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This review concerns the computation of curvature-dependent interface mo-
tion governed by geometric partial differential equations. The canonical prob-
lem of mean curvature flow is that of finding a surface which evolves so that, at
every point on the surface, the normal velocity is given by the mean curvature.
In recent years the interest in geometric PDEs involving curvature has bur-
geoned. Example of applications are, amongst others, the motion of grain
boundaries in alloys, phase transitions and image processing. The methods
of analysis, discretization and numerical analysis depend on how the surface
is represented. The simplest approach is when the surface is a graph over
a base domain. This is an example of a sharp interface approach which, in
the general parametric approach, involves seeking a parametrization of the
surface over a base surface, such as a sphere. On the other hand an interface
can be represented implicitly as a level surface of a function, and this idea
gives rise to the so-called level set method. Another implicit approach is the
phase field method, which approximates the interface by a zero level set of a
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phase field satisfying a PDE depending on a new parameter. Each approach
has its own advantages and disadvantages. In the article we describe the
mathematical formulations of these approaches and their discretizations. Al-
gorithms are set out for each approach, convergence results are given and are
supported by computational results and numerous graphical figures. Besides
mean curvature flow, the topics of anisotropy and the higher order geometric
PDEs for Willmore flow and surface diffusion are covered.
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1. Introduction

A geometric evolution equation defines the motion of a hypersurface by
prescribing the normal velocity of the surface in terms of geometric quantit-
ies. As well as being of striking mathematical interest, geometric evolution
problems occur in a wide variety of scientific and technological applications.
A traditional source of problems is materials science, where the understand-
ing of the strength and properties of materials requires the mathematical
modelling of the morphology of microstructure. Evolving surfaces might
be grain boundaries, which separate differing orientations of the same crys-
talline phase, or solid-liquid interfaces exhibiting dendritic structures in
under-cooled solidification. On the other hand newer applications are as-
sociated with image processing. For example, in order to identify a dark
shape in a light background in a two-dimensional image a so-called snake
contour is evolved so that it wraps around the shape.

In this article we survey numerical methods for the evolution of surfaces
whose normal velocity is strongly dependent on the mean curvature of the
surface. The objective is to find a family {I'(¢)},c[o,7] of closed compact and
orientable hypersurfaces in R"*! whose evolution is defined by specifying the
velocity V of in the normal direction v. An example of a general geometric



COMPUTATION OF GEOMETRIC PDES AND MEAN CURVATURE FLOW 3

evolution equation is
V = f(z,v,H) onI(t), (1.1)

where f depends on the application and the x dependence might arise from
evaluating on the surface I'(¢) field variables which satisfy their own system
of nonlinear partial differential equations in R"*! away from the surface. It
is important to note that, in order to specify the evolution of the surface, it
is sufficient to define the normal velocity.

The prototype problem is motion by mean curvature, for which

V=—H onI(t), (1.2)

where H is the sum of the n principal curvatures of I'(¢). We call H the mean
curvature rather than the arithmetic mean of the principal curvatures. Our
sign convention is that H is positive for spheres, with v being the outward
normal. It is well known that, starting from an initial surface I'g, this
equation is a gradient flow for the area functional,

E() = /F 1dA. (1.3)

In applications the area functional is an interfacial energy with a constant
energy density 1. Equation (1.2) may be viewed as an analogue for surfaces
of the parabolic heat equation

ur — Au = 0.
On the other hand, another geometric equation is

V = Ar(t)H on F(t), (1.4)

where Ar( is the Laplace-Beltrami or surface Laplacian operator on I'(¢).
This can be viewed as an analogue of the spatially fourth order parabolic
equation

up + A%u = 0.

1.1. Approaches

In order to solve a surface evolution equation analytically or numerically,
we need a description of I'(¢). Each choice of description leads to a partic-
ular nonlinear partial differential equation defining the evolution. Thus the
computational method depends strongly on the way we choose to describe
the surface. For this article we shall focus on four possible approaches.

Parametric approach. The hypersurfaces I'(t) are given as

where M is a suitable reference manifold (fixing the topological type of I'(t))
and X : M x[0,T) — R""! has to be determined. Here X (p,t), for p € M, is
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Figure 1.1. A dumbbell-shaped two-dimensional surface
parametrized over the unit sphere.

Figure 1.2. A lemniscate, parametrized over the unit circle.

the position vector at time ¢ of a point on I'(t). If we are interested in closed
curves in the plane then M can be the unit circle S, whereas if T'(¢) is a
two-dimensional surface then M could be the unit sphere S? (see Figures 1.1
and 1.2). Geometrical quantities are easily expressed as derivatives of the
parametrization so that evolution laws such as (1.2) may be translated into
nonlinear parabolic systems of PDEs for the vector X. With this approach
there is no notion of the surface being the boundary of an open set and
having an inside and outside, so self-intersection is perfectly natural for
smooth parametrizations and is not necessarily associated with singularities.
For example in the plane a figure of eight curve can be smoothly mapped
onto the unit circle one to one (Figure 1.2). At the crossing point the curve
has two smoothly evaluated normals and curvatures which depend on the
parametrization. A parametrized curve evolving by mean curvature can
evolve smoothly from this configuration.

Graphs. We assume that I'(¢) can be written in the form
I(t) = {(z,u(x,1)) | z € Q},

where 2 C R™ and the height function v : Q x [0,7) — R has to be
found. We shall see that the law (1.2) leads to a nonlinear parabolic PDE
for u. Clearly, the assumption that I'(t) is a graph is rather restrictive;
however, techniques developed for this case have turned out to be very useful
in understanding more general situations. Since the height is a smooth
function we can view I'(t) as dividing £ x R into two sets, namely the
regions above and below the graph.
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Figure 1.3. Level lines of a level set function (right) for the
figure of eight curve (left).

Figure 1.4. Graph of a level set function for the figure of
eight curve, cut at the zero level. Negative part left and
positive part (graphically enlarged) right.

Level set method. We look for I'(t) as the zero level set of an auxiliary
function u : R™*! x [0,00) — R, that is,

[(t) = {x € R" | u(z,t) = 0}.

The law (1.2) now translates into a nonlinear, degenerate and singular PDE
for u. Clearly intrinsic to this approach is the notion of I'(t) being a dividing
surface between the two regions where the level set function is positive and
negative. Thus we have the notion of inside and outside. In order to describe
a figure of eight by a level set function it is necessary to have the level set
function positive and negative, as shown in Figures 1.3 and 1.4.

Phase field approach. The phase field approach is based on an approxima-
tion of the sharp interface by a diffuse interface

L(t) ={z e R"™ | =1+ Ce < uc(z,t) <1 - Ce}

of width O(e), across which the phase field function u. has a transition
from approximately one bulk negative value —1 to approximately a second
positive bulk value +1. The zero level set of the phase field function ap-
proximates the surface. Just as in the level set method there is the notion
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of a material interface separating an inside and outside and in the basic im-
plementation interface self-intersection and topological change are handled
automatically. The bulk values of the phase field function correspond to
the minima of a homogeneous energy function with two equal double wells.
Interfacial energy is assigned to the diffuse interface via the gradient of the
phase field function. For motion by mean curvature the evolution is defined
as a semilinear parabolic equation of reaction—diffusion or Ginzburg—Landau
type. Frequently in applications mathematical models are derived which,
from the beginning, involve diffuse interfaces and phase field functions.

Comments

Conceptually the graph formulation is the simplest and most efficient. It
involves solving a scalar nonlinear parabolic equation in n space dimensions
and directly computes the surface. However, there are many circumstances
where the surface is not a graph. Furthermore, even if the initial surface is a
graph it is possible that over the course of the evolution that property might
be lost, despite the surface evolving smoothly. This would lead to gradient
blow-up of the solution of the graph equation. There is the possibility that
the solution of a numerical discretization exists globally and appears to be
stable even though there is no solution to the continuous equation.

The parametric approach is also direct. It is conceptually more advanced
than the graph approach and one has to solve in n space dimensions a
system of n + 1 parabolic equations. If the surface is a graph then the
parametric approach is less efficient than solving for the height of the sur-
face. On the other hand it is more widely applicable. In the case of a closed
curve one can use periodic boundary conditions on the unit interval in order
to solve over the circle. A closed two-dimensional surface can be approx-
imated by a polyhedral surface. A parametrized surface does not ‘see’ an
inside or outside. From the point of view of differential geometry this may
not be an issue. However, when the surface separates two phases, or two
materials, or two colours, there are significant issues. For example, consider
using two colours in Figure 1.2 in order to define the curve as the interface
between the coloured regions. Black may be used to colour the inside of
both loops and white to colour the the rest of the plane, but if black is
used inside just one loop then the other loop is lost. Thus, in order to use
the parametric approach with this initial condition, one either thinks of a
parametrization which traverses the curve without a crossing, but with a
single self-intersection, or regards them as being two separate closed curves
which touch at one point. These choices lead to differing evolutions for
mean curvature flow.

Contrary to the parametric approach, the level set method has the capab-
ility of tracking topological changes (like pinching-off or merging) of I'(¢) in
an automatic way. In the basic implementation of the method topological
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change is nothing special and is observed in post-processing the computa-
tional output. This is because, in principle, zero level sets of continuous
functions can exhibit these features. However, from the mathematical point
of view there are issues of existence of solutions of the degenerate partial
differential equations that the level set approach generates. In the case of
motion by mean curvature there is the notion of a viscosity solution which
yields a unique evolution from any continuous function. The example of the
lemniscate discussed in the context of the parametric approach introduces
a new idea in the level set approach of fattening of the interface. The level
set, for this example develops an interior whose boundary yields both of the
described solutions. Self-intersection, merger and pinch-off can all be simu-
lated by this approach. This advantage, however, needs to be offset against
the fact that the problem now becomes (n + 1)-dimensional in space.

The phase field approach can also handle topological change, self-inter-
section, merger and pinch-off without doing anything special. It is the one
approach which in its conception involves an approximation. The fact that
it involves a new parameter € is both an advantage and a disadvantage. The
parabolic equations are in principle easy to solve but possess a certain com-
putational stiffness due to the thickness of the diffuse interface. However,
in many applications phase field models arise naturally and the € parameter
allows us to resolve singularities in a way which may be viewed as being
physically motivated. From both the mathematical and physical points of
view it is widely applicable in a rational way, whereas the use of the level
set method is frequently ad hoc.

In general, the choice of one or the other approach will depend on whether
one expects topological changes in the flow.

1.2. Applications

In what follows we list some problems in which a law of the form (1.1) or
generalizations of it arise.

Grain boundary motion

Grain boundaries in alloys are interfaces which separate bulk crystalline
regions of the same phase but with differing orientations. Associated with
the grain boundary is a surface energy which gives rise to a thermodynamic
restoring force. For a constant surface energy density this is simply the
surface tension force proportional to the mean curvature and the resulting
evolution law is just (1.2). Frequently there is also a driving force causing
motion of the grain boundary.

Surface growth
The growth of thin films on substrates is technologically important. For
example, epitaxy is a method for growing single crystals by the deposition
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of atoms and molecules on to a growing film surface. There are numerous
physical mechanisms operating at differing time and length scales which
affect the growth process. A simple model would have a driving force rep-
resenting the deposition flux of atoms onto the surface which might be in
the normal direction or in a fixed vertical direction parallel to a beam of
arriving atoms.

Image processing

One of the most important problems in image processing is to automatically
detect contours of objects. We essentially follow the exposition of Aubert
and Kornprobst (2002). Suppose that M C R™"! (n = 1 or 2) is a given
object and let I(x) = xq\a () be the characteristic function of Q\ M. The

function
1

g(x) = T IVL@E

where I, is a mollification of I, will be small near the contour of M. It is
therefore natural to look for minimizers of the functional

J(T) :/Fg(:c) dA

where I' is a curve in R? or a surface in R?. The corresponding L?-gradient
flow leads to the following evolution law: find curves/surfaces (moving
‘snakes’) I'(t) such that

V=-V-(gv)=—gH—-Vg-v onTI(t).

Here, t plays the role of an artificial time; clearly this law fits into the
framework (1.1).

Stefan problem for undercooled solidification

Consider a container Q C R™™ (n = 1 or 2) filled with an undercooled
liquid. Solidification of the liquid follows the nucleation of initial solid seed
with characteristic diameter larger than the critical radius. The seed will
then grow into the liquid. A mathematical model for this situation is the
Stefan problem with kinetic undercooling, in which the solid-liquid interface
is described by a curve/surface I'(t) and has to be determined together
with the temperature distribution. Here the interior of I'(t) is the solid
region g(t) and the exterior is the liquid region Q,(¢). Using a suitable
non-dimensionalization the problem then reads: for a given initial phase
boundary I'g and initial temperature distribution ©g = Oq(z) (z € Q), find
the non-dimensional temperature © = O(z,t) and the phase boundary I'(¢)
(t > 0), such that the heat equation is satisfied in the bulk, that is,

O, —AO =0 inQ\I(t),
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together with the initial value ©(-,0) = Og in Q. On the moving boundary
the following two conditions are satisfied:
1006
V= [a—} on I'(¢), (1.5)

g | Ov

©+eyB(v)V+0H,=0 on I'(¢). (1.6)

Here, [00/0v] denotes the jump in the normal derivative of the temper-
ature field across the interface and ¢; is the constant measuring the latent
heat of solidification. Equation (1.6) is the Gibbs—Thomson law; ey, o are
non-dimensional positive constants measuring the strength of the kinetic
undercooling and surface tension which depress the temperature on the
solid-liquid interface from the scaled equilibrium zero melting temperat-
ure. Furthermore, H, is an anisotropic mean curvature associated with a
surface energy density, v(v), depending on the orientation of the normal.
There may also be anisotropy, 3(v), in the kinetic undercooling. Note that
(1.6) can be rewritten as

VBV = ~H, - %@ on T'(¢).

If we consider © as being given, this equation again fits into our general
framework (1.1) provided we allow for a coefficient in front of V' and a
generalized notion of mean curvature.

Figure 1.5 from Schmidt (1996) shows a simulation in which the free
boundary was described by the parametric approach resulting in a sharp
interface model. One can see the free boundary forming a dendrite. For

Figure 1.5. Evolution of a dendrite with sixfold anisotropy.
Time-steps of the free boundary (left) and adapted grid for
the temperature at one time-step (right).



10 K. DECKELNICK, G. Dz1iuk AND C. M. ELLIOTT

results concerning three-dimensional dendrites and more information about
the algorithm we refer to Schmidt (1996).

Figure 1.6 from Fried (1999) illustrates a possible effect of using a level
set method for the free boundary in this problem. Dendrites may seem to
merge. But if a smaller time-step is used the dendrites stay apart. For
more information about a level set algorithm for dendritic growth we refer
to Fried (1999, 2004).

Surface diffusion and Willmore flow
The following laws do not fit into (1.1), but we list them as examples of im-
portant geometric evolution equations in which the normal velocity depends
on higher derivatives of mean curvature.

The surface diffusion equation

V=ArH (1.7)

models the diffusion of mass within the bounding surface of a solid body.
At the atomistic level atoms on the surface move along the surface owing to
a driving force consisting of a chemical potential difference. For a surface
with constant surface energy density the appropriate chemical potential in
this setting is the mean curvature H. This leads to the flux law

pV = —diVI‘j,

where p is the mass density and j is the mass flux in the surface, with the
constitutive flux law (Herring 1951, Mullins 1957)

j=—DVrH.

Here, D is the diffusion constant. From these equations we obtain the law
(1.7) after an appropriate non-dimensionalization. In order to model the

Figure 1.6. A possible effect of the use of a level set method.
Growing dendrites: merging (left) for large time-step size
and staying apart (right) for smaller time-step size.
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underlying structure of the solid body bounded by I', anisotropic surface
diffusion is important, that is,

V = ArH,, (1.8)

with H, denoting the anisotropic mean curvature of the surface I' as it is
introduced in (8.15).
A similar evolution law is Willmore flow,

1
V = ArH + H|Vrv|? — 5H3 on T'(t), (1.9)

which arises as the L2-gradient flow for the classical bending energy E(T") =
% fF H?dA. Apart from applications in mechanics and membrane physics
this flow has recently been used for surface restoration and inpainting.

1.8. Outline of article

This article is organized as follows. In Section 2 we present some useful
geometric analysis, in particular the notion of mean curvature. The basic
mean curvature flow is defined in Section 3 and some elementary properties
are described. The next four sections consider in turn basic approaches for
numerical approximation. In Section 4 we consider the parametric approach.
We start with the classical curve shortening flow and present a semidiscrete
numerical scheme as well as error estimates. Next, we show how to apply
the above ideas to the approximation of higher-dimensional surfaces. A
crucial point is to construct numerical schemes which reflect the intrinsic
nature of the flow. Section 5 is concerned with graphs. We prove an error
bound for a semidiscrete finite element scheme thereby showing the virtue
of working with geometric quantities. A fully discrete scheme along with
stability issues is discussed afterwards. In Section 6 we introduce the level
set equation as a way of handling topological changes. We briefly discuss the
framework of viscosity solutions which allows a satisfactory existence and
uniqueness theory. For numerical purposes it is convenient to regularize the
level set equation. We collect some properties of the regularized problem
and clarify its formal similarity to the graph setting. The approximation of
mean curvature flow by phase field methods is considered in Section 7. Even
before numerical discretization there is the notion of approximation of a
sharp interface by a diffuse interface of width O(e). The phase field approach
depends on the notion of a diffuse interfacial energy composed of quadratic
gradient and homogeneous free energy terms involving a phase field function.
The choice of double well energy potential is discussed. We recall some
analytical results as well as a convergence analysis for a discretization in
space by linear finite elements. We finish this section by discussing the
discretization in time together with the question of stability. In Section 8
we introduce the concept of the anisotropy = together with its relevant
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properties and subsequently generalize the ideas of the previous sections to
this setting. Finally, Section 9 is concerned with fourth order flows: we
present discretization techniques for both surface diffusion and Willmore
flow.

For the convenience of the reader we have included a long list of references,
which are related to the subject of these notes, but not all of which are cited
in the text.

2. Some geometric analysis

The aim of this section is to collect some useful definitions and results from
differential geometry. We refer to Gilbarg and Trudinger (1998) and Giga
(2002) for a more detailed exposition of this material.

2.1. Hypersurfaces

A subset I' € R"*! is called a C2-hypersurface if for each point z¢ € I' there
exists an open set U C R™"! containing x¢ and a function u € C?(U) such
that

UnNnT'={zeU|u(x)=0}, and Vu(z)#0 forallzecUNI. (2.1)

The tangent space T,I is then the n-dimensional linear subspace of R**!
that is orthogonal to Vu(z). It is independent of the particular choice of
function u which is used to describe I'. A CZ?-hypersurface I' ¢ R"*! is
called orientable if there exists a vectorfield v € CH(T,R"*!) (i.e., v € C!
in an open neighbourhood of I') such that v(z) L T,I" and |v(z)| = 1 for
all z € I'. In what follows, we shall assume that I' C R™*! is an oriented
C?-hypersurface.

We define the tangential gradient of a function f, which is differentiable
in an open neighbourhood of I" by

Vref(z) =Vf(x)—Vf(z) viz)v(z), xel.

Here V denotes the usual gradient in R"*!. Note also that Vrf(z) is the
orthogonal projection of V f(x) onto T,I'. It is straightforward to show that
Vrf only depends on the values of f on I'. We use the notation

Vrf(z) = (D1f(2),.. ., Dpyr f(2)) (2.2)

for the n + 1 components of the tangential gradient. Obviously
Vrf(x) v(x)=0, zel.

If f is twice differentiable in an open neighbourhood of I', then we define
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the Laplace—Beltrami operator of f as

n+1
Arf(z) = Vr-Vrf(z) = D;D;f(x), =€T. (2.3)
=1

2.2. Oriented distance function

A useful level set representation of a hypersurface can be obtained with the
help of the distance function. Let I' be as above and assume in addition that
I' is compact. The Jordan—Brouwer decomposition theorem then implies
that there exists an open bounded set Q@ C R™*! such that I' = 9. We
assume that the unit normal field to I' points away from {2 and define the
oriented (signed) distance function d by

dist(z,T), xR\ Q
d(x) =140, zel
—dist(z,T"), x € Q.

It is well known that d is globally Lipschitz-continuous and that there exists
0 > 0 such that

d e C?(Ts), where I's = {z € R" | |d(x)| < §}. (2.4)
Every point « € I's can be uniquely written as
x =a(x) +d(z)v(a(z)), z €Ty, (2.5)

where a(x) € I'. Furthermore, Vd(z) = v(a(z)),z € I's, which implies in
particular that

|[Vd(z)| =1 in Ts. (2.6)

=

Figure 2.1. Graph (right) of the oriented distance function
for the curve (left).
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2.8. Mean curvature

Let us next turn to the notion of mean curvature. By assumption, v is C*
in a neighbourhood of I" so that we may introduce the matrix

Hj(r) = Djvg(z), j,k=1,...,n+1, xel. (2.7)
It is not difficult to show that (Hjx(x)) is symmetric. Furthermore,

n+1 n+1

S Hy(wwi(e) = 3. Dvi(w)v(z) = %Qj|y|2(g;) — 0,
k=1 k=1

since |v| = 1 on I'. Thus, (H;k(x)) has one eigenvalue which is equal to
zero with corresponding eigenvector v(z). The remaining n eigenvalues
k1(z), ..., kn(z) are called the principal curvatures of I' at the point z. We

now define the mean curvature of I at « as the trace of the matrix (H,(x)),
that is,

n+1 n
H(z) =) Hjj(x) = rj(x), (2.8)
j=1 j=1

Note that (2.8) differs from the more common definition H = 1 Z;‘;Lll Hj;.

From (2.7) we derive the following expression for mean curvature,
H(z)=Vr-v(z), zel, (2.9)

where Vr- f = E;‘;Lll D, fj denotes the tangential divergence of a vectorfield
f. In particular we see that H > 0 if ' = S™ and the unit normal field is
chosen to point away from S, i.e., v(x) = x.

While the sign of H depends on the choice of the normal v, the mean
curvature vector Hv is an invariant. A useful formula for this quantity can
be obtained by choosing f(z) = z;, j € {1,...,n+1} in (2.3) and observing
that D;x; = 0;; — vjv;. We then deduce with the help of (2.9) that

n+1
Arzj = — ZQi(VjVi) = —(Vr-v)v; = Vryj-v = —Huj,
i=1

so that
—Arz=Hv onT. (2.10)

Let us next fix a point € I" and calculate H(Z) for various representa-
tions of the surface I' near Z.

Level set representation. Suppose that I is given as in (2.1) near z. Clearly,
we then have
_ 4 Vu(x)

[Vu(z)|

v(z)
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for x € U NT. If the plus sign applies we obtain

ey Uz, Uy,
H=vr- ‘E_Z' _v. |§_Z| _ ﬁg:l(aij - W—u’;)uw (2.11)
In the special case that u(x) = d(x), where d is the oriented distance func-
tion to I', we obtain in view of (2.6)
H(x)=Ad(z), xe€Tl. (2.12)
Graph representation. Suppose that
UNT ={(z,v(x)) | x € Q},

where 0 C R" is open, z = (1,...,2,) and v € C?(2). Defining u(x, z,11)
= v(x) — zp41 we see that U NT is the zero level set of u and the above
considerations imply that

Vou(z)

VIt Vo)

where V is the gradient in R™ and the unit normal is chosen as v =

H(z,v(z))=V"- < ), (z,v(x)) e UNT, (2.13)
(Vou,—1)

V1 V2

Parametric representation Suppose that there exists an open set V' C R”
and a mapping X € C?(V,R"*!) such that

UNT'=X(V), rankDX(f)=n foralldeV.

The vectors g—gf(G), e gT)i(Q) then form a basis of T,I" at z = X (0). We

define the metric on I by

0X 0X
j(0) = =-0)-=—0), i,j=1,...,n
and let g be the components of the inverse matrix of (g;;). We then have
the following formulae for the tangential gradient of a function f (defined
in a neighbourhood of I') and the mean curvature vector Hv:

n O0(foX)0X
Vrf =Y ¢ = (2.14)
52 a00;  06;
1 ~— 0 [ .
- ) R Rl
Hv _ 70 <g \/589]-) (2.15)

where g = det(gi;).
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2.4. Integration by parts

Let us assume in this section that I' is in addition compact. The formula
for integration by parts on I' is (¢f. Gilbarg and Trudinger (1998))

/DfdA /nysz i=1,...,n+1, (2.16)

where dA denotes the area element on I' and f is continuously differentiable
in a neighbourhood of I'. Applying (2.16) with h = fD,g, summing from

1 =1,...,n+1 and taking into account that Vrv;-v = 0, we obtain Green’s
formula,

/Ffo -VrgdA = — /F fArgdA. (2.17)
In particular, we deduce from (2.10)

/FHV -pdA = /FVFH? -VrodA, (2.18)

where ¢ is continuously differentiable in a neighbourhood of I' with values
in R**! and Vrz - Vro¢ = Z"H Vrx; - Vre;. This relation will be very
important for the numerical treatment of mean curvature flow. The above
formulae can be generalized to surfaces with boundaries by including an
appropriate integral over OI'.

2.5. Mowing surfaces

In this section we shall be concerned with surfaces that evolve in time. A
family (I'(t))ie(o,7) is called a C*!-family of hypersurfaces if, for each point
(zo,t0) € R x (0,T) with zg € I'(tg), there exists an open set U C R* 1,
§ > 0 and a function u € C*Y(U x (tg — J,tg + 6)) such that

UnNI(t) ={z €U |u(z,t) =0} and Vu(z,t)#0,xzecUNT(t). (2.19)

Suppose in addition that each I'(¢) is oriented by a unit normal field v(-,¢) €
CY(I(t),R™*1) and that v € CY(Uycyer I'(¢) x {t},R™"1). The normal
velocity at a point (zg,%0) (zo € I'(¢p)) is then defined as

V(zo,t0) = ¢'(to) - v(z0, to),

where ¢ € C1((tg — €, to + €), R"*1) satisfies ¢(to) = 2o and ¢(t) € T'(t) for
|t —to] < e. It can be shown that V' (z,to) is independent of the particular
choice of ¢. Let us calculate V(xg, o) for various representations of I'(t).

Level set representation. Let u be as in (2.19); as above we then have v =

:I:‘g“|. If the plus sign applies and ¢ € C((tg — €,tp + €), R"!) satisfies

o(to) = xo as well as ¢(t) € I'(¢) for |t — to| < €, we have

d

0= u(6(t). 1) = Vu(g(t). 1) - ¢'(£) + un((1). 1),
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and hence
ut (o, to)

7\Vu(xo,to)\' (2.20)

V(.%'(), to) = —

Graph representation. Suppose that

UAT@) = {(z0(,0) | 2 € ),
where Q C R" is open and v € C?>1(Q x (tg — 6,tg + §)). Applying the
formula for the level set case to u(x,zp41,t) = v(x,t) — xy41, We obtain

| S— (2.21)

V14 |Vol?
(Vv,—1)

v 1+ V|2 )

2.6. Transport theorem for integrals

for the unit normal field v =

Consider a family (T'())¢e(o,r) of evolving hypersurfaces which satisfies the
assumptions made above and suppose in addition that each surface I'(¢) is
compact. We are interested in the time derivative of certain volume and
area integrals.

Lemma 2.1. Let g € C*(Q), where Q is an open set containing
UJ T x {t}.
o<t<T

Suppose in addition that each surface I'(¢) is the boundary of an open
bounded subset Q(t) € R**1. Then

d g
— gdx d$+/ gV dA, 2.22
dt Ja) o) Ot r(0) (222
dA = / 99 44 + / oA+ [ Pvaa (223
dt (t) ( ) 81/
Proof. See the Appendix. ]

3. Definition and elementary properties of
mean curvature flow

The purpose of this section is to introduce motion by mean curvature and to
describe some basic features of this flow. Consider a C%!-family of hyper-
surfaces (I'())sefo,r] € R™*! together with a choice v of a unit normal.

Definition 1. We say that (I'())co,r] moves by mean curvature if

V=—H onT(t). (3.1)
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Here, V' denotes the velocity of I'(t) in the direction of v and H is mean
curvature.

As we shall see later, the above equation gives rise to a parabolic equation,
or a parabolic system, for the function(s) describing the surfaces I'(t), to
which an initial condition

r(0) =Ty (3.2)

has to be added. If I'(¢) has a boundary, then also suitable boundary con-
ditions need to be specified.

In order to give a first idea of this flow we look at the well-known example
of the shrinking sphere. Let I'(t) = 0B, )(z0) C R™ ! oriented by the unit
outer normal v(z) = - Then, V = r'(t), H = iy on ['(t), so that T'(¢)

moves by mean curvature provided that r/(t) = —?’;). The solution of this

ODE is given by r(t) = \/r§ —2nt, 0 < t < %, where I'g = 0B, (o). Note
2

that I'(t) shrinks to a point as ¢ /' 32.
The main feature of mean curvature flow is its area-decreasing property,
which is a consequence of the following result.

Lemma 3.1. Let I'(¢) be a family of evolving hypersurfaces satisfying
V = —H on I'(t) and assume that each I'(¢) is compact. Then

d
V2dA+ —|T(t)| =0,
I S r)

where |I'| is the area of T

Proof. This follows immediately from choosing g = 1 in (2.23) and the
evolution law (3.1). O

Since the law (3.1) gives rise to a second order parabolic problem we
expect existence of a smooth solution locally in time for a smooth initial
hypersurface I'g. Furthermore, maximum and comparison principles are
available which can be used to show that two smooth compact solutions
which are initially disjoint will stay disjoint (see, e.g., Ecker (2002)). Using
the shrinking sphere as a comparison solution, it follows in particular that
if I'(t),0 < t < T is a smooth solution with I'y C B,,(z¢), then I'(t) C

2
B \/M(mo) for 0 < t < min(7, ;—%) In general, solutions will develop
singularities in finite time before they disappear, but there are certain initial
configurations for which they stay smooth until they shrink to a point.

Theorem 3.2. Let n > 2 and assume that 'y € R"*! is a smooth,
compact and uniformly convex hypersurface. Then (3.1) and (3.2) have
a smooth solution on a finite time interval [0,7") and the I'(t) converge to a
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point as t /' T'. If one rescales the surfaces in such a way that the enclosed
volume remains fixed, one has convergence against a sphere ast " T'.

Proof. See Huisken (1984). O
The case n =1 is usually referred to as curve shortening flow.

Theorem 3.3. Assume that I'g C R? is a smooth embedded closed curve.
Then (3.1) and (3.2) have a smooth embedded solution on a finite time
interval [0,T), which shrinks to a ‘round’ point as ¢ /" T.

Proof. Gage and Hamilton (1986) proved this result for convex I'gp; sub-
sequently Grayson (1987) showed that a smooth embedded closed curve
remains smooth and embedded and becomes convex in finite time. [

If the initial curve is not embedded, cusp-like singularities may develop
(see Figures 4.2 and 4.3). The papers of Angenent (1991), Altschuler and
Grayson (1992) and Deckelnick (1997) propose various methods of how to
continue the solution past such a singularity. The analogue of Theorem 3.3
for surfaces does not hold, as can be seen by choosing a suitable dumbbell-
shaped initial surface which develops a pinch-off singularity before it shrinks
to a point (see Figure 4.5 and Grayson (1989)). This pinch-off leads to a
change of the topological type of I'(f), so that the parametric approach
— in which the topological type is fixed — will develop a singularity that
is difficult to handle. Thus the question arises whether it is possible to
introduce a notion of solution that is capable of following the flow through
a singularity. Several such notions have been proposed and analysed starting
with the pioneering work of Brakke (1978) on varifold solutions, which uses
tools from geometric measure theory. In this context we also mention the
surface evolver program of Brakke (1992). Level set and phase field methods
constitute two completely different approaches which take an Eulerian point
of view. We shall discuss these in more detail in Sections 6 and 7.

4. Parametric mean curvature flow

As is mentioned above, in the parametric approach one chooses a suitable
reference manifold M C R™*! (of the topological type of the evolving hyper-
surfaces I'(t)) and then looks for maps X (-, ¢) : M — R*"*1 (0 <t < T) such
that I'(t) = X(-,¢)(M). To fix ideas, let us assume that M is a compact
hypersurface without boundary. If we can find X in such a way that

ox

ot
then V = —H on I'(¢) follows by taking the dot product with the normal v.
In order to understand (4.1) let F' : Q@ — R™*! be a local parametrization

(p,t) = —H(X(p,1))v(X(p,t)) (p,t) € M x (0,T), (4.1)
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of M defined on an open set 2 C R™ and set
X(0,t) = X(F(0),t), (0,t) €Qx(0,T).
Recalling (2.15), the equation (4.1) then turns into
0X 1 = 0 (. 0X
R t) — — — | gY g — = 4.2

where §;;(0,t) = g—gf-% and ¥, § are as above. Thus (4.2), and hence (4.1),

is a nonlinear parabolic system, which is not defined at points (6,t) where
g(6,t) = 0. In order to close this system, an initial condition X (p,0) =
Xo(p),p € M needs to be prescribed, where Xg : M — R is a paramet-
rization of the initial surface I'y.

4.1. Curve shortening flow

Mean curvature evolution in the one-dimensional case is usually referred to
as curve shortening flow. In the case of closed curves, a convenient choice
of a reference manifold is M = S', which can be parametrized globally
by F(0) = (cosf,sinf),0 € [0,2x]. In the following, for simplicity, let us
identify X (6,t) and X ((cos,sin®),t). Thus, (4.2) becomes

1 Xy
X — — <—> =0 in I x(0,7), (4.3)
[ Xl \ | Xol /4
X(,0)=Xp inl, (4.4)

where I = [0, 27]. In addition, X has to satisfy the periodicity condition
X(0,t)=XO+2m,t) 0<t<T, OeR. (4.5)

Suppose that X : R x [0,7] — R? is a smooth solution of (4.3)—(4.5), in
particular |Xg| > 0 in I x [0,7]. If we multiply (4.3) by | Xy|, take the dot
product with a test function ¢ € H! (I;R?) = {¢ € HY(I;R?) | ¢(0) =

per
©(2m)} and integrate over I, we obtain
X, -
/Xt Lo | Xg| + & “T" =0 forall p € H.(R?).  (4.6)
I 0

We use (4.6) in order to discretize in space. For simplicity let 6; = jh
(=0,...,N) be a uniform grid with grid size h = 27/N and let

Sh = {‘Ph € C™(L;R?) | onlig; 10, € PLj=1,...,N; ou(0) = ‘Ph(Qﬂ')}

be the space of piecewise linear continuous functions with values in R?. The
spatial discretization of (4.3) is then given by

X0 -
/Xht ~on| Xnol + / 2ho " Pho _ 0 for all pp € Sh. (4.7)
I 1 | Xnel
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Denoting the common (scalar) nodal basis by {¢1,...,¢x}, we can expand
Xn(0,t) = Z;VZI X;(t)¢;(0) with vectors X;(t) € R?. This one-dimensional
finite element formulation can be rewritten as a difference scheme. To see
this, insert ¢p = (;Sje’“, (k=1,2;j=1,...,N) into (4.7) and calculate

1 .
/Xht - on| Xne| db = 6|Xj — Xj 4| X - eF
I

1 . 1 :
+ (10 = Xl + X = XX - e 4 X = X1 X et

as well as

Xno Pho 1o (_Xj+1 — X X _Xj1> ok
1 [ Xnol gj+1 4

Here, ¢; = | X; — X;_1| and the dot stands for the time derivative. Thus,
(4.7) can be written as

1 1 .1 Xin—X; X;—X;,
—qiXj 1+ 3(¢ + )X + Zg X = 2 -
6 J<*J 3( J 7+ ) J 6 J+ J+ ¢jr1 qj
(j=1,...,N). If we use mass lumping in (4.8) we get the difference scheme
1 . X —X; Xj- X,
S5+ gj41)X; = - -
2( i+ 4+1)X; Gt 4
As initial values for X; we choose
X;(0) = Xo(0;), j=0,...,N, (4.10)

so that X} (-,0) is the linear interpolant of Xy. Furthermore we require the
periodicity condition

(4.8)

(4.9)

X;=X;in, j=-1,0,1. (4.11)

The following proposition shows that the lumped scheme reflects the curve
shortening property of the exact solution.

Proposition 4.1. Consider solutions X of (4.3) and X}, = Z;VZI X;(t)p;(0)
of (4.9) respectively. Then we have for ¢ € [0, 7]

| Xo (- t)|e = _’Xt(‘,t)|2’X9(',t)| in I

S . 1 . .
6 = =70+ )X = @+ )X =1, N

4
as long as ¢; > 0,7 =1,..., N. Thus, the faces of the polygon with vertices
X1,..., Xy decrease in length during time evolution.
Proof. For the proof of the first assertion we differentiate \&—:ﬂ =1 twice

with respect to # and get

Xy Xy Xo \ |2 Xy Xy .
— .= ) =0, ) - ‘ =—— .| —= in I,
| Xol \[Xol/g [ Xol /g [ Xol \[Xol|/ g
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which combined with (4.3) gives

X, X, 1 (Xg)
Xe :—-Xe g .
Kol = e = =] TRl %ol )

1 Xy 2
=l ()| = el
0

For the discrete solution we observe that by (4.9) with the unit vectors

T, = % we have
q
Gj =Ty (Xj — Xj-1)
T < 2 (T -T)) 2 (r-7 ))
=T (——(Tj1 - T}) — ————(T; = T4
T \g g’ gt
2 2
- (-7 Tjy)— ———(1-Ti_1 - T}
q; + Qj+1( 3L gj—1 +ij< ! 2
1 1
=——— T, — T P— ———— (T — T;?
T - TP - (T T
1 * 2 1 * 2
= =1 @1+ )X " = (g5 + 401X
For this we have used the discrete equation (4.9) twice. O

Under the assumption that a smooth and regular solution of the curve
shortening flow (4.3)—(4.5) exists, one obtains the following convergence res-
ult together with error estimates for the position vector X and the velocity
vector Xy, which by (4.1) is equal to the curvature vector. The proof follows
from Dziuk (1994) and is a special case of Theorem 8.4.

Theorem 4.2. Let X : I x [0,T] — R? be a periodic smooth solution of
the curve shortening flow (4.3)—(4.5) with |Xg| > ¢o > 0in I x [0,7]. Then
there exists an hg > 0 depending on X and T such that for every 0 < h < hg
there exists a unique solution X(0,t) = Z;VZI X;(t)¢p;(0) of the difference
scheme (4.9), (4.10) and

T 1/2
X = Xallsy + ([ 1%~ Xolap ) < (a1

T 1/2
max 1 Xt = Xnell 22y + </ 1 X0 — Xneoll72(1) dt) <ch, (413)
0

)

where ¢ depends on X and T

This algorithm can be generalized without changes to curves evolving in
higher codimension, i.e., X : I x [0,7] — R"™ and m > 2. The curve solving
(4.3) has a velocity only in the normal direction. It is also possible to use
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the parametric equation
_ Xoo
| Xo[?

instead, which defines the same curve evolving in the normal direction with a
normal velocity being given by the curvature. However, the parametrization
is different, with the points on the curve now having a tangential velocity.
A finite element error analysis for the motion of a closed curve is given in
Deckelnick and Dziuk (1994), while error bounds for the evolution of a curve
attached to a fixed boundary with a normal contact condition are proved in
Deckelnick and Elliott (1998).

In order to obtain a practical method we still have to discretize in time.
Choose a time-step 7 > 0 and let t,, = m7, m =0,..., M, M < [%] We
let X;* € S}, denote the approximation to X (-,t,). On the basis of (4.7)
we suggest the following scheme:

1 Xt ong

— /(X,TJrl — X3 - on| X7l + / ———— =0 for all p;, € 5. (4.14)
TJI 11Xk

Xy

Calculations similar to those above yield a time discrete analogue of (4.9),
which we formulate as the following algorithm.

Algorithm 1. (Curve shortening flow)
(1) Let X = Xo(8;) ( =0,...,N).
(2) Compute X;.”‘H(j =0,...,N) from the tridiagonal systems

+1 m+1 m+1 m+1
1, xXrt - X Xt xmd
— (¢4 (X xmy - [ s J =0.
27_((13 +qj+1)( j J ) ( Q;'T-ZH q;n

(3) If minj—y . n41 q}nH > 0 then replace m by m + 1 and cOTO 2.

Thus, in each time-step a positive definite and symmetric linear system
has to be solved for each component of X;L”H. Each of these linear systems
is of tridiagonal form with two additional entries reflecting the periodicity
condition. The system decouples with respect to the dimension of the space
in which the curve moves. For practical purposes a redistribution of nodes
according to arc length on the curve is sometimes convenient.

Let us go back to the more precise notation X (0,t) = X ((cos0,sin6),t).
For later purposes it is convenient to look at (4.14) from a slightly different
angle. We introduce the polygon I'}* = )A(}Z”‘(I ) along with the space

S = {¢p, : T — R? | ¢y, is affine on each face of T'}'}. (4.15)

Thus, if ¢, € 57", then ¢, is the restriction of an affine function on R? on
each face of the polygon and therefore

en(0) = on(X;(0)), 0O€l,
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el
> O o .

Figure 4.1. Curve shortening flow applied to a star-shaped
curve. Time-steps 0, 100, 200, 300, 500, 700, 5000, 7000
(time-step size = 8.5586 x 107°), 480 nodes.

PIO6e
(OO OO

Figure 4.2. Curve shortening flow applied to a curve with a
self-intersection. A singularity (cusp) appears. The effect

is that the algorithm jumps across the singularity. See

Figure 4.3 for a magnified image. Time-steps 0, 1000, 2000,
2500, 3000, 5000, 6000, 7000 (time-step size = 8.5586 x 1077),
480 nodes.

/\AA

Figure 4.3. Close-up of Figure 4.2. Time-steps 3498 and 3499
and 3505. The parametric theory breaks down.
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belongs to Sj,. Recalling (2.14) we have
1 X ,
ho
~ Phe Q@ —= )
| Xk | XEo

Vrmop =

where (u ® v)i; = wv; (u,v € R?) and Vrmy, is given piecewise on each
face of T}, If we define X! € S7* by X" (p) = X"F1(9), p = XJ(6).
Observing that

g™ oo

- X
VFZLX}T+1 - Vrmén | Xipl = The FRY

= for all ¢y, € S”h
R

we can rewrite (4.14) as

1
;/ (Xiranrl—id)'th dA+ VI‘ZLX}T+1'VFZL¢)}L dA =0 forall ¢, € S}Tln
Iy Iy

(4.16)
Note that the dot between the matrices Vrm X,TH and Vpm gy, is the stand-
ard scalar product in R*. The key point about the formulation (4.16) is
that FZ”JFI is now parametrized with the help of the polygon I'}* from the
previous time-step, so that the reference manifold M is no longer needed.
We can interpret the second integral on the left-hand side of (4.16) as an
approximation to

/ VF(th)x ’ vF(th)ﬁbdA»
L(tm+1)

which equals — fr(tm+1) Hv - ¢dA by (2.17) and (2.10). Here, H is just the
usual curvature of the curve I'(¢,,+1), but of course it is now natural to also
use (4.16) for approximating surfaces evolving by mean curvature. We will
discuss this issue in the next section.

4.2. Mean curvature flow of surfaces

In this section we shall use a higher-dimensional version of (4.16) in order
to approximate parametric surfaces I'(¢) = X (M, t), which satisfy (4.1). To
begin, we need an analogue of the polygons used in the previous section.

/l/i\" NS 4&»
WALAAR
Figure 4.4. Polyhedral surfaces: successively refined grids
approximating a half sphere. Macro triangulation (left)
and triangulation levels 1, 5 and 7.
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L) .
XXGQ

Figure 4.5. First row: Parametric mean curvature flow of a
dumbbell-shaped surface. Development of a singularity.
Second row: Axially symmetric level set computation of the
same flow going beyond the topological change of the surface.

Definition 2. We call a set I' € R"*! a polyhedral surface if

r=Jr

TeT,

where the triangulation 7, consists of closed, nondegenerate, n-dimensional
simplices. The intersection of two adjacent simplices is an (n — k)-dimen-
sional subsimplex of these simplices (k € {1,...,n}).

Our aim is to construct polyhedral surfaces F%, . ,Fﬂ/f (without bound-
ary) in such a way that I'}" is an approximation to I'(Z,,). These surfaces
are obtained with the help of the following algorithm. We start the com-
putations with an initial polyhedral F?l which approximates the initial sur-
face I'g. In practice there are several ways to construct the initial discrete
surface. One way is to map triangulations of charts onto the continuous
surface and to glue them together. A much better way is to construct a
macro triangulation, that is, a coarse approximation 1:‘2 of T’y such that



COMPUTATION OF GEOMETRIC PDES AND MEAN CURVATURE FLOW 27

Figure 4.6. A thin two-dimensional torus shrinks under
parametric mean curvature flow to a circle.

Figure 4.7. A thick two-dimensional torus (cut open)
shrinks under parametric mean curvature flow to a sphere
developing a singularity.

[ C Ts (see (2.4), (2.5)) and then to refine this triangulation in R"*! and
project the new nodes = orthogonally onto the smooth surface according to
2’ =z —d(x)v(z) to obtain the new nodes 2’ of the next-finer triangulation
for T'9 (see Figure 4.4).

Algorithm 2. (Mean curvature flow of surfaces)

Let I‘?L be a polyhedral approximation of I'g.
For m =0,1,..., M — 1 define

St = {¢p, € COT) | épr is affine for each T C I'y'},

and find X;"™' € S with

1
—/ (X —id)oy, dA+/ vpth,T“ VrmgpdA =0 for all ¢, € Si"
oy Iy

(4.17)
Generate the new surface I'"™' = X"*!1(T'™), and if it is a polyhedral
surface then GOTO to the next m.
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This algorithm is based on a finite element method for partial differential
equations on surfaces, developed in Dziuk (1988). Let us have a look at the
implementation of the above algorithm. Fix m € {0,..., M —1} and denote
by ai,...,ay € R™! the nodes of the polyhedral surface I'7*. The functions
¢; : I'P' — R, i=1,..., N are uniquely defined by the requirements

(}%’ES}T, gbi(aj):&ij, i,jzl,...,N.

It is not difficult to verify that ¢1, ..., ¢ actually form a basis of S;"*. Now,
stiffness and mass matrix are defined by

Sz‘j:/ Vimgi - Vemg;dA, i,j=1,...,N

i

Mz‘j:/ b1 dA, =1l N
iy

Expanding (X;"*1)(p) = Zjvzl ozg-k)gbj (p) (where (X" is the kth com-
ponent of X,TH), we find that (4.17) is equivalent to the linear systems

Ma® +78a%) =p®) k=1 ... n+1. (4.18)
Here, k) = (oz(lk), . ,ag\lﬁ)) and b®) € RV is given by

é“:/ zpp;dA, j=1,...,N.
ry

Since the matrix M + 7.5 is symmetric and positive definite, the systems
(4.18) can be solved with a conjugate gradient method. The only difference
to a ‘Cartesian’ FEM is that the nodes have one more coordinate.

5. Mean curvature flow of graphs

We turn our attention to the mean curvature evolution of surfaces I'(t),
which can be written as graphs over some base domain 2 C R", that is,

I(t) = {(z,u(x,t)) | z € Q}.

In order to find the differential equation to be satisfied by the height function
u, we recall (2.13) and (2.21) to see that the mean curvature H and the

. . . . o (Vu7—1) .
velocity V' in the direction of v = e are given by
Vu Ut
H=V. |— |, V=-—. 5.1
<\/1+\Vu]2> V1+|Vul? 5-1)
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Thus, the evolution law V' = —H on I'(t) translates into the nonlinear
parabolic partial differential equation

Vu
Up — 1+VU2V'(7):0 in Q x (0,7, 5.2
VIR Y (i 01, (62

to which we add the following boundary and initial conditions

u=g¢g ondQx(0,7), (5.3)
u(-,0) =ug in £, (5.4)

where g : 90 — R and ug : © — R are given functions. The boundary
condition (5.3) implies that the boundaries of the surfaces I'(t) are kept
fixed during the evolution. It would also be possible to replace (5.3) by

ou
= 0 on 92 x(0,7), (5.5)

in which case the surfaces I'(¢) would meet the boundary of the cylinder
Q x R at a right angle.

5.1. Analytical results

The main difficulties for the mathematical analysis are due to the fact that
the operator

Vu
=i ()
V14 |Vul?
is not uniformly parabolic and not in divergence form. Only in one space
dimension the equation is in divergence form, since A(u) = (arctan uy),.

Theorem _5.1. Let Q be a bounded domain in R” with 9Q € C?t® and
Ug € CZ’O‘(Q).

(a) Suppose that g € C*%(Q) and that the compatibility conditions

V’u,o
up=g9 and /14 |Vug|?2 V- (*) =0 on N
‘ ‘ \/ 1+ |VUO|2
are satisfied. If 02 has nonnegative mean curvature, the initial-boun-
dary value problem (5.2), (5.3), (5.4) has a unique smooth solution
which converges to the solution of the minimal surface equation with
boundary data g as t — oc.

(b) Suppose that the compatibility condition %% =0 on 0N holds. Then
the initial-boundary value problem (5.2), (5.5), (5.4) has a unique
smooth solution which converges to a constant function as t — oc.

Proof. See Lieberman (1986) and also Huisken (1989) for (a); (b) is proved
in Huisken (1989). O
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The assumption that the boundary of the domain has nonnegative mean
curvature is a necessary condition. If it is dropped, the gradient of the
solution will become infinite on the boundary: see Oliker and Uraltseva
(1993). The main tool in the proof of the previous theorem is the derivation
of an evolution equation for the surface element. Our numerical algorithms
will be based on a variational formulation of (5.2), (5.3). To derive it, divide

(5.2) by

Q=1+ |Vul?, (5.6)
multiply by a test function ¢ € H}(Q2) and integrate. Integration by parts
implies

wo , [ Vu-o _ "
/QQJF/Q 0 0, ¢cHy(?), 0<t<T. (5.7)

It is straightforward to derive from (5.7) the decrease in area.

Lemma 5.2. Suppose that u is a smooth solution of (5.2). Then
—+ =1 Q=0. (5.8)

Proof. Since u(-,t) = g on 9Q x (0,T) we have w(-,t) = 0 on 99 for
0 <t < T. The relation (5.8) now follows by inserting ¢ = u(-,t) in (5.7)
and observing that Q; = %. ]

Recalling that V' = —% we may rewrite the relation (5.8) in the more
geometric form of Lemma 3.1.

5.2. Spatial discretization

Let 73 be an admissible nondegenerate triangulation of the domain 2 with
mesh size bounded by h, simplices S and Qj = |J ser, S the corresponding
discrete domain. We assume that vertices on 0, are contained in 0€2. The
space of finite elements of order s € N is chosen to be

X, = {vp, € C°(Q,) | vy, is a polynomial of order s on each S € 7;,}. (5.9)

The subspace containing functions with zero boundary values will be de-
noted by Xpg.

We assume that for s € N, p € [1, 00| there exists an interpolation operator
I, : HH1P(Q) — X, which satisfies I,v € Xpg for v € H¥TLP(Q) N H (),
as well as

v = Il Loanay) + PIV (0 = 100) | oonas) < c* ol gsiin@)  (5.10)

for all v € H¥1P(Q). For dimensions n < p(s + 1), we can, for instance,
choose the usual Lagrange interpolation operator; in higher dimensions a
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possible choice is the Clément operator. For what follows we choose piece-
wise linear finite elements: s = 1.

We now use (5.7) in order to define a semidiscrete approximation to the
solution of (5.2)—(5.4) as follows: find up(-,t) € X with up(-,t) — Ing € Xpo
and up(+,0) = upg = Ipup such that

Unt P, Vuy - Vo,
- _I_ -
a, @n o, Qn

and all ¢ € (0,7). Here, we have abbreviated Qn, = /14 [Vuy|?. The
following lemma establishes the global existence of the discrete solution.

=0, forall ¢, € Xy (5.11)

Lemma 5.3. The semidiscrete problem has a unique solution uy; which
exists globally in time.

Proof. We denote by a;,i =1,..., N the nodes of the triangulation 75 and
by x; the corresponding nodal basis functions. We assume that ai,...,an,
are the interior nodes, while an, 11, ..., an lie on 9Qp. We expand up(-.t) =
Z?Ql a;(t)xi + Zé\iNl‘f‘l g(a;)x; and the relation (5.11) then amounts to a
nonlinear system of ODEs for a« = (aq,...,an,). Existence of a unique
local solution follows from standard ODE theory, while the analogue of
(5.8) implies a uniform bound on u; and therefore on « since X, is finite-
dimensional. This allows us to continue the solution for all times. U

In order to prove error estimates for the semidiscrete problem we need
to make regularity assumptions on the solution of the continuous problem.
Let us suppose that u satisfies

T T
| Tty e [ el e < N (5.12)

for some N > 0 (see Deckelnick and Dziuk (1999) for sufficient conditions

which imply (5.12)). In the following we shall assume that we have a solution

of this kind until the time 7. We shall formulate our error estimates in

terms of geometric quantities, more specifically in terms of the normals
(Vu,—1) (Vup,—1)

V=g V= g and the normal velocities V = =%V}, = Qh

reflecting the form of the a priori estimate (5.8).

Theorem 5.4. Let u be a solution of the continuous problem (5.2)—(5.4),
which satisfies (5.12). Then

/ / (V = Vi)*Qp + sup / v — v, 2Qp < ch?.
19/81973 0,7) JQNQy,

The constant ¢ depends on N.
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Proof. Let us give the proof of this theorem for polygonal domains, 2 =
Q. The proof shows how important it is to work with the geometric quant-
ities. The difference of the discrete weak form (5.11) and the corresponding
continuous weak form of equation (5.2) reads

U unt Vu Vun\ g, _
/Q(Q Qh>¢h+/ﬂ<Q Qh) vér=19 (5:13)

for all discrete test functions ¢p € Xpg. As a test function we choose
On = Ipur — up = (Ut — Upt) — (Ut - Ihut)~

We observe that
(5 5w =) = (v = Vi)VQ - Vo) (5.14)
=V =Va)?Qn+ (V=Vu)V(Q — Q)
(V= ViPQu = IV = VlIVIQIG -~ -1

Y

1 1
> §(V —V)?Qp — 5\“t|2|7/ — v *Qn.
Here we have used the fact that
1 1
— — — | < |v—1yl 5.15
Q Qh‘ | | (5.15)

For the gradient term in (5.13) we exploit the fact that the last component
of the vector vQ) — v, Qy, is zero, and get

(@ _ %) (Vg — V) = (v — 1) - (Vg — Vupe,0)  (5.16)

QR Qn
= V=) (WQ = vaQn)e.
With the elementary relation

1
(v—up) v=—(V—un) vp= §|V—Vh|2,

the right-hand side in (5.16) can be estimated as follows:

(v —wp) - (vQ — v Qn):
=V —wn) (nQ — vQn +vQ — vhQnt)

= %’V — vh*(Qe + Qne) + (v = vn) - (v = vn)eQn + (v — 1) - 11(Q — Qi)
(v = PQu)e + gl — @+ (v =) - (@ ~ Q)

1
(I = val?Qn)e — |Qellv = val? = [l @ v — v *Qn,

>

N =N =
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where again we have used (5.15). With this estimate, (5.14) and (5.16) the
error relation (5.13) implies the bound

1
Q/Q(V Vh h+§a/|l/—uh‘@h
1
< 5l + 31V uleiey) [ o=@y
+/ \V—Vh||ut—lhut|—|—/ lv — vp| [V (ug — Tpug)l.
Q Q

We estimate the interpolation terms with the help of (5.10), that is,

/V—VhHUt—Ihutl—i-/\I/—uhHV(ut—Ihut)\
Q Q

<t (1 [ ) ()

C
< 5/(V—Vh)2Qh+5/ v — v Qn + < lluel F2 ) h?
Q Q 6

for every § > 0, since @y, > 1. After a suitable choice of § we arrive at

1 2 d 2
5 [ =Rt g [ v -mPa,
<e(l+ ||Ut||§{1,oo(g))/Q|V_Vh|2Qh+C||ut||§{2(Q)h2'

A Gronwall argument and the choice up(-,0) = Irup then finally proves the
theorem. (]

Remark 1. It is possible to show that in the two-dimensional case the
above error bounds imply that supg, (o7 @n < C uniformly in h. As a
consequence the error estimate can be written down with the help of the
usual norms, namely

T
| =l e+ o 70— ) ) < oA

)

5.3. Time discretization

Let us choose a time-step 7 > 0 and let t,, = m7,m =0,..., M, M < [%]
as well as v™ = v(-,m7) for m =0,..., M. Based on (5.11) we suggest the
following algorithm.

Algorithm 3. (Mean curvature flow of graphs) Let u) = I,ug. For
m=20,...,M — 1, compute um'H € X}, such that um'H Ing € Xpo and,
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for every ¢ € Xpo,

1 m+1¢h +/ Vum+1 Vo B l up p (5.17)
Qp Qh Qn

Q;Ln T Qp Q;Ln
with Q)" = /14 |Vu][2.
The above scheme is semi-implicit in time and has the property that in
each time-step a linear Laplace-type equation with stiffness matrix weighted

by Q' has to be solved. In order to analyse its stability we go back to the
basic energy norms introduced in (5.8).

Theorem 5.5. The solution u}*,0 < m < M of (5.17) satisfies, for every
me{l,...,M},

m—1
oY [ owvieake [ op< [ o (518)
k=0 7 Qpn Q
k (uF Tt —yk) . . .
where V" = —W is the discrete normal velocity.
h
Proof. We choose ¢, = uf ™ — uf as a test function in (5.17) for m = k
and get
1 k+1 k\2 v k+1 v k+1 k
_/ (uy, kuh) +/ up, (up ™ —up) _ (5.19)
Qh Qh Qh, Qh

k __ (Vuh, 1)

Let us use the notation vy = o The integrand in the second term

can be rewritten as

vuk—l—l V('LLZ—H UZ) (Qk—l—l) 1 Vuk’-l—l vuh Qk+1

QL QL IEH o
k+1
_ (@ ) L E2oktl _ okt
= | nl"@n — @
Q5
1 ( k+1 Qk)Q
— 2 k+1 Vh‘ Qk+1+Qk+1 Qﬁ_}_ h - h ]
Q
We insert this result into (5.19), sum over k = 0,...,m — 1 and obtain the
equation
k+1 _
v, QR lm k+1_ k|2 k+1
TZ \h’Qh‘i‘Z 22 vy [*@Q),
k=0

+ ] eQr=1 @
Qp Qp

which implies the stability estimate (5.18). U
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Let us emphasize that our scheme is unconditionally stable even though
the nonlinear expressions are treated explicitly. Other schemes, such as
fully explicit and fully implicit variants are discussed in Dziuk (1999q). It
is natural to follow the ideas of the semidiscrete case in order to analyse the
above algorithm. For the analysis of the fully discrete scheme we need the
following regularity assumptions:

tS(UP ([l ) r2.oe () + e (- )| oo ()
€

)

T
+ [l + lul?) ds <N, G20

This leads to the following result.

Theorem 5.6. Assume that there exists a solution of (5.2)—(5.4) on [0, T,
which satisfies (5.20) and let «J*, (m = 1,..., M = [£]) be the solution of
Algorithm 3. Then there exists a 75 > 0 such that, for all 0 < 7 < 79,

M-1
Ty (V™ —Vm)2Q™M < (1% 4 h?), (5.21)
—0 QNQy,
sup ™ — U 2PQT < o(t? + h). (5.22)
m=0,....M JQnQ,
Proof. This is a special case of the results obtained in Deckelnick and Dziuk
(2002a). [

For computational tests we refer to the anisotropic case; see Table 8.2.
Here we give some test results for the usual norms. Error estimates in
these norms for the two-dimensional case are contained in Deckelnick and
Dziuk (2000). For the tests we have solved the partial differential equation

Table 5.1. Absolute errors in L>((0,T); L?(£2)),
L2((0,T); HY(Q)) and experimental orders of
convergence (EOC) for the test problem.

h | By EOC | E, EOC
2.0 11932~ |09428 -
1.0 0.6649  0.84 | 0.9453  0.00

0.7368 | 0.2878 2.74 | 0.5873  1.56
0.4203 | 0.1067 177 1 0.2919 1.2
0.2219 | 0.04211 1.46 | 0.1375  1.18
0.1137 | 0.01775 1.29 | 0.06536 1.11
0.05754 | 0.007986 1.17 | 0.03168 1.06
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(5.2) with a given additional right-hand side. We have chosen u(z,t) =
sin (Jz|? —t) — sin (1 — ¢) and calculated a right-hand side from this func-
tion. The computational domain was Q = {z € R?||z| < 1} and we used the
boundary condition u = 0 on 9. The time interval was [0, 4] and as time-
step size we have chosen 7 = 0.125h. For two successive grids with grid sizes
hi and hy we computed the absolute errors E(h;), (j = 1,2) between dis-
crete solution and exact solution for certain norms. The experimental order
of convergence was then defined by EOC = log (E(h1)/E(h2))/log (hi/h2).
In Table 5.1 the errors in the norms Ey = supg<,,<ps |[u™ — up'|| with
Mt = T and Ey = supgc,<p |V(u™ — up')| are shown. The results
confirm the theoretical estimates. Note that the L>°((0,T), L?(f2))-error
behaves linearly in the grid size h because we have chosen the time-step
proportional to the spatial grid size.

6. Mean curvature flow of level sets

If we want to compute topological changes of free boundaries then it is
necessary to leave the parametric world, because this fixes the topological
type of the interface. One method to do this is to define the interface as the
level set of a scalar function:

I'(t) = {z e R"u(z,t) = 0}.

Let us assume for the moment that u € C*Y(R"*! x (0,T)) with Vu # 0
in a neighbourhood of e ) I'(¢) x {t}. Recalling (2.11) and (2.20), the
relation V = —H on I'(t) would hold if

ut_z TV Ui = (6.1)

4,j=1

in a neighbourhood of ;¢ I'(t) % {t}. This partial differential equation
is highly nonlinear, degenerate parabolic and not defined where the gradient
of u vanishes. Therefore, standard methods for parabolic equations fail, but
it is possible to develop an existence and uniqueness theory for (6.1) within
the framework of viscosity solutions. The corresponding notion involves a
pointwise relation and the analysis relies mainly on the maximum principle.
It is therefore not straightforward to use finite element methods, which
are typically L?-methods and normally do not allow a maximum principle.
This difficulty will be reflected in the numerical analysis. An example of
the evolution of level sets under mean curvature flow is shown in Figure 6.1
(Deckelnick and Dziuk 2001).

Crandall, Ishii and Lions (1992) give a concise introduction to the theory
of viscosity solutions, while Giga (2002) describes in detail the application
of level set techniques to a large class of geometric evolution equations.
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Figure 6.1. Evolution of level lines under mean
curvature flow.

Detailed descriptions of computational techniques for level set methods
along with a host of applications can be found in the monographs by Sethian
(1999) and Osher and Fedkiw (2003).

6.1. Analytical results

Starting from (6.1), we are interested in the following problem:

n+1
up — Z <5ij - fvl—ﬁ)umlm] =0 in R"™ x (0,00) (6.2)

ij=1
u(-,0) = up in R*L, (6.3)

An existence and uniqueness theory for (6.2), (6.3) can be carried out within
the framework of viscosity solutions.

Definition 3. A function u € C°(R""! x [0, 00)) is called a viscosity sub-
solution of (6.2) provided that for each ¢ € C°°(R"*2), if u — ¢ has a local
maximum at (xg,t) € R" x (0,00), then

b — > <6Z-j — %)qﬁw <0 at (20,t0), if Vo(xo,to) # 0,
i,j=1
’ (6.4)
n+1

¢t - Z (51] _plp])qslzxj S 0 at (x07t0) for some ‘p| S 17
t,j=1 if V¢($0, to) = 0.
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Figure 6.2. Evolution of a lemniscate under level set
mean curvature flow: the zero level.

A viscosity supersolution is defined analogously: maximum is replaced by
minimum and < by >. A viscosity solution of (6.2) is a function u €
CO(R™! x [0,00)) that is both a subsolution and a supersolution.

We shall assume that the initial function wug is smooth and satisfies
up(z) =1 for |z| > S (6.5)

for some S > 0. The following existence and uniqueness theorem is a special
case of results proved independently by Evans and Spruck (1991) and Chen,
Giga and Goto (1991).

Theorem 6.1. Assume ug : R""! — R satisfies (6.5). Then there exists
a unique viscosity solution of (6.2), (6.3), such that

u(z,t) =1 for |z|+t>R
for some R > 0 depending only on S.

The level set approach can now be described as follows: given a compact
hypersurface I'g, choose a continuous function 1y : R — R such that
Iy = {z € R |uyp(z) = 0}. If u : R* x [0,00) — R is the unique
viscosity solution of (6.2), (6.3), we then call

[(t) = {x e R"" | u(x,t) =0}, t>0
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Figure 6.3. Evolution of the oriented distance function
of a lemniscate: level lines.
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a generalized solution of the mean curvature flow problem. We remark that
Evans and Spruck (1991) and Chen, Giga and Goto (1991) also established
that the sets I'(t) = {x € R"*! | u(x,t) = 0}, > 0 are independent of
the particular choice of ug which has I'y as its zero level set, so that the
generalized evolution (I'(f)):>0 is well defined for a given I'g. As I'(¢) exists
for all times, it provides a notion of solution beyond singularities in the flow.
For this reason, the level set approach has also become very important in
the numerical approximation of mean curvature flow and related problems.
Note however that it is possible that the set I'(¢) may develop an interior for
t > 0, even if I'y had none, a phenomenon which is referred to as fattening.
The level set solution has been investigated further in several papers: in
particular we mention Evans and Spruck (1992a, 19925, 1995) and Soner
(1993).

6.2. Regularization

Evans and Spruck (1991) proved that the (smooth) solutions u¢ of

n+1
uf = > 5~-—M ul,, =0 in R" x (0,00) (6.6)
! Y4 | Vue2) T '
ij=1

u(-,0) = upg in R™*! (6.7)
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Figure 6.4. Evolution of the oriented distance
function of a lemniscate: graph.

converge locally uniformly as € — 0 to the unique viscosity solution of (6.2),
(6.3). For numerical purposes it is important to know the asymptotic error
between the viscosity solution and the solution of the regularized problem
quantitatively as € — 0. In Deckelnick (2000) there is a proof of the following
theorem together with several a priori estimates and their dependence on
the regularization parameter e.

Theorem 6.2. For every a € (0,%),0 < T < oo there is a constant
C = C(up, T, a) such that

sup |lu — uf[|peomnt1y < Ce®  for all € > 0.
0<t<T
If one wants to calculate approximations to the viscosity solution u of
(6.2), (6.3) then, according to Theorem 6.2, it is sufficient to solve the
regularized problem (6.6), (6.7), which we have to study for computational
purposes, on a bounded domain. For simplicity we choose = Bg(0) with
S>R= R(S), where R is the radius from Theorem 6.1, and consider

n+1

Uet — Z 0ii — e fea; Uez;z; =0 in Q x (0,00) (6.8)
ij=1 € + [Vue|? Y T
7= uc=1 on dQ x (0,00), (6.9)

Ue(+,0) =up in . (6.10)
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An application of the parabolic comparison theorem yields the following
corollary of Theorem 6.2.

Corollary 6.3. For every a € (0, %),0 < T < oo there is a constant
C = C(ug, T, «) such that

|u = el Lo (x (0,7)) < Ce™. (6.11)
We are now in position to look at the regularized level set mean curvature
flow problem as a problem for graphs. If we scale

U= “? (6.12)

then U is a solution of the mean curvature flow problem for graphs (see
(5.2)), that is,

U= VIF VIR Y ——Y —0 i Qx(0,T). (6.13)
V1+|VU?
This is a theoretical observation and implies that we can apply techniques
developed for the mean curvature flow of graphs to the mean curvature flow
of level sets. But for computations we shall not use (6.13) but the unscaled
version for ..

6.3. The approximation of viscosity solutions

Numerical schemes based on the level set approach were first introduced in
Osher and Sethian (1988); see also Sethian (1990). Chen, Giga, Hitaka and
Honma (1994) proposed a finite difference scheme for which they proved sta-
bility with respect to the L>-norm. Walkington (1996) used a finite element
approach on the dual mesh to construct a discretization that is stable both
with respect to L> and to Whl. Evans (1993) analysed a scheme based
on the solution of the usual heat equation, continually re-initialized after
short time-steps, and which was proposed in Merriman, Bence and Osher
(1994). Crandall and Lions (1996) constructed a finite difference scheme
that is both monotone and consistent, and obtained the first convergence
result for an approximation of (6.2), (6.3). An error analysis for this scheme
can be found in Deckelnick (2000).

Here we want to consider a different finite element scheme which exploits
the above-described formal similarity to the graph case. This will also allow
us to carry out some basic numerical analysis. In the following we use the
abbreviations

(Vv, —e) 5 vy
ve(v) = —————2, v) =+ +|Vv|2, V(v) = ———.
6( ) Qe(v) Q€( ) | | 6( ) QE(U)
Our results for the mean curvature flow of a graph can directly be trans-
formed into a convergence result for the regularized level set problem.
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Theorem 6.4. Let u. be the solution of (6.8), (6.10) and let ue, be the
solution of the semidiscrete problem uep (-, t) € Xp with ue(+,t) — 1 € Xpo,
ueh(-,()) = Uho = Ihuo and

Ucht h Vuen - Von _ 0 (6.14)

Qp Qe(ueh> * Qpn Qe(ueh)

for all t € (0,7) and all discrete test functions ¢, € Xpo. Then

T
/ / (Vi(te) — Veluuen))?Qeluen) < ceh?,
o Janq,

sup / ‘Vé(ue) - Ve(ueh)|2QE(ueh) < Ceh2~
0,7) Jana,

We omit the proof as it is based on the scaling argument (6.12). Un-
fortunately, the constants c. contain a term that depends exponentially on
%, which is due to an application of Gronwall’s lemma. Numerical tests,
however, suggest that the resulting bound overestimates the error.

In two space dimensions we can prove that the computed solutions wuep,

converge in L to the viscosity solution. The proof is contained in Deckel-
nick and Dziuk (2001).

Theorem 6.5. Let u be the viscosity solution of (6.2), (6.3) and let u,y,
be the solution of the problem (6.14) with Q C R? as in Corollary 6.3. Then
there exists a function h = h(e) — 0 as € — 0 such that

lim [lu = ueno)ll Lo @ 0,19) = 0-

Finally, the fully discrete numerical scheme for (regularized) isotropic
mean curvature flow of level sets is now a straightforward adaption of Al-
gorithm 3.

Algorithm 4. (Mean curvature flow of level sets) Let ugh = Thup.
For m=0,...,M — 1, compute u?;”fl € X}, such that u?}fl —1 € Xy and,
for every ¢n € Xpo,

1 [ ultley, / Vultt Ve, 1 u™ oy, (6.15)
Qp

™ Ja, Qc(ul}) Qc(uB) 7 Jo, Q)

For this scheme we have the following convergence result.

Theorem 6.6. Let u. be the solution of (6.8)-(6.10) and let w7}, (m =
1,..., M) be the solution from Algorithm 4. Then there exists a 75 > 0
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such that, for all 0 < 7 < 79,

M-1
Ty (Ve(u) = V) Qe(ufh) < ce(r? + h?), (6.16)
m=0 QNQy,
sup ve(u") — Ve(uyz)‘QQE(ug) < 05(72 + hz)v (6.17)
m=0,...,M JONQ,,
with M = [L]. Here V' = —(u}*" — u) /(7 Qc(ul})) is the regularized

discrete normal velocity.

This result implies the convergence of the fully discrete regularized solu-
tion to the viscosity solution.

Theorem 6.7. Let u be the viscosity solution from Theorem 6.1 and let
Q be the domain from Corollary 6.3 in R?. Let ue,, denote the time-
interpolated solution of the fully discrete scheme (6.15). Then there exist
functions h = h(e) — 0 and 7 = 7(¢) — 0 as € — 0 such that

lim [l — wen(eyroll o (@ x (0,77 = 0-

7. Phase field approach to mean curvature flow
7.1. Introduction

The phase field approach to interface evolution is based on physical models
for problems involving phase transitions. In this section €2 is a bounded
domain in R™*! and I['(¢) is a hypersurface moving through 2. In the case of
two phases one has the notion of an order parameter or phase field function
¢ : Q x (0,T) — R which indicates the phase of a material by associating
with the phases the minima of a C? double well bulk energy function W (-) :
R — R. For simplicity we suppose that W (r) = W(—r) and the minima of

W (-) are at £1. The canonical example is
1
Wi(r) = 2 _1)2 (7.1)

Consider the gradient energy functional

E(yp) = /Q<§|w|2 + @) dz, (7.2)

where € is a small parameter. Steepest descent or gradient flow for this
functional leads to the parabolic Allen—Cahn equation (Allen and Cahn
1979)

1
epr — eAp + ;W’((p) =0 inQx(0,7) (7.3)



44 K. DECKELNICK, G. Dz1iuk AND C. M. ELLIOTT

with Neumann boundary conditions. In order to understand the behaviour
of this evolution equation for an initial function ¢g :  — R, observe that
the flow of the ordinary differential equation ¢; = W,SP) drives positive
values of g to 1 and negative values to —1. On the other hand the Laplacian
term in the equation (7.3) has a smoothing effect which will diffuse large
gradients of the solution. Thus, on the basis of these heuristics, after a short
time the solution of (7.3) will develop a structure consisting of bulk regions
in which ¢ is smooth and takes the values £1, and separating these regions
there will be interfacial transition layers across which ¢ changes rapidly
from one bulk value to the other. These transition layers are due to the
interaction between the regularizing effect of the gradient energy term and
the flow associated with the bi-stable potential term W’. It turns out that
the motion of these interfacial transition layers approximate mean curvature
flow.

We can argue informally to support this in the following way. Let, for

€ (0,7), I'(t) be a smoothly evolving closed and compact hypersurface
satisfying V' = —H. Suppose that I'(¢) is the boundary of an open set
Q(t) € Q and denote by d(-,t) the signed distance function to I'(t). We
consider the semilinear parabolic operator

P(v) = evy — eAv + 1VV/(U).

A calculation yields for v(z,t) = ¢( (@ t) , where ¢ : R — R, that

e ) 0 )

1
€

Hence it is natural to define 1) = 1(z) to be the unique solution of
(

V(2)+ W (Y(z)) = z € R, (7.4)
P(z) — £1, z— +oo, ¥(0)=0, '(2)>0. (7.5)
If W is given by (7.1) we have that ¢ (z) = tanh(%) and therefore

P(v) = (dy — Ad)¢'<9>.

€

Recalling (2.12) and (2.20) we obtain dy — Ad = =V — H = 0 on I'(t), so
that the smoothness of d implies

|de — Ad| < C|d|
in a neighbourhood U of Jy,.7 I'(t) x {t}. Hence

|P(v)] < C’e%d/(%)] <Ce inU

and it follows that v = ¥ ( g) is close to being a solution of (7.3) with initial
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data ¢ = w(@). That (7.3) is gradient flow for (7.2) is easily shown by

testing the equation with ¢; and integrating by parts, leading to

dE(p)

2

d =0
6/{;‘()0“ z + dt )

which is the analogue of the energy equation in Lemma 3.1.
A more general isotropic phase field equation is

1
wwwﬂw—gwﬁﬁ+mm, (7.6)

where g is a forcing term. The constant cyy is a scaling constant dependent
on the precise definition of the double well potential W and is given by the
formula

1 /1
cw = — W(r)dr. 7.7
= V) (7.7
The equation of motion that this phase field model approximates is

V=H+g. (7.8)

We refer to Rubinstein, Sternberg and Keller (1989) and de Mottoni and
Schatzman (1995) for formal and rigorous interface asymptotics relating
the Allen—Cahn equation to mean curvature flow. Error bounds for the
Hausdorff distance between the zero level set of the phase field function and
the interface have been derived (Chen 1992, Bellettini and Paolini 1996). In
particular, a convergence rate of O(c?|loge|?) was established by Bellettini
and Paolini (1996). These bounds are proved using comparison theorems
for the phase field equation and this can be extended to prove convergence
to the viscosity solution of the level set equation in the case of nonsmooth
evolution and without the interface thickening (fattening) (Evans, Soner
and Souganidis 1992).

7.2. The double obstacle phase field model
We consider the phase field model

1
epr —eAp + EW’(@) = cwg. (7.9)
The potential W is taken to be of double obstacle form
1
qu:§u—r%+q4ﬂ@% (7.10)
where
+oo for |r| > 1,
Ii_ = 7.11
-1,1(7) {0 for [r| < 1, (7.11)

introduced in the gradient phase field models by Bellettini, Paolini and Verdi
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(1990), Blowey and Elliott (1991, 1993b), Chen and Elliott (1994), Paolini
and Verdi (1992).
Properly we should interpret W’ (r) in the following way:

(—00,1] ifr=—1,
W' (r)=1S —r if |r] < 1,
[—1,00) ifr=1.

For this potential, a calculation reveals that the profile of the phase variable
in the transition layer given by the solution of (7.4), (7.5) is

-1 ifr < -3,
P(r) = < sin(r) if |r] < 5
1 if r > g

Furthermore, cyy = 7. The double obstacle problem can be written in an
equivalent variational inequality formulation. Let I be the convex set

K={neH(Q):[n<1}.

Then the problem is to seek ¢ € L*(0,T;K) N H(0,T; L?(£2)) such that
©(+,0) = ¢ and

E/th(n—sO)Jre/QVsD-V(n—w)—%/950(77—90)Z%/Qg(n—so) (7.12)

for all n € K and for almost every t € (0,7). It is well known that this
problem has a unique solution.

Theorem 7.1. Suppose that the smooth hypersurfaces I'(t) C R"*! satisfy:
(i) T(t) = 9Q(t) for open sets Q(t) C R*1;
(ii) there exists 6 > 0 such that dist(I'(¢),09) > ¢ for t € [0,T7;
(iii) |dy — Ad| < Dyld| for |d| < 6,t € [0,T], where d(-,t) is the signed
distance function to I'(¢);
(iv) V.=—H on I'(t) for ¢t € [0,T].

Let ¢ be sufficiently small such that $me < §(1 + 2e*207)~1 and let ¢ = ¢,

be the unique solution of (7.12) with g = 0 and initial data ¢y = w(M).

Then, for all ¢ € [0, T], )
1
d(xz,t) > 5#5(1 + 26?000 = o (x, ) = 1,
1
d(z,t) < —§ﬂ€(1 + 2e?P0ty = (2, 1) = —1.

Proof.  See Chen and Elliott (1994). O
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A consequence of this theorem is that the diffuse interfacial region

{(@,) : [pe(w, 1) < 1}

is sharply defined with finite width bounded by c¢(t)me and that both the
zero level set of ¢.(+,t) and I'(¢) are in a narrow strip of width c(t)me. Here
c(t) = (1 + e*Pol); but in practice it is observed that this is pessimistic
and the growth of the interface width is not usually an issue. A more
refined analysis by Nochetto, Paolini and Verdi (1994) revealed in the case
of a smooth evolution of the forced mean curvature flow that the Hausdorft
distance between the zero level set of ¢. and the interface of the flow (7.8)
is of order O(e?). Furthermore, there is convergence to the unique viscosity
solution of the level set formulation (Nochetto and Verdi 1996a).

7.8. Discretization of the Allen—Cahn equation

We use the same notation for the discrete spaces as in Section 5.2. We will
identify any function ® € X, with the vector {q)j}év:l of its nodal values,
so that & = Zévzl ®;x;. By (-,-) we denote the L?() inner product.

For computational convenience we use a discrete inner product (-,-) on

CY(9)) defined by
067 = / In(xn) de for all x, 7€ COR), (7.13)
Q

where [, is the usual Lagrange interpolation operator for X;. Furthermore,
let 7 = T/M > 0 be the uniform time-step and t,,, = m7. For any {®™}M_
we set 0P™ = 771(@™m+L — ®™). The fully discrete approximation using

explicit (# = 0) and implicit (f = 1) time-stepping reads as follows.
Algorithm 5. (Allen—Cahn equation) Let ®° = I},p9. Form =0,...,
M —1, find @™t € X}, 1 <m < M — 1, such that, for all y € X},
1 c
(02" )+ (VO Vx) = (W@, x)n = =g, (7.14)

For initial data we choose the finite element interpolant of the transition

layer profile
(I)O — Ihw (do(x) )

€

where dy is the signed distance function to the initial interface.
The explicit scheme requires the usual time-step constraint for parabolic
equations,

T < CR?, (7.15)

where the constant C' depends on the mesh and the L norm of the initial
data through the magnitude of |IW”|. On the other hand the implicit scheme
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requires a time-step constraint in order for the nonlinear equations defining
d™+1 to have a unique solution. This constraint is

T < aé, (7.16)

where « is the minimum value of W”. See Elliott and Stuart (1993) and
Chen, Elliott, Gardiner and Zhao (1998).

The analysis of convergence to mean curvature flow requires considera-
tion of the three approximation parameters €, h, 7 tending to zero. Standard
a priori finite element error analysis for fixed € would lead to, for the differ-
ence between the finite element solution and the solution of the Allen—Cahn
equation, optimal order error bounds in terms of the mesh sizes 7, h but
with constants depending on the Gronwall-induced factor exp(ﬁ%). Feng
and Prohl (2003) have improved the finite element error analysis of the
Allen—Cahn equation using the special structure of the solution. Indeed,
they exploit spectral estimates of Chen (1994) which lead to error bounds
whose constants show just polynomial growth in % They specifically con-
sider the implicit scheme without numerical integration. As a consequence
they derive an error bound of order €2 between the zero level set of the
solution of the Allen—Cahn equation and the limiting surface.

7.4. Discretization of the double obstacle phase field model

We use the finite element setting of Section 7.3. Let K" = {x € X}, : |x| <
1}. The double obstacle version of Algorithm 5 is as follows.

Algorithm 6. (Double obstacle phase field) Let ®° = I},i0y. For m =
0,...,M —1, find ®"+" € K" such that, for all x € K",

(09™, x — &™), + (VO™ vy — ™) (7.17)
1
- ?((I)erG + GCng+97X - (I)m+1)h > 0.

For initial data we choose the finite element interpolant of the transition
layer profile. The explicit scheme is a discrete obstacle variational inequality
associated with the mass matrix. Without mass lumping the solution of this
nonlinear algebraic problem would require quadratic programming or linear
complementarity methods. However, with the mass lumping quadrature
rule the explicit scheme is as simple as the explicit scheme for a semilinear
parabolic equation. It can be simply written as

pmt1/2 — (<1+ %)I—TA)@m—G—chgm, (7.18)
€ €
(I)m+l — P®m+1/2. (719)
Here A = M 'K, where M and K are defined by
Mi; = (Xisxi)n,  Kij = (Vxi, VX5),
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for 1 < 4, j < N. Furthermore, P : RV — RY is the component-wise
projection onto [—1,1]" defined by

(PV); = max(—1,min(1, V})).

On the other hand, in linear algebraic form the implicit scheme leads to the
discrete variational inequality: find @™+ € RY such that |®;| < 1 and

((1=5)1+rA) @™t (@™ 1) = (0™ +ew g™+ ) (x=@"*) (7.20)

for all x € RN with |y;| < 1. Because A is symmetric this is equivalent to
minimizing a quadratic function subject to bound constraints and can easily
be solved by projected SOR (Elliott and Ockendon 1982). Such a system
can also be solved by nonlinear multigrid (Kornhuber and Krause 2003).

As for the continuous parabolic variational inequality, a discrete compar-
ison principle holds for these schemes if the triangulation is acute. This
provides the basis for a convergence analysis (Nochetto and Verdi 19960,
1997). For the implicit scheme without numerical integration an O(e) error
bound for the interface is obtained when 7 = O(h?) = O(e*). For the expli-
cit scheme without numerical integration in the potential term an O(€?) is
proved for 7 = O(h?) = O(e%).

7.5. Implementation

One expects there to be a relationship between € and h in order that the dis-
crete phase field model can approximate the sharp interface motion. Since
the convergence analysis in the continuous case relies heavily on under-
standing the profile of the phase field function across the transition layer,
one would expect that for any e the mesh size h should be sufficiently small
in order to resolve the interface. Indeed the existing convergence analysis de-
scribed above indicates that h should tend to zero faster than e. In practice
this implies that across the discrete interfacial layer in the normal direction
there should be a sufficient number of elements.

In the case of the double obstacle potential, at the mth time-step, the
finite elements may be divided into three sets:

J"(m) = {®; = —1 for each element vertex},
Jl(m) ={®; =1 for each element vertex},
2" (m) = T"\ (T2 (m) U T} (m)).

Clearly the approximation to the interface is the zero level set of ®™ which
lies inside the discrete interfacial region Z"(m). We view Z"(m) as a sharp
diffuse interface, as opposed to the interfacial region associated with the
smooth double well, which is not sharply defined. The computational
work in evolving the interface is then associated with the small number of
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Figure 7.1. Meshes.

elements in this region. As observed above, the time-step, 7, in the phase
field calculations is substantially smaller than the mesh size, h. Thus, in
a numerical simulation one would expect that, for finite normal velocity of
the interface, the sharp diffuse interface should only move by at most the
addition or subtraction of a single layer of elements. In the case of the
explicit scheme this can be made precise. For nodes in Jf'(m) (or J"(m))
whose nearest neighbours are also in J%(m) (or J"(m)), we find

+1/2 T
o7 =414 6—2(j:1 + eweg™ (aj))

which, provided |¢"(a;)| < ﬁ, implies that <I>;”+1 = +1. It follows that
the sharp diffuse interface can not move more than one element per time-
step. It also implies that it is only necessary to compute ®”+! on the closure
of the transition layer. This can be exploited in a number of ways.

The two-dimensional dynamic mesh algorithm (Nochetto, Paolini and
Verdi 1996) is based on the explicit scheme and carries a mesh only in
the sharp diffuse interface; it adds and removes triangles where necessary.

The mask method (Elliott and Gardiner 1996) keeps an underlying fixed
mesh and computes in the sharp diffuse interface only. It is possible to store
nodal values only in this region.

An amalgam of the above is an adaptive procedure which uses a fine
mesh within the diffuse interface and a coarse mesh outside. In Figure 7.1
a typical mesh is shown for a phase field calculation of anisotropic mean
curvature flow. The global mesh is shown together with a zoom. This
approach requires a fine mesh slightly larger than the diffuse interface. As
the interface region moves the mesh is refined and coarsened appropriately.
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Figure 7.2. Topological change.
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Figure 7.3. Diffuse interfaces with topological change.

Sharp diffuse interface front tracking

Using the double obstacle phase field method and only computing within a
sharp diffuse interface as described above can be viewed as a front tracking
method, which has the advantage of being able to handle topological change.
In Figure 7.2 the interfaces at various times are displayed for a forced mean
curvature flow starting from initial circles. Eventually the circles intersect.
Meshes associated with these computations are shown in Figure 7.3.

8. Anisotropic mean curvature flow
8.1. The concept of anisotropy

In free boundary problems such as phase transition problems it is often
necessary to treat interfaces which are driven by anisotropic curvature. This
is induced by modelling an anisotropic surface energy, which generalizes area
in the isotropic case to weighted area in the anisotropic case. Anisotropic
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surface energy has the form

E,() = /ny(y) dA, (8.1)

where I is a surface with normal v and - is a given anisotropy function. For
~(p) = |p| this energy is the area of I'. For our purposes it will be necessary
to restrict the admissible anisotropies to a certain class.

Definition 4. An anisotropy function v : R*t! — R is called admissible if
(1) v € C3R™ N\ {0}), 7(p) > 0 for p € R* 1\ {0};
(2) ~ is positively homogeneous of degree one, i.e.,
v(Ap) = [Aly(p) for all A # 0,p # 0; (82)
(3) there exists vy > 0 such that
D?y(p)q-q>lq* forallp,geR™™ |p|=1, p-q=0. (8.3)
It is not difficult to verify that (8.2) implies
Dy(p) -p = (p), D*y(p)p-q =0, (84)

DyOw) = 2Dy(p),  D*4(Ap) = D (p) (8.5)

>\
Al R
for all p € R**1\ {0}, ¢ € R"*! and X\ # 0. The convexity assumption (8.3)
will be crucial for analysis and numerical methods.

Anisotropy is normally visualized by using the Frank diagram F and the
Wulff shape W:

F={peR"! | y(p) <1},
W={geR"™ | y*(q) <1

2

Figure 8.1. Frank diagram (left) and Wulff shape (right)
for the regularized [!*-anisotropy (p) = Zj’zl \/€2Ip[% + 3.
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Here ~* is the dual of «, which is given by

v@)= sup 2 (8.6)
pernt1\ {0} V(P)
Let us consider some examples. Note that not all of them are admissible.
The choice y(p) = |p| is called the isotropic case; in particular we have
that F = W = {p € R*"!| |p| < 1} is the closed unit ball.
A typical choice for anisotropy is the discrete ["-norm for 1 < r < oo,

n+1 ;
¥(p) = lpllr = <Z kalr> , 1<r< oo, (8.7)
k=1

with the obvious modification for r = oc.
For a given positive definite (n + 1) x (n 4+ 1) matrix G, the anisotropy
function

v(p) =VGp-p (8.8)

models an anisotropy which is defined by a (constant) Riemannian metric.
In Figure 8.2 we show the Frank diagram and Wulff shape for the anisotropy

Y(p) = /(5.5 + 4.5 sign(p))p} + 3 + P} (8.9)

One anisotropy function often used in a physical context is

v = (1-4(1- ”p”?“)) Il (5.10)

[FallF

where A is a parameter. For A < 0.25 the Frank diagram is convex.
For more information on this subject, including anisotropies that may
depend on space, see Bellettini and Paolini (1996).

Figure 8.2. Frank diagram F (left) and Wulff shape W
(right) for the anisotropy (8.9).
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8.2. Anisotropic distance function

Let v be an admissible anisotropy function. We can associate with v a
nonsymmetric metric ¥ on R™*! by setting

Y(z,y) =7 (z—y), z,yeR" (8.11)

It is possible to prove that T is equivalent to the standard Euclidean metric.
Suppose next that ¢ R™*! is a bounded open set with smooth boundary
I'. Using T we now define an anisotropic signed distance function d, :
Rl - R by
infyer Y(z,y), a€R"\Q,
d’Y(x) = 07 T e Fa
—infyer Y(z,y), = €.
Lemma 8.1. There exists an open neighbourhood U of I" such that d, €
C?(U) and
1(Vd,) =1, (8.12)
D*d,D~(Vd,) = 0. (8.13)

8.8. Anisotropic mean curvature

Our goal is to generalize the notion of mean curvature to the anisotropic
setting. Suppose that v is an admissible anisotropy function and that I' C
R™*1 is an oriented hypersurface with normal v. We define the Cahn-
Hoffmann vector vy on I' by

vy(xz) = Dy(v(x)), ze€T, (8.14)
and the anisotropic mean curvature by
H,(z) =Vr-vy(z), zel. (8.15)

Note that H, = H in the isotropic case v(p) = |p|. The following lemma
shows that M, is a natural generalization of mean curvature as the first
variation of the area functional with respect to normal variations.

Lemma 8.2. Suppose that I' is compact. For ¢ € C3°(U) (U a neigh-
bourhood of T') define F.(z) = x + ed(z)v(z),x € U as well as T'. = F.(T).
Then,

d A

&E’Y(Fe)\ezo = /FHW)d :
Proof. Let d(-,¢) : R*™! — R denote the signed distance function to T..
Consider g : U x (—€p,€9) — R, defined by

g(.’L‘, 6) = ’Y(Vs(w)) - 7(Vd($7 6))7
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where V acts on the  variables only. Now (2.23), (2.20) and (2.6) imply

d
d \e 0 — _/ dA\e =0

0)dA — / Bd 0)H dA — / 8d( 0) dA.
36
It is not difficult to see that %(-, 0) = —¢(x),z € I', which also implies that
g od od

E(‘vo):’}/(y)'va_(‘ao): ( ) VFae( O)Z—VW‘VF(b.

€

Here we have used the definition of v, and the fact that V%(-, 0)-v=0on
I'. Thus,

d _ dg
B0 = [ Vroda+ [swisman+ [ 20
/ Vi ¢ dA + gg (-,0)pdA,

where the last identity follows from (2.16). Finally, observing that %(-, 0) =
Vp; (V)dz;a; (-, 0)ds; (-, 0) = 0, and recalling the definition of H., the claim
follows. U

Let us next calculate H, for various descriptions of I'.

Level set representation. Suppose that I' is given as in (2.1) and oriented
by v = \g—UUI' Since 7, is homogeneous of degree 0, we have (see also (2.2))

n+1 v n+1
H,=Vr- v, = ZQi <'Vp¢ <W>> = ZQi (%i(vu))
=1 =1

n+1 n+1 u u
T T;
- Z ’szpj V'LL uxlm] Z %%pz VU uxlxk |v,:;’ |VU|
).7 1 Zkl 1
Recalling (8.4) we therefore deduce
n+1
HV = Z 'sz'pj (VU)U%% (816)
ij=1
Graph representation. If T is locally given as the graph of the function
/ N : _ _(Vyv,—1)
' — v(d), 2 = (x1,...,2,) with normal v = N EaTTER formula (8.16)
applied to u(2/, xp41) = v(2') — xpy1 gives
n
Hy = Z Vpip; (Varv, _1)v$i$g" (8.17)

ij=1
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Let us next derive an analogue of (2.16) with H replaced by H.,. Observing
that D,y = D,v, and recalling that D,xz; = 6 — vivy, we obtain

Hyvp =Dy, (VPk(V))Vl =Dy (%k (V)Vl) = Ypi (V) D11

= Dy, (v (V)1) — Y1, (V) Dy

= Dy, (vp (W)11) — Dy (v(v))

= Dy (v, )1) — Dy (v(v) Ot — vierr)) — Y (v)viDyvy
= D, (v (")11) — Dy (v(v) Dyy) — v(v)Hu,

where summation over k is from 1 to n + 1. For a smooth test function
¢ = (¢1,...,¢n+1) we multiply the above relation by ¢;, sum over [ and
integrate over I'. Using (2.16) we infer

n+1 n+1
[mv-o==% [snemno+ Y [ nemine
k,l=1 k=1
n+1 n+1
Y / DinDitn =3 / V) Hui
k=1
and (8.4) yields
n+1 n+1
/ Hy é=-3 / e Db+ 3 / DDy (8.18)
k=1 k=1

This relation will be at the heart of the numerical methods in the parametric
case. For additional information on the subject of weighted mean curvature
including the crystalline case, see Taylor (1992).

8.4. Motion by anisotropic mean curvature with mobility

Having introduced the notion of anisotropic mean curvature we can now
formulate the following generalization of (3.1):

Bw)V =—-H,+g onI(t). (8.19)

Here, g : S™ — R is a given positive and smooth function of degree zero.
In applications where I'(¢) models a sharp phase-interface, the coefficient /3
measures the drag opposing interfacial motion and the function % is called
mobility. The function g represents the energy difference in the bulk phases.
A detailed derivation of (8.19) from the force balances and the second law of
thermodynamics can be found in Angenent and Gurtin (1989) and Gurtin
(1993). Taylor, Cahn and Handwerker (1992) give an overview of various
mathematical approaches to (8.19).
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In what follows we shall consider the simpler problem
Bw)V =—-Hy, onTI\(t), (8.20)

even though all our techniques can be generalized to (8.19). It can be shown
(see Bellettini and Paolini (1996)) that for the choice f(v) = ﬁ there is an

explicit solution of (8.20) consisting of shrinking boundaries of Wulff shapes;

the sets
L(t) = {p e R"™ | y*(p) = \/r(0)% - 2nt}
satisfy 7(V)V = —H, and are therefore a generalization of the shrinking

circles from the isotropic case. We also have the following analogue of
Lemma 3.1.

Lemma 8.3. Let I'(t) be a family of evolving hypersurfaces satisfying
(8.20) on I'(t), and assume that each I'(¢) is compact. Then

/ B(v VQdA—i-jt/()’y(V):O.

Proof. In the same way as in the proof of Lemma 8.2, we derive

H,V,
dt /I"(t /

and the claim follows from the evolution law (8.20). U

8.5. Anisotropic curve shortening flow

Let us consider a family T'(t) of closed curves in R? which move according to
(8.20). As in Section 4.1 we describe the evolution by means of a mapping
X:Rx[0,T) — R? which satisfies X (0,t) = X (0 + 2m,t) for t € [0,T), 6 €
R. The curves I'(t) = X (-, ¢) will move by (8.20) provided that

B(v) Xy = —H,v. (8.21)

Using the notation (a1, as)* = (—a2,a1) we may write v = 71, where

T = é—; is the unit tangent to the curve I'(t). Equation (8.21) amounts to a
system of partial differential equations for the vector function X. In order to
write down this system, let ¢ € Héer(I;RQ), I =[0,27], be a test function,

which we can think of as being defined on I'(¢) via ¢(X(0,t)) = ¢(0). It
follows from (8.18) that

Hoo-—3 / D+ S / V) Dy Dy

') k=1 k=1

_ Z / (Yo (V)1 — ¥()31) Dy,

k=1
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since Dyx; = 6k — vy, Using Vrgp = %T and recalling that v(p) =
D~(p) - p, we obtain after some calculations
2 1L
> (oo W) = ¥(¥)0ka) Dy = =Dy(v) - %

k=1

In conclusion we have
27

[ mepda=s [0y o s
r(t) 0
so that we obtain the following weak form of (8.21):

21 XJ_ 2
/ 5( >Xt ¢\X9|+ Dy(Xy )z df =0 forall p € HL\(I;R?).
0

| Xl
(8.22)
‘We shall base our numerical scheme on this formulation. The classical form
of (8.22) is

X7 0
555 )X+ g (01X ) =0 mIx D). (82

For the convenience of the reader we explicitly write down the two equations
of this system:

XJ_
ﬁ<|X |>X1t|X0| Ypaps (—X20, X10) X100 + Vpop: (—X20, X19) X209 = 0,

XJ_
ﬁ < |X |>X2t‘X0| 7p1p1 (_X207 X19)X290 + ’YIHPQ(_XQO; Xlg)Xlee =0.

It is easy to see that this system can be written as
Xy Xp\ 1 0/(X
(i) =) e () =
| Xo| [ Xol /) [ Xo| 00 \ | X0

a(p) = () p* - p-, peR*\ {0}

Note that (8.3) implies a(p) > o > 0 for all p € R%, [p| = 1. Analytical
results for this problem which generalize the theory for the isotropic case
(a = 1) have been obtained by Gage (1993). We shall continue to use
the form (8.22) because this equation only contains first derivatives of the
anisotropy function . Recall the definition of S} from Section 4.1. A
discrete solution of (8.22) will be a function X, : [0, 7] — Sj, such that

where

Xn(+,0) = Xpo = InXo = ZXO )05
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and for all discrete test functions ¢p € Sy

X 2

In the same way as in the isotropic case we can write

N
t) = X;(t)p;(0)
j=1

with X;(¢) € R?, and find that the discrete weak equation (8.24) is equival-
ent to the following system of 2N ordinary differential equations:

B]QJ j—1+ 3 (ﬂ]% + /6]+1QJ+1)X + BJ+1qj+lX]+l
+ Dy(Xj4 — X))t = Dy(X; — X521)" =0,
for j=1,...,N, where Xo(t) = Xn(t), Xn+1 = Xi(t), and
X, — X1

6= %=Xl =p(),

4qj
Furthermore, the initial values are given by

X;(0)=Xo(0y), j=1,...,N.

We again use mass lumping, which is equivalent to a quadrature formula.
Thus we replace this system by the lumped scheme

1 )

5 (B4 + Bi+19j+1)X; + Dy(Xj7, — X;)" = Dy(X; — Xj- )" =0 (8.25)
together with the initial conditions X;(0) = Xo(0;) for j = 1,...,N. We
are now ready to say what we mean by a discrete solution of anisotropic

curve shortening flow. The above system is equivalent to the one we use in
the following definition of discrete anisotropic curve shortening flow.

Definition 5. A solution of the discrete anisotropic curve shortening flow
for the initial curve T'ng = Xpo([0, 27]) is a polygon I'y(t) = X5 ([0, 27], 1),
which is parametrized by a piecewise linear mapping Xy (+,t) € Sp, t € [0,T],
such that Xj(-,0) = Xpo and for all ¢, € Sy

X 27
/0 5<‘Xh9)Xht ©n ’Xhe\d9+ Dy(Xpy) - g 40

X
+ —h2/ 5( ho )tht ©no | Xno| d6 = 0. (8.26)
6  Jo | Xnl
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g

@

\——-/

Figure 8.3. Anisotropic curve shortening flow with a
sixfold anisotropy function applied to a circle (left) and
to a square (right).

Here h is the constant grid size of the uniform grid in [0,27]. The last
term of (8.26) is introduced by mass lumping. One could also define the
discrete curve shortening flow without this quantity, but then the geometric
property of length shortening would not be true for the discrete problem.

Dziuk (1999b6) proved the following convergence result for § = 1. It
is easily extended to the case of general 3. We formulate the result for
the geometric quantities normal, length and normal velocity. The error
estimates in standard norms then follow easily.

Theorem 8.4. Suppose that § : S? — R is a smooth positive function.
Let X be a solution of the anisotropic curve shortening flow (8.23) on the
interval [0,7] with X(-,0) = Xp, min[ogﬂx[()ﬂ |Xg| > co > 0 and X; €
L?((0,T), H%(0,27)). Then there is an hg > 0 such that, for all 0 < h < ho,
there exists a unique solution Xj, of the discrete anisotropic curve shortening
flow (8.26) on [0,7] with X3 (-,0) = X9 = I, X0, and the error between
smooth and discrete solution can be estimated as follows:

21

27
sup [y = v 2| Xr1 40 + up [ (1]~ a0 < e,
0,T

0,1y Jo

—

T 2m
/ / |Xt—Xht|2|th|d¢9dt < Ch2.
0 0

The constants depend on co, T and || X[ z2((0,7),7#2(0,27))-
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Table 8.1. Convergence test for anisotropic curve shortening flow.

h By EOC;: E, EOCy Ej EOCs E4 EOC,

0.3927  0.4929 1.049 0.1236 1.042

0.1964 0.2544 0.954 0.5467 0.940 0.04703 1.39  0.5500 0.922
0.09818 0.1327 0.939 0.2762 0.985 0.02060 1.19  0.2787 0.981
0.04909 0.06698 0.986 0.1345 0.996 0.009875 1.06  0.1398  0.995
0.02454 0.03354 0.998 0.06928 0.999 0.004882 1.02  0.06996 0.999
0.01227 0.01680 0.998 0.03465 1.0 0.002434 1.0 0.03499 1.0

We tested the algorithm with an exact solution,
X(0,t) =1 —2t(cosg(0),sing(h)),

where we have chosen g(f) = 6 + 0.1 sinf. The anisotropy function is
v(p) = |p| — 0.25p;. We compute the errors

Ey = | Xt — Xnell 22(0,1),22(00))» Ey = |lv — vnllpeo(o,1),L2(r1))
Es = || Xo| = [Xnolll2(0,1),22(51)),  Ea = | Xo — XnallLoo ((0,1),22(51))

with T'y, = X3 ((0,27), ). For two successive grid sizes h; and hg with cor-
responding errors E(h1) and E(hs2), the experimental order of convergence
EOC = In(E(h1)/E(h2))/In(h1/h2) is calculated and shown in Table 8.1
from Dziuk (19995). The time-step 7 was chosen 7 = 0.5 h? for these compu-
tations. We emphasize that the algorithm for anisotropic curve shortening
flow does not use the second derivatives of the anisotropy function ~.

The system (8.25) can be formally written in complex tridiagonal form.
For details and a suitable time discretization we refer to Dziuk (1999b).
Let us finally mention that in Girao (1995) simple closed convex curves
evolving by (8.20) are computed by approximating the smooth anisotropy
by a crystalline one. Also, an error analysis for the resulting method
is given.

8.6. Anisotropic curvature flow of graphs

Let us next turn to the evolution of hypersurfaces which are given as graphs,
i.e., I'(t) = {(z,u(z,t)) | x € Q}. In order to translate (8.20) into an
evolution equation for u we recall that

n n P
H’Y = Z Vpipj (vu7 _1)uxixj = Z 8—5(5(71)1 (V’U,, —1))
i=1 "

ij=1
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l*ﬁurthermore3 since V =-3 w%th Q = \/1‘ + ]Vu|2‘we see that (8.20) leads
to the following nonlinear partial differential equation,

(Vu, — .
5< 5 )t—Qza (v, (Vu, —1)) =0 in Q x (0,7), (8.27)

to which we add the following initial and boundary conditions:

u=g ondNx(0,7),
u(-,0) =up in .

In the sequel we shall again assume that this problem has a solution u which
satisfies (5.12) and refer to Deckelnick and Dziuk (1999) for a corresponding
existence and uniqueness result.

Discretization in space and estimate of the error
As in the isotropic case we may use a variational approach even though
the differential equation is not in divergence form. Starting from (8.27) we

obtain, with the abbreviation v = Luéfl),

/ Bl ut%p + Z/ Vi (V 1)z, =0 (8.28)

for all p € H}(Q), t € (0,T) together with the above initial and boundary
conditions. We now consider a semidiscrete approximation of (8.28): find
up(+,t) € Xy, with up(-,t) — Ing € Xpo such that

B(Vn)un,ion
, Qn

for all ¢ € (0, 7], where we have set

Vup, —1
Qh:\/1+|Vuh]2, vp = ( h )
Qn
As an initial condition we use uy(+,0) = ug = Ipug. Our main result gives
an error bound for the important geometric quantities V' and v. The proof
is contained in Deckelnick and Dziuk (1999).

-1—2/ Vi (Vup, —=1)pp o, =0 for all ¢, € Xpo, (8.29)
— Jo,

Theorem 8.5. Suppose that (8.27) has a solution u that satisfies (5.12).
Then (8.29) has a unique solution wu, and

T
V —V,||? dt + sup |[(v—wp)(-,0)|? < Ch2.
/0 L R o (AR

Here, I'y,(t) = {(z,up(z,t)) |z € Q,NQ} and V', V}, are as in Theorem 5.4.
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Fully discrete scheme, stability and error estimate

Let us next consider discretization in time in order to get a practical method.
Compared to the isotropic case, our problem has become more complicated
because of the presence of two additional nonlinearities, namely the func-
tions 0 and . In order to keep the computational effort as small as possible
it would be desirable to have a method that only requires the solution of
a linear problem at each time-step. This can be achieved by treating the
nonlinearities in an explicit way and guaranteeing stability via the introduc-
tion of an additional stabilizing term. We start again from the variational
formulation (8.28) and choose a time-step 7 > 0. Using the notation from
Section 5.3 our scheme reads as follows.

Algorithm 7. (Anisotropic mean curvature flow of graphs) Given
up', find u?“ € X}, such that um+1 Ig € Xpo and

1 Bl (uptt — up) -
_ . L Pn + Z/Q VPi(V}T)SOhIi
=1 h

T Ja, QZ”
+ A M,’;) V(u™tt —up) -V, =0 (8.30)
Qp Qh

for all pp, € Xpo. Here we have set “2 = Tpup as well as

|
ap =ik, =T,
a;

The above scheme is semi-implicit and requires the solution of a linear
system in each time-step. We shall see that it is unconditionally stable
provided the parameter X is chosen appropriately.

Theorem 8.6. Let 7 = \/51_1 max {sup,_; [V(p)], supy,—1 |D>*v(p)|}-
Then we have for 0 < M < [%]
B( Vh o / < %/ Qm>
T + AT
Z , - Z NG
m+1 _ Vh

M—
(/\ inf v(p )
lp|=1 o
< [ 2uheh.
Qp

In particular, if A is chosen in such a way that Ainf},—; v(p) > 7, then we
have for I'}" = {(z, u}*(z)) | z € Q}

— Q4 /Q RERCA

T
E,(T7) < E,(T%) forall0<m < [—} (8.31)
T
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Thus we have proved stability for the semi-implicit scheme without any
restriction on the time-step size. An error analysis for the above scheme has
been carried out in Deckelnick and Dziuk (2002a). The precise result is as
follows.

Theorem 8.7. Suppose that Ainf},—; v(p

(p) >7 ( as in Theorem 8.6).
Then there exists 7y > 0 such that, for all 0 < 7 < 7

Z]-1
S [ wmoverare max [P < e+ 1),
0 QNQy, 0<m<[ 1 /9Ny,

We have run numerical tests for anisotropic mean curvature flow of graphs.
The Wulff shape shrinks homothetically during the evolution We have
chosen the very strong amsotropy ~v(p \/ 0. 01p1 + p2 + p3 The equa-
tion v*(z,u(z,t)) = v/1 — 4t defines a Solutlon of the differential equation
when the mobility is chosen as = 1/+. The exact solution is given by
u(z,t) = /1 —4t — 10027 — 23. The condition on the stabilizing para-
meter A (see Theorem 8.6) is satisfied for A = 81.0. We use 7 = 0.01% as
a uniform time-step size. The coupling between time-step size and spatial
grid size is done in order not to spoil the asymptotic orders of convergence.
For a discussion with respect to the choice of A and 7 we refer to Deckelnick
and Dziuk (2002a). Table 8.2 shows the grid size h, the errors

M
- (Z/ rvm—v,z“r?czhm> ,
m=0 Qn

1

2
Bw)= (e, [ - rpar)

o<m<M h

SIS

Table 8.2. Convergence test for anisotropic mean curvature flow of graphs.

h E(v) EOC E(V) EOC L*(H') EOC

7.0711e-2  9.7027e-2 - 2.3278e-2 - 1.3366e-1 -

3.5355e-2  2.3213e-2 2.06 6.0827e-3 1.94 4.4935e-2 1.57
2.6050e-2  2.4818e-2 —0.22 7.5203e-3 —0.70 4.5372e-2 —0.03
1.4861e-2 1.3868e-2 1.04 4.1117e-3 1.08 2.4163e-2 1.12
7.8462e-3  7.0232e-3 1.07  1.9806e-3 1.14  1.2256e-2 1.06
4.0210e-3  3.5368e-3 1.03 1.0176e-3 1.00 6.1725e-3 1.03
2.0342e-3  1.8103e-3 0.98  5.2675e-4 0.97  3.1225e-3 1.00
1.0229e-3  9.2938e-4 0.97  2.6988e-4 0.97  1.5799e-3 0.99
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Figure 8.4. Level lines for the time-steps 0, 250, 500,
750, 3000 for a regularized crystalline anisotropy.

Figure 8.5. Initial value and stationary solution for a
regularized crystalline anisotropy.

and the corresponding experimental orders of convergence (EOC) between
two successive grid sizes. We add a column with the L>((0,7), H'(2)) er-
ror. Obviously the results of the asymptotic error estimates of Theorem 8.7
are reproduced in our test computations. We add a long time computation
from Deckelnick and Dziuk (2002a). As an anisotropy function we used an
anisotropy which is a regularized form of v(p) = |p|;~ (see also Figure 8.1
for the dual situation). We have chosen a nonzero constant right-hand side
for the equation. In Figure 8.4 we show the level lines of the initial func-
tion, of four time-steps and of the stationary solution. The boundary values
were kept fixed during the evolution. We can see that the octahedral shape
develops during the evolution. In Figure 8.5 we show the initial graph and
the stationary graph. The domain was the unit disk. Figure 8.4 shows the
evolution of some levels of the graph.
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8.7. Anisotropic mean curvature flow of level sets

Here we briefly sketch how the level set approach can be adapted to the
anisotropic case. Let us look for solutions of (8.20) in the form

[(t) = {z € R""u(z,t) = 0}

where the scalar function u has to be determined. The relations (2.20) and
(8.16) lead to the following nonlinear partial differential equation

Vu n . .
ﬁ(Wu\) u = |Vl Z Voo (VU)g e, =0 in R 1 (0,00), (8.32)
j,k:l

which is degenerate parabolic since D?v(p)p = 0. We regularize the equation
by using an extension of the anisotropy to n + 2 space dimensions. Let us
assume that there is an admissible weight function 7 = J(p1, . . ., Pn+1, Pn+2)
such that

7(]917' .. apTLJrl’O) = 7(p17' .. aanrl)‘

In the following we denote this extension again by . Rather than treat-
ing (8.32) we introduce for a (small) positive parameter e the regularized
problem

Vu ot
ﬁ<—€>uet —Ve2 + [Vue|? Ypipe (Vite, —€)Ue g0, = 0.
€2 4 [Vue|? ngzzl o o

We consider this differential equation on € x (0,7), where Q C R"*! is
a bounded smooth domain and T° > 0 is some final time. Furthermore,
appropriate initial and boundary conditions need to be added, which can
be done similarly to the isotropic case. The numerical approximation of the
resulting problem follows the ideas of the graph case. The same applies to
the analysis of the schemes, where of course one has to bear in mind the
dependency on the regularization parameter e.

8.8. Anisotropic phase field

We turn now to the setting of Section 7. Anisotropic phase field models are
based on the following anisotropic interfacial energy functional

Bio) = [ (cATo)+ () ) (539

where A : R"*! — R is smooth, convex and positively homogeneous of
degree two which replaces the quadratic gradient energy used in the isotropic
case. In order to relate it to the anisotropic energy density used in this
section we set

Ap) = %v(pﬂ pe R (8.34)
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The double well bulk energy function W may be chosen as in the isotropic
situation. The L2-gradient flow of E, leads to the following quasilinear
parabolic equation:

epr — eV -DA(Vp) + 1I/V’(ap) =0 inQx(0,7). (8.35)
€

For small € and suitable initial data, (8.35) approximates the following an-
isotropic mean curvature flow:

—V =—H, onl(t). (8.36)

This can be motivated in a similar manner to the isotropic case. For con-
venience we suppose that W is a smooth double well. Set

P(v) = ev, — eV - DA(Vo) + %W’(v) (8.37)

o(w, 1) = w(m)

and

€

where 1) is the transition profile defined by (7.4) and (7.5) and d.(-,t) de-
notes the anisotropic signed distance function to the smoothly evolving in-
terface I'(¢) which satisfies (8.36) on I'(t). A calculation shows

d\ d dy
Ut:¢/(%>%¢v —¢< >V€ )
Vd, ®Vd, ,(d\ D%
D=y () T () 5

and using (8.4), (8.5) as well as Lemma 8.1, we obtain

Pw) =1/ <d )\V 7|<|W | <|Vd |> ni Vpin; (Vidy) v,:ci:cj)

R ORIE)!

Observing that

d vd n+1
vt Y

-7 Vi (Vd )d ST :—V—’Y(V)H =0 on F(t)
V| <|w> 2 s (V) "
and choosing 1 as in (7.4), (7.5) we see that v is close to being a solution
of P(v) = 0 in a neighbourhood of (Jy .., I'(t) x {t}.



68 K. DECKELNICK, G. Dz1iuk AND C. M. ELLIOTT

Kinetic anisotropy and a generalized double obstacle phase field model
As a generalization of (8.35) we consider the phase field model

1
eB(Ve)pr = eV - DA(V) + —W'(p) = cwp(0)g- (8.38)
Here, the potential W is taken to be of double obstacle form,
W(r) =Wo(r) + I-11(r), (8.39)

where Wy € C?[-1,1] and

+oo  for |r] > 1,
Ji —
-1(r) {0 for |r] < 1.

A possible example of Wy is
Wo(r) = atery [(? —1-6%)? - ¢ (8.40)

with £ € (0,00). For £ = 0, Wy takes the classical smooth double well
Ginzburg-Landau quadratic form %(7“2 —1)2, whereas for £ — oo we recover
the classical double obstacle potential

W(r) =31 —r*) + I_yy(r). (8.41)

The function p is nonnegative and even with a positive integral across the
transition region [—1, 1]. As above one can show that the zero level set of ¢
approximates an interface which evolves according to the anisotropic forced
mean curvature flow:
MV =-H,—g. (8.42)
(V)

Properly (7.9) should be written as the parabolic variational inequality
1
e/Qﬁ(Vso)sot(n —9)+ G/QDA(VsO) (V= Vo) + - /Q Wile)(n = )

> e /Q plP)gn— ) forallne K= {H'(Q): [l <1}, (8.43)

which is treated in the viscosity sense in Elliott and Schéatzle (1997) because
of the singularity in § at the origin.

Convergence

The phase field approximation of anisotropic interface motion can be estab-
lished as in the isotropic case for smooth potential W (McFadden, Wheeler,
Braun, Coriell and Sekerka 1993, Wheeler and McFadden 1996). Conver-
gence of the double obstacle model to the unique viscosity solution of the
anisotropic level set equation was proved in Elliott and Schétzle (1997)
even in the case of kinetic anisotropy. The error bounds for smoothly
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evolving flows are again O(€?) (Elliott and Schiitzle 1996, Elliott, Paolini
and Schétzle 1996).

Discretization of anisotropic phase field equation

The numerical approximation of (8.43) follows the approach used for the
isotropic Allen—Cahn equation (Section 7.3). We use the same notation for
the finite element spaces and time discretizations. In order to implement
the method it is necessary to use a regularization 3. of 3.

Fully explicit time-stepping
The fully discrete approximation of (8.43) using explicit time-stepping reads
as follows.

Algorithm 8. (Anisotropic double obstacle phase field) Let ®° =
Inpg. Form=0,...,M — 1, find ®™*! € K}, such that, for all x € Kp,,

€(Be(VO™)AD™, x — ™), + e(DA(VE™), Vyx — VO™ L) (8.44)
1
+ E(Wé(‘bm),x — "), — ey (p(@™) g™, x — "), > 0.

This scheme is as simple to implement as in the isotropic situation. Let
Mg, K™, M;", and Myy be defined by
(Mg")ij = (Be(VO™)xi Xj)ns  (K™)ij = (D*A(VE™) Vx4, Vx;),
(M) = cw (p(@™) g™, x)n,  (Mig); = (Wo(®™), Xj)n
for 1 < 4,5 < J,0 < m < M. Here we made use of the fact that
DA(V®™) = D2A(V®™)V®™, which follows from (8.4) and the fact that

DA is homogeneous of degree 1. The variational formulation (8.44) is then
equivalent to the following matrix formulation

MPI™? = (MF — 7K™ @™ + IMg™ — M (8.45)

and it remains to project ®™1/2 component-wise yielding @™+ =ppm+1/2,
The use of the mass lumping in (8.45), which diagonalizes M7, is crucial
to eliminate any iteration in solving (8.45).

Semi-implicit time-stepping scheme
A semi-implicit scheme is obtained by treating the gradient energy term
implicitly, yielding the following method.

Algorithm 9. Let ®° = I 9. For m = 0,...,M — 1, find & ¢ K,
such that, for all y € Ky,

€(B(VE™) D™, x — d™ ), + e(DA(VI™TY), Vy — VO™ ) (8.46)

1
(W@, x = &™) — cw (p(@7)g™ x — &™) > 0.
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The algebraic problem is now a convex optimization problem with obstacle
constraints.

These schemes are stable in the sense of satisfying energy norm bounds
analogous to those enjoyed by the solution of the PDE. The stability con-
straints are analogous to those holding in the isotropic case. However, owing
to the anisotropy in the discrete elliptic operator there is a lack of a com-
parison principle which has proved a barrier to proving convergence.

9. Fourth order flows
9.1. Surface diffusion

In this paragraph we study various ways to approximate surfaces which
evolve according to surface diffusion, that is,

V =ArH, onT(t). (9.1)

Here, H., denotes the anisotropic mean curvature of the surface I'(t) as it was
introduced in (8.15). This evolution has interesting geometrical properties:
if I'(¢) is a closed surface bounding a domain §2(¢), then the volume of (t)
is preserved and the weighted surface area of I'(¢) decreases. At present,
the existence and uniqueness theory for surface diffusion is limited to the
isotropic case y(q) = |q|,¢ € R For example, it is known that for
closed curves in the plane or closed surfaces in R3, balls are asymptotically
stable subject to small perturbations: see Elliott and Garcke (1997) and
Escher, Mayer and Simonett (1998). However, topological changes such as
pinch-off are possible (Giga and Ito 1998, Mayer and Simonett 2000) and a
one-dimensional graph may lose its graph property. An example of pinch-off
is shown in Figure 9.1. We start with the axially symmetric initial surface
given by

ro(x) =14 0.05(sin (5.52) + sin (5x)), « € (0,8). (9.2)
Pinch-off happens after a very long computation time. Note the different

scaling of the z- and the r-axis. This example was first computed in Cole-
man, Falk and Moakher (1995).

9.2. Surface diffusion for axially symmetric surfaces

In applications one is interested in the stability of so-called whiskers, which
are axially symmetric cylindrical bodies of small diameter with respect
to their length: see Nichols and Mullins (1965) and Coleman, Falk and
Moakher (1995). Let us consider an axially symmetric cylindrical body,
whose boundary

[(t) = {x € R® | x = (,7(x,t) cos ¢, 7(x,t)sin @),z € [0, L], ¢ € [0,27]}
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I t=0.0
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Figure 9.1. Evolution of the initial surface given by (9.2)
for t = 0.0, 10.0, 20.0, 28.0 and 28.2.

evolves by V' = AprH. We assume that the radius r is a smooth positive
function, which is periodic in z, so that r(0,t) = r(L,t). In these coordinates
the mean curvature of I'(¢) is

1 Trx 1 ( Tx )
H: — = — ,
ry/1+72 1+r§3 ry/1+ 12 V1+r2/,

while normal velocity and the surface Laplacian, respectively, are given by

(9.3)

1 H
Ve_Tt _ AH= ( Tz ) _
V1+r2 r/1+7r2\\/1+72/,
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It follows from these two equations that r satisfies the quasilinear fourth
order parabolic problem

re = 1(%) in I x (0,7, (9.4)
r(0,t) = r(L,t) in (0,77, (9.5)
H(0,t) = H(L,1t) in (0,7, (9.6)

r(-,0) =ro in I, (9.7)

where I = (0, L) and H is given by (9.3). The initial function r¢ is assumed
to be periodic and positive.

For discretization purposes it is convenient to split the fourth order prob-
lem into two coupled second order equations for the radial variable r and
the mean curvature H resulting in the following variational form:

/Trmder Halle dz =0 (9.8)
1

VI

Hede— [ Jidr2cde— [ Trebe gqp - ,
/Ir Cdx /I +r2¢dx Imd:c 0 (9.9)
for all n,¢ € Hy..(I) = {n € H'(I)|n(0) = n(L)}. We note that Coleman,
Falk and Moakher (1995) proposed a similar second order splitting and used
R =r? and H as the variables.

We employ (9.8), (9.9) in order to define a semidiscrete scheme using
linear finite elements to approximate r and H. Let 0 = z9 < 21 < -+ <
Ny = L, hj = x; —xj_1 and h = maxj<j<ny h;j. We shall make an inverse
assumption of the form h < ph; for all j = 1,...,N, where p > 0 is
independent of h. The spatial discretization is based on piecewise linear
finite elements,

Xn=A{¢n € C°U) | $njja;_r,0,) € P11 <5 < N,0n(0) = ¢n(L)}-
Our discrete problem now reads: find r,, Hy : [0,7] — X}, such that

H
/T’h’f’hjﬂ]h dz + / ThZhalihe gy = 0, (9.10)
! Iy J1+7h,
/ v HiyCh da: — / 1472 (yda— ThhaGhe g, _ (9.11)
1 I 7 I, /1472

for all np, ¢p € Xp, t € [0,T] and with 74,(0) = Iro, where I, denotes the
Lagrange interpolation operator. In Deckelnick, Dziuk and Elliott (2003a)
a convergence analysis for the above scheme is carried out. The principal
results are error bounds for position and mean curvature as described in the
following theorem.
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Theorem 9.1. Let us assume that (9.4)—(9.7) has a sufficiently smooth
positive solution on a maximal time interval [0, Tinax). Then the discrete
solution (rp, Hy) exists on [0,7] for all T < Tyax and there is an hy > 0
such that, for all 0 < h < hy,

T
s =l + [ 18~ Hulfy e < 0% 012

9.8. Surface diffusion for graphs

The anisotropic surface diffusion (1.8) of a graph I'(t) = {(z, u(x,t))| z € Q}
sitting above a domain € C R”™ leads to a highly nonlinear fourth order
geometric partial differential equation. For graphs the Laplace—Beltrami
operator applied to anisotropic mean curvature H., reads

ArH, = %v- (Q(I VUC?QVU)VHV), (9.13)

where we have again written @ = /1 + |Vu|?2. Recalling (8.17) as well as
V= _5’ we see that (1.8) for graphs is equivalent to the partial differential
equation

ug + V- (Q(I— % ® —) <Z Vpups (V um1>> =0. (9.14)

i,0=1

As in the previous section, it is convenient to split the fourth order problem
into two second order problems as follows:

wns. <Q(I_ % O R
Z ’ypzpj lexj (9.16)
t,j=1

The system is closed using Neumann boundary conditions and an initial
condition for u:

Q(I - % ® v;)vw Voo = 0, (9.17)
D“{(vua _1) ) (Vaﬂa 0) =0, (918)
u(-,0) = up. (9.19)

The first equation, (9.17), is the zero mass flux condition, whereas the second
equation, (9.18), is the natural variational boundary condition which defines
w as the variational derivative or chemical potential for the surface en-
ergy functional. Note that an initial condition on w is not required. The
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problem (9.15)—(9.18) can easily be rewritten in variational form, namely

/um—i—/ <I—@®%>Vu} Vn =0, (9.20)

/w Z/m 1), =0 (9.21)

for all n,7v € HY(Q),t € (0,7].

Replacing H'(Q) by the space X}, of piecewise linear finite elements we
immediately arrive at a natural way to discretize in space. A finite element
error analysis for the resulting semidiscrete scheme in the isotropic case was
carried out by Bénsch, Morin and Nochetto (2004) for graphs in arbitrary
space dimension. The time discretization follows the ideas of the discretiza-
tion techniques introduced in Algorithm 7 and Theorem 8.7, leading to the
following.

Algorithm 10. (Anisotropic surface diffusion of graphs) Lett >0
be the time-step size with M7 = T and assume that A > 0 is as in The-
orem 8.7. Let the initial value upg € Xp. For m = 1,..., M, compute
uhm+1 wZnH € X}, such that

1 Vu*  Vu
/(U;Ln+1 — u;Ln)T]h + / Q;Ln <I — I:s X ,L:rlzl >thm+1 . V?]h = 0,
T Ja Q Qh Qh

m (v m7_1) m m
/Qwhﬂl/’ _)‘/Q%V(Uhﬂ_uh)'vwh

h
-3 /Q (Ve — D)

—[ar(- G Zﬁ)w?*l )V =0

for all discrete test functions ny, 1, € Xjp. Here Q7 = /1 + [Vu}|%.

Note that in each time-step a linear system of equations has to be solved.
An error analysis for this scheme is carried out in Deckelnick, Dziuk and
Elliott (2003b).

Theorem 9.2. Let u be a sufficiently smooth solution of anisotropic sur-
face diffusion (9.14), (9.17)-(9.19) on the domain © x (0,7") and set w =
—H,. Let X} be the space of continuous piecewise linear finite elements.
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Figure 9.2. Anisotropic surface diffusion with a very strong
anisotropy. Level lines are shown for the time-steps 0, 10,200
and a view from a position vertically above the graph for

time-step 300.

Then for the discrete solution uj*, wi* (m = 1,...

estimates

T [u™ — uj ”L2(Q +7 Z f[w™

|V (u _Uh |V (w
max / -I- Z/

, M) we have the error

—wi'l|72(q) < o7+ h?),

" —wpt)|?

o < c(r? 4 h?).
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m

Here u™ = u(-,m7), w™ = w(-,mr).

The proof uses ideas that were developed for the motion of graphs by
anisotropic mean curvature. There is neither a restriction on the space di-
mension nor a coupling of time-step size and grid size. In two dimensions in-
verse estimates yield L*°((0,T), H'(Q))-convergence for u and convergence
in L2((0,T), H(Q2)) for w.

In Figure 9.2 we show computational results for anisotropic surface diffu-
sion of a graph. The anisotropy is chosen to be a regularized ! norm (see
Figure 8.1),

v(p) =Y \/p? +2[pf? (9.22)
j=1

with € = 1073, Thus the Frank diagram is a smoothed octahedron and the
Waulff shape is a smoothed cube. The initial data were taken to depend on
three random numbers 71,792,173 € (0,1),

up(x) = 0.25 (sin (27r121) + 0.25sin (37raxa)) X
(0.1sin (27rgxy) + sin (5brryze)) sin (2wrax 1 22). (9.23)

We used Neumann boundary conditions and the right-hand side (for the
curvature equation) f = 1 — 23 — x3. The level lines for some time-steps
are shown in Figure 9.2. The Wulff shape (a smooth cube) appears in the
solution as a consequence of the right-hand side f. For more computational

results we refer to Deckelnick, Dziuk and Elliott (2003b).

9.4. Phase field model for surface diffusion

Just as the phase field model for mean curvature flow is gradient flow for the
gradient energy functional and leads to a second order parabolic equation,
a phase field model for surface diffusion may also be based on the same
energy functional and a suitable approximation of the Laplace—Beltrami
operator leading to a nonlinear degenerate fourth order parabolic equation.
The appropriate setting is in the context of the Cahn—Hilliard equation for
phase separation in binary alloys. The phase function ¢ may be viewed as
the difference in mass fractions of the two species so that the values ¢ = £1
are associated with the pure materials. Stable phases of the alloy are then
associated with the minima of a double well bulk energy W, which in the
regular solution form is

W(g) = 2101+ @)l +¢] + (1 — @) nll — ] + 51— ).

This homogeneous free energy function is non-convex with a double well,
for |0 < 1, and W’(y) is said to be the homogeneous chemical potential.
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The Cahn—Hilliard gradient energy functional is then

Bo) = [ [5IVel+ 2w, (9.24)

The functional derivative of this energy is used to define the chemical po-
tential

W/
w=—eAp+ ﬂ (9.25)
€
Mass conservation is

where J is the mass flux and typically for diffusion
J = —-M(p)Vw (9.27)

with the degenerate mobility {M}(¢) = 1—p?. The upshot is a fourth order
Cahn—Hilliard equation with degenerate mobility. Interface asymptotics
(Cahn, Elliott and Novick-Cohen 1996) show that, as 6(e) and e tend to
zero, the zero level set of ¢ approximates a surface evolving by surface
diffusion. Computational results in a setting which includes a forcing due
to an electric field may be found in Barrett, Niirnberg and Styles (2004).

9.5. Willmore flow

Our starting point is the Willmore functional
1
E(X) = 5/fﬁ dA, T =X(M), (9.28)
r

where M is an n-dimensional reference manifold and X : M — Rl is a
smooth immersion. Considering variations X¢(p) = X (p) + €p(p),p € M,
where ¢ : M — R™! is smooth and vanishes near M, one obtains the
formula

d

(E'(X),0) = 7 B(Xe)je=o (9.29)

1
= / ArX - (AF¢ + 2vVrv - VF¢) + 5 / H2VFX . VF¢
r r
1
= / VF(HI/) -Vro — 2/ HVrv -V + B / HQVFX -Vro,
r r r
where we have used (2.10). Note that VprX - Vr¢ = 2?2;1 D, XD,y

Willmore flow then arises as the L2-gradient flow of the Willmore functional,
that is,

/FXt cpdA = —(E'(X), 9). (9.30)
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Figure 9.3. Surface relaxing under Willmore flow, cut open
at x9 = 0.

Using integration by parts one obtains the nonlinear evolution equation of
fourth order, that is,

1
X, = Ar(Hv) —2Vr - (HVrv) + HVrH — §H3y. (9.31)
If we take the scalar product of the above expression with v and observe
that Arv - v = —|Vrv|?, we obtain the evolution law
1
V = ArH + H|Vrv> - 5H3 on T'(t). (9.32)
Note that from Section 2.3 we have
n+1
Vrv|? = Z (ijk)Z = K]+ + K2
jk=1

For two-dimensional surfaces I' we then have
\Vrv|? = k] + k3 = (k1 + k2)? — 2K1Kg = H? — 2K
with Gauss curvature K. This leads to the evolution law

1
V = ArH + 5H3 —2KH. (9.33)

Compared with the surface diffusion problem (1.7) additional dimension-
dependent nonlinearities appear. Up to now analytical results for the above
evolution law have been primarily obtained for the case of closed surfaces.
In Simonett (2001) it is shown that a unique local solution of (9.32) satis-
fying I'(0) = I'y exists provided that I'g is a compact closed immersed and
orientable C?“-surface in R®. The solution exists globally in time if I'g is
sufficiently close to a sphere in C?®. Using different methods, Kuwert and
Schétzle (2004a) obtain global existence of solutions provided that fl“o |A°|?
is sufficiently small, where A° denotes the trace-free part of the second
fundamental form. They were subsequently able to remove the smallness
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assumption and to prove the existence of a global smooth solution provided
that E(Xo) < 167, where I'g = Xo(S?) (see Kuwert and Schiitzle (2004b)
and note that our definition differs from theirs by a factor of 2). There is
numerical evidence (Mayer and Simonett 2002) that the above condition is
optimal in the sense that the flow develops a singularity if the initial surface
has energy greater that 16m. A major problem in the numerical solution
of this problem is the treatment of Gauss curvature, which is a nonlinear
expression of the principal curvatures and — contrary to mean curvature —
is not easily accessible to variational methods.

The elastic flow of curves

Let us start with the one-dimensional parametric problem. The Bernoulli
model of an elastic rod (Truesdell 1983) described by a closed curve X :
St — R? uses the curvature integral (9.28) as elastic energy. Since this
energy can be minimized by scaling, one usually adds length multiplied by
a parameter A > 0 resulting in the functional

1
E,\(X):§/H2ds+)\/lds.
I I

Let us introduce Y = Hv, where H is just the usual curvature of a curve.
We then obtain from (9.29) and the Frenet formula Vrv = HT ® 7 (with
the unit tangent 7)

(BA(X), ¢ /VFY Vp<bds—2/HVpV Vo
+—/H2VFX-VF¢+)\/Y-¢
2 Jr r
:/VFY-VFQS—§/H2VFX-VF¢—|—>\/Y-¢.
N 2 I I

Thus one may expect the gradient flow for Fy to be given by the equation

X; = ArY — gvp - (H?VrX) — AY. (9.34)

Long time existence for this problem has been proved by Polden (1996).
Just as in Section 4.1 we think of X as a mapping from R x [0, 7)) into R2.
We then have the following system to be satisfied by X and Y:

1 Y9> 3 1( 2X9>
Xy — — | — + —— + Y =0, 9.35
t |Xe\<Xe| 2o\ TRy (9.35)
1 Xg)
+—(=2) =o (9.36)
|Xe|<|Xe| )

in [0, 27] x (0, T"). In addition, X has to satisfy the initial condition X (-,0) =
Xop in I = [0,27] and the periodicity condition X (6,t) = X (0 + 2x,t) for
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Figure 9.4. Time series of the two-dimensional
length-preserving elastic flow (graphically scaled).
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0<t<T, 6ecR. Asin the derivation of (4.6) we obtain a variational
formulation of (9.35), (9.36),

Yo-p9 3 2 Xo - g
X, - || + 5 [ 3 [V plxg =0,
/I 1 | Xl 2y | X I
Xo-o

Y | Xy| — —0
/f Xol =, T,

for all test functions ¢, ¢ € H} ([0, 27];R?). We use this weak form of our
problem for a finite element discretization in space, which in one space di-
mension leads to a suitable difference scheme. The derivation of this scheme
follows the derivation of (4.9), additionally using mass lumping in both equa-
tions. Let us denote by ¢1,...,¢n the basis of the finite element space Sy,
introduced in Section 4.1. Then, expanding X (0,t) = Zjvzl X;(t)o;(8),

Yi(0,t) = 3210 Y;(£)¢;(0) with vectors X;(t), Y;(t) € R?, yields the follow-

ing system of 2N ordinary differential equations:

1 . Y. -Y, 4 Y.i1-Y;
5(% + 4+1) (X +AY)) + =—— - S (9-37)
q; qj+1
X._X,_l X I_XA
q; qj+1

1 X=X Xj— X
S(qi+ i)Y — 22 i1y A
545 + ¢j+1)Y; p’ —
(j = 1,...,N), where Xg = Xn, Xny1+1 = X1, Y9 = YN, YNyi1 = Y7, and the
initial values are given by X;(0) = Xo(6;)(j =1,...,N). Furthermore,

=0 (9.38)

1
g =1X;—Xjal,  pj= 5(!ijl|2 +Y1- Y+ (Y5)%). (9.39)

A more detailed description can be found in Dziuk, Kuwert and Schéatzle
(2002). The paper actually treats curves in arbitrary codimension both
showing long time existence of solutions as well as numerical examples. We
include here a computation which shows the unravelling of a planar knotted
curve under the length-preserving elastic flow in Figure 9.4.

Parametric Willmore flow of surfaces

The equation for Willmore flow of two-dimensional surfaces in R? is much
more difficult to treat. This is because Gauss curvature appears in the
equation (9.33) for Willmore flow. Mean curvature H is given as a diver-
gence expression (see (2.9)), so that in the discretization of parametric mean
curvature flow, for example, we were able to formulate the mean curvature
vector in a weak form, which then lead to a finite element scheme for para-
metric mean curvature flow. We were able to define the mean curvature
vector of a polyhedron as a continuous and piecewise linear vector-valued
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Figure 9.5. Half of a sphere eversion: the unravelling of a
perturbed Willmore sphere under parametric Willmore
flow (scaled graphically). Time-steps 0, 5600, 6000, 6400,
6800, 7000, 7200, 7400, 7600 and 8000.
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function. Rusu (2001) employed a trick to remove Gauss curvature from
the equations. Let us briefly describe the underlying idea, which we think is
very important for applications of Willmore flow. For simplicity we look at
closed surfaces. Going back to (9.29) and introducing the mean curvature
vector Y = Hv as a new variable, we have

(E'(X), ¢ / VrY - Vre¢ — 2/ Y v Vrv- Vg + = / [Y|?VrX - Vro.
Integration by parts gives
/FY v Vrv-Vro = /F(VFY -Vr¢ — (vVrY) - (vVre)).
If we insert this identity into the above expression for E'(X) we obtain
0000 = [ B)Vey - Vro+ ;[ IYPVRX 1o

with the reflection matrix Ry (v) = 0 — 2vy;. Starting from (9.30) we
can now write down a variational formulation for parametric Willmore flow
which uses position X and mean curvature vector Y as variables: find X :
M x [0,T) — R3 such that

/Xt ¢ dA — / V)VrY - Vig dA + = /!Y| VrX - Vr¢ dA =0,

/Y.w dA—/va-vmp dA =0
T T

for all test functions ¢, € H'(T')3. Here, I' = ['(t) = X(M,t). Further-
more we require the initial condition X (-,0) = Xo. We observe that all
quantities are well defined for a polyhedral surface I' so that it is possible
to use this formulation in order to approximate solutions by linear finite
elements (see Rusu (2001) for more details and Clarenz, Diewald, Dziuk,
Rumpf and Rusu (2004) for applications to problems in image restoration).

9.6. Willmore flow of graphs

If the two-dimensional surface I' = {(z,u(z,t))|z € Q} is a graph above
some domain © C R?, then we can directly derive a fourth order parabolic
partial differential equation for u. We write the equation (9.33) for a graph.
In order to write down this equation we note that the quantities V, H, K
and ArH appearing in (9.33) are expressed in terms of v as in (5.1) and

det D3y

K = (9.40)

AvH = 1v. (Q(I— @@o@)wf). (9.41)
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We can rewrite the last equation as

s (- P san) e (3(1-=25%))
(9.42)

With the expression (5.1) for H we conclude
1 1 A
—(I VU®VU)VQ: §< Q——“W) T (9.43)

Q Q? Q Q'
and a calculation shows that
V- <Q <VQ - %w)) — 9K. (9.44)

Inserting (9.43) and (9.44) into (9.42), we obtain

ArH = V- (1( Vu® VU)V(QH)) +2HK — HY- (H@)

Q Q? Q
_ L/ VueVu 1_ (H? 1 4

Comparing this expression with (9.33), we obtain a fourth order parabolic
partial differential equation for w,

uﬁ—QV-(%( V“S;V“)wQH))——Qv (Ig >_0 in Q% (0, 7).
(9.45)

As before we can split the fourth order problem into two second order equa-
tions. The above equation suggests using the height u and

w=—-QH

as variables which is different from the case of surface diffusion. Note that
Gauss curvature no longer appears. The above ideas were introduced by
Droske and Rumpf (2004) for a level set approach to Willmore flow.

The finite element approach is now based on dividing (9.45) by @, mul-
tiplying by a test function ¢ € H}(€2) and integrating by parts. This leads to

/““0 / ( V“®v“>v Vet - /Q3Vu Ve =0, (9.46)
Vu-V(
/95_ [ 5 =0, o

for all , ¢ € H}(Q). As boundary conditions we choose

u=ug on N x[0,T]U x {0}, (9.48)
w=0 ondQx[0,T] (9.49)
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with a given function ug, which is independent of time. For the error estim-
ates we need the following regularity of the continuous solution:

8k
S € L0, 1) B (@) 0 L2((0.1): HPH(@), k=0,1,2
(9.50)

Thus we need high compatibility of initial and boundary data. The spatially
discrete problem now reads as follows. Find (up(t), wi(t)), 0 <t < T, such
that up(t) — Inug € Xpo, wi(t) € Xpo, up(0) = upp € Xpo and

unyoh / 1 ( Vuy, ® Vuh>
+ | —(I—————— |Vwy -V
o Q@n o Qn Qs 7
1 2
+_/ w—g‘Vuh -V, =0 for all ¢ € zpg,
2 QQh
wnbh [ NVUun-NGh o o all ¢ € 2o
o @n o @

The discrete initial value up(+,0) = upg € X, is chosen as the ‘minimal
surface projection’

/ Vuno -V _ Vug - V(p,
Q 1+ [Vupg|? 0 v/ 1+ [Vuol?

of the continuous initial value ug.

for all {, € Xy, (9.51)

Theorem 9.3. Let us assume that (9.45), (9.48) has a unique solution u
on the interval [0, 7], which satisfies (9.50). Also suppose that ugy, is defined
as the projection (9.51) of ug. Then

sup |[(u —un)(®)]| + sup ||(w —wy)(8)]| < ch?|loghl?, (9.52)
0<t<T 0<t<T
sup ||V(u — up)(t)]| < ch, (9.53)
0<t<T
T
/ lur — une||* dt < ch?|log h|*, (9.54)
0
T
/ IV (w — wp)|2 dt < ch2. (9.55)
0
Appendix

Proof of Lemma 2.1. We prove (2.23), leaving (2.22) to the reader. Fix
to € (0,T). For x € I'(tp) let Uz, 0, > 0 and u be as in (2.19). By the
implicit function theorem there exists an open set Uy, C Uz, 0 < by < 0y
such that U, x (to — 0z, to+05) C @ and ﬁxﬁ ['(t) can be written as a graph
over some open set 2, C R” for |t — to| < 6. Since I'(tg) C Uxep(to)ﬁgg and
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['(ty) is compact, there exist aq, . ..,ay with I'(tg) C Uj»V:lUj, Uj = Uaj. Let
Q; = Uj X (to — Sj,to —|—5j) and let n; € C§°(Q;), 1 < j < N, be a partition
of unity which satisfies Zjvz1 nj(z,t) = 1 for (x,t) in a neighbourhood of
['(to) x {to}. For t close to ty we then have

% /F (t) (z,t)dA = Z " / nm )g(z,t) dA. (9.56)
Let us fix j € {1,...,N}; by construction there exists Q& C R™ and v €
C21(Q x (to — 05, to + 5 ;)) such that w.lo.g.
U;NT(t) = {(«/,v(2/,1)) | 2’ = (x1,...,2,) € Q}.
Abbreviating h = 7n;g, we have

/ h(x,t)dA = / h(z',v(2',t),t)\/1 + |Vpov|? da’
U;NI(t) Q

so that we obtain, for ¢ close to tg,
d b Vv - Vg
dt Jaore) 1+ |Varof?

Vv
= hy +h)\V 1+ |V 2—/hvxw<x >
/Q( sttt B VI Vool = Tt vaop)

hdA = / (Raprve + he) V14 Vo2 +
Q

Vv

Veh+hg, Vpv)  ————=v
/Q( o ) V14| Vgul? '
where we have used integration by parts observing that supp h(-,t) C .

. V. rv,—1 Vv
Recalling that v = &#TU)\Q and H =V, - (\/ﬁ) we finally get

d hdA:/ (ahV+ht+hVH> dA.
di U;NT(t) U;NI(¢) v

Note that the above identity has been derived under the implicit assumption

that Vv; exists; the general case can be justified with the help of an

approximating argument. If we return to (9.56) and recall that Z;V: 1mi=1

in a neighbourhood of T'(tg) x {to}, we obtain (2.23) at t = ty. O
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