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Abstract

We present natural axisymmetric variants of schemes for curvature flows introduced
earlier by the present authors and analyze them in detail. Although numerical methods
for geometric flows have been used frequently in axisymmetric settings, numerical
analysis results so far are rare. In this paper, we present stability, equidistribution,
existence and uniqueness results for the introduced approximations. Numerical com-
putations show that these schemes are very efficient in computing numerical solutions
of geometric flows as only a spatially one-dimensional problem has to be solved. The
good mesh properties of the schemes also allow them to compute in very complex
axisymmetric geometries.

Mathematics Subject Classification 65M60 - 65M12 - 53C44 - 35K55

1 Introduction

Numerical approximations of curvature flows such as the mean curvature flow and the
Gauss curvature flow have been studied intensively during the last 30 years. In many
situations the axisymmetry of these geometric flows can be used to reduce the dimen-
sion of the governing equations, and so numerical methods have been used frequently
in such axisymmetric settings. However, results on the numerical analysis of such
schemes so far are rare. In this paper we present parametric finite element approxima-
tions for axisymmetric curvature flows, and carefully analyse their properties.
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In general, in curvature driven evolution equations the normal velocity of a hyper-
surface in R? is given by an expression involving the mean and/or the Gauss curvature
of the surface. Evolving surfaces are of interest in geometry, and they can appear in
application areas such as materials science, for example as grain boundaries. In addi-
tion, evolution laws involving the curvature of the surface arise in situations, where
surface quantities are coupled to the surrounding volume by additional fields, which
for example arises in the evolution of phase boundaries or in two-phase flow. In any
case solving the evolution law for the surface with a stable discretization of curvature
is a corner stone of a reliable and efficient numerical method.

Approaches to solve surface evolution equations numerically involve different
descriptions of the evolving surface. Traditionally level set methods, phase field meth-
ods or parametric front tracking methods have been used. For example, parametric
finite element approximations of curvature flows have been considered in [7,20,23,35].
We refer to the review paper [18], and the references therein, for further information
on numerical methods for general geometric evolution equations.

In this paper we aim to numerically compute a family of hypersurfaces (.7 (¢));>0
C R3, which we later assume to be axisymmetric, and which fulfills a geometric
evolution law involving its principal curvatures. We will focus on the mean curvature
flow, which for ./(¢) is given by the evolution law

Vg =kyn on.Z(t), (1.1)

and which is the L2-gradient flow for 72 (.# (1)), since

d 2 _
S (ﬂr))-—/

ke Vi dH? = — / V) A
(1)

()

for surfaces without boundary. Here 7' denotes the normal velocity of .7(¢) in the
direction of the normal 1 ». Moreover, k,, is the mean curvature of .#(¢), i.e. the sum
of the principal curvatures of .#(¢), see [37] for an introduction to the mean curvature
flow.

We also consider the nonlinear mean curvature flow

Vg = flkm) on (), (1.2)

where f: (a, b) - Rwith —oo <a < b < 00, is a strictly monotonically increasing
continuous function, as well as the volume preserving variant

fy f(km) dﬁz

f [ 472 on . (1). (1.3)
7

7/y = fkm) —

Possible choices for f are
fOy=1rP"1r, B e R, (1.42)
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or

fr)y=—r" (1.4b)

for the inverse mean curvature flow. These two choices have applications for example
in image processing or in general relativity, see [33,42] and the references therein. Of
course, (1.2) with

fry=r (1.4¢)

collapses to (1.1).
If £2(¢) denotes the region enclosed by .7 (1), i.e. #(t) = 9§2(t), then the flow
(1.3) is such that
d
— L3(R@0) = Yy dA#? =0, (1.5)
dr 20
where here we assume that 1l & is the outer normal to £2(¢) on . (¢). This justifies the
expression volume preserving flow. These flows are of interest in geometry and we
refer to [4,14,29,31] for more information.
More generally, we can also consider flows of the form

Vg = F(km, kg) = F(ki + ka2, k1 k2) on (1), (1.6)

where k, = ki k2 denotes the Gauss curvature of . (¢), with k| and k3 the two principal
curvatures. Of course, (1.6) with F(r, s) = f(r) reduces to (1.2). On the other hand,
the choice F(r, s) = —s, for closed surfaces, leads to the Gauss curvature flow

Vg = —ky on L), (1.7)

see e.g. [8, (1.14)], where in (1.7) we again assume that n ¢ is the outer normal to
£2(t) on .7 (). Such flows have found considerable interest in geometry recently and
we refer to [27,40,41,43] for more information. One reason why the Gauss curvature
flow is of particular interest, is because this flow allows to study the fate of the rolling
stones, see [2].

In this paper, we consider the case that .#(¢) is an axisymmetric surface, that is
rotationally symmetric with respect to the x,-axis. We further assume that . (¢) is
made up of a single connected component, with or without boundary. Clearly, in the
latter case the boundary 9. (¢) of . (¢) consists of either one or two circles that each
lie within a hyperplane that is parallel to the x; — x3-plane. For the evolving family of
surfaces we allow for the following types of boundary conditions. A boundary circle
may assumed to be fixed, it may be allowed to move vertically along the boundary of
a fixed infinite cylinder that is aligned with the axis of rotation, or it may be allowed to
expand and shrink within a hyperplane that is parallel to the x; — x3-plane. Depending
on the postulated free energy, certain angle conditions will arise where .7 (¢) meets
the external boundary. If the free energy is just surface area, .7#>(.(t)), then a 90°
degree contact angle condition arises. We refer to Sect. 2 below for further details, in
particular with regard to more general contact angles.

The dimensionally reduced formulation has several severe advantages both analyti-
cally as well as numerically. In analysis it has been used for example to study the onset
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of singularities, see [22,32,36,38,40] and other singularity formation mechanisms,
see [12,13]. Numerically it leads to equations which are far easier to solve and at the
same time problems with the mesh topology do not occur. Therefore, axisymmetric
settings have been frequently used for numerical computations of surface evolutions.
For example, graph formulations for axisymmetric geometric evolution laws have
been considered in [15,17,19], while a finite difference approximation of a parametric
description for the evolution of general axisymmetric surfaces has been studied in [39].
Hence the latter is closely related to the presented work, although we stress that it does
not contain any numerical analysis. Moreover, also more complex problems such as for
example two phase flows or biomembranes, in which also curvature effects play a role,
have been treated in an axially symmetric setting. We refer to [16,26,30,44,45], and
we expect that our approach will have an impact on such more complex evolutions as
well. In terms of the numerical analysis for the approximation of axisymmetric surface
evolutions only very few results have appeared in the literature so far, see e.g. [17,19]
in the context of a graph formulation for the higher order curvature flows surface
diffusion and Willmore flow, respectively. To the best of our knowledge, our paper
contains the first stability results for fully discrete approximations of axisymmetric
mean curvature flow. In addition, we consider the numerical analysis of approxima-
tions for axisymmetric higher order flows, such as surface diffusion and Willmore
flow, in the recently appeared article [11].

The present authors in the last 10 years introduced parametric finite element methods
for geometric evolution equations which have the property that the mesh generically
behaves well during the evolution. We also refer to the recent work [23] for a method
which also leads to good meshes. This is an advantage compared to earlier front
tracking approaches in which often the meshes degenerated during the evolution such
that the computations had to be stopped. In a series of papers [5-9], we were able to
analyze mesh properties and showed stability results. In particular, in two dimensions a
semi-discrete version of the method led to equidistribution of mesh points. In this paper
we introduce a parametric finite element method for the axisymmetric formulations of
the surface evolution equations discussed above relying on ideas of our earlier work.
However, a lot of new techniques have to be introduced stemming partly from the fact
that close to the axis of rotation the equations, depending on the formulation, become
either singular or degenerate, and partly because one has to decide how to deal with the
equidistribution property. We will discuss several ways to handle these issues and will
show stability, equidistribution, existence and uniqueness results for the new schemes.

This paper is organised as follows. In Sect. 2 we introduce several weak formula-
tions which will be crucial for the parametric finite element approximations introduced
later. In Sect. 3 we derive semidiscrete, i.e. continuous-in-time discrete in space dis-
cretizations, and discuss stability and equidistribution properties. Section 4 is devoted
to the fully discrete schemes that turn out to be most practical. For the linear schemes
we prove existence and uniqueness results, while a stability result can be shown for a
mildly nonlinear discretization. Additional fully discrete variants, and some of their
properties, are summarized in “Appendix C”. Finally, we present several numerical
results demonstrating that the majority of the schemes lead to efficient, reliable results
for mean curvature flow as well as for fully nonlinear curvature flows including its
mass preserving variants.
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Variational discretization of axisymmetric curvature flows 795

2 Weak formulations

Let R/Z be the periodic interval [0, 1], and set
I =R/Z, withol =@, or I =(0,1), withaol ={0, 1}.

We consider the axisymmetric situation, where X(¢): I — R? is a parameterization
of I'(¢t). Throughout I"(¢) represents the generating curve of a surface . (¢) that is
axisymmetric with respect to the x;-axis, see Fig. 1. In particular, on defining

Izlg’(r,z, 0) = (rcos®, z,rsind)! for re Rso, z€R, 6 €[0,27]

and .
15 (r, z) = (I3 (r, 2, 0):0 € [0,27)},

we have that
sn= |J me.a=JmGp n). @1

(r.2)Ter () pel

Here we allow I'(¢) to be either a closed curve, parameterized over R/Z, which
corresponds to .¥(¢) being a genus-1 surface without boundary. Or I'(¢) may be
an open curve, parameterized over [0, 1]. Then I"(¢) has two endpoints, and each
endpoint can either correspond to an interior point of .(¢), or to a boundary circle
of . (¢). Endpoints of I"(¢) that correspond to an interior point of the surface .7 (¢)
are attached to the x»-axis, on which they can freely move up and down. For example,
if both endpoints of I'(¢) are attached to the x;-axis, then . (¢) is a genus-0 surface
without boundary. If only one end of I"(¢) is attached to the xj-axis, then .(¢) is
an open surface with boundary, where the boundary consists of a single connected

€2 A

(W 4

1

Fig. 1 Sketch of I and ., as well as the unit vectors €1, ¢, and €3
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Table 1 The different types of ol oI 0.7
boundary nodes enforced by
(2.2b)—(2.2d)

ol a;'I N/A
dpl % ‘
g

e
hl 2 —
é

component. If no endpoint of I"(¢) is attached to the xp-axis, then .#(¢) is an open
surface with boundary, where the boundary consists of two connected components.
In particular, we always assume that, for all # € [0, T],

X(p,t)-e1 >0 Vpel\dl, (2.2a)
X(p,t)- e =0 VYpeal, (2.2b)
Y(p,t)- =0 Ypedl, i=1,2, (2.2¢)

(0, 1) =0 Vpeapl, (2.2d)

where dpl U U?:o d;1 = 91 is a disjoint partitioning of d/, with dg/ denoting the
subset of boundary points of / that correspond to endpoints of I"(¢) attached to the
xp-axis. Moreover, opl U Ui2=1 d; I denotes the subset of boundary points of / that
model components of the boundary of .#(¢). Here endpoints in dpI correspond to
fixed boundary circles of .¥(¢), that lie within a hyperplane parallel to the x; — x3-
plane R x {0} x R. Endpoints in 91/ correspond to boundary circles of .#(¢) that
can move freely along the boundary of an infinite cylinder that is aligned with the
axis of rotation. Endpoints in 9,/ correspond to boundary circles of .(¢) that can
expand/shrink freely within a hyperplane parallel to the x; — x3-plane R x {0} x R.
See Table 1 for a visualization of the different types of boundary nodes.
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Variational discretization of axisymmetric curvature flows 797

On assuming that B
IXpl >co>0 Vpel, (2.3)

we introduce the arclength s of the curve, i.e. 9; = |5c'p|’1 d,, and set

}p(p’ )

1%, (p, )] and V(p.1) = —[T(p.DI", 2.4)

T(p, 1) =Xs(p, 1) =

where (-)* denotes a clockwise rotation by %
On recalling (2.1), we observe that the normal i on .7 (¢) is given by

_ (V(p,t)- e1) cosh
i (T3 (R (p, 1), 0)) = 5(p,1)- & for pel,tel0,T], 6 cl0,2m). (2.5)
W(p,t)- &) sinf

Similarly, the normal velocity ¥« of .#(t) in the direction n & is given by
Vg =X(p.1)- V(p.1) onI}(¥(p.1) C.L(), Ypel te[0.T]. (26

For the curvature s of I"(¢) it holds that

o - o 1 X
%v:%:tszT[f—p} . 2.7
[xol L 1xpl 0

An important role in this paper is played by the surface area of the surface .7 (¢),
which is equal to

AL (1) = AGW) =27 /12('0’ 1) €rlxp(p, 0 dp. 2.8)

Often the surface area, A(X(t)), will play the role of the free energy in our paper.
But for an open surface .#(¢), with boundary 0.7 (), we consider contact energy
contributions which are discussed in [24], see also [9, (2.21)]. In the axisymmetric
setting the relevant energy is given by

EGMN) = AGO)+27 Y. pl Gp.n)-eni(p.n)-eatn Y. il G(p.n)- e,
peol pedrl

2.9)

where we recall from (2.2¢) that, for i = 1, 2, either 9;1 = @, {0}, {1} or {0, 1}. In

the above ,6‘59 € R, for p € {0, 1}, are given constants. Here ,’5;9, for p € 011,

denotes the change in contact energy density in the direction of — 5, that the two

phases separated by the interface .#(¢) have With the infinite cylinder at the boundary

circle of .7 (1) represented by X (p, t). Similarly, ,o Py /, for p € 921, denotes the change
in contact energy density in the direction of — &y, that the two phases separated by
the interface .#(¢t) have with the hyperplane R x {0} x R at the boundary circle of
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798 J. W. Barrett et al.

S (t) represented by X (p, t). These changes in contact energy lead to the contact angle
conditions

~DPE(p.0)- & =70  peanl, (2.10a)
—DPE(p.0- & =pl)  penl, (2.10b)

for all + € (0, T]. In most cases, the contact energies are assumed to be the same,
so that ,’5;0;; = ﬁsly), = 0, which leads to 90° contact angle conditions in (2.10a, b),
and means that (2.9) collapses to (2.8). See [9] for more details on contact angles and
contact energies. We note that a necessary condition to admit a solution to (2.10a) or

to (2.10b) is that

Byl <1 pefo 1} 2.11)
In addition, we observe that the energy (2.9) is not bounded from below if ﬁ;’; #0

for p € 011 orifﬁgz < Oforp e dyl.

For later use we note that

—E(x<r>>=2n/[xt-e1+x~e1 (’)pizp] 1%l dp
1

dr [xp|
+27 Y B [Gepot) - EDF(pa0) - B+ G(pon) - EDa(po1) - 8]
peol
+27 Y By E(pn - D E (P (2.12)
pedl

Moreover, we recall that expressions for the mean curvature and the Gauss curvature
of . (t) are given by

Ve V- e —
vy =nx—=— and Ay =—x-— on I, (2.13)
X - el X - el

respectively; see e.g. [16, (6)]. More precisely, if k,, and k, denote the mean and Gauss
curvatures of .#(t), then

km = 27 (p,1) and kg = Hz(p,1) on I3 (X(p,1) C .L(t), VYpel, tel0,T]

In the literature, the two terms making up s« in (2.13) are often referred to as in-
plane and azimuthal curvatures, respectively, with their sum being equal to the mean
curvature. We note that combining (2.13) and (2.7) yields that

o 3.2 1 - 3.2 .

%yv:xss—g i1v=7|:)ﬁ—p:| e V. (2.14)
X - el |x,o| |x,0| 0

It follows from (2.14) and (2.4) that

X e %J"_} =@ X — (- eDv=((X-e)Xy)s—er. (2.15)
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Variational discretization of axisymmetric curvature flows 799

A weak formulation of (2.15) will form the basis of our stable approximations for mean
curvature flow and surface diffusion. Clearly, for a smooth surface with bounded mean
curvature it follows from (2.14) that

v(p,1)- =0 Vpedl, Vtel0,T], (2.16)
which, on recalling (2.4), is clearly equivalent to
Xp(p,1)-e2=0 Vpedgl, Vrel0,T] (2.17)

A precise derivation of (2.17) in the context of a weak formulation of (2.14) will be
given in the “Appendix A”.

2.1 Mean curvature flow

In terms of the axisymmetric description of .%(¢), the evolution law (1.1) can be
written as

<!
QL

=1
L
— =

-

.
Xy V=3 =3 —

on/, (2.18a)

with, on recalling (2.2b—d),
X(p,1)-e1=0 Ypedl, X(p,t)-¢=0 Vpedl, i=1,2,
%(p,t)=0 Vpeapl, Vtel0,Tl, (2.18b)

as well as (2.17) and (2.10a, b).
Let

Vi, = [i et WPiie) - & =0 Vp e ],

Vo={ne v,y & =0 Ypeal i=1.2 i=0 Ypeapl},

Then we consider the following weak formulation of (2.18a, b), on recalling (2.7).
(/) Let X(0) € V, . Fort € (0,T] find X(r) € [H'(I)], with X,(t) € V,, and
»(t) € L*(I) such that

. V- e
X vxlxpldo = 7=
1 1 X- e

2
f]%*- ﬁ|5c’p|dp+/l(2p~ i il o= =" 3" B i) - ey Viie V.
i=1ped;l

)X Xl dp ¥ x € L2(D), (2.19a)

(2.19b)
We note that (2.19b) weakly imposes (2.17) and (2.10a, b). We observe that (2.18a)
degenerates for ¥ - ¢; = 0, i.e. when p € 99/. Hence this degeneracy is balanced by

the condition (2.16). In fact, on recalling (2.7) it holds that
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800 J. W. Barrett et al.

D(P,t)zl . T) (p’t)gl - -

im ————— = lim 22— =7(po, 1) - T(po. 1) = —(po, 1)
p=>po X(p,t)- e p=>poXy(p,1)- €

Ypoedgl, Vt €[0,T].

(2.20)

We remark that the weak formulation (.27 is close in spirit to the weak formulations
introduced in [5,7] for mean curvature flow. In particular, the tangential component of
X, is not prescribed, which on the discrete level leads to an equidistribution property.

Choosing 77 = (X - €1) Xy € V5 in (2.19b) and x = (X - €1) (X; - V) in (2.192), we
obtain on recalling (2.12), X; € V,, (2.4) and (2.2a) that

d EG
a (x(@))

:2n/]|:5c',.é'1+x (x)‘)_? Xp]| p|dp+2ﬂ2 Z 'éﬁ; (X(p,t)- e X (p,t)- é3_;

2
|x| i=1 peo;l
:zn/z,.[zl—@-f)f]pzpmp—z;f /(z.zl)%a.;, 1%l dp
1 1

P /(},. B)er - BIE,| dp — 27 f(z.a)%z,. 515, dp
I 1

:—271/)?-21 [%—f'el];,.a|zp|dp:—zn/;.a@,.a)ﬂ;pmpgo. 2.21)
1 1

X- e

An alternative strong formulation of mean curvature flow, in the axisymmetric
setting, to (2.18a) is given by

v, (2.22)

with (2.18b), where we have recalled (2.7). We consider the following weak formula-
tion of (2.22).

(#) Let X(0) € V, . Fort € (0, T]find X(t) € [H'()]?, with X,(1) € V,, and
»(t) € [L*>(I)]? such that

. R I U .
/Xr- X 1%, dp = f (%- =i x) %ldo V¥ e [LA*D (2.23a)
1 1 .

/z n|xp|dp+/<xp i) 15,1 dp = — ZZ%%(pwé‘a_i ViieV,.

i=1 ped;l
(2.23b)

Similarly to (2.19b), we observe that (2.23b) weakly imposes (2.17) and (2.10a, b).
We remark that the weak formulation () in some sense is close in spirit to the weak
formulations introduced in [20,21] for mean curvature flow. In particular, the tangential
component of X, is fixed to be zero, as the right hand side of (2.23a) is normal, recall
2.7.
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Variational discretization of axisymmetric curvature flows 801

>

Choosing ¥ = 1] = (X - €1)X; € V, in (2.23a, b), we obtain, similarly to (2.21),
that
d -
T E(x(1))

. ) . -
=27 [ |:x[ e +Xx- e t‘ p‘ ]lxpl dp+2nz Z ﬁgp/)j X(p, 1) - e1) X (p, 1) - e3—;
I

i=1 peo;l

P /(;, CB)er- B, dp—27 [@ DEAALT
1 1

- 2x /z & [;f— v a] R 1R dp = —277 /; SRR e 0. (2.24)
1 1

X- e

We remark that it does not appear possible to mimic either (2.21) for (&) or (2.24)
for () on the discrete level. Hence, in order to develop stable approximations, we
investigate alternative formulations based on (2.15). The first formulation corresponds
to the strong formulation (X - €1) X, - ¥ = X - €| s, together with (2.15).

(€) Let X(0) € V, . Fort € (0, T] find X(1) € [H'(])]%, with X,(1) € V,, and
»o(t) € L2(I) such that

[Gam Talitan= [ 5 e iilar Yxer2m, @25
1 1

X-erxgv-qlxpldo+ | |- e1+x- EIW lxp| dp

1 1

2
SN AL G- EDiip) - G Vi eV, (2.25b)
i=1 peo;l

The second formulation corresponds to the strong formulation (X - €1) X; = X - €] .,
where > = o V, together with (2.15).

(2) Let X(0) € V. Fort € (0, T] find X() € [H'(I)]?, with X,(1) € V,, and
% (t) € [L*>(I)]?* such that

/(55- é1) X - 7<|£p|dp=/(f- e xy - XI%dp VX e [LX(D], (2.26a)
1 1

N L L Eei]
/(x- e)) xy - Nxp| dp-i-[ |:T7' e1+x- e _,—2:| 1Xp| dp
! I [xp]
2
_ ~(p) R o v 2 260
- Z Z Py (X(p.1) - €)7(p) - €3 nev,. (2.26b)
i=1 peo;l

We note that the variational formulation for >4 in (2.26b) has previously been
employed in [26, p. 124].
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802 J. W. Barrett et al.

Choosing 7 = X; € V, in (2.25b) and x = s in (2.25a), we obtain for the
formulation (%), on recalling (2.12), that

Ld L ] o
e G EG@) = [Fe ey PRl do = [ 581G 57yl dp 2 0. 227)
T dt 1 1

Similarly, choosing 77 = X; € V, in (2.26b) and ¥ = > in (2.26a), we obtain for
the formulation (2) that

- Zi S E@@) = /x &1 15217 1%p] dp = /x a5 1Tl dp 2 0. (2.28)
m dt 1 1

We observe that (2.25b) and (2.26b) weakly impose (2.10a, b). But, in contrast to

(2.19b) and (2.23b), it is not obvious that they also weakly impose (2.17), due to the

presence of the degenerate weight X - ¢;. However, we show in the “Appendix A” that

in fact they also weakly impose (2.17).

We also note that the formulation (%) is loosely related to (<), in the sense that the
tangential component of X; is not prescribed. But in contrast to (<), discretizations
of (¥’) cannot be shown to have an equidistribution property. In a similar way, the
formulation (2) is loosely related to (), in the sense that the velocity X; is purely
in the normal direction, recall (2.15) and (2.7). Finally, we observe that the variable
. can be eliminated from (%), by choosing x = v - 7 in (2.25a) for 7j € V, and
then combining (2.25a) and (2.25b). Similarly, >z can be eliminated from (2) by
choosing ¥ = 7 in (2.26a) for 57 € V,, and then combining (2.26a) and (2.26b). We
remark that the formulation (%), with the variable s, as well as the formulation
(), are useful with a view towards introducing numerical approximations of higher
order flows, such as surface diffusion, see [11].

2.2 Nonlinear mean curvature flow

It is a simple matter to extend the formulations (<) and (%) to the nonlinear flow
(1.2). In principle this can also be achieved for (%) and (2), but as the mean curvature
needs to be recovered from the mean curvature vector, the resulting formulations are
less natural. Hence we concentrate gnﬁ(sz% ) and (%). For the former, replacing the right
hand side in (2.19a) with f, fle— )%) X |)?p| dp yields a weak formulation for (1.2),
which we call (<77). Similarly, replacing sc o with f(3z«) in (2.25a) generalizes (%)
to (£ for (1.2).

Similarly to (2.27), and using the same choices of 7 and x, it can be shown that
solutions to (¢/) satisfy

1 d _ . - -
- _FE = . , P 2.2
7w 1 (x(@®) /Ix e) f(sey) g |xp| dp, (2.29)

which yields stability if f is monotonically increasing with f(0) = 0.

Finally, we may also generalize these nonlinear formulations to the volume pre-
serving flow (1.3).
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(V) Let X(0) € V. Fort € (0,T] find X(r) € [H'()]%, with X,(1) € V,,
and s(¢) € L%(I) such that

oL . - e
fx,-vx|xp|dp=ff(%—q ¢
1 1 X - e
T E foe B dp

fl)_é' El |2p| dp

<l

)X |Ep| dp

/X X, dp ¥ x € L*(I), (2.30a)
1

2
/%V ﬁ|fp|dp+/<fp- o) %™ dp ==Y 3" B di(p) - &5 ViieV,.
I I i=1 ped:l

(2.30b)

Choosing y =2 X - € in (2.30a) yields, on recalling (1.5), that

d .
:I:d—t.,iﬂ3(!2(t))= Vo dH? =27 /(x- e X - V%, dp =0, (2.31)
1

S(t)

where .7 (t) = 3£2(t), and where the sign in (2.31) depends on whether n o is the
outer or inner normal to §2(¢) on .#(t), recall (2.5) and (2.6).

(¢7-V) LetX(0) € V,y . For € (0, T]find X(¢t) € [H'(I)]*, with X, () € V, and
s.5(t) € L?(I) such that

/(z- G- By IE] dp =/ 21 fGen) x 1Kol dp
I 1

iR 8 ) IRyl dp
[ % @5, dp

/2-ax|5c’p|dp VxeL*I), (2.32a)
I
> - - o - > - > - ;p'ﬁp -
[ amriimiaos [[iari a2 mie
I I [Xp]
2
==Y D B G- E)iip) - G ViiEeV, (232)
i=1 ped;I

Choosing x = 2 in (2.32a) yields (2.31), as before. Moreover, and similarly to
(2.29), it can be shown for solutions of (¢’/") in the case (1.4c) that

1 d _ .. . Lo -1 .. . 2
—— —EX®) = /x~ é1 |z 13, dp — Ux ey |xp] dp] /X~ e1 %7 |Xp| dp
1 1 1

2 dt
>0, (2.33)

where we have noted the Cauchy—Schwarz inequality. It does not appear possible to
extend the stability result (2.33) to the case of more general f.
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3 Semidiscrete schemes

Let [0, 1] = UJJ‘=1 Ij, J > 3, be a decomposition of [0, 1] into intervals given by the
nodes ¢, I; = [qj—1, q;]. For simplicity, and without loss of generality, we assume
that the subintervals form an equipartitioning of [0, 1], i.e. that

qj=jh, with h=J"' j=0,...,1J. (3.1)

Clearly, if I = R/Z we identify 0 = go = g5 = 1.
The necessary finite element spaces are given by

vh = {X eC(T):X|1j islinearV j =1 — J},

vh=[vh?, Zg‘o = yh ny,, and Kg‘ = yh NV, Let {)(]'}]J.:jO denote the standard
basis of V", where Jjo=0if I = (0,1) and jo = 1if I = R/Z. For later use, we
let 7: C(I) — V" be the standard interpolation operator at the nodes {g i} jj‘:o' We
extend 7" to 7" for vector valued functions. Let (-, -) denote the L2-inner product on
I, and define the mass lumped L?-inner product ( f, g)", for two piecewise continuous

functions, with possible jumps at the nodes {g j}JJ.: 1> via
(f 9" =30 Y[ o) + (o)), (3:2)

j=1

where we define f (q]j.t) = lims\o f(g; & 8). The definition (3.2) naturally extends
to vector valued functions. It is easily shown that

mm<@mnt<3mn VYnevh (3.3)

Let ()?h (t))ref0,17, With X" (1) € Xé’o, be an approximation to (3(1))ze[0,T] and
define I'* (1) = X" (1)(T). Throughout this section we assume that

X"(p,1)- >0 ¥Ypel\dpl, Vtel0Tl. (3.4)

Assuming that |f( Z| > 0 almost everywhere on [, and similarly to (2.4), we set

X
=X == and V=@
| X4
We note that
@ @' x i) = @ (x ) Yx e, ijelCDI (3.5)

For later use, we let &" € V" be the mass-lumped L?-projection of 1" onto V", i.e.
-'h-'_'hh =h = ,yh *h—’“’hh = h
(@ ¢1X0) = (.0 1%0) = (".@1%01)  véev'. (6
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Recall from (2.8) and (2.9) that
ERM0) =27 (X10)- &1, 1X) 1))

+271 Y ph Xhpon - en Xt G tr Y Bl X - @)
peorl pearl
(3.7)

We have, similarly to (2.12), that

d wh _ ¥h . = o ¥h. 3 ()}th)/?';(g wh
EE(X () =2m <|:X[ cel + X" e W X1

+27 3 [ R G+ R @) Xip.n - &
peal

+21 Y B XMpony- e Xip.n - @ (3.8)
pedl

3.1 Mean curvature flow

In view of the degeneracy on the right hand side of (2.18a), and on recalling (2.20)
and (3.6), we introduce, given a k"(t) € V", the function & («" (1), ) € V" such that

- -
. CACTILRCIRN PN
[R*(™(1), D1(q;) = { X" (qj,1) - & (3.9)
—Kh(qj,t) qj € dol.
Our semidiscrete finite element approximation of (<), (2.19a, b), is given as fol-
lows.
()" Let X"(0) € VA For € (0, T] find X"(1) € V", with X}!(t) € V!, and
" (t) € V! such that

N o h o h
(xﬁ, X" |xﬁ|) - (Kh — M), x |xh|) Vxevh (3.102)

2
N R R -
(" 5 5 1XD1) + (Kb i IXDTY) = =32 D2 A - & Viie VA,
i=1 peo;l
(3.10b)

Remark 3.1 Leth (1) = X"(q;, 1) — X"(qj_1,1) for j =1,..., J, and set ho = h;
if 81 = @. Then, if (X" (1), k" (t)) € V! x V" satisfies (3.10b), it holds that

- - T - ji=1...,0 3=,
i) = |hj—1 ()] if hj@)}hj—i(t) {j:Z,...,J o1 £, (3.11)

The equidistribution property (3.11) can be shown by choosing 77 = xj—i

[@"(gj—1,)]F € V% in (3.10b), recall (3.6). See also [6, Remark 2.4] and
[5, Remark 2.5] for more details.
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806 J. W. Barrett et al.

We also remark that it follows from (3.6) that

—h o - j=1,...,J 0dl =40,
1.t 1 if hi®) W h_1(t 3.12
6" (gj—1, DI < 1 it hj@) Jfhja (@) {j:Z,...,J o1 g 12

We note that mass lumping in (3.10b) is crucial for the proof of the equidistribution
property (3.11). Hence we only consider the variant (.27,)" with mass lumping. Of
course, in the case do/ = @, an alternative scheme to (3.10a, b) is

vh hyh h h ﬁh'gl vh ! h
(X0 " 1%0)) =(f< - ,x|xp|> Vxevh, (13
© €l

together with (3.10b). Note that if dg/ = @ then (3.10a) collapses to (3.13) with ph
replaced by @". Unfortunately, neither choice appears to lead to a stability proof.

In an attempt to prove stability, we choose 7j = ahxh-enx th] in (3.10b). Then
it follows from (3.8), )?,h € X{;, (3.5) and (3.6) that

d -, B, - X, X" .

—EX"e)y =27 (| X" e+ X" 8 L 2| | xh

& (X" (1) <|:, 1 1 P 1X,]
2

+27 Y Y B (XMpony - @) Xp.1) - Ey.
i=1 [)68,‘1

PR S N |
(X?, [e1 — @ - Th)rh] |Xf,|) 2 (Xh ek XN |Xf,|)
- - - - N
=27 (th vl e - vthZ|> -2 (Xh - e Kh,X;’- vh|XZ|>
Sho=h = =h wh) sho= b owh =hiph\!
(X;- LRIy |Xp|) —271(X e, X v’|Xp|)
\_jh E h
- N . 1 > N -
=2 <Xh' el [Kh—ﬁ],xth- Vh|XZ|>
Xh. g
Sho=  hgh =h vh )" <h s wh =k h)!
:—271( Sl k"X D IX;I) +27r(v ce, X! v |Xp|) .
(3.14)

Moreover, considering for simplicity the case dp/ = ¥, and choosing
x =—n"2m (X" &) (X" @")]in (3.13) yields, on noting (3.6), that

h

Xh.é

- L = L N T o é o, -
03—2n(x”-el,(x?.w")2|xﬁ|) :—Zn(Xh~el [K”— ! 1],x,".wh|xg|>
N

o =\ . e B
=_2n(x"~e1,xhx§‘-wh|xj;|) +27‘[(wh~e1,Xh~wh |x,’§\)

- N - h N N h
- _2x (xh e X G |xj;|) iy (ah N (. |xf;|) . (3.15)
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Unfortunately, the right hand sides in (3.14) and (3.15) are not equal, recall (3.6), and
so combining (3.14) and (3.15) does not yield a stability result. On the other hand, the
function (Xh - e1) (Xh v") is discontinuous, and so nh[(Xh - e1) (Xh ™")] is not
well-defined, and cannot be chosen as a test function in (3.10a) or (3.13).

However, the fully discrete variant of (<7, )", (3.10a, b), in our numerical simulations
did not exhibit any stability issues.

A semidiscrete approximation of (%), (2.23a, b), is given as follows.

(B)" Let X"(0) € V4 . Fort e (0, T] find X"(1) € V*, with X (t) € V!, and

k1) e Kh, such that

> - h - - h
(X1 21%01) = (" = RG@. 7 1XE) v evh, (3.16a)

2
-, \h - >
(e i 1X0) + (R IXET") = =22 D A iip) - 6 Vi€ Vi,

i=1 peo;l
(3.16b)
where £ (") € V" is such that
o 30 oh
. 1) - . t _

_ @ (gj.1) il ioh (q; )2 g; € T\dol,
[R" (" (1), )))(gj) = { X" (gj, 1) - € 0" (g}, 1)l (3.17)

&M (g, 1) qj € dol.

The rescaling factor |&" (g s )% in (3.17) normalizes the discrete vertex normals
Ik (gj, 1), recall (3.12), which is the most natural approach. Similarly to ()t it
does not appear possible to prove a stability result for (%,)".

However, it turns out that approximations of the formulations (%) and (2) can be
shown to be stable. In particular, our semidiscrete approximations of (%), (2.25a, b),
and (2), (2.26a, b), are given as follows, where we first define

Wh=vi wh={xevhixp=0 Vpeal], Wr=v' wh=wip

(@)™ Let X"(0) € V1 Fort € (0, 7] find X" (1) € V", with X/'(1) € V/, and
/cfi/(t) € W(}go) such that

o NG
(" en X xiMxp) T = (X1 aie xIXJ) T Ve W,

(3.182)
N e e
(X" @il 0 IXE) T+ (i @ 1X01) + (KD - e XD, 1K)

2
==Y > AL X (pn- i) - G Viie Vs, (3.18b)
i=1 peo;l
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Here and throughout we use the notation -") to denote an expression with or without
the superscript /2, and similarly for the subscripts - (3,). I.e. the scheme (€)™ employs
mass lumping, recall (3.2), and seeks ks(¢) € ng) , while the scheme (%7,) employs
true integration throughout and seeks xg(¢) € wh =vh,

(2™ Let X"(0) € VA Fort € (0, T] find X"(1) € V", with X}'(r) € V%, and
fc't};ﬂ(t) € E?ao) such that

B () Y T () R
(X" en X2 1%h1) = (X" enely, 7 1XE1) " Ve Wh . (3.19%)

T S ) B e e
(X"l 71X + (7 @ 1%01) + (X" @) Xb. 5, 1X07)

2
== > B &X' E@)iip)- G Viie Vs, (3.19b)
i=1 peo;l

We observe that (¢3,)" and (Z,)" do not depend on the values of K9 and Eﬁ,, respec-
tively, on do/. Hence we fix these values to be zero by requiring that thy € ng and
E; € E’go, and by using a reduced set of test functions in (3.18a) and (3.19a). As a
consequence, it seems at first that X f’ is not defined on dyI. However, X" on dol is
determined through (3.18b) and (3.19b), respectively. _

We have on choosing x = Kg,, in (3.18a), ¥ = /?f'y, in (3.192) and 7 = X" in
(3.18b) and (3.19b), on recalling (3.8), that

N N

Ld -, (X" @bt X)L

_2_d_E(X ) = _ Sl (3.20)
™ (X" el X))

respectively. This shows that both methods are stable, where we recall (3.4). Similarly
to (2.28) and (2.27), we observe that (3.20) implies for (Z;,)™ and (%},)" that

O, Lo\

Ld o, (%" axixh)
_Z_d_E(X @) =1 . o \h
™ dr (X & (X a2 1%81)

respectively, where we have recalled (3.6). This shows that they can be interpreted as
natural L2—gradient flows of (3.7).

We observe that it is possible to eliminate /?9 from the schemes (2;)™, which
yields (3.19b) with /?f‘yj replaced by X f’ . Similarly, K_é‘, can be removed from the scheme
(€)' to yield (3.18b) with Kf;, " replaced by X b &My &", on recalling (3.6). For
the scheme (%},) this elimination procedure is not possible.

For the reader’s convenience, Table 2 summarises the main properties of all the
schemes introduced in this section.
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Table 2 Properties of the

. L Scheme  Stability proof  Implicit tangential ~ Equidistribution
different semidiscrete schemes

for mean curvature flow motion
()" No Yes Yes
@) No No No
€)™ Yes Yes No
(D) Q] Yes No No

3.2 Nonlinear mean curvature flow

Replacing k" — &" (") with f (<" — & (")) in (3.10a) yields the scheme (<7 )".
Similarly, the scheme (%f ’ V)h is given by (3.10a, b) with the right hand side in (3.10a)
replaced by

X0, f o — sy X)) (

=h h
— 11X
(X @, 1%m)

(3.21)
. . . g . . . h
These two schemes inherit the equidistribution property, recall (3.11). Replacing «”,

N
(& = R, x1%01) - (
with 7" [ f (Kiiﬁ)] in (3.18a) yields the schemes (%hf ')(h) and similarly we can define
(%hf V) by replacing the right hand side in (3.18a) by

L N
o (X0 e n1xL)

(3, 1%0)

N

(X" &%)
(3.22)

Similarly to (3.20), and using the same choices of 77 and x, it can be shown that solutions

. - S NS
to the scheme (%)™ satisfy — 2L & E(X" (1)) = ((X"- &) Fuch), ikt |Xg|) ,

L N
(X" &t whon x 1%51)

which yields a stability bound for ((5}{ )" if f is monotonically increasing with f(0) =
0. Of course, (3.22) is a discrete analogue of (2.29). Moreover, solutions to (%hf ’V)(h),
in the case (1.4c¢), satisfy

)
2 dt

2
L SN e N1l e _
_ (xh eIk 2, |Xj;|) - [(xh Ll |x’;|)] ‘(xh ekt |X’;|>

>0,

(h)

similarly to (2.33), where here we have also used a Cauchy—Schwarz inequality for the
mass lumped inner product (3.2). Finally, solutions to the scheme (Sa”hf ’V) conserve
the volume of the domain 2”(r) ¢ R3 that is enclosed by the three-dimensional
axisymmetric surface .#” (¢) that is generated by the curve I"”(¢). To see this, choose
x = 2 in (3.18a), with the modified right hand side (3.22), to obtain
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810 J. W. Barrett et al.

o:zn()?h-a,i(f'- §h|)?f,|) =/

d
yh A = — L3 2Mw), (3.23
i 7 5 L@, 323

recall (1.5). Here ¥ }h (t) denotes the normal velocity of (1) in the direction of
132,,,1 (1), the outer normal to 2" (¢) on ." (1), where T{hyh (7) is induced by V" through
a discrete analogue of (2.5). Using the same testing procedure for the scheme ((f,'lf - V)h
yields that

0=27x (f(h L XM |i(g|)h, (3.24)
and so the enclosed volume is only approximately preserved, compare with (3.23).

Finally, choosing x = X" €1 in (;thf’v)h, recall (3.21), also yields (3.24), and so an
approximate volume preservation property.

4 Fully discrete schemes

In this section we present and analyse fully discrete variants of the approximations
discussed in Sect. 3 that turn out to be most useful in practice. Other fully discrete
schemes, which we will use for comparison purposes in the numerical results section,
are summarized in “Appendix C”.

Let0 = 0 < 11 < -+ < ty—1 < ty = T be a partitioning of [0, T']
into possibly variable time steps Af,, = ty4+1 — ty, m = 0 — M — 1. We set
At = max;,=0—p—1 Aty,. For a given X" € Kgo, assuming that |XZ1| > (0 almost

- Xmt - .
everywhere on /, we set V" = _%(p”}_l' Let " € V' be the natural fully discrete
P
analogue of &" € V", recall (3.6), i.e.

o \h ~ o \h
(@mg1Xp) = (. 01%0) = (.@1%01)  véevi. @D
4.1 Mean curvature flow

Similarly to (3.9), and given a ! € V", we introduce &7 («"+1) € V" such that

o™ (q;)) - e -
mo mal = q; € 1\,
[R" ("7 )](gj) = § X™(q;) - e 4.2)
-k (g;) q; € dol.

Then our fully discrete analogue of ()", (3.10a, b), is given as follows.
()" Let X0 € z’;o. Form =0,...,M — 1, find 6X"+!, xm+l)y € Vi 5 vh,
where X"+ = X™ 4 §X™+1_such that
xmtl _xm h “ + o \h "
(Atm’“ |Xp|> = (e = R, ) K1) Ve v
(4.3a)
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2
h > -
(et i 1R) + (R 1 X1 ) == 20 Y B i) -
Vije Vi (4.3b)

We make the following assumptions.
&) Let |)?Z’| > 0 for almost all p € I, and let xm. é1 > 0forall p € T\dol.
(B Let " = i(ﬁm, X|)}Z’|)h iX € Vh} C R? and assume that
dim spanZ™" = 2.

Note that the assumption (B)", on recalling (3.6), is equivalent to assuming that
dim span{®™ ()} J{:o = 2. Clearly, it can only be violated if all the J + 1 vectors lie

on a single line. It was shown in [6, Remark 2.2] that the assumption (8)" always
holds for closed curves without self-intersections.

Lemma4.1 Let X" € V! Y satisfy the assumptions (U) and (B)". Then there exists a
unique solution (X1, k™1 € Vi x Vo (e,

Proof We note that since X € Vg satisfies the assumption (2(), the right hand side
of (4.3a) is well-defined. As (4.3a, b) is linear, existence follows from uniqueness. To
investigate the latter, we consider the system: find (8X K) € Vh x V" such that

- h
5X _ N
(At X" |X;"|> =(AK,X|X';|) Vyevh (4.42)
m
N h N N

where we recall from (4.2) that A € V" with

I g e I\dl,
Ma:) = . 4.5
@) {2 qj € dl. (4-5)

Choosing x =« € V" in (4.4a) and 7j = §X € V/ in (4.4b) yields that
v 2 yym—1 2 ym h
(16%), 2 1% + At (21612 1%51) =0, (4.6)

It follows from (4.6) that x = 0 and that § X=X e R?; and hence that

>

N N h
oz(xf,xvm|xg1|) — x¢ ( XX |) Vo evh 4.7)

It follows from (4.7) and assumption (B)" that X¢ = 0. Hence we have shown that
(4.3a, b) has a unique solution (X" +!, k*1) ¢ Kg x VI,
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A fully discrete analogue of the scheme (€)™, (3.18a, b), is given as follows.
Here we introduce the notation [r]+ = 4 max{%r, 0} for r € R.

(m) ™ Let X0 € VI Form =0,..., M—1,find X"+, k") e VIxW]
where X"+ = X™ 4 §X"+1_ such that

(h)
L xmtl_xm o RN
(X’” G T |X,’§’|) = (X et oaXe) T Ve W

Aty
(4.82)
(- at o i) (7 e ZE) - (G 2 2 12
== Y Bh X"(p)- eniip) - &
penl
= 2B X )+ 131 X" (p)) - EDii(p) - & Vi€ V). (4.8b)
pedl

We note that in practice we solve the nonlinear scheme (‘Km,*)(h) with a Newton
iteration, which in all our experiments always converged with at most three iterations.

Remark 4.1 Similarly to the semidiscrete variants, we observe that it is possible to
eliminate the discrete curvature, K””l from (6, 2t On recalling (3.6) and on choos-

ing x = hig - o™ e W(Bo) in (4.8a) for 7 € Ka’ the scheme reduces to: Find
Sf(m“ € Xg such that, for all 77 € V",

. . }?m-&-l _ f(m L
(Xm-€1-a)m,n~ ) (77 el |Xm+l>
Aty

2
+ (e Xy, 1K) = = D0 3 A R ) - @) - &,

i=1 peo;l

4.9)

For the scheme (%, ,) this elimination procedure is not p0551ble A related variant to
(4.9) is given by: find sXmH! ¢ Vh such that, for all 7j € Va,

. B )_('vm—H . )?m o
(X'"- e —— v " X’"I) +(n e, | XZ’“I)
Aty

2
(R e X, 1R ) = =30 D A R ) E)ip) - e
i=1 peo;l
(4.10)
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Theorem 4.1 Let X™ € Zgo satisfy the assumption (). Let (f(’”“, /c;”fl) be a solu-
tion to (%m’*)(h) . Then it holds that

- N NG _
E(X™Y 427 Aty (X”’ & kP, |X;"|> < E(X™), @.11)

where we recall the definition (3.7).

Proof Choosing x = Aty K;{l in (4.8a)and jj = X"+! — X" € V! in (4.8b) yields,
on noting that X" (p) - ¢; = X" *1(p) - €, for p € 91, that

N NG
— Ay (X & 21X )

+ 3 B XM (p) - e XN (p) — XM (p) - &
peorl

+ 3 WA XM () + (BP0 XM (p)] - ) (XM (p) — XM (p)) - &
pedl

= (Xt R g 1R ) (X, X - X))

+ Y B &M (p) - en X" (- — Y B (XM en XM (p) - &

peorl peorl
+ 3 3 B & ) en? — 5 Y 1 (X p) - @)
pedrl pedrl
+ 13 - Gy - e — L Y By BT p) - an?
pedrl penl

= (R e Xy - (R a1 X))

+ 3 B Xy ey XMy e — Y B XM (p) - E) XM (p) - &

peorl peal
+ 33 A &y et — 1 Y B XM - é)?
pedl pedrl
1 - 1 -
= — EX"™th - — gx™), (4.12)
2 21

where we have used the two inequalities @ - (@ — b) > |b| (1@| — |b]) for d@, b € R2,
and2y (y —a) > y? —a? for a, y € R. This proves the desired result.

We note that the scheme (4.10) can also be shown to be unconditionally stable, i.e.
a solution to (4.10) satisfies

2 h
XM < Em).

-

R R )}m+1 _)_ém
EX" Y427 Aty | X7 6 | ——m—

Aty

=m
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4.2 Nonlinear mean curvature flow

It is a simple matter to extend the presented fully discrete approximations to the
nonlinear mean curvature flow (1.2) and the volume preserving variant (1.3). We
recall the fully 3d parametric finite element schemes (2.4a, b) and (2.5) in [7] for
the approximation of (1.2) and (1.3), respectively. We can now define their natural
axisymmetric analogues. For example, the natural adaptation (Jz%,,{ )" of the scheme
() to (1.2) is given by (4.3a, b) with (4.3a) replaced by

X’m—&-l _ )?m N h N h
SR = (Fe = &), %) Ve v,
Aty P P
. (4.13)
Similarly, the natural adaptation (‘5,‘,{’*)(}‘) of the scheme (‘gm’*)(h) to (1.2) is given by

(4.8a, b) with (4.8a) replaced by

- - h)

R . xm+l _ xm T N . N (h)

<Xm~ o ,xvm|x:,"|) = (X" a1 WL x1%51)
m

Vx e Wl (4.14)

Similarly to (4.11), with the same choices of x and 7, it is then possible to prove that
solutions to (%,,{,*)h satisfy E(X" ) +2 7 Aty (#m . e f(K’”+1 ’”H |Xm|> <

E (f( "), which provides a stability bound if f is monotonically increasing with f(0) =

0.
Finally, replacing (4.13) with

- - h
X —xm om o ym - (el m ¢, m+1 S\
(Atm’x” X01) = (Fewmet = R, 1X5)
N N
(X e reem —/m X)L, ]
- - - (x.1%51)" vxevt
(%m- a1 1%p1)

and replacing (4.14) with

. Xm+1 ()
X". e yr ,X v |Xm
m
2 (h)
p

= (X" axLr ey L X

. (h)
(X’" e L f(TH] IXZ1|> BN ) Y
_ _ - (Xm e, X |XZI|) VX (S W(ao)
(X &, 1%m1)

(4.16)
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gives the fully discrete approximations (427,,{ ’ V)h and (%,,{ ,’*V)(h) , respectively, of (1.3).
For the case (1.4c) it is possible to prove a stability bound for (‘5,',’: ,’,,V)(h). In particular,
solutions to (%,{y’*v)(h) satisfy, similarly to (4.12), that

1 > 1 >
—— E(X™y—- —E Xm+1
T (X" T ( )
2

- . =\ (1) = RS -1|/- - =\ (1)
= Aty (X et X ) - [(Rm a1 %) ‘(X"1~e1,xf;+‘|xz1|)

>0,

where we have noted the Cauchy—Schwarz inequality. For the fully discrete approxima-
tions (@7,,{ k V)h and (‘Kmf,}/ )M itis not possible to prove a volume conservation property.
However, in practice all three schemes preserve the enclosed volume well, with the
relative volume loss decreasing as the discretization parameters become smaller.

Finally, we note that for the schemes (,52%,,{ Yt and (szmf ’ V)h, depending on the choice
of f, existence and uniqueness results can be shown, see “Appendix B”.

Remark 4.2 In order to be able to compute evolutions for the general flow (1.6),
we propose the scheme (Janf Y2 which can be obtained from the scheme (szfm)h
(4.3a, 4.3b), by replacing (4.3a) with

X'm+l _)?m . h o h
om m — m m m m m m m
T PR = (RG-S, ), 2 1K)
VyxeVh @17)

This is linear scheme for which existence of a unique solution, provided that the
assumption (%)h holds, can easily be shown. Moreover, solutions to the semidiscrete
variant of (ﬁ%nf )" satisfy the equidistribution property (3.11).

5 Numerical results

As the fully discrete energy, we consider E (}?m), recall (3.7). We always employ
uniform time steps, At, = At,m =0,..., M — 1.
We also consider the ratio
o M=y X)) = X" (g;0)]
minj=i—y | X"(q;) — X" (q;-1)I

6.D

between the longest and shortest element of I, and are often interested in the evo-
lution of this ratio over time.

On recalling (2.7), and given ' = )?0(7), for the scheme (&/,,{’V)h we define
k9 e V" via -0

)
KO =t |2
0|
recall (4.1), where ¥° € V" is such that
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coNE (a0 - =0 .
<K0,n|X2|> +<X2,np|xg| 1):0 Viievh

5.1 Numerical results for mean curvature flow
5.1.1 Sphere

It is easy to show that a sphere of radius r(¢), with
r(0) = 1r(0) — 4112, (5.2)

is a solution to (1.1). We use this true solution for a convergence test for the various
schemes for mean curvature flow, similarly to Table 1 in [7]. Here we start with a
nonuniform partitioning of a semicircle of radius r(0) = rg = 1 and compute the
flow until time 7 = 0.125. In particular, we have dp/ = 9/ = {0, 1} and we choose
X" e vh with

cos[(g; — l)JT +0.1 cos((g; — l)JT)]

. , j=0,...,J, 53
sm[(qj—j)n—}—O.l cos((qj—i)n)]> J (5:3)

X%q;) =ro <
recall (3.1). We compute the error

=T~ = XM (g)| —rt 5.4
I I mllfffMjiI&?.’.(,J|| (g —rtw)l 5.4

over the time interval [0, T'] between the true solution (5.2) and the discrete solutions
for the schemes (<,)", (B)", (€)™, (D)™, (%m,*)(h) and (Qm,*)(h). Here we
used the time step size At = 0.1 h%o, where & 1o is the maximal edge length of I"°. The
computed errors are reported in Tables 3, 4 and 5. Comparing the reported numbers
with the values in Table 1 in [7], we see that the errors for the axisymmetric schemes
are significantly smaller than the values in Table 1 in [7] for similar discretization
parameters. It is clear from Table 3 that the schemes (.«7,)" and (%,,)" appear to
converge with the optimal convergence rate of & (h?o). Similarly, Tables 4 and 5

Table 3 Errors for the convergence test for (5.2) with rg = 1 over the time interval [0, 0.125]
J h o ()" (Zm)"

Ir =TI EOC =Tt EOC
32 1.0792e—01 7.3110e—04 - 1.2074e—03 -
64 5.3988e—02 1.8422e—04 1.99 3.0227e—04 2.00
128 2.6997e—02 4.6098e—05 2.00 7.5534e—05 2.00
256 1.3499¢—02 1.1525e—05 2.00 1.8878e—05 2.00
512 6.7495e—03 2.8813e—06 2.00 4.7192e—06 2.00
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Table 4 Errors for the convergence test for (5.2) with rg = 1 over the time interval [0, 0.125]

J (G (Gm) (G (Gn.»)

IF=T"poo  |F=T"|peo M =T"gee  EOC  |I'=T"  EOC
32 - - 6.5076e—03 - 3.7596e—03 -
64 - - 1.9553e—03 1.74 1.1565¢—03 1.70
128 - - 5.8247e—04 1.75 3.5226e—04 1.72
256 - - 1.7056e—04 1.77 1.0672e—04 1.72
512 - - 4.9112e—05 1.80 3.2277e—05 1.73
Table 5 Errors for the convergence test for (5.2) with rg = 1 over the time interval [0, 0.125]
J (D) (Dm) (D" (D)

Ir—rhee I =TMpeo | =T"pee  EOC I =T  EOC
32 8.1006e—03 3.0757¢—03 8.0470e—03 - 3.6921e—03 -
64 2.4707¢—03 8.8590e—04 2.4549¢—03 1.71 1.0449¢—03 1.82
128 7.3144e—04 2.5363e—04 7.2755e—04 1.75 29111e—04 1.84
256 2.1165¢e—04 7.2522e—05 2.1075e—04 1.79 8.0222e—05 1.86
512 6.0176e—05 2.0472e—05 5.9972e—05 1.81 2.1916e—05 1.87

suggest that the schemes (%m,*)(m, (@m)(h) and (@m,*)(h) converge with an order
slightly less than quadratic. We note that the linear schemes ()" lead to solutions
X™ with min pel xm (p) - €1 < 0 and so we cannot complete the evolutions. In
particular, in practice the two boundary elements shrink in size due to the scheme’s
tangential motion. Once the element has shrunk to a length almost zero, the freely
moving vertex can become negative. The linear schemes (Z,,)"? behave well, on the
other hand. But as they are very close to the nonlinear schemes (@m,*)(h), from now
on we concentrate on the schemes (@m,*)(h), (‘Km,*)(h), ()" and (Bp)".

5.1.2 Torus

We repeat the two torus experiments in Figures 5 and 6 in [7]. To this end, we let
01 = (. For an initial torus with radii R = 1, r = 0.7, we obtain a surface that closes
up towards a genus-0 surface, as in [7, Fig. 5]. See Fig. 2 for the simulation results
for the scheme (.<7,)", for the discretization parameters J = 256 and At = 10~4. On
the other hand, for an initial torus with radii R = 1, » = 0.5, we obtain a shrinking
evolution towards a circle, as in [7, Fig. 6]. See Fig. 3 for the evolution for the scheme
()", again for J = 256 and Ar = 10~*. On repeating the numerical experiment
for the (%,,)", we observe strong oscillations, as shown on the right of Fig. 3. These
oscillations become smaller in magnitude as At is decreased. The remaining schemes
can integrate the evolution shown in Fig. 3 in a stable way, and their numerical results
are very close to the ones displayed in Fig. 3 for the scheme (.7,)". However, the
schemes differ in the exhibited tangential motions, which leads to diverse evolutions
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0.8 0.8 28
0.6 0.6 27
0.4 0.4 26
02 02 25
0 0 24
0.2 02 23
0.4 0.4 22
0.6 0.6 21
O 02 04 06 08 1 12 14 16 18 00 02 04 06 08 1 12 14 16 18 2

0 0.01 002 003 0.04 005 006 007 0.08

Fig. 2 (yim)h Evolution for a torus with radii R = 1, » = 0.7. Plots are at times ¢t = 0, 0.01, ..., 0.08.
We also show a plot at time ¢ = 0.082, together with a plot of the discrete energy. Below we visualize the
axisymmetric surface . generated by I'"™ at times ¢ = 0 and 7 = 0.082

0. 20, 0.
18]

0.4 0.4
16|

0.2 14 0.2
12|

0 0
10

-0.2 8 -0.2
6

-0.4 -0.4
4

0 2 -0

04 06 08 1 12 14 16 0 0.02 0.04 0.06 0.08 0.1 0.12 04 06 038 1 12 14 16

Fig.3 (Mm)h Evolution for a torus with radii R = 1, r = 0.5. Plots are at times t = 0, 0.01, ..., 0.13. We
also show a plot of the discrete energy and, below, we visualize the axisymmetric surface ."" generated
by I'" at times r = 0 and t = 0.135. On the top far right, the evolution for the scheme (%, )1, with plots
attimesr = 0,0.01,...,0.13

of the ratio t™, see Fig. 4. The best distribution of mesh points is shown by the schemes
()" and (‘Km,*)h, followed by (% +). The most nonuniform distribution of mesh
points can be observed for the two schemes (@m,*)“’).

5.1.3 Cylinder

For the scheme (ﬂm)h we repeat the singular evolution from [22, Fig. 1]. To this end,
weset dpl = dl = {0, 1}. In particular, starting with a cylinder, mean curvature flow
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3.5 3.5, 3.5
3 3 3
25 2.5 25
2 2 2
1.5 1.5 15
e T E—— _—
0 0.02 004 006 0.08 01 0.12 0 002 004 0.06 008 01 0.12 0 002 004 0.06 008 01 0.12
3.5 3.5
3 3
25 25
2 2
1.5 15
1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.02 0.04 0.06 0.08 0.1 0.12

Fig. 4 Plots of the ratio t"" for the schemes (@), (‘ﬁm,*)h, (Gm.x)s (@m,*)h, (D %)

4 4 26
35 35 24
3 3 22
25 25 20
2 2 18
15 15 16
1 1 14
05 05 12
% o5 1 15 % 05 1 15" 0.1 0.2 0.3 0.4 0.

Fig. 5 (dm)h [0pI = a1 = {0, 1}] Evolution for a cylinder with fixed boundary. Plots are at times
t =0,0.1,...,0.5. We also show a plot at time ¢ = 0.51, as well as a plot of the discrete energy. On the
right we visualize the axisymmetric surface .¥”"" generated by I""" at times t = 0 and t = 0.51

leads to a pinch-off. We show the results for the scheme ()", with the discretization
parameters J = 128 and Ar = 10~*, in Fig. 5.

For the next two experiments, we consider a cylinder attached to two parallel hyper-
planes, with prescribed contact angle conditions, recall (2.10b). To this end, we set
9,1 = 31 = {0, 1} and use the discretization parameters J = 128 and Ar = 1073,
Letting ﬁgg, = ﬁg} = —% and starting with a cylinder, the evolution yields a growing
catenoid-like surface, see Fig. 6. We observe convergence to a travelling wave type
solution, with the associated energy unbounded from below. We conjecture that the
profile of the curve approaches in the limit the so-called grim reaper solution, see [37,
p. 15] and [28],

g0 =Go+Iné+ (-2 ncos(Z(o—1).p)" . (55)
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1 35
3
08| 25
06l 1 2
15
04l | 1
05

02|
0
0 0.5
0.5 1 15 2 25
A5

Fig. 6 ()" [821 =9dI ={0, 1}, ﬁ;oj)p = ﬁél; = —%] Evolution for an open cylinder attached to R x
{0} x Rand R x {1} x R. Solution at times t = 0, 0.5, ..., 4, as well as a plot of the discrete energy over
time. We also visualize the axisymmetric surface . generated by '™ at time t = 4

100

80

60

40

20

20, 20 40 60 80 100

Fig. 7 We plot xm (0) - €1 over time, compared with the linear function ¢ % t — 13 for the evolution
in Fig. 6 over the larger time interval [0, 100]

where zp € R specifies the posmon of the travelling wave solution at time 7 = 0. In
fact, plotting g(p,1) — (z0 + % t) e1 at time t = 4 versus Xm — (mm X - e1)ep
for our final solution in Fig. 6, yields perfect agreement between the two graphs. We
conjecture that the speed of the travelling wave type solution will approach %, the
speed of (5.5). To test this conjecture, we continue the evolution until # = 100 and
plot the evolution of X™(0) - €| over time, comparing the graph with a suitably chosen

line with slope %, see Fig. 7. As we can see, the speed of the curve does indeed

approach %.
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>SS

Fig. 8 (dm)h 321 =dl ={0, 1}, f)éo/(), = ﬁ{g]}, = 2 Evolutlon for an open cylinder attached to R x

{0} x Rand R x {1} x R. Solution at times t = 0, 0.1, ..., 1.5, 1.53, 1.54, 1.55, 1.56, as well as a plot of
the discrete energy over time. We also visualize the axisymmetric surface . generated by I at times
t=15+t=155andr =1.56

If we let ﬁgg = ﬁgl} = %, on the other hand, we observe a shrinking surface, with

the radius of the contact circles eventually converging to zero. On reaching two single
contact points with the external substrates, we allow the discrete surface to detach
from the two hyperplanes and to continue the evolution as a closed genus O surface,
see Fig. 8 for the evolution. To allow for an accurate resolution of the detaching, we
employ the smaller time step size At = 1079 for this simulation.

5.1.4 Surface patch within a cylinder

For the next experiment, we consider a disk attached to an infinite cylinder of radius 1,
with prescribed contact angle conditions, recall (2.10a). To this end, we set dp/ = {0}
and i/ = {1} and use the discretization parameters J = 128 and Ar = 1073, Letting
Pygy = —3 ! and starting with a disk, the evolution seems to converge to a translating
surface patch, see Fig. 9. Taking the angle condition (2.10a), there is a unique convex
scaled surface grim reaper profile moving with constant speed by translation. We
conjecture that a general class of initial data will converge to this shape for large
times. We refer to [1] for more information on the grim reaper analogues in higher
dimensions.

5.2 Numerical results for conserved mean curvature flow
5.2.1 Sphere

Clearly, a sphere is a stationary solution for conserved mean curvature flow, (1.3) with
(1.4¢). Hence, setting dg/ = o = {0, 1} and choosing as initial data the nonuniform
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Fig.9 (JZ{m)h [801 = {0}, 011 = {1}, ,55‘1( = —%] Evolution for a disk attached to an infinite cylinder of
radius 1. Solution at times t = 0,0.5,...,2, as well as a plot of the discrete energy over time. We also

visualize the axisymmetric surface .”"" generated by I'™ at time r = 2

approximation of a semicircle (5.3) with J = 64, we now investigate_the different
tangential motions exhibited by our proposed schemes. The initial data X has a ratio
¥ = 1.22, recall (5.1). We set At = 10~ and integrate the evolution until time
T = 1. For the three schemes (.27, )", (‘Km,*)h and (6 ) the element ratios ¢ at time
T =1are 1.01, 73.13, 2.94, and the enclosed volume is preserved almost exactly by
all the schemes. We show the final distributions of vertices, and plots of ¢ over time in
Fig. 10. Aninsight that we gain from this set of experiments is that the tangential motion
displayed by the scheme (%m,,,)h can lead to very nonuniform meshes. Hence, for the
remainder of this paper, we will only present numerical results for the two schemes
()" and (6m.») and their nonlinear variants. Note that the former is a linear fully
discrete approximation of (<7,)", for which the equidistribution property (3.11) holds.
The latter, on the other hand, is a nonlinear scheme that is unconditionally stable,
recall Theorem 4.1. As the results for (,Q%m)h and (¢.,) are often indistinguishable,
we only visualize the numerical results for the former from now on.

5.2.2 Genus 0 surface

An experiment for a cigar shape can be seen in Fig. 11. Here we have once again that
9ol = 91 = {0, 1}. The discretization parameters are J = 128 and Ar = 10~*. The
relative volume loss for this experiment for (42%,,{ ’V)h is 0.09%, while for (‘5,,{*‘/ ) it
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Fig. 10 Comparison of the different schemes for conse;rved mean curvature flow, (1.3) with (1.4c¢), of the
unit sphere. Left to right: (42{,,{ ’ V)h, (‘zo”mf ,Y )1 and (%’n{ *V ). Plots are for X™ at time t = 1 and for the ratio
" over time. The element ratios ¢ at time = 1 are 1.01, 73.13 and 2.94, respectively

is —0.01%. The same experiment for the scheme (%mj ,’*V)h yields a very nonuniform
mesh, with the final ratio t”* > 430.

An experiment for a disc shape is shown in Fig. 12. The discretization parameters
are J = 128 and Ar = 10~*. The relative volume loss for this experiment for (ﬂn{ ’V)h
is — 0.02%, while for (%)) it is — 0.01%. Once again, the scheme (%1} )" yields
a very nonuniform mesh for this simulation, with the final ratio v > 145.

5.2.3 Genus 1 surface

We repeat the simulation in Fig. 3 for conserved mean curvature flow, i.e. (1.3) with

(1.4¢), using the scheme (Jz%,,{ ‘V)h. Conservation of the enclosed volume means that
the torus can no longer shrink to a circle. Hence the torus now attempts to close up
and change topology, as can be seen from the numerical results in Fig. 13. As for the
original experiment, we use the discretization parameters J = 256 and Ar = 1074,
The relative enclose volume loss for this experiment is — 0.00%. The evolutions for
the schemes (%n{,’*v)h and (%,,{,’*V) are nearly identical to what is shown in Fig. 13,
with a relative volume loss of 0.01% in both cases.

Finally, we present an example for conserved mean curvature flow, (1.3) with (1.4¢),
for the scheme (%,;,f ’V)h with the initial data X° parameterizing a closed spiral, so
that the approximated surface has genus 1. As can be seen from Fig. 14, the spiral
slowly untangles, until the surface becomes a torus. For this experiment we use the
discretization parameters J = 1024 and Ar = 107°. The relative enclosed volume

loss for this experiment is 0.01%. The evolutions for the schemes (‘5,,{ ,’,,V)h and (%”,,{ ,’*V)
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Fig. 11 (,!&7,,{ V)h for (1.4c). Conserved mean curvature flow for a cigar. Plots are attimest = 0, 0.1, ..., 1.
We also visualize the axisymmetric surface . generated by """ at time 7 = 0.3. On the right are plots of

the discrete energy and the ratio v and, as a comparison, a plot of the ratio t"”* for the scheme (‘5’,{ *V )

are nearly identical to what is shown in Fig. 14, with a relative volume loss of 0.01%
in both cases.

5.3 Numerical results for nonlinear mean curvature flow

Similarly to (5.2), it is easy to show that a sphere of radius r(¢), with

rO) =[1=20 B+ D7, r0) =1, (5.6)

is a solution to (1.2) with (1.4a). We use this true solution for a convergence test for
B = %, similarly to Table 2 in [7]. Here we start with the nonuniform partitioning (5.3)

of a semicircle of radius 7(0) = r9p = 1 and compute the flow until time 7 = %T,
where T = % 277 denotes that extinction time of the shrinking sphere. We compute
the error ||[I" — I'"|| 1, recall (5.4), over the time interval [0, 7] between the true

solution (5.6) and the discrete solutions for the schemes (,;zf,,{ Yt and ((5,‘,{’,,). Here we
used the time step size At = 0.1 h%o, where /1 o is the maximal edge length of I,
The computed errors are reported in Table 6.
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Fig.12 (,;zf,,{’ V)h for (1.4c). Conserved mean curvature flow for a disc. Plots are at timesr = 0, 0.1, ..., 4.
We also visualize the axisymmetric surface . generated by I'" at time 7 = 0.5. On the right are plots of

the discrete energy and the ratio t™ and, as a comparison, a plot of the ratio v"”* for the scheme (‘5,5 Y )

002 004 006 008 01 012 014 0.16

Fig.13 (d,,{ V)h for (1.4c). Conserved mean curvature flow for a torus with radii R = 1, = 0.5. Plots are
at times t = 0, 0.01, ..., 0.14. We also show a plot at time r = 0.145, together with a plot of the discrete

energy over time. Below we visualize the axisymmetric surface .7 generated by '’ at times 1 = 0 and
t =0.145
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Fig. 14 (d,,{’v)h for (1.4¢). Conserved mean curvature flow. Plots are at times r = 0, 0.01, ..., 0.05,0.1.
We also show a plot of the discrete energy over time. Below we visualize the part of the axisymmetric
surface .7’ generated by I'"* N R x [—0.2, co) at times t = 0, = 0.01, 7 = 0.02 and r = 0.05

Table 6 Errors for the convergence test for (5.6) over the time interval [0, 1 T]

J h o ()" 2N

1M = Itipe EOC M=o EOC
32 1.0792e—01 7.4955e—05 - 3.0322¢—03 -
64 5.3988e—02 1.8223e—05 2.04 1.0450e—03 1.54
128 2.6997¢—02 4.5218¢—06 2.01 3.5931e—04 1.54
256 1.3499¢—02 1.1282¢—06 2.00 1.2357¢—04 1.54
512 6.7495¢—03 2.8189¢—07 2.00 4.2698e—05 1.53

We repeat the same convergence experiment for the inverse mean curvature flow,
where we note that a sphere of radius (), with

r(t) =exp(31), r(0) =1, (5.7

is a solution to (1.2) with (1.4b). The errors are reported in Table 7. We recall that
these numbers can be compared to the fully 3d results in Table 3 in [7]. It is clear

from Tables 6 and 7 that the solutions to the scheme (;zfn{')h appear to converge with
the optimal convergence rate of & (h%o). For the scheme (‘K,,{*), on the other hand,

the solutions appear to converge with an order less than quadratic, and closer to %
We believe that these lower convergence rates are caused by the nonuniform meshes
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Table 7 Errors for the convergence test for (5.7) over the time interval [0, 1]

J hro (i) )
=TI e EOC W\ =T e EOC
32 1.0792¢—01 7.1401e—04 - 1.2445¢—02 -
64 5.3988e—02 1.8106e—04 1.98 4.7424¢—03 1.39
128 2.6997e—02 4.5484e—05 1.99 1.7539e—03 1.44
256 1.3499¢—02 1.1388¢—05 2.00 6.3806e—04 1.46
512 6.7495¢—03 2.8483¢—06 2.00 2.3002¢—04 1.47
0.5
0.4
0.3
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0.1
0
-0.1
-0.2
-0.3
-0.4
-0.5

0.5 1 1.5

Fig. 15 (,Q{n{ ) for (1.4b). Inverse mean curvature flow for a torus with radii R = 1, r = 0.25. Plots are
attimes 1 = 0, 0.05, ..., 0.55. We also visualize the axisymmetric surface . generated by ' at times
t=0andt =0.5

induced by the scheme (%,{Y*), recall Fig. 10, and also by the degeneracy of the
coefficients X - &) in (£).

In the next experiment we repeat the simulation in [7, Fig. 8] for the inverse mean
curvature of a torus withradii R = 1, = 0.25. We recall that for this nonconvex initial
data, with >z (-, 0) < 0, the classical inverse mean curvature develops a singularity
in finite time, see also [27,43]. For the axisymmetric setting we use I = R/Z, so that
dl = (. As the discretization parameters for the scheme (sz,,{ Yt we use J = 256
and At = 10~*. See Fig. 15 for the simulation results. Similarly to the results in [7,
Fig. 8], the discrete solution becomes unphysical after around time 0.52, where we
conjecture that the singularity for the continuous flow occurs.

5.4 Numerical results for Gauss curvature flow

An experiment for Gauss curvature flow, (1.7), for the same initial data as in Fig. 11,
can be seen in Fig. 16. Here we have once again that dg/ = 9l = {0, 1}. The
discretization parameters for the scheme (,sz%,,f Y from Remark 4.2 are J = 128 and
At =1075. Asa comparison, we also show the evolution for standard mean curvature
flow, computed with the scheme ()", in Fig. 16. It was suggested by Firey [25], that
surfaces of stones, which are pounded by waves and other stones, move according to
Gauss curvature flow. It is more likely that parts of the surface, where both principal
curvature directions are highly curved, will be hit by waves and other stones. He hence
proposed the Gauss curvature flow as the governing equation for the evolution of the
stone’s surface. In Fig. 16 it is clearly seen that the upper and lower part, which have
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2.:-\- 2.:-\-
1.5%- 1.53-
N
. Al
O'SN_ 05 LIl
pel Il
-1.5%- 4504
2% 22

Fig. 16 (,Q{mF ! for (1.7). Gauss curvature flow for a cigar, on the left. Plots are at times t =
0,0.01,...,0.12. We also visualize the axisymmetric surface """ generated by I"'"* at time r = 0.12.
As a comparison, we show the evolution of (,afm)h for mean curvature flow (1.1), on the right. Here the
plots are at times 7 = 0, 0.01, ..., 0.06, and we visualize the axisymmetric surface . generated by """
at time t = 0.06

two highly curved principal curvature directions, move faster within Gauss curvature
flow when compared to mean curvature flow. The parts closer to the origin have a
nearly flat principal curvature direction. Hence they move far slower under Gauss
curvature flow than under mean curvature flow, as can be clearly seen in Fig. 16.
The Gauss curvature flow is not well-defined for general hypersurfaces as for
non-convex hypersurfaces the resulting equation is not parabolic, see [3,34]. In the
axisymmetric situation the degrees of freedom are reduced and the resulting equation is

<!
QL

1

-

Xi-v=ux

on I,

=1
QL

1

which is parabolic as long as V - €] is positive. In conclusion, even in the axisymmetric
case the evolution is not well-defined if the initial surface has the topology of a torus,
and so we do not present results for genus 1 surfaces. However, although this would
not be possible in the general formulation we can start the Gauss curvature flow in the
axisymmetric case with some nonconvex initial data, and we do so in the simulation
in Fig. 17, where we used the discretization parameters J = 128 and Ar = 107>. For
a mathematical analysis for Gauss curvature flow in the axisymmetric case we refer
to [34].
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2.5

2k 4

1.5

1E _

0.5F 1

-2.5

0 05 1

Fig. 17 (,0{,,{7 )h for (1.7). Gauss curvature flow for nonconvex initial data. Plots are at times t =
0,0.05, ..., 0.6. We also visualize the axisymmetric surface . generated by I'™ at times = 0,1 = 0.2
andr = 0.6

6 Conclusions

We have derived and analysed various numerical schemes for the parametric approx-
imation of axisymmetric mean curvature flow, its nonlinear and volume conserving
variants, as well as more general curvature flows. The main fully discrete schemes to
consider for standard mean curvature flow are (szm)h and (%, ). Here we have dis-
missed the scheme (%m)h, as it can show oscillations in practice, recall Fig. 3, as well
as the scheme (%,.,)", as it can display very nonuniform meshes in simulations where

the discrete curves are attached to the x»-axis, recall Fig. 10 for its variant (‘Kn{”*v)h.
We also do not consider the schemes (.@m,*)(h), as they have no advantage over (%, +)
and as they can also exhibit very nonuniform meshes. Of the two schemes we consider,
the scheme (.<7,)" is a linear scheme that asymptotically leads to an equidistribution
of mesh points, recall Remark 3.1. In addition, even though there is no stability proof
for (o7,)", in practice the discrete energy is always monotonically decreasing. The
scheme (% +), on the other hand, is a nonlinear scheme that is unconditionally stable.
The nonlinearity is only very mild, and so a Newton solver never takes more than 3
iterations in practice. Moreover, the distribution of vertices for (6, ) may be worse
than for (.<7,)", but coalescence of vertices is not observed in practice. Similar state-
ments hold for the nonlinear variants (%,;{ ')h, (,537,;{ k V)h, (‘5,{,*) and (%,,{,Y ), where the
two conserving schemes show excellent volume conservation properties in practice,
with the observed relative volume changes always being less than 0.1%. Finally, for
general curvature flows of the form (1.6), we propose the linear scheme (Jz{”f )h, which
asymptotically exhibits equidistributed mesh points.
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A Derivation of (2.17)

Here we demonstrate that (2.25b) and (2.26b) weakly impose (2.17). First we consider
(2.25b) and the case pg = 0 € do!.

We assume for almost all 7 € (0, T') that X(r) € [C'(1)]? and s5(t) € L>®(I).
These assumptions and (2.3) imply that

for p sufficiently small, and for almost all # € (0, T).
Lett € (0, T). For afixed p > 0 and ¢ € (0, p), we define

@ [fGE -y ad 0<p<s,
e(p) ={ @7 [TEe 0T ads s<p <D,
0 P =p.

It follows from (A.1) that (X - &) 7, is integrable in the limit ¢ — 0. On choosing
1 =1 €V, in (2.25b), we obtain in the limit ¢ — 0 that

P 2 1
@)—1[0 )?-51%y52-\7</ @ ep! dz) |fp|dp=<ﬁ>—1f0 Xy &%l dp.
0
(A.2)

Applying Fubini’s theorem and noting (A.1), as well as the boundedness of |X,| and
» o, yields the existence of a constant M such that

——1 l > S o % - —1 -
) /(;x-elxyez-v /(x-e]) dz | [xpl dp
P
1 ﬁ—» - 1 Z—> - - - >
@ [(Ga (fo x~e1%yez~v|xp|dp)dz

o b4 o
S(ﬁ)_lM/(; z—1</0 pdp)dz:%(ﬁ)_lM/(; zdz=1Mp -0 as p—0.
(A.3)

On the other hand, the right hand side in (A.2) converges to (¥, (0, £) - €2) |X,(0, )|~
as p — 0, on recalling the smoothness assumptions on X. Combining this with (A.3)
and (2.3) yields the boundary condition (2.17) for p = 0 € 9dogI. The proof for
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p = 1 € 9ol is analogous. Finally, the proof for (2.26b) is easily adapted from the
above, on assuming that > (¢) € [LOO(I)]2 for almost all ¢t € (0, T).

B Existence proof for (<7) and (V)

We adapt [7, (2.12)~(2.14)] to (A and (<7 V)

Theorem B.1 Let X" € Xgo satisfy the assumptions () and (B)", and assume that
fi(a,b) - Rwith —oco < a < 0 < b < oo is strictly monotonically increasing,
continuous and such that f((a, b)) = R.Ifb = —a = oo, then there exists a solution
(SXMHL emtly ¢ Kg x VI 1o ()" and ()" Y. Moreover, for general a < b
there exists at most one solution.

Proof Let f ~1.R — (a, b) denote the inverse of f. Tt follows from (4.13) and (4.15),
on recalling (4.5), that

Sim-ﬁ—l
Aty

rgp) k" g = £ [( 5)’") (q)) +g§"} +80(q))  j=0,...,J,

(B.1)
where g1 € Rand g} € W;i) C V" areindependent of X" +! and x”"*!. In particular,

g" =0 for (,Q{,,{ ). Substituting (B.1) into (4.3b) yields

. | sxm+l. gm . h . | . . A
AT S ) e IR )+ (XL X ) = ema) Yie v,

Aty
(B.2)
where £”: V" — R is a linear functional defined by
2
oGy = — (X3 K01 — (s 1K) > Z P ii(p) - &
i=1 ped;l

It follows that (B.2) is the Euler—Lagrange variation of the minimization problem
m1n~evh / (1), where

> om h
Sy =4 (1P X5 17) + A (x‘ @ ("m“’ +g’1") : |X,€"|) — £ G,
" (B.3)
where @ € C!(R) denotes an antiderivative of f —1 We note that ®: R — Riis strictly
convex with @'(f(0)) = f —I¢ f(0)) = 0 and hence we obtain that @ is bounded from
below and is coercive.

In the following we establish that the continuous functional ¢ h:Kg — Ris
coercive, i.e. that jh(ﬁ) — 00 as ||7j|| — oo, where | - | is a fixed norm on V.
The main task is to bound the growth of the linear term £ (7}) in terms of the first two
terms in (B.3).
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If b = —a = oo, it is possible to show that for all N € N there exists a positive
constant Co(N) such that

&(r)>=N|r|—Co(N) VreR. (B.4)
To see this, for N € N choose an R € R such that min{ f(R), —f(—R)} > N, and

define || flloo,r := maxge[—r,R] | f(g)]. On assuming without loss of generality that
@(r) = [y f(g) dg, itholds for r > R that

R r
¢(V)=/O f(Q)dCH-/R f(@dg=—=R|lflooc,r+r—R)N=rN—=(lflloo,r +N) R.

(B.5)
In addition, for r € [0, R] it trivially holds that

@)= =R\ flloog +7 N —=r N =rN — (|| flloo,g + N) R. (B.6)

Combining (B.5) and (B.6) yields (B.4) for » > 0. The case r < 0 can be treated
analogously

Given 7j € V2, we define £ = ij + " € V" with U= Aty gl F@O" 2] €
V" Then it holds for every N € N that

i) = gC =

- Sm h
=1 (15 — A 1% + Any (A ¢<g-w >,|Xg1|) — G-

A
= LGP R ) N (NE @ E) D —am), B)

where, here and throughout, constants of the form C; are independent of ; but may
depend on the data xm f’” etc. Similarly, constants of the form C; (N) may also depend
. 1X7'D)
(LIXm)”
the definition to vector valued functions, it follows from (B.7) that

on N, recall (B.4), but are independent of ;. On defining {7 = and extending

- - - - h
S = (1GR R N (S EmR)
e e -m vim h e It e
—N(ATNE = £ FLIX) = CIE - 20 - £ - Gl
=1+ —1—1V—V —Ci(N). (B.8)

It remains to bound —II! -1V — ‘i from below. We have from the assumption (B)"
that Il — V > N C3| §¢| —C4 | £¢|. Choosing N > 2 C4/C3 implies that

-V >Cylf2l. (B.9)
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In addition, it holds that

HI+1V < (N+1)Cs [IE — 2] < (N +1) Ce |5l
<(N+13$ (|E,,|2, |i(;"|*1) +C7(N,8) Ve (0,00). (B.10)

Choosing (N +1)§ < % in (B.10) and combining with (B.8) and (B.9) implies that

S = 4 (162 1% 17 ) + Cal 81— CsV)
> Co |Z]| = C1o(N) = Co |lii]l — C11(N),

which proves the coercivity of _# h@p.
We now consider the uniqueness of a solution to (B.2). Let § X 0 ¢ Kh, i=1,2
be two solutions to (B.2). Then they satisfy

- h
_y [ox D@ SX@ . & - . B
(f ]< At - — el Pom . [sX D —sXP1 (X7
m m

+ (18X = 86X, 121Xy~ ) = 0. (B.11)

As flis strictly monotonically increasing it immediately follows from (B.11) that
§X(M — §X@ = X¢ e R2, and hence, on recalling (3.2), that

—1 8)?(1) - " m —1 ‘”}(2) o m ve  om
f . gp+sg'|—f o (gj)+g" | )X - 0"(gj)) =0

Vji=0,...,J.

Now the strict monotonicity of ! implies that Xe. @m (qj) =O0forall j =0,...,J,
and so the assumption (%8)" yields that X¢ = 0. This shows the uniqueness of a solution
to (ﬂn{)h and (,Qf,,{’v)h.

Theorem B.1 yields existence of a unique solution for the schemes (;zfmf )h and
(sz,,{ v )h in the case (1.4a). For the case (1.4b) we only obtain uniqueness of a solution.

C Additional fully discrete schemes

Apart from the fully discrete schemes discussed in detail in Sect. 4, in this appendix
we state some fully discrete variants of schemes introduced in Sect. 3 that are used for
numerical computations in Sect. 5. We omit a detailed analysis of these schemes, but
the interested reader can find some analysis of these schemes in the preprint version
of this manuscript, see [10].

We begin with a fully discrete approximation of (B)", (3.16a, b).
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(Bn)" Let X0 € VA Form =0,....M — 1, find (6X"*! im+1) e Vi x v,
where X"+ = X™ 1+ §X™+1_such that

- - h
Xm+1_Xm L - . N ~ L= h .
(At,mxzﬂ) = (R R, g IXp) VeVt (Cla
m
2
N - -

(:cm+1’,7|x;'}|> +<Xm+1’,7p|xm| 1) Z Z o 71(p) - €3 Vnezg,

i=1ped;I

(C.1b)

where 87 (1) e V" is such that

o™(qj) - €1 @™ (q;))
[R"&"TH1(g)) = { Xm(q)) - & lo™(g))]
-kt (g;) q; € dol.

7 4j 67\801,

LemmaC.1 Let X" € Kgo satisfy the assumption (). There exists a unique solution
X" kM e VI VI 10 (%)

Proof See [10]. O

Linear discrete analogues of the schemes (%h)(h), (3.18a, b), and (.%,)(h), (3.19a,
b), are given as follows.
(@)™ Let XO € Vi 'Form =0,..., M —1,find (s X", k) e Vi W

where X"+ = X™ 4 §X™+1_such that

v - f{m-i-l_ " - v @ vm = m+l1 vin ()
X8 S )RR = (R et R T Ve W,

(C.22)

Sm = om o=om\P (- -5 Sm = -
(X’"'€1K9+1 vm,anZ’I) +<’7' 617|XZ1|>+((Xm ) 61)Xm+1 p|Xm| 1)

2
=53 A &"py- éiip) - e Viie VA (C.2b)
i=1ped;1
(Zm)® Let X0 € V1 Form =0,....M—1,find 6X" ! &) e Vi< Wh

where X"+ = X" + §X"+1 such that
- S 0]
N . Xm-H _Xm V= N R, (h)
(X’” Ak IXZ1|) = ((X’” TR |X$|) VieWh
(C.3a)
ym 2 oyzm+l = gm () S = ym ym 2oy ym+l = ym—1
(et Xo) ™+ (i e 1 X0 ) + (R @) Xt X1
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2
Z s (X™(p) - éD)ii(p) - &3y Vije VA (C.3b)
i=1peo;l

We make the following assumption.
(€(30)) ™ Let Q”(gh)) = { ((i’" -ep) V™, x Ii?|)(h) W{g )} c R? and assume that
dim spanﬁ"(g;)) =2.
LemmaC.2 Let X" ¢ Kgo satisfy the assumptions () and (Q:(ao))(h). Then there
exists a unique solution ((Sf(m+1 , KT/H) € Zh X W(ha ) 10 (Cn) ™.
Proof See [10]. O

LemmaC.3 Let X" Vg‘ satisfy the assumption (). Then there exists a unique
solution (X1, R € VI x Wl 10 (D)™,

Proof See [10]. O

A nonlinear, and unconditionally stable, fully discrete variant of ()M, (3.19a,
b), is given as follows.

(D)™ Let X € VA Form =0,..., M—1,find 6X" ! &0 e VAxwh,
where X"+ = X™ 4+ §X"+1_ such that

- - (h)
N . Xerl _xm - N . R (h) R
(Xm e PE |X,";|> = (X enRy IR VR e W),
(C.4a)

- - om - (h) N - - L= N -~
(e %)+ (7 e X)) + (G ) X, 1%

=— Y B (X™(p)- e iip) - &
peol
= WA T XM (p) + By 1- X™(p) - EDii(p) - & Vije VA (C.4b)
pedrl

Theorem C.1 Let dol = ¥ and let X" e vh sansfy the assumpnon (). Then there
exists a solution ((SX’"Jrl /?("}f% € Kh X ﬂ () 10 (@m,*) W (C.4a, b), if Aty <

3 rn1n7(X’" cen

Proof See [10]. O

-

Theorem C.2 Let X™ € Kgo satisfy the assumption (21). Let (;(”H'l, K;",'H) be a solu-
tion to (_@m,*)(h). Then it holds that

- - R NG B
EX™YY + 27 Ay, (X'" CE R, |X;"|) < E(X™).
Proof The proof is analogous to the proof of Theorem 4.1. O
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