_ /r , GL0)9.X 0.2 ds.

Taking ¢ = p in (5.19a) and w = ;X in (5.19b), and using (5.26), gives

d Aa
— = 0sX, ds(d: X = , 0 X
(5.27) dtw(t) (Gk(e) (9 ))F(t) (yn f )F(t)

- _(”’”)r(t) =0

O

5.2.2. Fully discrete scheme. Based on the weak formulation (5.19), we propose a fully discrete
parametric finite element scheme that preserves both the area decay rate and energy dissipation.
Let N > 2 be a positive integer and & = 1/N the mesh size. Consider the uniform partition
I=[0,1] := Uj.\lzllj, where I; = [pj-1,pjl, pj = jh,and j = 0,1,...,N. Define the piecewise linear
finite element spaces

(5.28a) K" = {u" e c)| u";; e P'U1j), Vi =1,2,...,N} c H(D),
(5.28b) K= {u" e K" | u"(0) = u" (D} € Hy(D),

where 731(1]-) is the space of polynomials of degree at most 1on I;. Let0 =ty <t; <--- <ty =T bea
uniform partition of [0, T], with t,, = m7, 7 :=T/M.

Let I'™ = X™(-) € [KI;;F approximate I'(t,,) = X(-,t,, = m7t) and satisfy the nondegeneracy
condition

(5.29) min |k >0, vm=0,1,..., M,
1<j<N -/

where h;” = X"(p;j) — X" (pj-1). Similarly, u™ € K’; approximates (-, ;). The mass-lumped inner
product (-, ‘)I@m, discrete differential operator d;, and discrete geometric quantities are defined in
(2.43)-(2.47).

The structure-preserving parametric finite element approximation of anisotropic curvature flow (5.7a)—
(5.7b) is now stated as follows. Let IV € [K’;]2 be the initial approximation obtained by interpolation,

X%pj) = X(p;,0),j=1,2,--- ,N. Form =0,1,--- ,M =1, find (X"*1(), u"*1(-)) € [K}]* x K} such
that

(5.30a) (nm+% . M (Ph)h + (um+1 (ph)h ~0 V(Ph c K"
T ! Tm ! ™ / 4
h A h
(5.30b) (um“n”“%, ‘”h)rm - (Gg(em)asxm“,aswh)rm —0, Vo' e K,
where
1 1
G31) nh 2 (9: X" + asXmH)l - _2|<9pXm| (FpX™ + apXmH)L-

Remark 5.4. The choice of n™*7 is motivated by the area-preserving parametric finite element
method for surface diffusion proposed in [19], which was also used in Chapters 2 and 3. This
construction exactly represents the area difference between successive discrete time levels of the
evolving polygonal curve and is therefore essential for preserving the area decay rate.
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5.2.3. Structure preservation. Let A™ denote the area enclosed by the polygonal curve I"" and
W™ its total interfacial energy, as defined in (2.55). The main result of this chapter is as follows.

Tueorem 5.1 (Structure preservation). The numerical scheme (5.30) preserves the area decay rate:

Am+1 —AM h
(5.32) —= —(ym”,l)r ., Yo<m<M-1.

Moreover, if & = —1 and $(6) € C*(2rT) satisfies

(5.33) 39(0)- (0 -m) >0, VO € 2nT,

then, for sufficiently large k(0), the numerical scheme (5.30) is unconditionally energy stable:
(5.34) Wl <wm<...<W°  Yo<m<M-1.

For a # —1, the energy stability condition (5.33) must instead be strengthened to

(5.35) 39(0) - y(0 —m) >0, VO € 2nT.

We prove the preservation of the area decay rate here and defer the proof of energy dissipation to
the next section.

Proor. Following the argument in Theorem 2.2, we obtain

(5.36) AT A = (nm+% (XM XM, 1)?

Taking ¢" = 1 in (5.30a) then gives

(5.37) AT pm —’C([.lm+1, 1)’5

This proves the area decay rate formula. O

5.3. Proof of unconditional energy stability

To prove unconditional energy stability of the fully discrete scheme (5.30), we introduce the
minimal stabilizing function k7. (0), defined by

(5.38) kiin(0) = ki(0) = (a — 1)7(0), VO e 2nT,

where k{(0) is defined by

(5.39) k3(0) = inf{a > 0] 49(0)Paa(¢p, 0) > Qa(¢h, 0), Y¢p € 2rT}.
Here P, , and Q, are the auxiliary functions

(5.40a) Pual, 0) = $(0) + 2= 179'(6) sin2¢ + asin® ¢,

(5.40b) Qu(,0) = 7(6 — )+ 7(0)cos P + aP’(0) sin ¢.

Assumption 5.1. For a given $(0) € C?(2nT) and a € R, assume that the minimal stabilizing
function k. (0) exists, that is,

(5.41) ke

min

(0) < +co, VO € 2nT.
Under Assumption 5.1, we establish the following local energy estimate.

Lemma 5.3 (Local energy estimate). Assume that (5.41) holds. For arbitrary p, q € R?\{0}, write
p = |pl(cos @,sin )T, g = |q|(cos 0,sin O). Then, for sufficiently large k(0),

642 i(610w)- =)= plpl - 70
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Proor. Recalling the definition (5.8) of éﬁ(@), we have

1 ( aq Pl ( ag cos ¢ cos @
(ezow) v = (cxor (W0 )] (W0 )

2
||i;|| (7(8) + (a = 1)9'(0) sin(6 — @) cos(0 — @) + (k(0) + (o — 1)P(6)) sin*(6 — )
PP o)+ © Lo 0)6in (206 k(0 1)9(6)) sin2(6
= lal P(0) + > P/(0)sin (20 — @) + (k(0) + (a — 1)P(6)) sin*(0 — )
_pl?
(5.43) = |q| —P, Je+(a— 1))/(6 @, 9)
and

w(ezow)-a=wi(eo (0 ))-( 5 )
= |pl (7(0) cos(0 — @) + a7’ (0) sin(0 — @)
(5.44) = 1P (Qa(0 = ¢, 0) = 7(p)) -
Suppose that (5.41) holds. For sufficiently large k(0) satisfying k(0) > k& . (0), we have k(0) + (a —
DP(0) = ki, (0) + (a — 1)P(0) = k{(0). Thus, by (5.39),

49(0)Py ki (a-1)7(0 = @, 0) = 4P(0)Py k2 (0 — @, 0) + 4P(0) (k(6) = ki3 (0)) sin®(6 — )
(5.45) > 49(0)Paka(6 — 9, 0) 2 Q36— ¢,0), Vo €2nT.

Combining this with ixz -x2>-c, Vx€R, ¢ >0, gives

2
1(630) - (- )= Py 0 - 9,0) - 191 Qa0 - 9,0) - 1)

. 1 2
> P(p)lpl + 5O (IP1Qa(0 = ,0))” = 1p|Qa(6 — @, 6)
(5.46) > P(p)lpl = 7(0)l4l,

This proves the desired estimate. m]

Remark 5.5. Following the analysis in Remark 2.10 or Remark 3.5, we set p = —q, thatis, ¢ = 0 -,
in (5.42). This yields the necessary condition 39(8) > (6 — m) for the local energy estimate.
Comparing this condition with (5.33) for & = —1 shows that (5.33) is both necessary and sufficient for
the local energy estimate when o = —1. It is therefore optimal within this framework, as discussed in
Chapter 3.

Remark 5.6. In the isotropic case 7(6) = 1, it is straightforward to verify that ki (6) = 0 for every
a € R. Thus the minimal stabilizing functionis k7. (0) =1 - a.

Using the local energy estimate (5.42), we can prove unconditional energy stability of the fully
discrete scheme (5.30) under Assumption 5.1.

Proor. Let k(0) be sufficiently large and satisfy k(6) > k%. (0). For each time step (V0 < m <

min

M-1),
I N [ pmtl Bl _pm
Aapnm m+1 m+l _ ym — m arnm / ]
(Gaema.xm, g, xmt - xm) ]§:1 71 (650" Ty )+ = }
511
— _ = Aarpmygm+1)  g,m+1 _ 3m
(5.47) - El |h;ﬂ|(Gk(9 ! ) (!~ b )].
j=1 L
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Taking p = herl |hm+1|(cos 6’””, sin 9m+1)T and g = hm = Ih;.”l(cos 9;", sin 6]’.”)T in (5.42) gives

N
(Gzma.xm ), a,0m - xm)' = 3 [oorim1| - (01|
j=1

MZ
=

(6m+l)|hm+1| ZV(Qm)lhml

(5.48) = Wmtt W,

m+1

Taking ¢ = u"*! and @" = X"*! — X™ in (5.30), we obtain

n h
Wm+1 —Wm < (G%(Qm)asxm+1,as(xm+l _ Xm))

rﬂl
h h
5.49 _ ( mAlgmy o+l _Xm) _ ( m+1 m+1) <.
( ) y n rWl M ‘Ll l"m
This proves unconditional energy stability of the fully discrete scheme (5.30). m]

5.4. Existence of the minimal stabilizing function

We now analyze the existence of the minimal stabilizing function k. ().
Suppose that $(0) € C2(2nT) satisfies

(5.50) 37(0)-9(6 -m) >0, VO € 2nT,
and let ¢ == eirzlfT[3)7(9) - 7906 - n)]. Since k;. (0) = k3 (0) — (a — 1)7(0), the existence of k. (0) is
€2TT

equivalent to the boundedness of kj(6). We therefore focus on the latter. For the critical case ¢ = 0,
we establish necessary and sufficient conditions for boundedness of k{(0). For ¢ > 0, we derive an
upper bound for k;j(6).

5.4.1. Boundedness of k{j(0).

Tueorem 5.2. If ¢ = 0, then k(0) exists if and only if at least one of the following conditions holds:

(1) a=-
(2) Whenever 39(0*) = y(0* — m), we have 7’(6*) = 0.

Proor. (Sufficiency) The proofs under conditions (1) and (2) follow the arguments in Sections 3.3.3
and 2.4.4, respectively, and are omitted here.
(Necessity) Suppose that there exists 6 € 2nT such that 37(0*) = $(0" — m). The function
(0 — 1)/ 9(0) attains its maximum at 6 = 6%, and hence

PO -m) P(6" = )P(6°) — PO — )P’ (0")
d@ “900)

(5.51) oo . ?AZ(Q*)
706" =) =367 _
7(0°)
Therefore,
(5.52) 379'(6") = 9(6" — ), whenever 37(0%) = (0" —n) .
Define Fu(¢p, 0) = 49(6)Pyxa(¢p, 0) — Q3(¢, 0). Then
(5.53) Fo(¢,0) >0, Vo, 0 € 2nT.

Applying the mean value theorem to F,(¢, 0%) at ¢ = 7 gives
Fo(¢,67) = (37(687) = P(6" = 1)) ((0°) + (6" — 7))
+ [4(a = 1)p(07)79'(07) +2(7(0" = m) = P(67) (P'(6" = 10) + aP"(6")] (¢ —
(5.54) +O0((¢ — 1))
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Substituting 37(6*) = (0" — m) and (5.52) into (5.54) yields
Fa(¢, 6") = [4(a = 1)P(07)P"(67) +2(3P(6") — 7(67) BY'(6") + aP'(0")] (¢ — 1)

(5.55) +O0((¢ — m)?)
= 8(a + 1)P(8")79'(6")(¢ — 1) + O((¢ — m)?).
Consequently, (a +1)7'(0%) = 0, so either @ = -1 or 7’(6*) = 0. O

RemaRk 5.7. Theorem 5.2 unifies the main results of Chapters 2 and 3 and identifies « = -1 as
the optimal choice within the local energy estimate framework. Indeed, as stated in Remark 5.5,
condition (5.33), 39(0) — 7(0 — m) > 0, is both necessary and sulfficient for the local energy estimate
when a = —1. For a # -1, ensuring energy stability under (5.33) requires an additional condition
such as 7/(0%) = 0, or the stronger condition (5.35), 39(0) — 7(60 — =) > 0.

5.4.2. A global upper bound for k;(6). We first establish several lemmas to derive a global upper
bound for k (0).

Lemma 5.4. Let f be a nonnegative C2 function on 2nT. For any constant C > sup | f”|, we have
2nT

C
(5.56) —f(x) < f'(x)y + Ey2, Vx,y € 2nT.
This is Lemma 3.2; its proof was given earlier.

Lemma 5.5 (Estimate for Q. (¢, 0)). Suppose that ¢ > 0. For Q. (¢, 0) defined in (5.40b), we have

(5.57) 1Qa(p, O)| < [Pa,ale,0)+P(O)l, V¢ €2nT,
where A(0) is defined by
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(5.58a) A(0) = 3 Ca sZuqlgl 7”1+ (3lal +2)|9'(0)] + 7(0) + B(9) |,
(5.58b) B(6) = %(a +1)%7°(6))?, C, = max{5, %(zm +1)%}.

Proor. We first prove the lower bound for Q. (¢, 8). Lemma 5.4 gives
Qu(p, 0) + Pa,o(p, 0) + P(0)

=90 — )+ 7(0)2+cos )+ 7'(0)(asin ¢ + 2
7(0) + 7'(0)(a + (a — 1) cos ¢p) sin ¢

7(0) = (2lal + DIP'(0)]] sin ¢|

> —w szu¥ |9”| sin® ¢.

Using A(0) > (2|a|+1) sup |9”] and Py a(¢, 0) = Pao(P, 0) + A(O) sin? ¢, we obtain
2nT

(5.60) Qa(p, 0) = =Py (¢, 0) — P(0) — A(0)sin® p = =Py a(d, 0) — 9(0), V¢ € 2nT.

It remains to establish the upper bound for Q,(¢, 6). We consider two cases.
Case 1: |¢p| < 7. Applying the mean value theorem to Q,(:, 0) — Pao(:, 0) — $(0) on [0, ¢], we
obtain £ € [0, ¢] such that

Qale,0) - Pa (¢, 0) = 7(6)
(”’(9 — &) = P(0)cos & — aP’'(0)sin & +2(a — 1)77(0) sin 2&) p?

1 sin 2¢)

(5.59) Z
>

(5.61)

2
; sup|9”] + (lal + 219 ((9)|+y(9)) (—sm q>)
2nT

< A(0) sin® ¢.
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The penultimate inequality follows from |¢| < 7| sin ¢p| whenever |¢| < 7.
Case 2: |¢ — | < 7. Similarly, applying the mean value theorem to Q.(-, 0) — Pa (-, 0) — 7(0) on
[¢, 7], we obtain & € [¢, 7] such that

Qa(¢, 0) = Pao(, 0) — (6)
(5.62) = (P(6 1) =37(8)) - (7(6 — 1) + (2a = 1)'(6)) (¢ — )
+ % (7"(6 = &) = P(0) cos & — aP’(0) sin & + 2(ar — 1)7"(0) sin 2&) (¢ — 1),

By the definition of ¢, we have 37(0) — 7(0 — 1) > c. Applying Lemma 5.4 to 39(0) — (0 — ) — ¢
gives
7(0 = 1) = 37(0) = = - (37(0) - 7(0 = ) — <)

(5.63) <—c+@P(O-m)-39'(0)(p —m)+ %S;l% 1377(6) = 7"(6 — n)|(¢p — )2

S —c+(P'(0-m)=37'(0) (¢ —m) + 25;11%? 17”1(¢ = 0)°.

Therefore,
Qa(¢p, 0) = Py (¢, 6) — 7(0)
S—c+ @O -m)-39"(0)) (¢ —m) +2 sup 17”1(¢ — m)?
(564 -0 -m)+ (2a-1)7'(0)) (¢ —n)

+ % (P"(0 - &) —P(O)cosé —aP’(0)siné +2(a —1)7'(0) sin2&) (¢ — )

< —c=2a+1)P(0)P - 1)+ % 5Séu%:r> 19”1+ @lal +2)I9(0)] + P(6) ] (¢ — ).

Since c¢ > 0, the lower-order terms on the right-hand side of (5.64) can be bounded by a quadratic
term:

(5.65) —c—2(a+1)7"(0)(¢p - m) < %(a +1)219/(0)|*(¢ — m)*.

Using |¢ — 1| < 7| sin ¢| whenever [ — 11| < 7, we obtain the desired inequality

(5.66) Qul(,0) < Py a(¢p,0)+9(6), V¢ € 2nT.
O

Tueorem 5.3. If ¢ > 0, then for any a € R, the function ki (0) defined in (5.39) satisfies the upper bound

(G67)  kNO) < 4;( 5 [42(0) + 47(0)A0) + (1= VO] <40, VO < 20T,
Proor. Lemma 5.5 gives
(5.68) Q2(¢, 0) < (Pa,ale, 0) +P(0))>, V¢ € 2nT.

Recalling the definition of P, 4(¢, 0) in (5.40a), we have Py (¢, 0) = Py o(, 0) +a(0) sin® ¢. Hence
49(0)Pa,a($, 0) ~ Qi (¢, 6)
> 49(6)(a(0) — A(6))sin2 ¢ + 49(0)Py a($, 6) — (Pa,a($, 6) + 7(6))°
(5:69) = 49(0)(a(0) ~ A(0))sin® ¢ = (Ps,a(¢, 0) ~ 7(6))”
= (49(0)(a(0) — A(0)) — (e — 1)7"(0) cos ¢ + A(O) sin ¢)?) sin”
> (49(0)a(0) — AX0) - (a = DAI/(0) — 47(0)A(0)) sin? .
The last inequality follows directly from |a cos ¢ + bsin ¢| < Va2 + b2, V¢ € 2nT.
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Therefore, for any a(0) satisfying

0(0) 2 155 [4%0) + 49(0)A0) + (a - 1PI7(O)F]
we have
(5.70) 49(0)Py (¢, 0) — Q%(¢, 0) = 0, V¢ € 2nT.
By the definition (5.39) of ki (6), this proves (5.67). O

5.5. Extensions to other geometric flows

We consider two specific geometric flows, area-preserving anisotropic curvature flow and anisotropic
surface diffusion, and construct their structure-preserving parametric finite element schemes. We then use
the preceding analytical framework to discuss the design of structure-preserving algorithms for
general normal velocity laws.

5.5.1. Area-preserving anisotropic curvature flow. As stated in (1.13), area-preserving anisotropic
curvature flow is governed by
5.71) Vi=—-u+A4,

where A = [ uds/|T] is a Lagrange multiplier that ensures conservation of the area enclosed by I'.
Asin (5.14), we obtain the following conservative strong formulation of area-preserving anisotropic
curvature flow (5.71):

(5.72a) n-X+u—At)=0,
(5.72b) un + 9, (ég(e)asx) 0,
where A(t) = fr(t) pds/|I'(t)| is the Lagrange multiplier.
Given the initial closed curve I'(0) = X(-,0) € [Hrl, (I)]* and initial weighted curvature u(-,0) =

po(-) € H; (I), the weak formulation of (5.72) is as follows: for every t > 0, find (X (-, t), u(-, t)) €
[H; IM7]? x H; (I) such that

5.73 (n-a%,0) +(u-2019) =0 vpeHD,
(5.73a) noX, ) o+ H ()qom) ¢ € Hy(I)
A _ 1712
(5.73b) (yn, a))m) - (Gg(e)asx,asw)r(t) -0, Vwe[H®OP
The structure-preserving parametric finite element method for area-preserving anisotropic curvature flow

(5.71) is then given as follows. Let the initial curve I'” be specified by X°(p;) = X(p;,0), j =1,2,--- ,N.
For every m > 0, find (X™*(-), u"*1(-)) € [Kp]* x K} such that

m+l _ ym h h
(5.74a) (nm+% : ¥ (ph)rm + (y"”l A, goh)rm -0, Vo'ek!
! R h
(5.74b) (y'”“n”“%, “’h)r - (GZ(G’”)&SXm“,&swh)r -0,  Vo'e[K!P

where A" = (u"*t, 1);, J|IT™.
The scheme (5.74) has the following structure-preserving properties.

THEOREM 5.4. Suppose that 7(0) satisfies (5.35), or (5.33) when a = —1. Then, for sufficiently large k(0O),
the fully discrete scheme (5.74) is structure-preserving:

(5.75) Al A = =A% WML <Wm << WO, Vm > 0.

The proof follows [107], and its details are omitted for brevity.
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5.5.2. Anisotropic surface diffusion. Similarly, the evolution equation for anisotropic surface
diffusion is

(5.76) Vi = dssi,

Its conservative strong formulation is

(5.77a) n-X —dssu =0,
(5.77b) un + 9, (ég(e)asx) - 0.

The corresponding weak formulation follows by the same procedure.

Let the initial closed curve I’ be specified by X%(p;) = X(p;,0), j = 1,2,--- ,N. The structure-
preserving parametric finite element scheme for anisotropic surface diffusion (5.76) is as follows: for every
m > 0, find (X™(:), u"*()) € [Kf,’]2 X K’;} such that

m+1l _ ym h h
(5.78a) (n"“% : %,w)rm + (asym“,as@h)rm -0, Vo'ek!
h R h
(5.78b) (ym”n"”%, “’h)rm - (Gg(em)asxmﬂ,aswh)rm =0, Vo'e[K!P

The scheme (5.78) has the following structure-preserving properties.

THeOREM 5.5. Suppose that 7(0) satisfies (5.35), or (5.33) when a = —1. Then, for sufficiently large k(0O),
the scheme (5.78) is structure-preserving:

(5.79) Al =AM == AD, Wl < W < ... < WO, Vm > 0.
The proof is analogous to those of Theorems 2.2 and 5.1 and is omitted.
5.5.3. General normal velocity laws. The surface energy matrix allows us to treat anisotropic
problems using a framework and strategies analogous to those of Barrett—Garcke—Niirnberg methods for

isotropic problems [29, 27].
Consider an evolution equation of the form

(5.80) Va=3W),  onT(),

where §(-) maps functions on the closed evolving curve I'(t) to functions on I'(¢).
If § satisfies

5.81 , <0,
(581 (5w.u),,
then (5.80) satisfies the following area decay rate and energy dissipation identities:
d d
.82 —A(t) = 1 — =V, = , <0.
(582) dt (*) (MH)’ )r(t)’ dtw(t) (V ‘u)r(t) (MH) M)r(t) 0

The preceding evolution laws all fit within this framework. For example, integration by parts for
anisotropic surface diffusion V,, = dssu gives

(5.83) (%(#)’[J)r(t) - (assu’u)r(t) - _(8su’asy)r(t) <0.

As above, to construct a structure-preserving numerical scheme for (5.80), we formally consider the
strong formulation

(5.84a) n-o X -%u) =0,
(5.84b) un + 9, (ég(e)asx) - 0.

Although J(u) is conventional notation, constructing a structure-preserving fully discrete scheme
requires careful treatment of its dependence on the underlying curve I'(f). To make this dependence
explicit, we write &(u, I') = §(u). This suggests a semi-implicit discretization that treats u implicitly
attime level m +1and I' explicitly at time level m. The resulting framework yields structure-preserving
fully discrete schemes as follows.
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Given the initial data I', find, for every m > 0, (X"*1(:), u™*1(-)) € [K’I}]2 X Kiﬁ such that

m+l _ ym h h

(5.85a) (w22 ) = (BT ) =0, Vel e,
1 h N h

(5.85b) (ym+1nm+?, a)h)rm - (Gg(@f")asxm”,aswh)rm —0, Vo'e[K'P

For the following result, assume that the chosen discrete realization of § preserves the dissipation

property, that is, (F(u"*1,T™), y"*1)" < 0. The scheme (5.85) then has the following structure-
preserving properties.

THeOREM 5.6. Suppose that $ € C?(2nT) is strictly positive and satisfies (5.35), or (5.33) when a = —1.
Then, for sufficiently large k(6), the scheme (5.85) is structure-preserving:

Am+l — AM h
(5.86) = - (g(ym+1,r"1),1)rm, W < W <. < W0, VYm0,
Proor. For the area decay rate, following (5.36), we have
h h
(587) Am+1 —AM = (nm+% . (Xm+1 _ Xm), 1)rm — ’c(‘{y(ym“,l"’”), 1)1,”,'
For energy dissipation, (5.48) continues to hold, giving
R h
Wm+1 WM < (G?(Qm)asxm+1las(xm+l _ Xm)) )
(5.88) , r ,
— m+1 m+% Xm+1 _ Xm) — ( m+1 I m+1) <0.
(u n""2, o = TS T, ) S
The final inequality follows from the discrete dissipation assumption corresponding to (5.81). O

We give three examples to illustrate this construction. Further examples and numerical discussions
can be found in the survey by Barrett et al. [29] and the references therein.

ExampLe 5.1. Take §(f,T) = —f + [ f ds/|T|, where f is a function on I'. Then F(u™*!,T™) =
—u™ 4+ [L, p™*1ds/|T™]|. This recovers the structure-preserving parametric finite element discretiza-
tion (5.74) of area-preserving anisotropic curvature flow.

ExamrLg 5.2. For surface diffusion, take (f,I') = dss f, where ds denotes differentiation with
respect to arc length along I'. Integration by parts yields (&(u, I'), pt); = —(dsit, dsp)r < 0, recovering
the structure-preserving scheme (5.78) and Theorem 5.5 for anisotropic surface diffusion.

ExampLE 5.3. An intermediate evolution law between area-preserving anisotropic curvature flow
and surface diffusion is

(5.89) Vi = dss1, where (—%855 + %) n=u,
where &, v € R are constants. We define the mapping &(-, I'"™) by
h h
my k) _ _ h h h
(590) (8. T, 9") = =0, 29") . Vo' e,
where 1(f) solves
(5.91) 1(3 (f),d h)h +1(() h)h —( h)h Vol e K"
: z s11(f), dsp - V’?fﬂ:b rm_fll)b o’ ¥ p
Takingf — (Ph — [um+1/¢h — [um+1 _ %ﬂ(#’””) gives
h 1 h 1 1 \"
m+1l m m+1 _ _ m+1l _ = m+1 _ =
(5.92) (Ts(u ), )rm =-7 ((%ﬂﬁﬂ])rm E(u L Vn)rm <0.

Thus we obtain a structure-preserving discretization of the intermediate flow (5.89) under (5.35)
or (5.33). For further discussion of this flow, see [135, 59, 60] for theoretical results and [7, 22] for
numerical methods.
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5.6. Numerical experiments

We report extensive numerical experiments to assess the performance of the proposed structure-
preserving parametric finite element schemes.

5.6.1. Numerical errors and convergence rates. To measure the distance between two closed
curves I'1 and I',, we use the manifold distance M(I'1, I';) [151, 108], defined by

(5.93) M(I'1,T2) = [(Q1\Q2) U (Q2\Q1)| = 2[Q U Q| =[] =[],
where Q; (i = 1, 2) is the interior region enclosed by I';, and |(Q)| denotes the area of Q.
Define the intermediate curve I, (#) between I'"* and T""*! by
t t

t - —t
(5.94) T o(t) = ’”*i I+ — mmtl b€ [t tme1], m > 0.

The numerical error e’ (t) is formally defined by
(5.95) e"(t) == M(Tp.(t), T(t)).
We approximate the exact solution I'(t) by T, -,(t) computed on the fine grid h, = 278, 7, = h2.

o (h,7) e(t =0.1) order et =0.2) order e(t = 0.3) order
(ho, T0) 1.30e-1 - 1.63e-1 - 1.84e-1 -

-1 (%, 2 3.12e-2 2.06 4.03e-2 2.01 4.64e-2 1.98
(Lo, 1) 8.02¢-3 1.96 1.05e-2 1.94 1.21e2 1.94
(ho, T0) 1.30e-1 - 1.56e-1 - 1.73e-1 -

0 (h, 3.14e-2 2.05 4.04e-2 1.95 4.65¢-2 1.90
(%, 1—2) 8.00e-3 1.97 1.04e-2 1.95 1.20e-2 1.94
(ho, 0) 1.31e-1 - 1.58e-1 - 1.76e-1 -

1 (%, %) 3.15e-2 2.05 4.05e-2 1.97 4.66e-2 1.92
(Lo, 1) 7.98e-3 1.98 1.04e-2 1.97 1.20e-2 1.96

Table 5.1. Numerical errors e”(t) and convergence rates for the fully discrete scheme (5.30)
with a = 0, £1. The anisotropy is Case I with § = 1/9. The remaining parameters are
hg = 2_4,’1'0 = hg

We consider the following two surface energies in the convergence tests:
e Casel: 7(0) =1+ pcos 360, where |f| < 1.

o Casell: 7(0) = \/(g + %sgn(nl)) n% + n%, where n = (n1,n2)" = (-=sin 0, cos 0).

We compute the minimal stabilizing function k. (0) as follows. For a given $(0) and a € R,

solve the optimization problem (5.39) at the nodes 0; = —m + L5, V0 < j < 20 to obtain kg (6;). Then
use linear interpolation to approximate kg (0) between nodes and obtain k. (6) from (5.38). In the
following convergence tests, we take k(0) = k& . (0) unless otherwise stated.

The scheme formally has second-order spatial accuracy and first-order temporal accuracy. We
therefore take T = h? unless otherwise stated. The initial curve is an ellipse with major axis 4 and
minor axis 1, and the Newton iteration tolerance is tol = 10711.

Table 5.1 and Figure 5.1 report the numerical errors. They show second-order spatial convergence
and first-order temporal convergence for (5.30).

Figure 5.2 compares the errors at t = 0.25 for Cases I and II with several values of a. The tests
include the reference values a = 0, £1, nearby values @ = +£0.9, +1.1, fractional values @ = £0.5, and
values with larger magnitudes @ = £3, +6, £10. The results demonstrate that the accuracy of (5.30) is
robust with respect to a: the relative differences between errors are less than 5% in most cases.
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—~a=0.9
—a=1
~+~a=1.1

h h h

Figure 5.1. Convergence rates for (5.30) at t = 0.25 for different values of a: (A)—(B) Case I
with g = 1/9; (C) Case II.
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Figure 5.2. Error comparison for (5.30) at t = 0.25: (A) Case I with § = 1/7 and
a =0,+0.5,+09,+1,+1.1; (B) Case l with a = 0, +1, +3, +6, +10.

5.6.2. Iteration counts and CPU time. Table 5.2 lists the total iteration counts and average CPU
times for (5.30) at t = 0.1 with different values of a. The CPU times are arithmetic averages over
five independent runs. All computations were performed on a laptop with an Apple M1 Pro chip
and 16 GB of memory running macOS Sequoia 15.3.2. The average number of Newton iterations
per time step is approximately 2, indicating that the scheme can be solved efficiently. The average
CPU time is approximately 18 seconds on the grid (,7) = (277,477) and 150 seconds on the finer
grid (h,, 7.) = (278,478). These results indicate consistent computational efficiency across the tested
values of a.

5.6.3. Minimal stabilizing function and mesh quality.
5.6.3.1. Minimal stabilizing function. Figure 5.3 shows the minimal stabilizing functions for the
threefold anisotropy 7(0) = 1 + cos30 and the ratios of their L* norms to the L* norm of y(0)
as functions of . The right panel plots ki for « = —1. The values of ky, (6) increase with the
anisotropy strength B. Moreover, k%, (6) remains bounded in the critical case g = 1 associated with
(5.35) or (5.33), consistent with Theorem 5.2. The left panel shows that the supremum of k7, grows
rapidly as |a| increases. Growth is moderate for -1 < @ < 1, whereas for || > 1, the stabilizing term
kf;ﬁn(Q)n(Q)n(G)T in (A?Z(G) becomes substantially larger than the other components.
Figure 5.4 plots k. (0) and k.. (0) + a for different values of a. The left panel shows an
approximately linear dependence of k= . (6) on & for small values of a. For large |a|, we use k& +a
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(h,7)=(27,47) (h,7)=(27%,47)

o Iteration count CPU time (s) Iteration count CPU time (s)
-10 3278 17.9999 15856 162.2915
-5 3278 18.0083 13265 148.6691
-1 3278 18.5907 13294 151.7395

0 3278 18.6436 13304 152.5232

1 3278 18.3653 13313 151.2127

5 3278 18.6596 13496 151.3283
10 3278 17.1996 18070 166.7016

Table 5.2. Total iteration counts and average CPU times for (5.30) at t = 0.1 for Case I with

B=1/7.

—B=1/b—f=1/4—p=1/3—F=1/2

(B)

min|loo /|| ¥]]oo
N B ()] o] 5
S 8 8 8 ©

1%

-10 - —m/2 0 /2 T
o 0

Figure 5.3. Minimal stabilizing functions in Case I and the ratios of their L* norms to the L*
norm of the anisotropy.

to measure the magnitude of the regularizing term in ég( 0). As shown in the right panel of Figure 5.4,
this term is substantially larger than y(6), consistent with Figure 5.3.
5.6.3.2. Weighted mesh ratio. To assess mesh quality, we introduce the weighted mesh ratio R;ﬁ(t),

FOP-
) max 7(0))1]
(5.96) RI(t)

T >
I ACHIL
Since anisotropic curvature flow causes the curve to shrink and eventually develop a singularity, we
use anisotropic surface diffusion to examine mesh properties over long evolution times.

Figure 5.5 shows the weighted mesh ratio R;ﬁ(t) for an ellipse with major axis 4 and minor axis
1 evolving by anisotropic surface diffusion under the fully discrete scheme (5.78), with y(0) =
1+ 11—6 cos40. Ast — oo, the weighted mesh ratio R)]Z approaches a constant, indicating an
asymptotically quasi-uniform mesh distribution. For small |a|, the evolutions of jo are nearly
identical. For large |a|, however, R;ﬁ may increase substantially during the initial stage. Small values
of |a| are therefore preferable for mesh quality in practice.

5.6.4. Area decay rate and energy dissipation. Figure 5.6 shows the area of an ellipse with major
axis 4 and minor axis 1 evolving by anisotropic curvature flow under (5.30). We consider two surface
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Figure 5.5. Weighted mesh ratios for (5.78) with different values of . The initial curve is an
ellipse with major axis 4 and minor axis 1, evolving by anisotropic surface diffusion with

$(6) =1+ 7 cos40. The mesh sizes are (1, 1) = (27°,47°).

—A4(0) = 1—5(8) = /(5 + Jsen(m))n} + 13

3F I I | I -
S22 7.99 ———— 1 .
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<4 _

O 1 1 1 1 1 1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
t

Figure 5.6. Area and area decay rate of an ellipse with major axis 4 and minor axis 1 evolving
by anisotropic curvature flow under (5.30), with a = 0.
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energy densities: (i) the isotropic energy 7(0) = 1 and (ii) the energy in Case II. The area decreases
approximately linearly with time.

For a simple closed curve evolving by isotropic curvature flow, the area decay rate satisfies
d’;‘—gt) = — [k ds = —2m and remains constant. For anisotropic surface energies, the area decay rate
approaches the constant — ;. u ds. Here I denotes the Wulff shape determined by () [118], rescaled
to enclose the same area as the initial curve. For the surface energy density in Case II, we have

— f; pds ~ —7.9858 [13].

Figure 5.7. Morphological evolution of an ellipse with major axis 4 and minor axis 1 under
anisotropic curvature flow computed with (5.30): (A) Case I with 8 = 1/7; (B) Case II. Red
curves show the initial shapes, blue curves show the numerical solutions at (A) t = 0.45 and
(B) t = 0.35, and black dashed curves show intermediate stages. The parameters are
a=0,(h,1)=027,47).
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Figure 5.8. Normalized energy for (5.30): (A) Case I with § = 1/7, @ = 0; (B) Case Il with
different values of . The mesh sizes in panel (B) are (i, 7) = (277,477).

Figures 5.7-5.8 show the morphological evolution and normalized energy of an ellipse with major
axis 4 and minor axis 1 evolving by anisotropic curvature flow under (5.30). The anisotropies are (A)
Case I with g = 1/7 and (B) Case II. Figures 5.7-5.8 show that

e the normalized energy decreases monotonically when 7(0) satisfies the energy stability
condition (5.35);

e the energy decay curves for (5.30) are very similar for different values of «, indicating
robustness with respect to this parameter.

5.6.5. Morphological evolution under anisotropic curvature flow. We now use (5.30) to simulate
the morphological evolution of closed curves driven by anisotropic curvature flow. Unless otherwise
stated, the mesh sizes are (1, 7) = (277,477).

We first consider the following nonconvex initial curve with large curvature variations [127]:

{ x = cos(2mp), pe[0,1],

(5-97) Y= % sin(2mp) + sin(cos(27p)) + sin(2mp) (% + sin(2mtp) sin2(67zp)) ,
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-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Figure 5.9. Morphological evolution of a nonconvex initial curve with large curvature
variations under anisotropic curvature flow computed with (5.30), with a = 2. Red curves
show the initial shapes, blue curves show the numerical solutions at ¢t = 0.32, and black
dashed curves show intermediate stages.
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Figure 5.10. Morphological evolution of an initial curve with C® regularity under anisotropic

curvature flow computed with (5.30), with @ = —2. Red curves show the initial shapes, blue

curves show the numerical solutions at t = 0.24, and black dashed curves show intermediate
stages.

We also consider an initial curve with only C 0 regularity, containing corners and indentations. The
corresponding numerical results are shown in Figures 5.9 and 5.10, respectively.

The simulations in Figures 5.9-5.10 use two surface energy densities: (A) 7(0) =1 + % cos 36 and
(B)7(0) =1+ 11—2 cos4(6 + 7). The curves gradually shrink under anisotropic curvature flow, and
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different initial curves approach the same limiting shape for a given anisotropy, namely the Wulff
shape determined by 7(0) [118].

Vi
=0 e

[ O

Figure 5.11. Anisotropic evolution of a self-intersecting initial curve at
t =0,0.028,0.056,0.084,0.112,0.2,0.3,0.4,0.42. The surface energy density is the threefold
anisotropy 7(6) = 1 + § cos 30. The remaining parameters are & = -1, h = 277, t = 0.005.

Self-intersecting curves can develop singularities during curvature-driven evolution. The
complicated local geometry near these points presents substantial numerical challenges. Figure 5.11
shows the evolution under anisotropic curvature flow of an initial curve with a triple self-intersection
point. A similar isotropic example appears in Figure 7.2 of [55]. The numerical results demonstrate
that the method can capture the formation and development of cusp singularities in the anisotropic
setting.

5.6.6. Numerical results for other anisotropic geometric flows. We perform numerical experi-
ments for two area-preserving anisotropic geometric flows: area-preserving anisotropic curvature flow
and anisotropic surface diffusion. To assess area conservation numerically, we define the normalized

area loss
AAh ¢ m _ A0

(t) = u, VYm > 0.
AM0) |y, AP

5.6.6.1. Area-preserving anisotropic curvature flow. Figure 5.12 shows the morphological evolution of
an ellipse with major axis 8 and minor axis 1 under area-preserving anisotropic curvature flow. We use the

14-norm metric anisotropy P(0) = [nf + n3, where n = (n1, n2)" = (—sin 6, cos 0)T [9]. Figure 5.13(A)

plots the normalized area loss and Newton iteration count. The area loss is of order 10715, close to
roundoff error, demonstrating area conservation to machine precision. The Newton iteration count

(5.98)
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Figure 5.12. Morphological evolution of an ellipse with major axis 8 and minor axis 1 under
area-preserving anisotropic curvature flow computed with (5.74). The surface energy density
is the [*-norm metric anisotropy 7(6) = ,"‘/niL + n‘zl, where n = (n1,n2)" = (-sin 0, cos 0).
Red and blue curves show the initial shape and numerical equilibrium, respectively, and black
dashed curves show intermediate stages. The parameters are a = 2.5, (h, ) = (27¢,479).
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Figure 5.13. Time evolution for the simulation in Figure 5.12: (A) normalized area loss (blue
dashed curve) and iteration count (red curve); (B) normalized energy. The scheme is (5.74).

quickly decreases from 4 to 3. Meanwhile, the normalized energy decreases monotonically, as shown
in Figure 5.13(B).

We also use (5.74) to simulate the morphological evolution of more complex initial curves under
area-preserving anisotropic curvature flow. Figures 5.14-5.15 show the results for the following two
curves:

o A bowtie-shaped curve:

x = cos(2mp), _
(599) { y = 2sin(27tp) — 1.9sin®(27p), pel0 1)
o A flower-shaped curve:
x = (2 + cos(127p)) cos(2mp),
(5.100) { y = (2 + cos(12mp)) sin(2mp), pelo 1]

Both curves gradually approach the Wulff shape associated with the prescribed anisotropy, consistent
with the theoretical prediction [144].
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Figure 5.14. Morphological evolution of a bowtie-shaped initial curve under area-preserving

anisotropic curvature flow with (A) 7(0) =1+ % cos2f and (B) (0) =1+ % cos 60. Red and

blue curves show the initial shapes and numerical equilibria, respectively, and black dashed
curves show intermediate stages. The remaining parameters are a = 0.5, (1, 7) = (27°,479).
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o O C

Figure 5.15. Snapshots of a flower-shaped initial curve evolving by area-preserving
anisotropic curvature flow with the anisotropy in Case II, at t = 0,0.05,0.15, 0.25,0.4,2.5. The
remaining parameters are « = —0.5, h = 277, 7 = 0.005.
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5.6.6.2. Anisotropic surface diffusion. Figures 5.16-5.17 show the evolution of an ellipse with
major-to-minor axis ratio 8 : 1 under anisotropic surface diffusion, together with the normalized area
loss, iteration count, and normalized energy. The surface energy density is Case I with § = 1/9. The
results in Figure 5.17 verify area conservation and energy dissipation when (5.35) holds.

Figure 5.16. Morphological evolution of an ellipse with major axis 8 and minor axis 1 under

anisotropic surface diffusion with Case I and 8 = 1/9. Red and blue curves show the initial

shape and numerical equilibrium, respectively, and black dashed curves show intermediate
stages. The mesh sizes are (h, 1) = (27°,47°).
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Figure 5.17. Time evolution for the anisotropic surface diffusion simulation in Figure 5.16: (A)
normalized area loss (blue dashed curve) and iteration count (red curve); (B) normalized
energy. The scheme is (5.78).

K o

Figure 5.18. Anisotropic surface diffusion of a quadrifolium with CaseI att = 0,0.15,0.5,0.9.
The parameters are « = 0.5, =1/5,h = 277, 7 =0.001.
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Figure 5.18 shows the evolution of a quadrifolium under surface diffusion. Escher et al. [61]
and Barrett et al. [21] studied this curve under isotropic surface diffusion and observed a limiting
shape consisting of a triply covered circle. Our results show qualitatively similar behavior under
anisotropic surface diffusion: for positive times, the winding number about the origin remains
unchanged, and the limiting curve approaches a triply covered Wulff shape associated with the
prescribed anisotropy; see Figure 5.18.

N
<
1
J

0

. J
Figure 5.19. Anisotropic surface diffusion of an almost slit domain with the fourfold
anisotropy 7(0) =1+ 11—6 cos 40, at

t=0,5%107°,7x107,2.5%x107%,5x 1074,7.5 x 107%,0.002, 0.02, 0.1. The parameters are
a=1,h=1/288,7=1x10"C.
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The initial curve in Figure 5.19 is obtained by removing a thin rectangular region (0.02 x 1.8) from
a square of side length 2. Béansch [6] calls this an almost slit domain. Previous studies [6, 21] showed
that the evolving curve crosses itself and undergoes pinch-off under isotropic surface diffusion.
Our numerical results exhibit the same behavior under anisotropic surface diffusion. The proposed
algorithm also ensures exact area conservation throughout the evolution, improving on the methods
used in [6, 21].

We also simulate Bernoulli’s lemniscate, as shown in Figure 5.20. Its signed area is zero. Since
anisotropic surface diffusion preserves area while decreasing the total energy, or weighted perimeter, we
expect this curve to shrink to a point. The numerical results support this expectation: the enclosed
signed area remains of order 107! throughout the simulation and is therefore zero to machine
precision. Before the final collapse, the two lobes gradually approach Wulff shapes associated with
the prescribed anisotropy. The anisotropy also induces a slow overall rotation during evolution. This
differs from the isotropic case, in which the curve shrinks in place without changing its orientation;
see [61].
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Figure 5.20. Evolution of Bernoulli’s lemniscate under anisotropic surface diffusion with Case
I, att =0,0.008, 0.015, 0.025, 0.035, 0.04, 0.0425. The parameters are
B=1/9,(h,7)=(27,47).

5.7. Chapter summary

We have analyzed and compared structure-preserving parametric finite element methods for
anisotropic geometric flows. The hyperparameter a gives a unified representation of this family of
surface energy matrices and places the associated schemes within a common analytical framework.
We proved that 37(0) — 7(6 — 1) > 0 is a common energy stability condition for all these matrices.
For the symmetric surface energy matrix, this condition can be relaxed to 37(0) — 7(6 — ) > 0, which
is necessary and sufficient for the local energy estimate and thus optimal within that framework.
Apart from mesh quality, the methods exhibit consistent accuracy, computational efficiency, and
structure-preserving behavior across the tested values of a. The approach extends naturally to general
anisotropic geometric flows, including area-preserving anisotropic curvature flow and anisotropic
surface diffusion, and provides a framework for constructing structure-preserving numerical schemes
for general anisotropic curvature-driven problems.






CHAPTER 6

Structure-preserving parametric approximation based on the a-surface
energy matrix: anisotropic surface evolution

The main objective of this chapter is to extend the structure-preserving parametric finite element
scheme (5.30) based on the a-surface energy matrix for planar curve evolution to surface evolution in
three dimensions. As in the two-dimensional setting, we consider an anisotropic surface energy
density of the form (60, ¢), where (6, ¢) are the spherical coordinates of the outward unit normal #.
We propose and analyze a structure-preserving parametric finite element method for anisotropic surface
diffusion. The method preserves volume and is unconditionally energy stable under mild conditions
on 7(0, ¢). Although extending éf(‘ to three dimensions through the Cahn-Hoffman &-vector is
straightforward, several technical difficulties remain.

First, the arc-length derivative d; must be replaced by the surface gradient Vi, whose mathematical
properties are more complex. Second, the conservative formulations of the weighted curvature
vector un in the preceding chapters depend on ds, so an appropriate extension involving Vr is
needed. Finally, and most importantly, the minimal stabilizing function in two dimensions can be
expressed in terms of the normal angle 0. This representation is specific to two dimensions. We must
therefore extend its definition to three dimensions and establish its existence, which requires new
proof techniques.

This chapter is organized as follows. We first present the geometric evolution equations for
anisotropic surface diffusion in three dimensions. We then define the extended a-surface energy matrix
and use it to derive a conservative strong formulation of un. Based on this formulation, we develop
the corresponding weak formulation and fully discrete parametric finite element scheme, and
analyze its energy stability in detail. Finally, we present a range of numerical examples to demonstrate
the efficiency and structure-preserving properties of the method.

6.1. Geometric evolution equations

Let I'(t) be a closed, orientable, time-dependent C 2_surface in R3, parameterized by the position
vector X (p, t) as follows:

X(-,t): Tg — R3, vt >0,
pr— X(p/ t) = (Xl(P/ t)/ XZ(p/ t)/ X3(P: t))T/

where p € Ty C R3 and T is the initial closed, orientable surface.
For a differentiable scalar function f on I'(t), the surface gradient Vr is defined by

(6.2) Vrf =Vrof =Vf - (Vf-n)n,

where f is a smooth extension of f to a neighborhood of I'(t) in R3, n is the outward unit normal to
I'(t), and V denotes the Euclidean gradient in R3 [29, 94].

For convenience, write Vrf = (D, f, D, f, D, f )T. For a differentiable vector field f = ( f1, f2, fg)T,
its surface Jacobian matrix and surface divergence are defined by

(6.1)

(Vrf)! D.fi D,fi Dsfr
(6.3a) Vif =Vrof =| (Vrf)' | =| Dyf2 Dyfo Dsfo |,

(Vrfa)T D,fs D,fs Dsfs
(6.3b) Vr-f=Vrgy- f =D, fi+D,fo+Dsfs.

87
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Figure 6.1. Anisotropic surface diffusion of a closed, orientable surface T'(t) in R® with
anisotropic surface energy 7(6, ¢) (left), and the spherical-coordinate representation of the
local orthonormal frame {n, 71, 72} (right). Here &(6, ¢) denotes the Cahn-Hoffman &-vector.

For a matrix field F = (Fjj), we take its surface divergence row by row, so that (Vr - F); = }}; D ].Fi]-.
For a scalar function f on I'(f), the Laplace-Beltrami operator Ar is defined by

(6:4) Arf = Ar f = Vr - (Vrf) = Dy(D; f) + Dy(Dy f) + D4(Ds f)-
As illustrated in Figure 6.1, we consider the evolution of I'(t) under anisotropic surface diffusion,
governed by

(6-5) Vn = AF[J,
where u is the weighted curvature. To characterize p, we introduce the Cahn-Hoffman &-vector
associated with the anisotropic surface energy density 7(0, ¢). For the analysis, assume that 7

is the angular representation of a strictly positive C? density on S2. We first define its positively
homogeneous extension of degree one:

pIP(0,¢0),  VpeR\{0},

0, p=0,
where (|p|, 0, ¢) are the spherical coordinates of p. The Cahn—-Hoffman &-vector is then defined by
(6.7) &=(&,6,8) =&0,¢) =Vy(p) ey (@:9) € 0m]X2RT.

To obtain an explicit expression for &, we introduce the local orthonormal frame {#n, 71, 72} shown
in the right panel of Figure 6.1:

(6.8a) n(6, ¢) = (sin 6 cos ¢, sin O sin ¢, cos 0)7,
(6.8b) 71(0, ) = (cos O cos ¢, cos O sin @, — sin o),
(6.8¢) 12(0, ¢) = (—=sin¢, cos P, 0)7,

where (0, @) € [0, 7] X 2nT and {71, 72} is an orthonormal basis of the tangent space. The angular
frame is nonunique at the poles 0 = 0, 7t; intrinsic quantities and formulas containing 1/sin 0 are
understood in a regular local chart or by continuous extension. At a pole, a condition of the form
V7 = 0 means that the intrinsic gradient of the density vanishes. In this frame, the Cahn-Hoffman
&-vector has the decomposition [94]

69 £60,0) = 7(0,0(0,0)+ 5P ni0,0)+ 5 T 0,00,

According to [84], the weighted curvature u can be expressed in terms of & as
(6.10) p=Vr-g,
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where Vr- denotes the surface divergence on I'. Thus, the anisotropic surface diffusion equation (6.5)
can be rewritten as the geometric partial differential equations

(6.11a) n-0X = Arp, vVt >0,
(6.11b) u=Vr-§,
where & is the Cahn-Hoffman &-vector given in (6.9).

6.2. The a-surface energy matrix and a conservative formulation

To derive a conservative formulation of anisotropic surface diffusion (6.11), we introduce the
following a-surface energy matrix:

(6.12)  G(6,¢) =76, )l —n(6, p)&O, ¢)" +a&(6, P)n(6, )" +k(©, p)n(6, p)n(8, ¢)",

where a € R, k(0, ¢): [0, ] X 2T — Ry¢ is a prescribed nonnegative stabilizing function, and
&(0, ¢) is the Cahn—-Hoffman &-vector in (6.9).

Lemma 6.1 (Product rule, [29]). Let T ¢ R? (d > 2) be a closed, orientable C?-manifold of codimension
one. Let f,g: T — R4, F: T — R™4 e C! functions. Then the following product rules hold:

(613) Ve(f - 8) = (Vrf)'g + (Vrg)'f,
(6.13b) Vr-(F'g)=(Vr-F)-g+F:Vrg.
TueoRrEM 6.1. The weighted curvature i satisfies the geometric identity
(6.14) un = —Vr - (ég(e,@vrx), Va € R.
Proor. Combining the identity y(0, ¢) = & - n with the geometric identity
(6.15) ViX = I3 —nn',
we obtain

G0, p)VrX = (P(0, p)Is —n&" + a&n” +k(0, p)nn”) (I — nn’)

(6.16) =9(0, )3 —n&" — (0, p)nn’ + (& - n)nn’

=9(0, )3 —n&'.
It therefore suffices to prove
(6.17) un = =Vr- (7(6, )l —n&").
Applying the product rule (6.13) gives

Vr- (P00, 9)I3) = VrP(6,$) = Vr(& - n)
(6.18) = (Vr&)n+ (Vrn) &

= (Vrn)'&

Consequently,

Vr- (P(6, 9)z —n&") = Vr - ((6, §)I3) = Vr - (n&")

(6.19) = (Vrn)'& = (Vrm)& = (Vr - &)n
= —un.
The last equality follows from p = Vr - £ and the symmetry of Vrn. m]

Using the geometric identity (6.14), we can express the geometric evolution equations (6.11) in the
following conservative strong formulation:

(6.20a) n %X -Arp=0, VE>0,
(6.20b) un + V- (ég(e, qb)VrX) - 0.
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ReMARK 6.1. In the isotropic case 7(0, ¢) = 1, the weighted curvature u reduces to the classical
mean curvature H, defined here as the sum of the principal curvatures. As in two dimensions, for

a < 1, choosing k(0, ¢) =1 — a > 0 gives (A}?(G, ¢) = I, recovering the classical BGN formulation of
surface diffusion [22].

RemARK 6.2. In two dimensions, every surface energy matrix G satisfying un = —Vr - (GVrX) can
be written in the form G} (see Remark 5.3 in Chapter 5). This conclusion no longer holds in three
dimensions, so other formulations may be possible in addition to the one proposed above.

6.3. Structure-preserving parametric finite element discretization

6.3.1. The weak formulation and its properties. To derive a weak formulation of (6.20), we
introduce the following L?-space on the evolving surface T'(t):

/ lu|?>dA < +oo} ,
I(t)
equipped with the inner product

(6.22) (u,v) = / uvdA, Vu,v € L2(I(t)).
() ()

(6.21) LA(T(t)) = {u: r't) - R

The extensions to vector-valued and matrix-valued functions in [L*(I'(t))]® and [L*(T'(t))]**® are
straightforward. In particular, for matrix fields U, V € [L?(T'(t))]**%, we define

(6.23) <uv> = [ u:vda,
I'(t) T(t)

where U : V = Tr(VTU) is the Frobenius inner product. The Sobolev spaces on I'(t) are defined by
Viu € [I2E)P),

(6.24b) [H TP = {u € (LT | Vru e LAT@)P2] .

(6.24a) HY(T(t)) := {u e LAT())

LemMma 6.2 (Divergence theorem for matrix fields). Let I' C R? (d > 2) be a compact, orientable
C2-manifold of codimension one, let F: T — R%*4 be a C! matrix field, and let n be the normal toT. If Fn = 0,
then, for every w € [CY(T")]", we have

(6.25) /(Vr-F)-wdA:—/F:erdA+/(Fv)-a)ds,
r r ar
where v is the outward unit conormal to JT.

Proor. Applying Lemma 6.1 with ¢ = @ and integrating over I', we obtain

(6.26) /F(VF-F) cwdA = —/FF :Vrw dA +/rvr- (FTw) dA.
By the divergence theorem on manifolds,

(6.27) /rvr (Flw) dA = /F(FTw) -HndA + /()F(PT(,)) -vds.
Therefore,

/(VF-P)-a)dA:—/F:Vra)dA+/(FTw)-HndA+/ (FTw)-vds
T T T ar
(6.28) = —/P:Vra) dA+/H(Pn)Tw dA+/ vIFTwds

T T or

:—/F:Vra)dA+ (Fv)- wds.
r ar
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Multiplying (6.20a) and (6.20b) by the test functions ¢ € H'(I'(t)) and w € [H'(T'())]?, respectively,
and integrating over I'(f), we apply integration by parts and Lemma 6.2 to obtain the following weak
formulation. Let the initial surface I'y be closed and orientable, with X(-,0) := Xo(p) = p, Vp € I.
Find (X(-,t), u(-, t)) € [HYT(#))]? x [H(T(t))] such that

. 1
(6.29a) (n-ax, <p)m) + (Ve v (p)m) 0, VoeHTW),
_ (G~ — 1 3
(6.29b) (yn, a))m) <Gk 6, O)ViX, vrw>m) 0, Ve H\T®H)P.

Prorosrtion 6.1. Let I'(t) solve the weak formulation (6.29). Denote the enclosed volume by V (t) and the
total surface free energy by W(t), defined by
(6.30) V(t) = E X -ndA, W(t) = / 7(6,¢)dA.

3 Jr) ()
Then the enclosed volume is conserved and the total free energy is nonincreasing, namely,
(6.31) V(t) =V(0), W(t) < W(t") < W(0), Vi>t > 0.
6.3.2. The fully discrete scheme. Let 7 > 0 be a uniform time step, and let I'"* approximate

I'(t) = X(-, t) at the mth time level t,, = mt, m > 0. The polyhedral surface I'"" consists of a family of
mutually disjoint triangular elements {om}] v that is,

]
mo._ —m m m _ P
(6.32) ' = Uo]. , o' N o' = 0, Vi#j,
j=t
where each triangle o' = [q"", 4", q""] is determined by three vertices ordered counterclockwise. We
] R PR K

denote the set of mesh vertices by {4}’ Ik<— ;
The outward unit normal n™ on I'" is a piecewise constant vector field defined by

w o T .
(6.33) n |a}” = m = n;, Vi<j<]J,

where J {0]'.”} is the orientation vector associated with G;.”, given by

(6.34) NAGID RS (q}Z - q}'f) X (4731 - q}’f)

The inclination 0" and azimuth ¢ of n™ are determined by (6.8a).
We introduce the piecewise linear finite element space on I'":

(6.35) K™ = R(I™) = {u e C(T™) ‘ ulgn € P1(ol"), V1< j < ]},

where P 1(a]’.”) is the space of polynomials of degree < 1 on a;.”.

For scalar-valued and vector-valued functions in K" /[K"]3, the mass-lumped inner product
(-, -)I}fm is defined by

J 3
h 1
(6.36) (w0), =3 Z D o ua )ela)) ),
j=1 i=1
where u((q;:‘)‘) = l1m u(q) and |a | = %lj {Gm}l is the area of o . For matrix-valued functions,
qEO_m

]
we define (-, ’>1@m analogously to the continuous setting;:

) Jo3
637) (Wv) =53 Yloruda))y): vy, v e [P

j=1 i=1
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Finally, on an element 0 = [q1, 42, g3], the discrete surface gradient Vr can be computed as

" (72— q3) Xn (93— q1) X n (g1 - q2) X n
(6.38) Vrfle = f(ql)—lj{o}| +f(qz)—|j{0}| +f(qg)—|j{a}| ,

where n = J{0}/|.J{c}| is the normal to ¢. For a vector field f = (f1, f2, f3)', its discrete surface
Jacobian matrix is defined by

(Vrf)T
(6.39) Viflo=| (Vi)' |, Vfe[PY )P
(Vrfs)T

The structure-preserving parametric finite element discretization of anisotropic surface diffusion (6.11)
is given by

Xm+1 —_Xxm h h
(6.40a) (43 f'qjh)rm + (vw’"“,vr(ph)rm -0, Ve'eKk",
h R h
(6.40D) (‘LL’””ner%,a)h)rm - Gg(QM,¢m)Ver+1,vrwh>rm —0, Vao'e[K"P.
Here the vector n"*2 is defined by
1
O J{o + AT {0y + T o)
(6.41) s S — / L,
617 (o)1
1 m_ m+1 my m+1 my m+1
where G;"*'z = %(0;" + G]r.”H) — [qll 2’1]1 , 15 2'7/2 , i3 :13 ]

RemaARk 6.3. The nonlinear system (6.40) is weakly implicit: its integration domain is determined
explicitly, and the averaged normal is quadratic in X""*!, and the residuals have polynomial degree
at most three in the joint unknowns X"+, u*1. Tt can therefore be solved efficiently by Newton’s
method. The iteration is given in Appendix A.2.2.

6.3.3. Structure preservation. Let V™ be the volume enclosed by the polyhedral surface I, and
let W™ be its total free energy, defined by

J 3
1 h 1
(6.422) vi= (X an) =g 3 ol u
=1 i=1
h J
(6.42b) W= (207, 0m1) = D IoT1 ] o)
j=1

The fully discrete scheme (6.40) has the following structure-preserving properties.

TrEOREM 6.2 (Volume conservation and energy dissipation). The scheme (6.40) preserves volume,
namely,

(6.43) yrtlzym=... =V vm>0.

Moreover, if « = =1 and the anisotropy (0, ¢) satisfies

(6.44) 29(0,¢)—P(n—-0,1+¢) =0, Y(0,¢) € [0, ] x 2nT,

then, for sufficiently large k(0, ¢), the scheme (6.40) is unconditionally energy stable, namely,
(6.45) Wl <wm<...<W%  Vm>0.

For a # -1, a sufficient energy stability condition is the strict form of (6.44), namely,

(6.46) 29(0,¢9)-9(n—-0,1+¢) >0, Y(0,¢) € [0, ] x 2nT.

The proof of volume conservation is identical to that of Theorem 3.1 in [19], so we omit the details.
A detailed proof of energy dissipation is given in the next section.
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RemaRrk 6.4. Using the formulation in terms of y(n) and taking a = —1 recovers the symmetrized
structure-preserving parametric finite element method in [12]. Compared with the symmetry
assumption y(n) = y(—n), or equivalently (0, ¢) = 7(n — 0, m + ¢), required in [12], condition (6.44)
is substantially weaker.

ReMARK 6.5. As discussed in Section 5.5, extending the scheme (6.40) to a general normal velocity
law V,, = &(u) is also straightforward. Formally, we consider V,, = &(u,I') and treat the underlying
surface I' explicitly at time level m and the weighted curvature p implicitly at time level m + 1. The
construction follows the same principles, so we omit further details.

6.4. Proof of unconditional energy stability

6.4.1. The minimal stabilizing function. For a given normaln = n(0, ¢) € S? let 71, T» be the
associated tangent vectors defined in (6.8). For U € SO(3) and A € Ry, we introduce the symmetric
auxiliary matrix

7’)(@,(f)) * * *
M> Moo * *
a c) —
(6.47) Mo, = |t Mo e

My My —39(0,0) Mu

where (6, ¢) are the spherical coordinates of Un. Its entries M;; are defined by

(6.48a) My = 9(0,¢) + (a = 1)Utz - &)Uty - n) + A(UT2 - 1),

(6.48b) Msz:=9(0,¢) + (@ - (U, - &)Utz - 1) + A(UTz - 1),

(6.48¢) Mg := 9(0,¢0) + (a = 1)Uty - &)Uty - n) + A(UTy - 1),

and

(6.49a) My = —% :ﬁ(e, P)Uty - T1) + (Ut - n)(71 - é): ,

(6.49b) Mz = —% :y(e, ) Ut 1)+ a(Uty - n) (12 - 5): ,

(6490 M = ~3[5(6,)(Uri - 1) + a(Ums - m)(z: - 8)],

(6.49d) My = ozT—l [(U'rl &)Uty -n)+ Uty - &)U - n)] + AUt -n)(UTt; - n).

To simplify notation, we write U7; - v := (Ut;) - v whenever no ambiguity arises. Since M*(U, A; n) is
symmetric, entries above the main diagonal are denoted by asterisks *.
Using this auxiliary matrix, we define the minimal stabilizing function by

(6.50) kE (0, ¢) = inf{)\ >0 ‘ M®(U, A; n) is positive semidefinite, VU € 50(3)}.

The existence of k. |
TueoRreM 6.3. Suppose that (0, @) satisfies (6.44). Then kg (0, ¢) is well defined if and only if at least
one of the following conditions holds:

(1) a=-1;
(2) Whenever 29(6", ¢*) = y(rt — 0%, 1 + ¢*), we have Vy(0*, ¢*) = 0.

(68, ¢) is guaranteed by the following theorem.

A detailed proof of Theorem 6.3 is given in Section 6.5. For now, we assume that k.. (6, ¢) is well
defined, thatis, k. (6, ¢) < +oo.

min
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Figure 6.2. Schematic illustration of the local energy estimate in Lemma 6.4.

6.4.2. The local energy estimate.

LemMma 6.3. [14] Let 0 = [q1, 92, 93] and G = [§1, §2, §3] be two nondegenerate triangular elements. If a
continuously differentiable map X : R®> — R3 satisfies

(6.51) X(q)=gi, V1<i<3, X|,€[Po)P,

then there exist an orthogonal matrix U € SO(3) and a lower triangular matrix L = ( 21 122 ), with

111, I > 0, such that
6.52)  VrX|s = ln(Un)t] + biUn)t! +InUn)tl, da=Un, |6 =|olliln,

where ii, n are the unit normals to G, o, respectively, and the tangent vectors t1, T2 of o, together with n, form
an orthonormal basis of R3.

Lemma 6.4 (Local energy estimate). Let 0 = [q1, q2, 93] and 6 = [§1, G2, 3] be two nondegenerate
triangular elements. Suppose that a continuously differentiable map X : R3 — R3 satisfies

(6.53) X(q)=4i, V1<i<3,  X|,€[P' (o).
Then, for sufficiently large k(0, ¢), we have
(6.54) 101( G20, 9)VrXl, | : (ViXl, - Vridl,) 2 7(8, )3l - (0, @)lal,

where (0, ¢) and (0, ¢) are the spherical coordinates of it and n, respectively.
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Proor. By Lemma 6.3, we have

j01(G2(0, 9)VrXl, ) : Vix],

=lolTr|| Y LymUr)" |0, )15 - n&" + agn” + kO, p)un")| > IUT)T!

1<j<i<2 1<j<i<2

(6.55)
=lol [7(0,¢) > B+(a-1) > U, &Ur-n)

1<j<i<2 1<j<i,p<2

+k(6, ¢) Z Lilyi(Ut, - m)(UT; - )] .

1<j<i,p<2

Since Vrid = 717} + 77}, we obtain

101(65(0, 9)VrX1,) : Vridl,

2

Z TiTl'T) ()’)(6, (P)Ig + a’énT)( Z lij(UTi)T]T)

i=1 1<j<i<2

=|o| Tr

(6.56)

=|o| Z 7(0, (/J))ll‘j(UTi . T]') +a Z lij(UTi : n)(Tj &)

1<j<i<2 1<j<i<2

Equation (6.52) gives |G| = |o|l11122. Thus, by Theorem 6.3, for sufficiently large k(0, ¢) satisfying
k@, ) > k. (0, ), we have

01(G5(0, @ViX1o) : (VrXl, - Vridl, ) - (7(9, @3l - 7(6, $)lol)
= [0][1, Iz1, la, 1 IM*(U, k; m)[1, o1, Iz, 111]" > 0.

The last inequality follows from the positive semidefiniteness of M*(U, k; n). m]

(6.57)

RemMARK 6.6. To test the necessity of (6.44) within the a-surface energy matrix family, we use an
orientation-reversing map on the tangent plane. In contrast to the planar substitution in Remark 3.5,
the map X = —pid preserves the ordered triangle normal in three dimensions, since both tangent
edge vectors change sign. Instead, let

(6.58) R:=mn1 -1, —nn’ € SO3), X =pRid, p>0.
This is a rotation by 7 about 71, followed by scaling. The tangent edge directions are mapped to p7i
and —p1my,s0ii=-n,0 =n—-0,p =1+ ¢, and |5] = p2|0|. Writing P = I3 — nn’, we have

(6.59) VrX =p (7] — 1275 ), (é,‘erX) : (VrX - P) =2p*9(0, ¢).

Indeed, the tangential block of CA;,”(‘ is $(0, ¢)I, and the two linear terms cancel. The local energy
estimate (6.54) therefore yields

(6.60) 2296, ) 2 p*P(r — 6,7+ $) — (6, ).

Letting p — +oo gives (6.44). Thus, for a = -1, the antipodal condition is necessary and sufficient
for the local energy estimate within the stated matrix family, and is optimal in that framework. A
broader sharpness claim for a different surface energy matrix would require checking its pairing
with the same orientation-correct test; the trace condition

(6.61) (66, 0)P(6,9) : P(6,9) = 27(6, )

is not used here as a substitute for that verification.
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Remark 6.7. For @ = -1, analyses based on the y(n) formulation in [107, 17, 13] establish
energy stability of the corresponding structure-preserving parametric finite element method under
3y(n) > y(—n). Together with the results above and those in [14], this suggests the conjecture that the
energy stability condition in R takes the form (5 — d)y(n) > y(—n). In particular, for hypersurfaces
in R%, this would formally give y(n) = y(—n). Extending the present analysis to higher dimensions is
difficult, however, because the local energy estimates used here apply only in R? and R.

6.4.3. Unconditional energy stability. We now prove the unconditional energy stability of (6.40).
; ; — +1 +1 +1
Proor. Foreach 1 < j <], apply Lemma 6.4 with 0 = [q}?, q}z, q]’.Z], [q]”l’ , q]’z , q;z ], and
X = X"*! to obtain
o] (ég(@;”@?)vrxm“h}n) : (erm+1|(,}ﬂ - vrxm|(,]m)
> PO, ¢ ol = (O, o,

Summing over j = 1,...,] and using (6.42b), we obtain

(6.62)

n h
<Ga(6m, (i)m)Ver-H, Vr(Xm+l _ Xm)>rm

J
=) ;ﬁ|(é§(9m,¢71)vam+lla;') : (ermﬂla}“ —Verla}”)
(6.63) j=1

M~
>
—~~
22
'3
+
=
“@
=3
+
-
~
Q
-3
+
_’_'
Y
~
D
E
‘@
\:
Q
T3

— Wm+1 — W™,
Taking ¢" = y"*! and w" = X™*1 — X™ in (6.40) gives

n h
<G?(9m, (/jm)Ver+l,Vr(Xm+l _ Xm)>

(6.64) , o i
— (‘um+1nm+%’ Xm+1 _ Xm)rm — —T(Vrym+l, Vrym+1)rm )
Combining these two identities establishes energy stability:
h
(665) Wm+1 —Wm < —T(Vr[.lm+l, Vr‘umﬁ—l)rm <0.

6.5. Existence of the minimal stabilizing function
6.5.1. Preliminary lemmas and an outline of the proof.

LemmMma 6.5 (Sylvester’s criterion). A symmetric matrix A € R™ ™ is positive definite if and only if all its
leading principal minors are positive.

LemmA 6.6 ([14]). Let A: SO(3) X R — R™ ™ gnd D: SO(3) — R"™*™ be continuous symmetric m X m
matrix fields satisfying the following conditions:
(1) A depends linearly on A, that is,

(6.66) AU, A) =AU,0)+ AD(U), D(U) is positive semidefinite.
(2) There exists a constant k;—1 > 0 such that
(6.67) Am-1(U, A) is positive definite, YU € SO3), YA = ky-1,

where Ay,—1 denotes the (m—1)st leading principal submatrix of A.
(3) For every U € SO(3), there exist a constant ky, ;1 > kp—1 and an open neighborhood Uy of U such
that

(6.68) det(A(U’, k) = 0, vu’' € Uy.
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Then there exists a finite constant k,, > k;,—1 such that, for every A > k,, we have
(6.69) A(U, A) is positive semidefinite, YU € SO(3).

Lemma 6.7 (Jacobi’s formula). Let A = (a; j)mxm be a matrix whose entries are functions. Then

ddet(A) L 0A

a1 a12 ai,m
841}/1 aﬂ'l‘,z . aﬂi/m

) ) B OB I

(6.70Db) w =Tr (adj(A) ; 5‘ ) + Z det| P,
pog T I T

dp dp dp

L am,l am,Z e am,m ]

Lemma 6.8 (A representation of SO(3)). For every U € SO(3), there exists @ = (¢, 9, 1) € (2nT)?
such that

(6.71) Ulr1, 12, n] = [11, T2, n]U (D),

where U can be represented by

(6.72) U(P) = Rz(Y)Ry(9)R«(9),
Here

(1 0 0
(6.73a) Ry(p)=10 cosep —sing |,

| 0 sing  cos¢

[ cos® 0 sind

(6.73b) Ry(9) = 0 1 0 ,
—sind 0 cos?d

[ cos Y —siny 0

(6.73¢c) R.(Y)=| sinyp cosyp O

0 0 1

We establish the existence of the minimal stabilizing function by proving that M*(U, A; n) is
positive semidefinite for sufficiently large A.

Let M,,_1 denote the (m—1)st leading principal submatrix of M*(U, A;n). The proof proceeds as
follows.

(i) First, we establish the positive definiteness of M3 by verifying det(M;), det(M>), det(M3) > 0
and applying Sylvester’s criterion.
(ii) Next, we analyze the nonnegativity of det(M%) in two cases:
o The noncritical case: 29(0, ¢) > P(n — 0,1+ ¢);
e The critical case: there exists n* = n(0, ¢*) € S? such that 29(6*, ¢*) = P(r — 6%,  + ¢*).
The proof in the noncritical case follows essentially the argument in [14], so we omit the
details. In the critical case, the determinant and its gradient vanish along the one-dimensional
manifold of antipodal rotations. The representation of SO(3) gives a positive definite Hessian
in the two normal directions for sufficiently large stabilization. A uniform Taylor estimate in
these directions establishes local nonnegativity.
(iii) Finally, Lemma 6.6 gives the positive semidefiniteness of M“(U, A; n), completing the proof
of Theorem 6.3.
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6.5.2. Positive definiteness of Ms;.

Lemma 6.9. There exists a constant ky > 0 such that, for every A > ko, we have

(6.74) det(Mo(U, A;n)) >0, VU € SO(3).
Prook. Set g == 7(0, ¢) > 0 and denote
(6.75) Y =Um-n, E:=(a-1DUt-&).

Using (a + b)? < 242 + 2b? and |U1; - 71| < 1, we obtain
det(Mz) = gMzz - M%l

1
=g (g+EY +AY?) - 1 [g(ll’rz -11) + a(ty - E)Y]2
> ¢° 1—1(u1 1)*| + gEY + Ag—a—Z(T -&)?| Y2
(6.76) = 2 2 2!
1, a? 2|2
> Eg +gEY+ Ag—?(rlé) Y
1 2 a?
=187+ (% i EY) +Ag = S(m - &P —EZ] Y2,
Since both Uty and 71 are unit vectors,
(6.77) |E| < |a—1]&], |T1- & < |&], YU € SO(3).

Choose any constant k, > 0 satisfying

|+ (@-17] 12

(6.78) ky >
g
Then, for every U € SO(3) and every A > ky,
1
(6.79) det(Mo(U, A; n)) > 1 g2 >0.

THEOREM 6.4. There exists a constant kz > 0 such that, for every A > ks, we have

(6.80) M3(U, A; n) is positive definite, YU € SO(3).
Prook. For brevity, set ¢ := (6, ¢) > 0 and denote

(6.81a) Y =Um - n, E=(-1)(Urt-¢§),

(6.81b) A=gUr 1), B = a(t; - &),

(6.81¢) C=39Umn- ), D = a(t; - §).

Since My = M3 = ¢ + EY + AY?, we have
det(M3) = gMpMss — M35, Maz — M3 Mx

(6.82) = (g +EY +AY?) {g (g +EY +AY?) - 31 [(A+BY)*+(C+ DY)Z]}
= P(Y)Q(Y),

where

(6.83a) P(Y):= g +EY +AY?,

(6.83b) QYY) = ¢* - }L(AZ +C?) + |gE - %(AB +CD)|Y +|Ag - %}(32 + DZ)] Y2

We next derive bounds that are uniform in U € SO(3). Since
(6.84) A2+ C? = |Un - -n)* +(Un - )?]| < g%
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let
1 1,5
(6.85) S :=gE - E(AB +CD), R = L_L(B + D?).
By the compactness of SO(3) and the continuity of the above quantities, the constants
(6.86) E. = max |E|, S.:= max |§|
UeSO(3) UeSO(3)

are finite. Completing the square gives

2 2
(6.87a) P(Y) = gg + (ﬁ + iy) + (/\ - E_) Y?,
47 \2 W8 8
1
(6.87b) Q(Y) > Egz +SY + (Ag — R) Y?
2
1o (8.5 _R_ 5_2 2
(6.87¢) =18 +(2+gY) +(Ag R 7 Y-
Choose
E? S?
(6.88) k3 = max {kz, -, R + ;} ,
§ & &
where k; is the constant in Lemma 6.9. Then, for every U € SO(3) and every A > k3,
(6.89) P(Y) > zg >0, Q(Y) > }ng > 0.
Consequently,
(6.90) det(M3) > 13—6 g >0.

Together with det(M;) = ¢ > 0 and Lemma 6.9, Sylvester’s criterion shows that M3(U, A;n) is
positive-definite for every U € SO(3) and every A > k. O

6.5.3. The noncritical case.

Lemma 6.10. If Un # —n, then there exist a constant k,, 1y > 0 and an open neighborhood Uy of U such
that

(6.91) detM*(U’, kyyu;m)) = 0, YU’ € Uy.

Lemma 6.11. Suppose that Un = —n. If29(0, ¢) > 9(n — 0, w + ), then there exist a constant k,, ;1 > 0
and an open neighborhood Uy of U such that

(6.92) detM(U’, kyu;n)) >0, YU € Uy.

The proofs of these two lemmas follow essentially the arguments in [14], so we omit the details.

6.5.4. Analysis of the critical case. We now analyze the critical case 27(0", ¢*) = (-0, 1+ ¢*)
and establish a necessary and sufficient condition for the gradient of det(M®) to vanish in this case.

Lemma 6.12. Let n* € S? satisfy 29(0%, ¢*) = P(t — 0, 1 + ¢*). Then
(6.932) 299(0%, ¢") + doP(r — 0%, 7 + ¢*) = 0,
(6.93b) 207(6%, ¢") = dp7(m — 0", 1+ ") = 0.

Proor. Consider the function

P(n—-0,m+ )
70,9) 7

(6.94) £(6,¢) = (8, $) € [0, 7] x 2nT.
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We have f(0, ¢) < 2, with maximum value 2 attained at (6", ¢*). Therefore,
—doP(n = 0", + @")P(0", d*) = P(n — 0", t+ §*)de (0", )

dof(0",¢") =

a2 6* %

(6.95) o ey

doP(n — 0", m+ ¢*) +2d97(0", P*)

=_ — =0,
(6%, ¢%)

that is,
(6.96) 2007(0%, ¢%) + doP(n — 0", m + ¢*) = 0.
Similarly, we obtain
(6.97) 2049(0%, ¢") = dpp(n— 0", t+ ¢*) = 0.

O

Lemma 6.13. For a given n* = n(0%, ") € S?, suppose that (U|p=w,)n* = —n*. If 29(6%, ") =
y(m =0, + @), then

(6.98) Vo det(M*(U, A; n™)) A 0,
if and only if
(6.99) a=-1 or VpO,¢*) =0.

Proor. Write Un = #i = (sin 6 cos qf), sin 0 sin qS,cos 0)", and let 71, T> be the tangent vectors
defined in (6.8). Then

_90 .~ _d

(6.100a) dpUn = 71% +sin 0 TQ%,
00 . - _dP

(6.100b) deln = %1£ + sin O Tz£,
_ 90 09

(6.100c¢) dyln = Tlﬂ +sin @ Tzﬁ.

By Lemma 6.8, we may assume without loss of generality that U = U(w, 0, ¢). At Do(¢) = (1,0, ¢),
we have

(6.101) n=-n, T =11, T = —Tp.

Lemma 6.8 gives

(6.102a) dpUn = —sin1 11 + cos 1 12,
(6.102b) dylUn = —cosy 11 —siny 1o,
(6.102¢) dyUn = 0.

Substituting (6.101) into (6.102) and comparing with (6.100) yields
9,0 = —siny, dpP = —cosy/sin 0,
(6.103) 230 = —cosy,  dsP =siny/sin6,

9,0 =0, dyp¢p =0.
By (6.103), at (0, ) = (n — 0, + ¢), we obtain
Ip7(0, ) = dP(0, §)dp0 + Iy 7(0, $)Ip P

6.104
( : :—sin1p89)9(n—9,n+qb)—%8¢)§(n—6,n+q§).
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Similarly,

o . sing
(6.105a) d97(0,p) =—cosp dgP(m — O, m+ p) + e dpP(m—0,1m+ ),
(6.105b) dyP(0,¢) = 0.

The definitions of M® and its adjugate give

. 3. 00 11
(6.106) M@, um) = 3900,0 | § 9] 1=]7 1],
and
(6.107a) iMaf(u /\'n)‘ = —(a-1DF -19,7(0,¢)
&(p 74y D=D, s 2YQ ’ 7
~3907(6,$) 0
(6.107b) 2 Mew /\'n)‘ _ 0 ~1959(8, $)
88 7Yy (I):(I)O o 2 7 7
_%89)}(6/ (P) _(a - 1)G
(6.107¢) iM“(U A'n)’ = 0 O
. 817b VEAdS CD:(DO - 7
0 0
where
cos
(6.108a) F=Ur -&=sinydgy(0,p) - ﬁ 26 7(0, ),
sin
(6.108b) G=Ur -¢&= COSI,[J 89)7(9, (P) + #84)?(9, (z))

Combining Lemma 6.7 with (6.104), we obtain

1 (9 a . _ N -
m%det(M (LI,/\,n))LD:cD(J =—0,P(0,¢) - (a = 1)F
(6.109) = —siny [(a —~1)deP(0, p) — doP(m — 0, + (j))]

+ :rslz [(a — )25 7(0, ) + (- 0,7 + qb)].

Similarly,
1 9 I P
mﬁdet(M (U,/\,n))‘q):% = —9:9(0,3) - (a—1)G
(6.110) - -cos¢[(a — 19670, 6) — doP(r — 0,7 + q>)]
I8 (0 - 109470, 6) + 3P (n - 0,m + 9)],
and
(6.111) %det(M“(U,A;n))’q):cp = 0.
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By Lemma 6.12, for n* € S? satisfying 29(6%, ¢*) = §(t — 0%, + ¢*), we have
(6.112a)

a a v gq* _ 3(0( + 1)‘)})3(6*’ (P*) [ : A * * COSIID A * * |

%det(M U, A;n ))LD:(D0 = 1 _— sin1 dgP (6%, ) + e 70", ¢ )_ ,
(6.112b)

a o ¥ _ 3(6K + ]‘)‘)})3(9*/ (P*) [ A * * Slnl/) A * * ]

< det(M2 (WU, Am ))‘q):% - - ~cosy 070, 6°) = 15 27670
(6.112¢)

(9 a g ¥ —

ﬁdet(M U, A;n )) oo =0

Thus, the gradient of the determinant vanishes if and only if

—siny  cosi/sin O Al N
(6.113) (a+1) “cost —sin/sin 6° V0", ") =0,
Equivalently,
(6.114) a=-1 or VpO,¢")=0.

m]
Lemma 6.14. Let n* € S? satisfy 29(6%, ¢*) = P(n — 0°, m + ¢*). If Un" = —n* and n* satisfies (6.99),
then there exist a constant ky, ;1 > 0 and an open neighborhood Uy of U such that
(6.115) det(M*(U’, kyu;n%)) = 0, YU’ € Uy.
Proor. Fix the critical normal n* from the lemma, and write n = n* throughout this proof. The

notation U (®) represents the rotation in the local frame from Lemma 6.8. All derivatives below are
evaluated through that representation. From the definition of M®, we know that

(6.116) MU, A;n) = M*(U,0;n)+ AD(U),
where
0 0 0 0
10 Uty - n)? 0 (Ut -n)(UTy - n)
(6.117) D) = 0 0 Uty - n)? 0
0 (Ut -n)(Ut,-n) 0 (Ut - n)?
By lemma 6.8, we rewrite D as
0 0 0 0
. 10 sin? @ cos? 9 0 —sin @ cos 9 sin ¥
(6118) D((Pr ‘9/ 1P) = D(u) 10 0 sin2 (PC082 9 0
0 —singcosdsind 0 sin® 9
Therefore, at ®¢ = (7, 0, 1), we have
0000
2 . 92 . 92 0 001
(6119) a_(pZD = dlag(O,Z,Z,O), wD = d1ag(0, 0, 0,2), mD = 000 0]l
0100
and
32
12 D= .
(6:120) SoagD =0 pelo )

At @g = (11,0, 1), we also have
(6.121) D(®dy) =0, apD(CDO) =0, pe{p,d ¢}
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Consequently, M*(U, A; n) and its first derivatives with respect to @ are independent of A at @,. By
Jacobi’s formula, the A-dependent part of the second derivative of the determinant is therefore

(6.122) ATr (adj(M(U(Dy), 0; 1)) 9,5 D(Dy)) .
Letv = (0,0,1,1)T. By (6.106),

(6.123) adj(M*(U(®y), 0;n)) = 2;93(9,¢)va.
Hence,

(6.124a) Tr (adj(M®) dpeD) = Zﬁ v!diag(0,2,2,0)v = %ﬁ,
(6.124b) Tr (adj(M®) d3sD) = 2&3 v!diag(0,0,0,2)v = g)ﬁ,
(6.124c¢) Tr (adj(M®) dpsD) =0,  Tr(adj(M®)dpyD) = 0.

Here and below, the matrices in (6.124) are evaluated at (U, A;n) = (U(Dy),0;n), and y = 9(0, ¢).
Thus,

(6.125) Haoomeom|_g, = Haanearom |, + 5 70, ¢)diag(1,1,0).
We now consider n* satisfying 2y(0*, ¢*) = (n — 6%, m + ¢*). Define

(6.126) Fa(p,9,¢) = det(M*(U(p, 9, ¢), A;n")).

The rotations mapping n* to —n* form the one-dimensional submanifold

(6.127) M., ={U(n,0,¢) : ¢ € 2rT}.

Along this submanifold,

(6.128) Fy(m,0,¢) =0, Vi € 2nT.

Moreover, condition (6.99) and Lemma 6.13 imply

(6.129) VoFa(r,0,1) =0, Vi € 2nT.

Thus the zero eigenvalue in the Hessian corresponds to the tangent direction of M..
Fix Uy = U(m, 0, o) € M. and choose a closed interval I containing {9 on which (¢, 9, ¢) gives
smooth local coordinates. Set

(6.130) y=(p-m9)0".
By (6.125), the Hessian of F, in the two directions normal to M. is
BA 5 L
(6.131) Hi () = B@)+ =707, ¢, vel,
where

(6.132) B(Y) = |9, det(M® (U (D), 0;17))

“’=<”'°'”/>)p,ﬁe{<p,9}
is continuous. Since I is compact and (6", ¢*) > 0, we may choose k, i, > 0 and ¢ > 0 such that
(6.133) y Hyk,, W)y =2y,  VyeR?> Vpel

For each fixed i € I, Taylor’s formula in the normal variable y, together with (6.128) and (6.129),
gives

1
(6.134) Fiuy (0 + Y1, Y2, 9) = EyTHl,km,uO Wy +r(y, ),

where 7(y, ) = o(ly|?) uniformly for ¢ € I. Hence, after reducing the coordinate neighbourhood if
necessary,

(6.135) Ir(y, )| < |yl



104 Chapter 6. The a-matrix framework for surfaces

Combining this estimate with (6.133), we obtain

(6.136) Py (74 Y1, y2,9) 2 51yl > 0.

The image of this coordinate neighbourhood is an open neighbourhood Uy, of Uy in SO(3). Therefore,
(6.137) det(M*(U’, ky,uy;n*)) = 0, YU’ € Uy,,

which proves the result. ]

We can now prove Theorem 6.3.

Proor. (Existence of the minimal stabilizing function) Sufficiency follows directly from Lemma 6.6,
Theorem 6.4, Lemma 6.10, Lemma 6.11, and Lemma 6.14.
For necessity, define

(6.138) K(n) = {)\ > 0: M*(U, A; n) is positive semidefinite for every U € SO(3)} .

If kg . (0, ¢) is finite, this set is nonempty. It is closed because M* is continuous in A and the positive

semidefinite cone is closed. Hence
(6.139) = k. (0,¢) =infK(n) € K(n),

min
so M“(U, Ag; n) is positive semldeflmte for every U € SO(3).
Taking n = n* and expanding at @y(y) = (7, 0, 1) gives

(6.140) det(M*(U, Ag; n*)) = Vo det(M* (U, Ag; 1"

L, (@ @)+ O(|@ ).

If Vo det(M*(U, Ag; n* )) o, # 0, then (6.140) shows that the determinant changes sign in a
neighborhood of ®y. This Contradlcts the positive semidefiniteness of M“(U, Ag; n). Hence,

(6.141) Vo det(MY(U, Ag; n* =0.

Lemma 6.13 now yields (6.99). m|

6.6. Numerical experiments

We present numerical examples to assess the structure-preserving parametric finite element scheme
(6.40) for time-dependent surface evolution in three dimensions.

In computation, we approximate the minimal stabilizing function by first solving the optimization
problem (6. 50) at the interpolation nodes n;; = (sin 0; cos ¢}, sin 0; sin ¢, cos 0,)T, where 0; = %,

¢j = —n+15,and 0 < i,j < 20. We then use bilinear interpolation to approximate k%, (6, ¢) at
other points.
For spatial discretization, we use Gmsh [70] to triangulate the initial surface I'y with mesh size h,

obtaining I'; .(0) =Ty = UL]U?. The corresponding time step is 7 = & h?.

6.6.1. Convergence rates. For the convergence tests, the initial surface I'g is a 2 X 2 X 1 cuboid. We
measure the distance between two surfaces I';, I'; using the manifold distance M(I'y,I'2), defined by
(6.142) M(Tq,T2) = [(21\Q2) U (Q2\)| = 2|Q7 U Q| =[] =[],

where Q); is the region enclosed by I';, i = 1,2 [12, 20]. The error e’ (t) between the numerical solution
I'y, -(t) and the exact solution I'(f) at time ¢ is defined by

(6.143) el(t) := M(T),.(t), T(t)).

where the intermediate surface I'j, () is defined by

t—t t -t
(6.144) Tielt) i= =" Tua(t"™*) + 5= Tpe(t™), £ € [t s ]

We approximate the exact solution by the fine-mesh solution I, ,(t), with h, = 2% and 7, = 22—5113
To solve the implicit scheme (6.40), we use the Newton iteration [19] described in Appendix A, with
stopping tolerance tol = 10712.
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We consider the following two anisotropic surface energies in the convergence tests:

e CaseL: P(6, ¢) = \/1 + 3 (1 + sgn(sin O cos ¢)) sin? O cos? ;
e Casell: (0, ¢) =1+ (cos® O + sin® 6 cos® ¢ + sin’ Osin’ ).

Case I is globally C! and piecewise C? across sin 6 cos ¢» = 0. Its use in the numerical tests assesses
the method for a density of lower regularity than the smooth-density assumption used in the analysis.

(h,7) | e"(1) order| e"(1) order| e"(1) order| e"(1) order| e"(1) order
(ho, t0) | 1.03e-1 - 9.64e-2 - 9.95e-2 - 1.02e-1 - 9.77e2 -
%, 2) | 25le2 203 |24le2 200 |249e-2 200 |252e-2 202 |245e-2 1.99
(%, 2)|628e-3 200 [591e-3 203 |6.19-3 201 |636e-3 199 |6.06e-3 2.02
a 1 -1 0 0.5 —-0.5

Table 6.1. Numerical errors and convergence rates for Case L.

(h,7) | e"(1) order| e"(1) order| e"(1) order| e"(1) order| e"(1) order
(ho, o) | 1.55e-1 - 1.11e-1 - 9.47e-2 - 1.08e-1 - 9.76e-2 -
(%, %) 3.29e-2 223 | 2.86e-2 195 |237e-2 1.99 |249e-2 211 |242e-2 2.01
(%, %) 8.48e-3 196 |6.71e-3 2.09 |6.10e-3 196 | 691e-3 1.85 |594e-3 2.03

a 10 -10 0 5 -5

Table 6.2. Numerical errors and convergence rates for Case Il with = 3.

Tables 6.1 and 6.2 report the numerical errors and convergence rates for different a. The results
show approximately second-order convergence with respect to h, consistent with second-order
spatial and first-order temporal accuracy of (6.40). The errors differ little across the tested values of
a, indicating robustness with respect to this parameter.

6.6.2. Volume conservation and energy stability. To examine volume conservation and energy
dissipation, we introduce the normalized volume loss and normalized energy:

AVH(t) _ym—yo Wh(t) _wn

6.145 = ) =
( ) V(0) li=ty, Vo Wh0)le=t,, WO

We test the values a = 0, 1, =1 with three anisotropic surface energies: Case I, Case Il with = %,
and Case Il with g = le' The initial surface is a 3 x 3 X 2 cuboid, with mesh size & = 27* and time step
T= %hz.

AV (t)
V0)
time, respectively. The volume loss remains of order 10715, close to roundoff error, confirming
volume conservation. The Newton iteration count decreases from 4 to 2 within a short time, indicating

the computational efficiency of (6.40).

and the Newton iteration count over

Figures 6.3 and 6.4 show the normalized volume loss

Wh(t)
Wh(0)
a. The total energy decreases monotonically in these experiments, confirming the energy dissipation
property of (6.40). In Figure 6.5(b) and (d), the energy curves for different @ are nearly identical,

showing that the computed energy decay depends little on this parameter.

Figure 6.5 shows the normalized energy over time for different surface energies and values of
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AV(t)/V"(0)

AV(t)/V"(0)

AV () /V(0)

Figure 6.3. Normalized volume loss for (a) Case I, (b) Case Il with g = %, and (c) Case Il with
B = 1. The parameter values are a = 0, 1, —1, respectively.

Iteration No
o= WA
I

Iteration No
o= WA
I

Iteration No
ocaNwWAO
I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

o

Figure 6.4. Newton iteration counts for (a) Case I, (b) Case II with § = %, and (c) Case Il with
B = 1. The parameter values are a = 0, 1, —1, respectively.
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Figure 6.5. Normalized energy for (a) Case I with @ =0, (b) Case Il with § = %, (c) Case Il
with g = % and @ = -1, and (d) Case L.

t=20

t=10.05

t =0.001 t=0.01
t=0.1 t=0.2

t =0.025

Figure 6.6. Evolution of a 3 X 3 X 2 cuboid under anisotropic surface diffusion for Case I with
a = 0, at different times.
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t =0.0001 t=0.001 t=0.01

t =0.025 t=0.05

Figure 6.7. Evolution of a 3 X 3 X 2 cuboid under anisotropic surface diffusion for Case II with
B =1and @ = -1, at different times.

6.6.3. Morphological evolution of closed surfaces under anisotropic surface diffusion. We
apply (6.40) to simulate morphological evolution driven by anisotropic surface diffusion.

Next, we examine pinch-off of elongated cuboids under anisotropic surface diffusion. Figures 6.8
and 6.9 show simulations using (6.40) for 8 X 1 X 1 and 16 X 1 X 1 cuboids, respectively, with
h=2"1=1x10"%

As in the isotropic evolutions reported in [19, 25], bulges first develop at the two ends of the
cuboid while the sharp corners smooth out. The bulges then migrate toward the center, eventually
producing pinch-off singularities. Compared with Figure 6.8, Figure 6.9 exhibits more singularities
and different shapes at the two ends. These observations suggest the following:

(1) More elongated initial surfaces tend to break into more components under surface diffusion;
(2) Anisotropic surface diffusion with asymmetric surface energy can differ substantially from
evolution with symmetric surface energy.

Surfaces with genus at least one, such as a torus, often undergo topological changes under surface
diffusion. To examine this behavior, we perform two experiments with tori of major radius R and
minor radius r, using the fixed threefold anisotropy

(6.146) $(0, ) =1+ p (cos’ 0 + sin® 0 cos® ¢ + sin® Osin’ ¢)

and a = 0.5. The results are shown in Figures 6.10 and 6.11.

In Figure 6.10, we take R = 1 and r = 0.25. The central hole gradually contracts and eventually
disappears, changing the topology from genus one to genus zero. Although the present method
cannot continue the evolution beyond a topological change, we expect the surface eventually to
approach a simply connected shape determined by the surface energy, similar to that in Figure 6.7.

In Figure 6.11, we take R = 1 and r = 0.2, giving a larger ratio of major to minor radius. Three
separate necks form and become more pronounced over time, eventually producing pinch-off
singularities. The torus consequently breaks into disconnected components, illustrating another type
of topological change under anisotropic surface diffusion. Because the surface energy is asymmetric,
the singularities occur at different times.

The next example considers an orthogonal cross-beam, as shown in Figures 6.12 and 6.13. The
initial surface is formed by two intersecting cuboids of dimensions 12 x 1 x 1 and 8 x 1 x 1. Necks
develop on all four arms, with the two longer arms pinching off first at t = 0.151. Figure 6.13 also
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t=10.01

t =0.28

t=0.18

t=0.305

Figure 6.8. Snapshots of an 8 X 1 X 1 cuboid evolving under anisotropic surface diffusion up

to pinch-off, for fourfold anisotropy 7(6, ¢) = 1 + 1 (cos* 0 + sin* 6 cos* ¢ + sin* 6 sin* )
with a = -0.5
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t=20 t=20.15

t =045 t = 0.645

Figure 6.9. Snapshots of a 16 X 1 X 1 cuboid evolving under anisotropic surface diffusion up
to pinch-off, for Case Il with g = { and @ = —0.5.

t=0.01 t =0.018 t=10.024 t =0.0261

Figure 6.10. Snapshots of a (1, 0.25)-torus evolving under anisotropic surface diffusion for
CaselIwithf =1/4and a = 0.5.

t = 0.006 t=0.01 t = 0.0125

Figure 6.11. Snapshots of a (1, 0.2)-torus evolving under anisotropic surface diffusion up to
pinch-off, for Case Il with § = 1/4and a = 0.5.

shows the iteration count, normalized volume loss, and normalized energy. The results confirm that
the scheme (6.40) preserves volume and decreases energy throughout the simulation.

In the final example, we use (6.40) to simulate a spherical lattice under anisotropic surface diffusion
for Case II with B = 1; see Figure 6.14. The six holes gradually expand, eventually causing a
topological change that separates the surface into disconnected components. As in Figure 6.11, the
asymmetric surface energy leads to different singularity times. This example illustrates the ability of
(6.40) to handle complex initial geometries and resolve the dynamics of anisotropic surface diffusion.

6.7. Summary

This chapter extends the structure-preserving parametric finite element method based on the
a-surface energy matrix to anisotropic surface diffusion in three dimensions. The fully discrete
scheme preserves volume exactly and, with k(0, ¢) > k.. (0, ¢), is unconditionally energy stable
for every a under 29(6,¢) — y(n — 0, m + ¢) > 0. For the symmetric matrix choice @ = -1, this
condition can be relaxed to 2y(6, ¢) — 7(t — 0, m+ ¢) > 0. For @ = —1, this condition is necessary and
sufficient for the local energy estimate within the stated matrix family, and is therefore optimal in that
framework. Numerical experiments demonstrate the efficiency, accuracy, and structure-preserving
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t=0.02

t=0.08 t=0.151

Figure 6.12. Evolution of an orthogonal cross-beam under anisotropic surface diffusion up to
pinch-off, for fourfold anisotropy 7(0, ¢) = 1 + 1 (cos* 0 + sin* 6 cos* ¢ + sin* O sin* ).

5 1
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ey =
0 0.7
0 0.05 0.1 0.15 0 0.05 0.1 0.15 0 0.05 0.1 0.15
t t t

Figure 6.13. Evolution of an orthogonal cross-beam under anisotropic surface diffusion: (a)
iteration count, (b) normalized volume loss, and (c) normalized energy.

t =0.001 t =0.004

Figure 6.14. Evolution of a spherical lattice under anisotropic surface diffusion for Case II
with g = 1.
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properties of the method for complex surface evolution, including stable computation and good mesh
quality under strong anisotropy and complex geometry.



CHAPTER 7

Application: solid-state dewetting in three dimensions

Solid-state dewetting in three dimensions can be viewed as the evolution of an open surface governed
jointly by surface diffusion and a moving contact line. As a solid thin film moves on a flat substrate,
a moving contact line forms at the junction of the three phases, introducing additional dynamics.
Compared with the two-dimensional setting, the interface becomes an open surface and the contact
points become a spatial curve. Anisotropic surface energy, geometric constraints on the contact line,
and topological changes are strongly coupled, producing richer dynamics across multiple scales.

Structure-preserving numerical methods for three-dimensional solid-state dewetting are therefore
needed for accurate long-time simulations and for predictions that can be compared with experiments.
By resolving the effects of surface energy anisotropy, island shape selection, and sensitivity to material
parameters, such methods provide a computational basis for controlled patterning in applications
including sensors, optical and magnetic devices, and catalytic templates [136, 122, 101].

7.1. The sharp interface model

ec S(t) Film

Substrate

nc

Figure 7.1. Solid-state dewetting of a solid thin film on a rigid flat substrate. Left: I' is the
film /vapor interface, S is the film/substrate interface, and C is the contact line; n¢ is the
outward unit normal to C in S. Right: geometry of the contact angle ¢ = arccos(nc - v¢),
where v¢ is the conormal to C.

As in two dimensions, the sharp interface model for solid-state dewetting in three dimensions
describes the evolution of an open surface

(7.1) I'(t):=X(,1t), vVt >0,
under anisotropic surface diffusion and contact line migration.
As illustrated in Figure 7.1, the sharp interface model for solid-state dewetting in three dimensions is
given as follows [94]. The open surface I'(t) satisfies
(7.2a) n-0X = Arp, vVt >0,
(7.2b) p=Vr-§,
The interior law prescribes only the normal velocity; tangential motion corresponds to the choice of

parametrization. At the contact line, the boundary law below selects in-plane normal motion on the
substrate. The model is supplemented with the following boundary conditions at the contact line

C = Xc = (x¢,yc, zc)':
113
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(i) The contact line condition:
(7.3) ze(-, 1) =0, vVt > 0;
(ii) The relaxed contact angle condition:
(7.4) I Xec =-1 (vg - g — COS Qy)nc, vt > 0;
(iii) The zero-mass-flux condition:

(7.5) (vc - Vry))c —0, Vt>O.

Here n¢ = (nc1,nc2,0)7 is the outward unit normal to C in the substrate plane, V(V: = (& -n)ve -
(& - ve)n, ve is the conormal, > 0 is the contact line mobility, and Oy is Young’s angle.
The total free energy of the system is defined by

(7.6) W(t) = /F | 710.9)dA ~cos oy 1S(0),

where |S(t)| is the area of the region S(f) enclosed by C in the substrate plane. Let C)(t) be the region
enclosed by I'(t) and S(t), and let V (¢) be its volume. The system conserves total volume (mass) and
exhibits energy dissipation with respect to the total surface free energy:

(7.7) V() =V(0), W(t) < W(t') < W(0), Vi>t > 0.

Following the derivation in Section 6.1, we can rewrite the sharp interface model (7.2)-(7.5) as
(7.8a) n-otX -Aru=0, vt >0,
(7.8b) un + V- (ég(@, qb)VrX) 0,

subject to (7.3)—(7.5) on C, where the surface energy matrix CA;,”(‘ is defined in (6.12).

7.2. Structure-preserving parametric finite element discretization
7.2.1. The weak formulation. Introduce the Sobolev space
(7.9) Hy(T(t)) = {u € H'(T(t)) : ulcy =0} .

Multiplying (7.8a) by a test function ¢ € H'(I'(t)) and integrating over I'(t), we apply integration by
parts and the zero-mass-flux condition (7.5) to obtain

(7.10) (n L 9X, (p)m) + (vw, Vr(p)

Observe that

=0.
T(t)
(ég(@, (P)VFX) ve = (90, 0)s —n&") (I - nn")ve

(7.11) = (P(0, p)I3 —n&") v
=96, p)ve — (&-ve)m,

The definition of vé and the identity & - n = 7(0, ¢) therefore give

(7.12) (é;j(e, qb)VrX) ve = v,
The following identities are readily verified:
1
(7.13a) vz, -n¢ = cos Oy — E (1 Xc - ne),
(7.13b) vé = (vg ce;)e; + (vz, -ne)ng,

Here (7.13a) rewrites the relaxed contact angle condition (7.4), while (7.13b) decomposes vé along
e.=(0,0,1)7,nc.
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Multiplying (7.8b) by w € [H'(I'(t))]* x H}(I'(t)) and integrating by parts yields
0= (yn, w)m) - <Gk(6, ¢)VFX’VFw>F(t) + ((Gk(G,qb)VrX) ve, a))

_ Al V4
(7.14) - (,,m, w)m) <Gk(6, $)VrX, er>r(f) + (VC, “’)cm

C(t)

= (un, ~ (&, VX,V>+('V-,-).
(yn w)l"(t) <k( PIVrX, Vrw rp - \Ve e @rie]

Substituting (7.13a) and (7.13b) into (7.14) gives

o:( ) ) -<éa9, ViX,V > + 6( , )
un, w o) +(0,0)Vr rw - cos Oy|ne, w o
(7.15) 1
- —(8tXc *Nne, - nc)
n C(t)
The weak formulation of the sharp interface model for solid-state dewetting in three dimensions is
therefore as follows. Given I'(0), find I'(¢) for every t > 0 such that

(7.16a) (n L 9X, (p)m) + (vw, vr(p)m) =0, VoeH\(I(®),

) ~ (&, VX,V>+ 9(,)
(”" “’)m) <’<( PIVIX, Vra r e\ @l

- %(atxc ‘ne, - "C)ca) =0, Vw € [HY(T(t))]* x Hy(T(t)).

(7.16b)

for every ¢ € HY(I'(t)) and w € [H'(T(t))]* x Hé(I"(t)).

Tueorem 7.1 (Volume conservation and energy dissipation). Lef (X, u) solve (7.16). Then the total
film volume is conserved and the total free energy is dissipated, namely,

(7.17) V() =V(0), W(EH<WE)<W(0), Vit >0.

7.2.2. The fully discrete scheme. Suppose that the boundary of the polyhedral surface I'""
consists of N¢ connected oriented line segments, denoted by

N¢
(7.18) cm = U " om0,
j=1
Define the finite element spaces
(7.19a) K™ = {u c C(F’”))u|0]m e Pl oM, V<)< ]},
(7.19b) Ky = {ph e K ’(phhjm =0, V1< <Nef,

where P 1(0;.”) is the space of polynomials of degree < 1 on a]*.". On C™, we use the mass-lumped
inner product

720) (10), = 2 ooy + o)),
1

where p}’: and p;'; are the endpoints of l;”, ordered according to the orientation of C™. The discrete
derivative ds on the boundary is defined by

u(py) —u(pjt)

(7.21) asuh}ﬂ = |l]m|
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The extension to vector-valued functions is straightforward. Let n/; be the outward unit normal to
C™ in the substrate plane. On each segment l]’.“ = [p}’f, p;.’;], it is given by

(7 22) m WI| (p;l; B p;rll) X ez
. n, . =mn,|m= .
¢j e T = p x el

We can now state the structure-preserving parametric finite element method for solid-state dewetting.
Given an initial triangulated surface I° form=0,1,2,---, find the updated surface "+ such that

1 Xm+1_xm h)h
—,90

h
(7.23a) (n"“z : + (Vrym”,vrgoh) -0, Vo'ek",

T rm r?”l

h h

h A
(ym“n”“%, a)h)rm — <G,‘f(9m, ¢™)VrX"H, erh> ~+cos Oy (ng’*, a)h)

Tm cm

(7.23b) 1 h
—n—T((Xg“—Xg)-ng, wh-ngf)cm =0, Vo' e [Km]zxKgq,

. 1
where n;" = §(8ng1+1 + 0 X)X e..

7.2.3. Structure preservation. Let V" be the volume enclosed by I'" and the substrate, as defined
in (6.42a). Let W™ be the total free energy at time t”, defined by

h
(7.24) W™ = (ﬁ(@m,qu), 1)rm — cos 6y|S™].

As in the closed-surface case, the structure-preserving parametric finite element scheme for solid-state
dewetting preserves volume and dissipates energy at the discrete level.

Lemma 7.1 ([20]). For the substrate region S™, we have

h
7.25 S| |5™| = (n’”"‘,Xm+1 —Xm) . Vmzo0.
(7.25) | | —1S™] c Xe C)om

Tueorem 7.2 (Structure-preserving properties). Let (X" *1, u™*1) solve (7.23). Then the total volume
is conserved, namely,

(7.26) yml—ym = =0, Vm > 0.

Assume k(0, @) > ki, (0, ). If a = =1 and the anisotropy (0, @) satisfies

(7.27) 29(0,¢9)-9(n-0,1+¢) >0, Y(0, ¢) € [0, ] x 2nT,
then the scheme is unconditionally energy stable, namely,

(7.28) Wl < W < ... < WO, Vm > 0.

For a # =1, a sufficient energy stability condition is 29(0, ¢) — y(n— 0, + ¢) > 0.

Proor. The proof of volume conservation follows [19], so we omit the details and focus on energy
stability.
Taking ¢" = u"*!in (7.23a) and w” = X"*1 — X™ in (7.23b), and adding the resulting equations,
we obtain

~ h h
<G,3(9’", ™MV X T V(XM - X’")>rm _ cos ey(n’c”'*,xm“ - Xm)cm

(7.29) h

ho
= (Ve Ve | - T]—T((Xg+1 - XY enll, (PN =X ng)
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The local energy estimate (6.54) also holds for open surfaces. Following the derivation of (6.63),
we obtain

<éa(6m,¢m)vam+1’Vr(Xm+l _ Xm)>h
(7.30)

—~

Z 6m+1 m+1)|o_m+1| Z 7/(em’ ¢ )lo_ml

j=1

Combining this estimate with Lemma 7.1 gives
] J
A IS (i R I (G T
j=1 j=1

— cos Oy (|S™* - S™])

n h
< <G?(9m,¢m)Ver+1,Vr(Xm+1 _ Xm)>rm

7.31 h
(731) — Cos 6’y(nrc"’*,XmJrl —Xm)
Cm
h
— —T(VF[JmH/ Vr‘um+l)rm
_ i((Xm+l _ Xm) L (Xm+1 _ Xm) A nm)h
nr\C ¢/ e \Ae c/ ).

<0.

This proves energy dissipation. m]

7.3. Morphological evolution of open surfaces in solid-state dewetting

We apply (7.23) to simulate the morphological evolution of open surfaces in anisotropic solid-state
dewetting.

t =0.001 t=0.01 t =0.025

t =0.05 t =0.075 t=0.1 t=1

Figure 7.2. Evolution of a 3 X 3 X 2 cuboid in solid-state dewetting for Case II with
B=1/4,a =0and Oy =2m/3.

We mainly use the following two anisotropic surface energies in the numerical experiments:
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t=20 t = 0.004 t=0.01

t =0.02 t =0.032 t=0.1

Figure 7.3. Evolution of a 3.2 X 3.2 X 0.2 cuboid in solid-state dewetting for Case I with o = -1
and Oy = 3n/4.

e Case: 7(0,9) = \/1 + 2 (1 + sgn(sin 0 cos ¢)) sin” 6 cos? ¢;
o CaseIl: (0, ¢) =1+ f (cos® 0 + sin® O cos® ¢ + sin’ Osin’ ).

Figure 7.2 shows the evolution of a 3 X 3 X 2 cuboid in anisotropic solid-state dewetting for Case II
with 8 = 1 and & = 0. Good surface mesh quality is maintained throughout the evolution. Figure 7.3
shows the dewetting of a 3.2 x 3.2 X 0.2 cuboid for Case I with a = —1. Initially, the four corners of the
square island retract significantly more slowly than the four edges. The island then relaxes toward
equilibrium and eventually reaches a steady configuration. This shape agrees with a portion of the
closed-surface equilibrium for the same anisotropy shown in Figure 6.6 of Chapter 6.

Next, we examine pinch-off of elongated cuboidal films during dewetting. Figures 7.4-7.7 show
simulations using (7.23) for a 16 X 1 x 1 cuboid and square rings, with mesh size h = 273 and time
step T =1x107%

Figure 7.4 shows that facet-like protrusions develop at the two ends of the elongated film during
the initial stage. Material then accumulates near the ends, and the film eventually pinches off into
several isolated islands.

We now consider a film initially shaped as a square ring. Figure 7.5 shows the evolution of a wide
ring obtained by removing a 2 X 2 X 1 cuboid from the center of a 7 X 7 X 1 cuboid. The initially sharp
geometry smooths rapidly. The inner hole then contracts as material redistributes anisotropically.
At later times, opposite sides of the surface come into contact, indicating an imminent topological
change through which the annular film becomes simply connected.

Next, consider a narrow square ring obtained by removing a 5 X 5 X 1 cuboid from the center of a
7 x7 x 1 cuboid. Figures 7.6 and 7.7 show the evolution and the boundaries in the xOy-plane for
threefold and fourfold anisotropy, respectively. In both cases, four necks develop as expected from
the Rayleigh-like instability.

Initially, the surface develops a wavy shape. The four corner regions then thicken while the
middle portions along the edges narrow. As the thin regions approach zero width, the film ruptures
into four isolated particles. The boundary behavior also differs between the two anisotropies: for
the asymmetric threefold anisotropy, the boundary is approximately invariant under reflection
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t=20 t=0.05 t=0.15

t=20.3 t=0.5 t=0.734

Figure 7.4. Evolution of a 16 X 1 X 1 cuboid in solid-state dewetting up to pinch-off, for
fourfold anisotropy (6, ¢) = 1+ 1 (cos* 0 + sin* 0 cos* ¢ + sin* 0 sin* ¢) with Oy = 51/6.

t=0 t=0.78 t=153 t=2.78

o 4 N
o 4 N
o 4 N

0 2 8

o 2 4 8 10

6
(x+y)/v/2

.

10 0 2

4 6 4 6 4 6
(x+y)/v/2 (x+y)/v/2 (x+y)/v/2

Figure 7.5. Evolution in solid-state dewetting of an initially wide square ring obtained by
removing a 2 X 2 X 1 cuboid from the center of a 7 X 7 X 1 cuboid, together with its
cross-sections in the plane x = y, for fourfold anisotropy
7(0,¢) =1+ 1 (cos* 6 + sin* 6 cos* ¢ + sin* O sin* ¢) with Oy = 3n/4.

across x = y; for the symmetric fourfold anisotropy, it exhibits a higher degree of symmetry, with
pronounced Cy rotational symmetry.

Narrower square rings exhibit stronger instability and tend to break into more isolated islands.
For example, the very narrow ring in Figure 7.8 ultimately separates into eight islands.

Finally, we study the equilibrium shapes reached by solid films during dewetting. We use the
anisotropy

(7.32) 9(0,¢) =1+ (cos® O +sin® O cos® ¢ + sin’ Hsin’ @) .

Figures 7.9 and 7.10 show the effects of Young’s angle 0y and anisotropy strength f3, respectively.

Figure 7.9 shows substantial differences between the equilibrium configurations for different Oy.
As 0Oy increases, the equilibrium surface is less truncated by the substrate and its contact radius
decreases. At fixed enclosed volume, the shape changes from a shallow cap toward a nearly closed
equilibrium surface.

Figure 7.10 shows the influence of the anisotropy strength g on the equilibrium geometry. Increasing
B produces sharper boundaries and flatter surface regions, indicating faceting. The anisotropic
features become more pronounced, with clear directional dependence of the shape. The computed
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t=0 t=0.15 t=04 t =0.525
# T .
7 7 7 7
6 6 6 6
5 5 5 5
4 4 4 4
> > > >
3 3 3 3
2 2 2 2
1 1 1 1
0 0 0 0
1 2 4 6 8 T 2 4 6 8 T 2 4 6 8 T 2 4 6 8
X X X X
Figure 7.6. Snapshots of an initially narrow square ring evolving in solid-state dewetting up
to pinch-off, for Case Il with § = % and Oy = 3m/4.
t=0 t=0.15 t=03 t=0413
7 7 7 7
6 6 6 6
5 5 5 5
4 4 4 4
> > > >
3 3 3 3
2 2 2 2
1 1 1 1
0 0 0 0
* 2 4 6 8 T 2 4 6 8 T 2 4 6 8 T 2 4 6 8
X X X X

Figure 7.7. Snapshots of an initially narrow square ring evolving in solid-state dewetting up
to pinch-off, for fourfold anisotropy 7(0, ¢) = 1+ 1 (cos* 0 + sin* 0 cos* ¢ + sin* O sin* ¢)
with Oy = 3n/4.
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t=0 t=0.02

E
-
0 2 4 6

t=0.08

B

4 6

=
8 8 8 8
7 7 7 7
6 6 6 6
5 5 5 5
4 4 4 4
. 3 - 3 3 3
2 2 2 2
1 1 1 1
0 0 0 0
T 2 4 6 8 1 8 T 2 1 2 4 8
Figure 7.8. Evolution in solid-state dewetting of an initially very narrow square ring obtained
by removing a 6 X 6 X 1 cuboid from the center of a 7 X 7 x 1 cuboid, for fourfold anisotropy
P(0,¢) =1+ 1 (cos* 0 +sin* 0 cos* ¢ + sin* Osin* ¢) with Oy = 3n/4.
Oy =1 Oy =1 Oy == Oy = i
4 4
3 3
N2 N2
1 1
0 0

-1 0 1 3 4 5 -1 0 1 3 4

2 2
(x+y)//2 (x+y)//2

0 1 3

2
(x+y)/v/2

1

2
(x+y)/v/2

3

Figure 7.9. Equilibrium island shapes and their cross-sections in the plane x = y for Case II
with g = 1, at different values of 6y.
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B=1/2 B=1/3 B=1/4 B=1/5

4 4 4 4
3 3 3 3
2 2 2 2
N N N N
1 1 1 1
0 0 0 0
-1 0 1 2 3 4 5 - 0 1 2 3 4 5 - 0 1 2 3 4 5 - 0 1 2 3 4 5
(x+y)/V2 (x+y)/V2 (x+y)/V2 (x+y)/V2

Figure 7.10. Equilibrium island shapes and their cross-sections in the plane x = y for Case II
with Oy = 771/12, at different anisotropy strengths .

surfaces retain good mesh quality even under strong anisotropy, demonstrating the robustness and
stability of (7.23).



CHAPTER 8

Geometric gradient flows with curvature-dependent surface energy

The surface energy densities considered in the preceding chapters depend primarily on the
interface normal. For interfaces with bending rigidity, orientation dependence alone does not
describe the contribution of curvature to the energy. Curvature energies also provide higher-order
regularization for strongly anisotropic interface models. In this chapter we consider closed surfaces in
three dimensions and write the energy density as f(n, H), where n is the outward unit normal and H
is the mean curvature. This formulation includes the anisotropic surface energies considered earlier,
the Willmore bending energy, and energies coupling the normal direction to the mean curvature.

The first variation and weak formulations of general curvature-dependent surface energies have
been studied systematically; see [48]. For energies depending only on mean curvature, [16] constructs
an energy-stable parametric finite element discretization using the curvature evolution equation.
Solid-state dewetting models combining anisotropic surface energy with Willmore regularization are
considered in [105]. Building on these variational and geometric identities, we apply the symmetric
surface energy matrix of Chapter 6 to orientation-dependent energies at fixed curvature. A mass-
lumped projection of the curvature derivative provides an admissible finite element test function for
general coupled densities. The numerical results added to this chapter follow the author's manuscript
[148].

We first derive the chemical potential and conservative weak formulation associated with f(n, H).
We then give a fully discrete scheme for the position, chemical potential, mean curvature, and an
auxiliary scalar. Convexity in curvature and a local energy estimate at fixed curvature yield discrete
energy dissipation. A time-averaged area normal further gives a volume-preserving surface-diffusion
scheme. These structural results concern the specified discrete energy and volume; they neither
establish solvability of the nonlinear algebraic system nor constitute geometric error estimates. The
final section reports convergence, structural diagnostics, computational cost, and shape relaxation
experiments.

8.1. Surface energy and geometric identities

8.1.1. The energy functional and conventions. Let I'(t) C R3 be a smooth, closed, orientable
surface, parametrized by X(-,t): Ty — I'(t). Write v = d;X for the velocity and V,, = v - n for its
normal component. We use the conventions

(8.1) P=L-nn'=VrX, A=Vrn, H=Vr-n=TrA.

Here A is the Weingarten matrix, with AT = A and An = 0. Our mean curvature H is the sum of the
principal curvatures, so a sphere of radius R has H = 2/R. Surface gradients of vector fields follow
the row-gradient convention of Chapter 6. The matrix inner productis U : V = Tr(UT V).

Consider the energy

(8.2) W(F):/rf(n,H)dA, f:$?xR—R.

For the continuous derivation, assume sufficient smoothness of the surface and density for the
derivatives and integrations by parts below. Denote the derivative with respect to the second variable
by fu, and set

(8.3) a(n,H) =V f(n,H) =PV, f(n,H), 1= fuln H),
123
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Here f is any smooth extension of f to a neighborhood in its first variable; directional derivatives are
taken with H fixed. The spherical gradient a is independent of the extension and satisfies a - n = 0.
Unless stated otherwise, we suppress the arguments of f, a, and r.

Curvature dependence in this chapter means dependence on the mean curvature H. Independent
dependence on Gaussian curvature or the full second fundamental form requires additional variational
variables and geometric evolution identities, and is not included directly in (8.2).

8.1.2. Evolution of the normal, curvature, and area element. Throughout this chapter, J; denotes
the material derivative along X; the velocity may therefore have a tangential component. The unit
normal satisfies

(8.4) o = —(Vro) n.

This identity follows by differentiating the orthogonality of n to the two parameter tangent vectors
and the condition |n| = 1. The transport formula for the area element is

(8.5) i/ udA = (dru + uP : Vro) dA.
dt Jre T(t)

Lemma 8.1 (Weak evolution identity for mean curvature). For the smooth surface evolution above and
any scalar test function 1,

(8.6) (0:H, Y)rp) = <"(VF¢)T - YA, va>r(t)'

Proor. Take the material derivative of H = Vr - n. Using (8.4) and the transport identity for
surface differential operators gives

(8.7) d:H = -Vr- ((Vro)'n) — A : Vro.

The vector field (Vrv)Tn is tangential. Multiplying by ¢ and integrating by parts on the closed surface
yields (8.6). This weak identity also appears in [16]. m]

In particular, if v = Vy,n, then (8.7) reduces to
(8.8) oH = —ArV, — |A|?V,,.
Identity (8.6) involves only first spatial derivatives of the position velocity and test function, making
it suitable for a piecewise linear parametric finite element discretization.
8.2. First variation and conservative weak formulations

8.2.1. Scalar and tensor forms of the chemical potential. The chain rule, (8.4), and the transport
formula give

89) cii_l/;/ = (r,0tH)rq) + <fP —na’, Vrv>m)
= (S, Vo),

where

(8.10) S=fP-na’ —rA+n(Vrr).

Since Sn = 0, this tensor is tangential in its differentiation index.

Prorosrrion 8.1 (First variation of the energy). Define the chemical potential u by SW|w] = (un, w)r.
Then

(8.11) u=Vr-a-Arfu+fH- fulAl?,
with the equivalent vector weak formulation

(8.12) (un, w)r =S, Vrw)r.
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Proor. First consider a normal perturbation @ = nn. Since Vr(nn) = n(Vrn)T + nA, identity (8.9)
gives

(8.13) SWinn] = /r [~a-Vrn+ Vrr - Vg + (FH - r|A]*)n] dA.

Integration by parts on the closed surface yields (8.11). A tangential perturbation only reparametrizes
the surface and has zero first variation. Thus, for an arbitrary vector perturbation, the first variation
obtained from (8.9) equals (un, w)r, proving (8.12). O

In terms of derivatives of the neighborhood extension, (8.11) is equivalent to

(8.14) u=Vr-Vof —Arfu + (f = Vof - n)H - ful A%

The normal components introduced by the extension cancel, so the chemical potential does not
depend on the extension. In particular, f = y(n) recovers anisotropic weighted curvature, while
f = H?/2 gives

1
(8.15) p=—-ArH + EH3 - H|A|%.

8.2.2. Unified weak formulation and continuous structure. To make the pairing of the curvature
terms explicit, define

(8.16) Br(w, ) = (n(Vry)" - PA, Viw) .

For the L? gradient flow V,, = —p, seek (X, u, H, r) satisfying

(8.17a) (@i X - n, @)r ==, ¢)r,

(8.17b) (un, @)r = {fP —na’,Vrw)r + Br(w, ),
(8.17¢) (0:H, Y)r = Br(d: X, ),

(8.17d) (r, Or = (fu(n, H), Or.

The scalar test functions belong to H! spaces in which all terms are well defined, and vector test
functions belong to their threefold product. The solution must also have the regularity required by
the nonlinear terms. The initial conditions satisfy

(818) X(,O) = X(), H(,O) = —Nng- AI‘OXO.

At the continuous level, (8.17d) is simply r = fy. We retain the auxiliary unknown to provide a weak
relation for the finite element projection of the nonlinear term.

Prorosrtion 8.2 (Continuous energy dissipation). A smooth geometric solution of (8.17) satisfies

dWw 5
(819) W = _”(u”LZ(r) <0.
Proor. Take, respectively, in (8.17b) and (8.17¢), w = d; X and ¢ = r. By (8.9), dW/dt = (un, d; X)r.
Finally, take ¢ = u in (8.17a). m|

For the surface-diffusion law V,, = Ary, replace (8.17a) by

(8.20) (X -n,@)r = —(Vru, Vro)r.
Taking ¢ = p and ¢ = 1, respectively, gives

dw ’ dv B
(8:21) =Ml = [veda=o,

Here V is the enclosed volume. A nondegenerate curvature dependence generally makes the L? flow
a fourth-order equation and surface diffusion a sixth-order equation.
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8.3. A symmetric surface energy matrix at fixed curvature

8.3.1. Construction and action of the matrix. For fixed s € R, regard n +— f(n,s) as an
orientation-dependent surface energy density. Define its positively one-homogeneous extension and
Cahn-Hoffman vector by

(8.22) F(p,s) =|plf (%,s) , &(n,s)=V,F(n,s) = f(n,s)n+a(n,s).

Here p # 0 and s is a parameter. Following the construction in Chapter 6 with a = -1, set
(8.23) Zi(n,s) = f(n,s)lz —n&(n, s)T — &, s)n” + k(n, s)nn’.

This matrix is symmetric and satisfies

(8.24) Zi(n, H)VrX = fP —nal.

The first term in (8.17b) can therefore be written as (Zx(n, H)VrX, Vrw)r. The stabilizing term leaves
the continuous geometric equation unchanged and controls changes of normal direction and element
area at the discrete level.

8.3.2. Local energy estimate and parameter dependence.

Lemma 8.2 (Local energy estimate at fixed curvature). Let 0 and 6 be nondegenerate oriented triangles,
and let X map the vertices of o affinely to the corresponding vertices of G. Denote their unit normals by n and
it, respectively. For fixed s, assume f(-,s) > 0, f(-,s) € C*(S?), and

(8.25) 2f(n,s)— f(-n,s) >0, Vn € S2.
Then there is a finite stabilizing threshold ko(n, s) such that, whenever k(n,s) > ko(n, s),
(8.26) |0|(Zk(n, $)VeX) : (VoX — Viid) > |G| f(72,s) — |o] f(n, 5).

Proor. Fix s and choose the directional energy in Chapter 6 as 75(0, ¢) = f(n(0, ¢),s), with
a = —1. Matrix (8.23) is then the corresponding symmetric surface energy matrix. The existence
result for the minimal stabilizing function and the local energy estimate (6.54) in that chapter yield
(8.26). O

The threshold may depend on the curvature parameter s. Its finiteness for every fixed s does not
imply a uniform bound on all of R. Below, the local energy estimate is therefore required at the new
curvature values at the quadrature nodes; the stabilizing parameter is not restricted in advance to a
function of the normal alone.

If the density vanishes for some parameter values, the local energy estimate must be checked
separately. The strictly positive-density result cannot be applied directly. For example, f(n, s) = s2/2
is independent of orientation. Taking k = 2f gives Z; = fI3, and the isotropic triangle-area estimate
shows that (8.26) also holds at s = 0.

8.4. A fully discrete scheme with an auxiliary projection

8.4.1. Discrete geometry and quadrature of nonlinear terms. LetI” = U;zl gbe a triangulation
at time level m, with K vertices q?’. Connectivity is fixed across time levels. The old position is the
identity map X™ = id, while X m+l e [Km]3 maps old vertices to new vertices. Write

(8.27) K" = {u e CI"):ulon PUo1")}, Vi = V.

The normal n™ is the facetwise unit normal of the actual triangles, and P™ = I3 — n™(n™). Scalars
such as H™*! are first defined on the old mesh and then transported to the new mesh with the vertices.
We use H"*! for these common nodal coefficients.

Let uj¢ be the interior trace of u at vertex { of element 0}”. Define the mass-lumped inner products

3 3

J J
1 1
(8.28) (u,0)" = 3 Z |o7"] ; Ujgvje, u, vyl = 3 Z; o'l Z U : Vi
= j=

j=1 =1
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The vector inner product is defined analogously. Nonlinear densities and matrix coefficients are
evaluated at these element-vertex traces; for example, f(n™, H"*1); = f (n;.”,H].”Z“). Adjacent
elements may assign different normals to the same global vertex. Such a nonlinear coefficient is
therefore generally not a continuous finite element function.
To define a discrete Weingarten matrix, first recover a continuous nodal normal N™ € [K"]3 by

Ljiieon |07}

(8.29) N/" = ,
m m
Zj:ied]'.” |G] |1’l]

Assume that the denominator is nonzero. A computable recovered matrix is
VuN™ +(V,,N™"T
2
Here A™ approximates the Weingarten matrix facetwise; it is not the elementwise derivative of the
piecewise constant facet normal. Other discrete curvature matrices are possible. The energy proof
below only requires the same A™ in the two paired equations. The approximation accuracy of the
recovered matrix requires separate mesh-dependent analysis and verification.

Define the discrete bilinear form

(8.31) By(w, ) = (0" (V)T =A™, Vo)

The corresponding discrete energy is

(8.30) A™ = p™ P,

i 3
532) W= (" B, = 3 1671 f, HE

=1 =1

8.4.2. The auxiliary scalar and the full discrete system. Given X", H", and a time step 7, > 0,
seek

(833) (Xm+1, ym+1,Hm+1/ 7,m+1) c [Km]?) X (Km)?)/
such that, forall ¢, ¢, € K" and w € [K™)3,
Xm+1 —_Xxm h

(8.34a) " 9| =", o)

m m
(8.34b) (W ", ) = DX, ) + By (w, r™ ),
(8.34c) (H™ — H™, ) = B,(X" - X™, ),
(8.34d) (", O = (fu(m™, H™), O)y,
For a fixed candidate H™*! within this time step, write
(8.35) Du(X, @) = (Zi(n" , H" YW X, V)

The coefficients of D,, depend on the unknown curvature, so the full system is generally nonlinear.
The curvature increment equation is not divided by 7,,, since its right-hand side already contains the
position increment.

Equation (8.34d) gives a mass-lumped projection of fx; it does not require elementwise pointwise
equality with r"*1. More explicitly, put M" = D) jrico™ |a;.”| > (0. Then
8:36) = Y Lol HE),

t j:ieo}”

Thus r"*! is an admissible continuous piecewise linear test function. Its nodal values can be
eliminated directly using the curvature coefficients, without solving a separate global projection
system.

The projection retains the exact pairing needed in the proof. Taking C = H™*! — H™ gives

(837) (T’m+1,Hm+1 _ Hm)fn — (fH(nm/Hm+l)/ Hm+l _ Hm);;%
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There is no need to use the generally discontinuous function fi(n™, H"*!) directly as a test function,
or to differentiate it along the surface. The force and curvature equations both use r"*! and V,,,r™*1.

8.5. Fully discrete energy dissipation

Tueorem 8.1 (Fully discrete energy stability). Assume that s «— f(n,s) is differentiable and convex
for every n € S?, and that (8.26) holds at the new curvature value at each element quadrature node. Suppose
that (8.34) has a solution and that all triangles on the old and new surfaces are nondegenerate. Then, for every
T >0,

(8.38) Wb ™2 < WLl = ()

In particular, the local energy estimate holds if the smoothness, positivity, and directional assumptions of
Lemma 8.2 hold at all relevant curvature values and k(n, s) is chosen sufficiently large at the corresponding
nodes.

Proor. In (8.34a), (8.34b), and (8.34c), take, respectively, ¢ = "™, @ = X" - X", and ¢ = r"*1,
All three test functions belong to the required finite element spaces, so

_Tm“HmH”?n,h — Dm(Xm+1,Xm+1 _ Xm) + Bm(XmH _ Xm’ rm+1)
— Dm(Xm+1,Xm+1 _ Xm) + (Hm+1 _ Hm,rm+1)£l1.

Introduce an intermediate energy on the old geometry:

(8.39)

J 3
_ 1
(8.40) et = 2 Z‘ 4 ;f(n;”,H}’;“).
j= =

For each element j and vertex j¢, apply the local energy estimate with s = H”*!1. Summing over the
Jt
element vertices gives

(8.41) Dy (XM, XL x> Wl i,

On the other hand, convexity in curvature implies

(8.42) faln, b)(b —a) = f(n,b) ~ f(n, ).

Apply this inequality at every old element vertex and use the projection pairing (8.37) to obtain
(8.43) (H™ = g pmehyh s jymedim _

Substitute (8.41) and (8.43) into (8.39). The intermediate energies cancel, yielding (8.38). m|

The proof estimates geometry and curvature separately: the local surface energy matrix controls
the former, while convexity and the auxiliary projection control the latter. Joint convexity in the
normal and curvature is not required, nor is the nonnegativity of f — H fy. The same pairing argument
applies to any stabilizing matrix satisfying the corresponding local estimate.

RemaRk 8.1. Unconditional energy stability means that the estimate has no time-step restriction.
It does not guarantee solvability of the nonlinear equations for arbitrary time steps, prevent mesh
degeneration, or bound the difference between H™ and the geometric curvature. These questions are
distinct from (8.38).

8.6. Volume-preserving gradient flows

8.6.1. The discrete volume increment. Using the time-averaged normal n"*2 from Chapter 7,
we obtain the following relation between the position increment and the discrete volume change.

Lemma 8.3 (Discrete volume increment). For a closed triangular mesh with consistent outward orientation
and fixed connectivity, the signed volume

J
m 1 m m m
(8.44) V=2 >l (qr X q))
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satisfies
(845) (Vm+1 —qm = (Xm+1 _ Xm’nm+%)g1'

Proor. Apply the volume transport formula to the closed surface obtained by linear interpolation
between the two time levels, and pull the integral back to the old surface. The definition of n"*z,
together with the exactness of mass lumping for elementwise linear functions, gives (8.45). m|

8.6.2. Surface diffusion and the volume-constrained curvature flow. The surface-diffusion
scheme retains (8.34c) and (8.34d), and replaces the first two equations by

Xm+1 _Xxm h
(8.46a) S T2 | = (V™ Vi),

Tm m

(8.46b) (#m+1nm+%/ w)i‘n = DX, 0) + By(w, r™).

The gradient inner product is integrated exactly on the old surface; for piecewise linear functions
it agrees with the corresponding mass-lumped quadrature. Both equations must use the same
time-averaged normal. The geometric coefficients in 8,, remain at the old time level, and both
curvature pairings use the same bilinear form.

TaeEOREM 8.2 (Discrete volume conservation and energy dissipation). Under the assumptions of
Theorem 8.1, a solution of the system comprising (8.46), (8.34c), and (8.34d) satisfies

(8.47) mil —qm L Tm”memHH%z(rm) < W™,

Proor. Take ¢ = 1 in (8.46a). Its right-hand side vanishes, and Lemma 8.3 gives volume
conservation. Next take ¢ = p"*! and w = X"*! — X", and use 1 = r"*! in the curvature equation.
This gives

(8.48) Dm(Xm+1,Xm+1 _ Xrn) + (Hm+1 _ Hm,i’m+1)51 — _Tm||vm[»1m+1”%2(rm)-

The geometric and curvature-convexity estimates now follow exactly as in the proof of Theorem 8.1,
yielding the energy inequality. m]

m+1 _

For the volume-constrained L? gradient flow, replace the right-hand side of (8.46a) by —(u
Am+l (p)’,}w where

m+1 (‘um+1’ 1)%

8.49 At =

o (1,15

The remaining equations are unchanged. Taking ¢ = 1 and ¢ = u™*! gives volume conservation and,
respectively,

(8.50) W g @ = AR < W

8.7. Numerical results

The experiments in this section are taken from [148] and concern the three-dimensional schemes
above. The densities satisfy the positivity, directional, and curvature-convexity assumptions used
in the energy estimates. Initial nodal curvature is evaluated from the analytical curvature of the
prescribed smooth surface; curvature is subsequently evolved as an independent unknown.

8.7.1. Initialization and stabilization. The curvature is initialized analytically at the mesh
vertices and then updated by the discrete curvature equation, rather than recomputed after every
step. The force and curvature equations use the same recovered Weingarten matrix (8.30). Nonlinear
systems are solved by Newton iteration; the tolerance used in the coupled ellipsoidal tests below is
1071,
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For an ellipsoidal density yo(n) = ynTQn with Q symmetric positive definite, an admissible
symmetric-matrix stabilization is

ag(n) = (I - nn")Qn/yg(n),

2
®51) ko(n) = yo(n) + Amax(Q) + lag(m)l”

rQ(n)
For the coupled density (8.53), the implementation uses
(8.52) k(n, H) = kg,(n) + 0.025H?kg, (n) + 0.001H*.

This is the explicit construction given in the source appendix of [148]; it applies to the convergence,
energy—volume, and timing tests with that density.

The polynomial-anisotropy morphology tests use k = 2f + 4. For the orientation-dependent
Helfrich-type test, the implementation uses k = 2f + 4 + 0.4(H — 2)?. These are the settings in
the accompanying numerical implementation. Their observed energy decrease and stepwise local-
gap checks do not by themselves prove that these specific constants dominate the global minimal
stabilizing function for every possible configuration. The unconditional theorem above retains its
stated local-energy-estimate assumption.

8.7.2. Error and convergence rate. For surfaces, we apply the following coupled energy density

0.05 0.002
(8.53) f(n,H) = VnT Gon + T\/nTGln H? + TH4, nes?
where
1.5 015 0
Go = diag(1,1.3,1.6), Gy =[015 1 0.1].
0 01 08

The initial surface is the ellipsoid

(8.54) — i 2 =1

We subdivide an icosahedron and project its vertices onto the ellipsoid, giving meshes with
N = 42,162, 642,2562 vertices. Let hy = hy/2!, with hg = 1/2 and ¢ = 0,1, 2, 3, denote the subdivision
parameter. We take 7y = C h? for C = 0.08 and 0.04, and compare the solutions at ¢ = 0.1,0.2,0.3.

We measure geometric error by the manifold distance. For surfaces this is the volume of the
symmetric difference of the enclosed regions:

(8.55) ehe(t) = M(rhmg(t)'rhl+1,w+1(t)) = |Qhé'/’f€(t) A th+1,’f€+1 (t)

Here Qy,, -, (t) denotes the enclosed region. The finest mesh is used to form the last successive-mesh
distance. In the tables, / is the subdivision parameter, while the order is calculated from the largest
initial edge length hmax ¢:

, (=0,1,2.

log(e"-1(t) /e (1))
log(hmax,é—l/hmax,l’) ,

(8.56) Pl = (=12
All reported rates are computed from unrounded distances. The nonlinear tolerance is 107!, and the
curvature is evolved as an independent unknown throughout.

Tables 8.1 and 8.2 exhibit second-order convergence in the manifold distance on the finer meshes.
The L2 rates vary more with the observation time and C, whereas the fine-mesh surface-diffusion
rates remain between 1.997 and 2.003.

Each surface-diffusion computation preserves the volume of its own initial polyhedral mesh.
Consequently, the successive-mesh distance satisfies M(I'y,, I',,,) > [V3,(0) = V4,,,(0)|, up to the
nonlinear-solver tolerance. The reported rates therefore measure geometric convergence under
coupled space-time refinement, including the initial volume discretization error; they do not
separately establish temporal order, curvature accuracy, or the error of the dynamic evolution.
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Table 8.1. Error and convergence rates for the L? flow of surfaces.

C (h,7) e"(t=0.1) order e"(t=0.2) order e”(t=0.3) order

(ho,70)  2.58e-1 - 2.69%-2 - 1.20e-2 -
008 (M, %) 7382 1946 670e3 2161  3.65e-3 1848
(o 0y 190e2 1994 159%-3 2119 9.70e-4  1.951

227 42
(ho,70)  3.16e-1 - 8.40e-2 - 1.15e-2 -
0.04 %, T4—0) 8.98e-2 1.955 2.90e-2 1.655 3.16e-3 2.003
(%, Z—g) 2.31e-2 1.997 7.80e-3 1.931 8.21e-4 1.982

Table 8.2. Error and convergence rates for surface diffusion.

C (h,7) e"t=0.1) order e"(t=0.2) order e’(t=0.3) order

(ho, 7o)  4.57e-1 - 4.35e-1 - 4.35e-1 -
008 (M, %) 1231 2037 1.18-1 2024 1.18-1  2.023

(%, Z—g 3.17e-2 1.999 3.04e-2 2.002 3.04e-2  2.003

(ho,70)  4.37e-1 - 4.35e-1 - 4.35e-1 -
004 (M Ty  119e-1 2024 1.18-1 2023 1.18-1 2023

(%, Z—g) 3.06e-2 1997 3.03e-2 2.003 3.03e-2  2.003

8.7.3. Volume and energy change. To verify the structure-preserving properties of the schemes,
we introduce the normalized volume change and the normalized energy as follows:
AVH(t) _ym—yo Wh(t) _wn
VAO) =ty T VO W)=, T WO
We use the ellipsoid (8.54) and the coupled energy (8.53), with T = 0.08h2 for h = 271,272,273, The
volume histories and normalized energy are shown in figures 8.1 and 8.2.

(8.57)

] | x1071%
3 4
\ 5]
0.8+ 2 5 = 3 S
—~~ o L2 -
s A 15 4 27
0.6+ o ]
i “\ 0.9 i 3 l! 4.34 I 1 S
—~ = T 0+
204 ‘\ s g’ 27 i 4.32 <
S ‘ £ 1 £
\ 5 4 Th1 as L =
0.2 \ = i —
\ O~ 428 e G
X 01 02 03 04 05 06 07
0 L L L Ll T LT LI I LL LL| -1 . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t t

Figure 8.1. Volume histories and Newton iteration counts with h = 273: (left) Vi(t)/VE(0) for
the L? flow; (right) AV (t)/V"(0) for surface diffusion.

It can be observed that the normalized energy decreases monotonically for both the L? flow and
surface diffusion. For surface diffusion, the volume is well preserved, with the volume loss controlled
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0.8

0.6

0.4r

wh(t)/W"(0)

0.2

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t t

Figure 8.2. Normalized energy for: (a) L? flow; (b) surface diffusion.

at the order of 107!3, close to machine precision. The number of Newton iterations is also plotted
in figure 8.1. It decreases to a steady value of about 2 for the L? flow and 3 for surface diffusion,
indicating that the nonlinear solver is efficient and robust.

Unlike mean curvature flow, which shrinks a smooth closed convex surface to a point, the 12
flow considered here exhibits a positive volume plateau. This behavior can be explained by the
competing contributions to the energy (8.53). Under a uniform rescaling I' — AT, the surface,
quadratic-curvature, and quartic-curvature energy contributions scale as

(8.58) W(AT) = A2 Wour(T) + Wip2(T) + A2 Wypa(T).

Thus, while the surface energy favors contraction, the quartic-curvature term increasingly penalizes
further shrinkage as the surface becomes smaller. Their competition provides a finite preferred scale,
consistent with the observed leveling off of both the energy and the enclosed volume as the surface
approaches an equilibrium configuration.

To assess the computational cost, we use the same ellipsoid and coupled density with 7 = 0.00125
and T = 0.02. Table 8.3 reproduces the median wall-clock time per step over three serial runs on an
Apple M1 Pro with 16 GB RAM, using Python 3.14 and SciPy 1.18.1 with one BLAS thread. Timings
include assembly, Newton iteration, and step diagnostics; initialization and file output are excluded.
The nonlinear tolerance is 10711, Here I and Imax denote the mean and maximum Newton iteration
counts over the time steps.

Table 8.3. Wall-clock time per step and Newton iterations.

L2 flow Surface diffusion
N  Time (s) I Imax Time (s) I Imax

162 0.0203 2.81 3 0.0447 4.00 4
642 0.102 3.00 3 0.214 4.00 4
2562 0.859 3.00 3 1.57 4.00 4

8.7.4. Morphology of the evolving surfaces. We next examine the shapes produced by the L?
flow and surface diffusion. The colors indicate the discrete curvature H™. The first three examples use
separable surface and bending energies. The last example introduces orientation-dependent bending
rigidity, coupling the normal and curvature. The ellipsoid and six-lobed surface are discretized with
642 vertices and evolved with 7 = 0.00125. To monitor the mesh, we use the triangle quality

(8.59) Jo = ﬂ

Y Y A
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where {1, >, {3 are the edge lengths of 0. The value is 1 for an equilateral triangle and tends to 0 as
the triangle degenerates. We use gmin < 0.05 as a stopping criterion.
We first consider the ellipsoid (8.54) with the regularized anisotropic energy density

(8.60) f(n,H)=yn)+ %ZHZ, y(n)=1+ (n1 + n2 + n3) €? =0.05.

Figures 8.3 and 8.4 display its evolution under the L? flow and surface diffusion, respectively. The

ellipsoid shrinks under the L? flow, whereas under surface diffusion it evolves towards a nearly
stationary anisotropic shape.

t=0.06 t=0.08 t=0.1

Figure 8.3. Evolution of the ellipsoid under the L? flow.

Curvature H

t=0 t=0.02 t = 0.05

2.5

t=0.1 t=0.5

Figure 8.4. Evolution of the ellipsoid under surface diffusion.

2.0

Curvature H
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Next we consider a six-lobed surface with a regularized anisotropic energy of cubic symmetry,
€2 1
(8.61) f(n,H)=yn)+ EHZ, yn)=1+ Z(n;’“ + n‘z1 + ng), €2 = 0.05.
Figures 8.5 and 8.6 show the evolution of the six-lobed surface under the L? flow and surface diffusion,

respectively. Both flows smooth out the initial lobes and indentations. Similar to the ellipsoid case,

the surface continues to shrink under the L? flow. Under surface diffusion, it preserves its enclosed
volume while relaxing towards an anisotropic equilibrium.

°

t=0.01 t = 0.025

4 T
[
]
©
2 2
t=0.05 t=0.1 t=0.2 5
O
0
-2
Figure 8.5. Evolution of the six-lobed surface under the L? flow.
t =0.0025 t = 0.005
i T
[
S
IS
t=0.01 t = 0.05 t=2 5

Figure 8.6. Evolution of the six-lobed surface under surface diffusion.
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To examine the evolution of a surface with nontrivial topology, we take an initial torus with major
radius R = 1 and minor radius r = 0.6. The energy density is chosen as

2
(8.62) f(n,H)=yn)+ %HZ, y(n)=1+ %(ni’ + ng’ + ng), €? = 0.05.

As shown in Figure 8.7, the torus contracts and its central hole progressively narrows. Both the
enclosed volume and the energy decrease monotonically during the evolution.

t=20 t=0.04 t=0.10

t=0.16 t=0.20 t =0.245

Curvature H

-4

0 0.05 0.1 0.15 0.2 0.25

0 0.05 0.1 0.15 0.2 0.25
t

Figure 8.7. Evolution of the torus under the L? flow with 896 vertices and 7 = 0.005.

Finally, we consider surface diffusion of a biconcave disk with an orientation-dependent Helfrich-
type energy. The classical Helfrich model for lipid bilayers penalizes deviations from a spontaneous
curvature [81], which may reflect leaflet asymmetry [126]. The biconcave initial shape is motivated
by the connection between bending energy and red-cell shapes [38]. We choose

2
€
fln, H) = y(n) + —-a(m)(H - H.)?,
(8.63) 13
yn)=1+ 7 Z nf, an) =1+ an,
i=1
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with €2 = 0.05 and H. = 2.

The density is nonseparable and strictly convex in H. For a given curvature deviation, the
bending penalty is three times larger when #n is parallel to e3 than when it is perpendicular to e3.
The orientation dependence and coefficients are chosen for this experiment and are not fitted to a
particular membrane material. No membrane-area constraint is imposed.

We use 2562 vertices and 7 = 0.005. Figure 8.8 shows that the central depressions gradually
disappear as the disk becomes more rounded. The energy decreases rapidly at first and then more
slowly, reaching W' (0.4)/W"(0) ~ 0.6748, while the relative volume change remains below 1.5 x 10713
in magnitude. The computation is stopped at ¢ = 0.4 when the mesh-quality threshold is reached.

t=0 t=0.005 t=0.01

t=0.05 t=0.2 t=04 0

Curvature H

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

t
1 \

0.6 ! ! ! ! ! ! !
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

t

Figure 8.8. Evolution of the biconcave disk under surface diffusion with energy (8.63).

8.8. Concluding remarks

This chapter develops a unified weak formulation of the first variation, curvature evolution, and
geometric gradient flows for W = [;. f(n, H) dA on closed surfaces in three dimensions. At fixed
curvature, the symmetric surface energy matrix extends the local energy estimate to changes of
orientation and element area. A mass-lumped projection of the curvature derivative brings the
coupled nonlinear terms into the continuous piecewise linear test space. Under curvature convexity
and the corresponding local energy estimate, solutions of the fully discrete scheme dissipate energy
without a time-step restriction. The time-averaged area normal also preserves discrete volume for
surface diffusion and the volume-constrained curvature flow. The numerical results from [148]
exhibit approximately second-order geometric convergence, monotone energy dissipation, and
volume conservation to nonlinear-solver accuracy. They also illustrate the competition between
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orientation-dependent surface tension and bending during shape relaxation. Rigorous convergence
analysis, nonlinear solvability, and curvature consistency remain open.






CHAPTER 9

Conclusions and future work

9.1. Main results

This thesis develops structure-preserving parametric finite element methods for anisotropic
geometric flows on planar curves and surfaces in three dimensions. The methods retain the relevant
enclosed-measure law and discrete energy dissipation. For planar orientation-dependent energies,
the symmetric formulation is unconditionally energy-stable under

39(0) - 9(0 —m) 2 0, 9 € C?(2nT).

Within the local energy estimate framework, this directional condition is both necessary and sufficient
for the analyzed symmetric construction. Interpreting the normal velocity as a map depending on
geometric variables and the background curve provides a common formulation of several anisotropic
flows. The methods are applied to crystalline-film evolution and solid-state dewetting. Their
extension to surfaces preserves discrete volume and is unconditionally energy-stable under the
corresponding symmetric condition

29(0,0) - P(m—0,m+p) =0, e C*S?.

The necessity and sufficiency statements concern the specified local energy estimates. Numerical
examples demonstrate accuracy, structural preservation, and useful mesh behavior for complex
geometries and anisotropies.

Chapter 2 introduces a stabilized parametric finite element method for anisotropic surface diffusion
of closed planar curves. A stabilized surface energy matrix G (6) gives a conservative formulation
and its weak form. Piecewise linear parametric finite elements and a semi-implicit Euler step yield
the fully discrete scheme. The analysis defines a minimal stabilizing function, establishes its existence,
obtains a local energy estimate, and proves unconditional energy stability. The angular representation
permits detailed treatment of the critical case under the additional assumptions stated in that chapter.
It also admits globally C!, piecewise C? anisotropies, broadening the class of densities covered by the
analysis.

Chapter 3 constructs a symmetric surface energy matrix Zx(6) and a structure-preserving method
with the optimal directional condition 3y(60)—7(0 —m) > 0 within the local energy estimate framework.
The fully discrete surface-diffusion scheme preserves area exactly. A sharp estimate gives a global
bound for the minimal stabilizing function without an additional restriction at equality. The local
estimate then proves unconditional energy stability for sufficiently large stabilization. Numerical tests
exhibit second-order spatial and first-order temporal accuracy. In the normal-vector representation,
the scheme is a symmetrized parametric finite element method of the type developed in [9, 103]; the
analysis relaxes the evenness assumption to 3y(n) — y(-n) > 0.

Chapter 4 applies these methods to crystalline-film evolution and solid-state dewetting in two
dimensions. The examples examine how the initial aspect ratio and the symmetry of the energy affect
necking and pinch-off. For open curves, the weak formulation incorporates contact-line relaxation
and leads to a structure-preserving scheme. Computations for strongly anisotropic energies recover
multiple equilibrium configurations from different initial shapes, in agreement with the theoretical
predictions.

Chapter 5 unifies a family of planar conservative formulations using an a-surface energy matrix.
The methods share the strict energy stability condition 39(0) — (0 — ) > 0. For the symmetric choice
a = -1, the condition becomes non-strict and is optimal for the local estimate. The analysis identifies
this parameter choice as unique within the family. Apart from differences in mesh distribution, the
computations show similar accuracy, cost, and structural properties across the tested values of a. The
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formulation extends to area-preserving anisotropic curvature flow, anisotropic surface diffusion, and
more general normal-velocity laws.

Chapter 6 extends the a-surface energy matrix framework to anisotropic surface evolution in
three dimensions. The strict condition is 2y(n) — y(-—n) > 0. As in two dimensions, the symmetric
choice attains the non-strict condition and the corresponding optimal local estimate. The numerical
examples assess convergence, volume conservation, energy dissipation, and the evolution of complex
closed surfaces.

Chapter 7 extends the framework to open surfaces in three-dimensional solid-state dewetting. A
relaxed contact-angle condition couples the surface to the moving contact line. The fully discrete
parametric scheme preserves enclosed volume and dissipates energy. The examples explore shape
evolution from complex initial geometries, the influence of anisotropy on contact-line motion, and
necking in solid films.

Chapter 8 treats closed-surface energies W = [, f(n, H)dA. A mass-lumped projection of the
curvature derivative pairs a symmetric surface energy matrix at fixed curvature with the curvature
evolution equation. Under curvature convexity and the local directional energy estimate, solutions of
the fully discrete scheme satisfy an unconditional energy inequality. A time-averaged area normal
preserves discrete volume for surface diffusion and the volume-constrained L? flow. The numerical
results imported from [148] exhibit approximately second-order convergence in the manifold distance,
monotone energy dissipation, and volume errors at the level of the nonlinear tolerance. Shape-
relaxation examples demonstrate the competition between anisotropic surface tension and bending,
including an orientation-dependent Helfrich-type density. These observations do not replace a
solvability or error analysis.

9.2. Directions for further study

e The principal orientation-dependent schemes have first-order temporal and second-order
spatial accuracy. Higher-order methods, especially in time, would be valuable for both
analysis and applications. For the curvature-dependent schemes, the convergence observed
in coupled space-time refinement should be complemented by separate temporal and spatial
error estimates.

e The numerical examples show stable convergence rates. A rigorous convergence analy-
sis remains challenging because tangential node motion is determined implicitly by the
discretization.

e Parametric methods rely on a global parametrization that remains a diffeomorphism of
the initial manifold. They therefore require additional treatment when singularities or
topological changes occur. Phase-field or level-set methods may capture the subsequent
evolution; numerical surgery adapted to anisotropic flows is another possible approach.

e For the curvature-dependent schemes, further questions include nonlinear solvability,
approximation by the recovered curvature matrix, and consistency between evolved and
geometric curvature. The completed experiments provide an initial basis for systematic mesh-
quality and long-time studies. Incorporating boundary variations and contact-line dissipation
would extend this framework to solid-state dewetting with curvature regularization.

e Anisotropic curvature-driven evolution appears throughout materials science and physics.
Inverse problems based on experimental observations, including data-driven and Al-assisted
approaches, may help identify energy densities and guide experiments.



APPENDIX A

Solvers for the nonlinear schemes

All numerical schemes in this thesis are nonlinear and require suitable iterative solvers. We
describe solvers for curve and surface evolution using the scheme (5.30) from Chapter 5 and the
scheme (6.40) from Chapter 6, respectively.

A.1. Iterative solvers for curve evolution

A.1.1. Picard iteration. For the nonlinear system (5.30), we use the following Picard iteration. At
iteration i, find (X™*1i+1 mrlitly ¢ [Ki};]2 X Ké’ such that

m+s,i | 1 _ h m+1,i+1 __h _ h h
(Ala) et XE2XE o)t (i, o) 0, vet e,
) . h n ) h
(Alb) (um+1,z+1nm+%,z’ wh)r _ (Gg(em)asXm+1,z+1,aswh)r =0, th € [KI’;F,
where
1 1 ; 1 ;
(A2) " = 2 (9 X"+ I X M) = ~5ig, 5 (OX"+ DpX 1)

For m > 0, we typically choose the initial guess X" *10 = x™ m*+10 = ;;m and iterate until the
stopping criteria

(A.3a) ||Xm+1,z'+1 _ }(m+1,i”oo — 1ma)1<\l |Xm+1,i+1(pj) _ Xm+1,i(pj)| < tol,
<js
(A3b) ”ym+1,i+l _ Mm+1,i”00 — 11,22)1(\1 |‘um+1,i+1(p],) _ llm+1'i(Pj)| < tol,

hold, where tol is a prescribed tolerance.

Remark A.1. The linear system is uniquely solvable under mild assumptions on n"+21. A detailed
discussion is given in [21].

A.1.2. Newton iteration. Newton iteration is often more efficient and converges faster than
Picard iteration, particularly for weak nonlinearities. To solve (5.30) for (X"*!, u"*1), we use the
following Newton iteration. At iteration i, compute the Newton correction (X?, u®) € [K’;F X K’;
such that

i 0
R e - o), (100",
(A.4a) (o rm T 2|8PX”1| ! m ! ™
' . m+1,i _ m h ) h
= E o (et et e,
) h - (=9,X%)* h n ) h
(‘Ubn"“% l, wh)rm + (Hm+l/l/ (2|apXm)| ' wh)rm - (G?(Qm)asxb, asa)h)rm
(A.4b) p
. . h ~ . h
_([Jm+1,znm+%,z’ wh)rm + (Gg(em)asxrrwl,l’aswh)rm’ th c [KZL]Z,
and update
(A.5) Xm+1,i+1 — Xm+1,i +X6, #m+1,z‘+1 — flm“’i + ‘ué.
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In the computations in this thesis, we use the initial guess X"*10 = X" m+10 = ;" and the
stopping criterion
(A6) ||Xm+1,i+l _ )(m+1,i”00 + ||‘um+1,i+1 _ ‘um+1,i”w < tOl,
where tol is a prescribed tolerance.

Remark A.2. The iteration (A.4) follows by linearizing (5.30) at (X" *1, u"*1) through a first-order

Taylor expansion and setting X" +1i+1 = xm+Li 4 xo  m+li+l — ym+1i /0 Fyrther details are given
}E : P g H H I g
in [91].

A.2. Iterative solvers for surface evolution

A.2.1. Picard iteration. For the nonlinear system (6.40), we use the following Picard iteration. At
iteration i, find (X" *1i*1 mLlitly e [KM]3 x K™ such that

Xm+1,i+1 _xm i h
="

) ) h
A7a nm+%,z . +(Vr ‘rrl+1,l+1’Vr h =0, Y h c Km,
U % @

T I I
. . h N ) h
(A.7b) (Hm+1,z+1nm+%,1, wh)r _ <G?(9m, ¢m)Ver+1,1+1,erh>r =0, th c [Km]S
Here the vector n*2/ is defined by
m m+%/i T’I’H—l,i
A8) ki J{of't +4T{0; ¥} + T{o]""} NS N
' o 6.7 (o] S 29 "

The initial guess and stopping criteria are the same as in the curve case.
ReMark A.3. As in the curve case, the linear system is uniquely solvable under mild assumptions
on n"*3:; see [21].

A.2.2. Newton iteration. For the nonlinear system (6.40), we use the following Newton iteration.
At iteration i, compute the Newton correction (X?, %) € [K"]? x K™ such that

o h m+1,i m . h h
1: X D, G, ¢ +1
5, h m+yz,1 h 0 h
(nm+2 h. . ;P )Fm + ( T : Qxb : ;P )Fm + (Vr[/l ;VF(P )Tm
. m+1,i _ ym h
{ats XX

(A.9a)

‘ h
. _ (Vr‘um+l,l,vr('0h)rm, V(Ph c KWI’
(Hénm+%,i,wh)h
(A.9b) r

. . h n . h
— _(‘um+1,1nm+%,z/ wh)rm + <Gz(6ml¢m)Ver+1,z/erh>rm, th c [Km]B/

. 1 h R h
: + (‘um+1,1,g;”;’2,1 . a)h)rm _ (GZ(QM/(Pm)VFXé/ erh)rm

where
(A10) G o g° x X%(q]) + g x X°(q7) + 8" x Xé(q}Z),
ol 61T {o}"}]
and
(A.11) gk = 2Xm+1'i(q;’:) +X"(q7) - 2Xm+1fi(q;?;) -X"(qj), 1<lk<3.

The remaining settings are the same as in Section A.1.2.



APPENDIX B

Three-dimensional anisotropic surface energies

We list several commonly used three-dimensional anisotropies y(n). Under the mapping
(B.1) n(0, ¢) = (n1,ny, n3)’ = (sin 6 cos ¢, sin O sin ¢, cos o),

they can be expressed in the (6, ¢) formulation.
e Riemannian metric anisotropy

k
(B.2) y(n) = Z VnTGin, Vn e S?,
=1

where G; € R¥S is symmetric positive definite.
e /"-norm anisotropy

(B.3) ym) = (Im|" +|nal" +|nsl")7,  r=2,  mes

e Cubic anisotropy
(B.4) y(n)=1+ ﬁ(n1 + n2 + n3) Vn € S2.

e Three-fold symmetric anisotropy
(B.5) y(n)=1+pm5 +n;+n3), VneS>

e [001],[011], [111]-oriented anisotropy
(B.6a) y(n)=1+ ﬁ(n1 + ”2) [001] orientation,

4, 4
(B.6b) y(n)=1+ ﬁ(n‘lL + > 3 4 3n§n§), [011] orientation,
4 4 4
y(n):1+ﬁ( 12 +?3+n1n2+2n3(n1+n2
(B.6¢)
2V2 , ) o
+—n 1n3 — 2\/§n1n2n3 , [111] orientation,

e Piecewise BGN anisotropy

(B.7) y(n) = \/(g + gsgn(m))n% + n% + n%, Vn € S2.

¢ Ellipsoidal anisotropy

B.8) (n) = \Ja1n? + axn2 + azn?, ai,a»,az >0, Vn e S2.
)4 1 2 3
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