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PHASE FIELD METHOD FOR MEAN CURVATURE FLOW WITH BOUNDARY
CONSTRAINTS

ELIE BRETIN! AND VALERIE PERRIER?

Abstract. This paper is concerned with the numerical approximation of mean curvature flow t — §2(t)
satisfying an additional inclusion-exclusion constraint 21 C 2(t) C (2. Classical phase field model
to approximate these evolving interfaces consists in solving the Allen-Cahn equation with Dirichlet
boundary conditions. In this work, we introduce a new phase field model, which can be viewed as
an Allen Cahn equation with a penalized double well potential. We first justify this method by a
I'-convergence result and then show some numerical comparisons of these two different models.
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1. INTRODUCTION

In the last decades, a lot of work has been devoted to the motion of interfaces, and particularly to motion
by mean curvature. Applications concern image processing (denoising, segmentation), material sciences (motion
of grain boundaries in alloys, crystal growth), biology (modeling of vesicles and blood cells), image denoising,
image segmentation and motion of grain boundaries.

Let us introduce the general setting of mean curvature flows. Let £2(t) C ]Rd, 0 <t < T, denote the evolution
by mean curvature of a smooth bounded domain 29 = §2(0): the outward normal velocity V,, at a point
x € 002(t) is given by

Vi =&, (1.1)
where x denotes the mean curvature at x, with the convention that x is negative if the set is convex. We will
consider only smooth motions, which are well-defined if T is sufficiently small [4]. Since singularities may develop
in finite time, one may need to consider the evolution in the sense of viscosity solutions [5,25].

The evolution of §2(t) is closely related to the minimization of the following energy:

7(0) :/mma.

Indeed, (1.1) can be viewed as a L2-gradient flow of this energy.
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There is an important literature on numerical methods for the mean curvature flows. These can be roughly
classified into three categories: parametric methods [6,7,22,23], Level set formulations [19,24,32-34] or Phase
field approaches [11,17,31,36]. See for instance [23] for a complete review and comparison beetween these three
differents strategies.

In this work, we focus on phase field method. Following [30,31], the functional .J can be approximated by a

Ginzburg-Landau functional:
1
Je(u) :/ (Evu2+—W(u)) da,
R4 2 €

where € > 0 is a small parameter, and W is a double well potential with wells located at 0 and 1 (for example
W(s) = £s%(1 — s)?).
Modica and Mortola [30,31] have shown the I'-convergence of J. to ey J in L'(R?) (see also [9]), where

1
cw :/ V2W (s)ds. (1.2)
0
The corresponding Allen-Cahn equation [2], obtained as the L2-gradient flow of J., reads

ou 1.,

Existence, uniqueness, and a comparison principle have been established for this equation (see for example
Chaps. 14 and 15 in [4]). To this equation, one usually associates the profile

o= argmin{ [ (37 +W0)) 5 7€ HL®), 20 = L a0 0,900 = 3

Remark 1.1. The profile ¢ (when W is continuous) can also be obtained [1] as the global decreasing solution
of the following Cauchy problem

and satisfies

2

/R <lq’(s)2 + W(q(s))) — /01 2V (s)ds.

Then, the motion {2(¢) can be approximated by

1
2.0 = {o e R ulen 2 3
where u. is the solution of the Allen Cahn equation (1.3) with the initial condition

d(z, n<o>>> ,

€

uc(z,0) =g¢q (

Here d(z, £2) denotes the signed distance of a point x to the set (2.

The convergence of 9f2.(t) to 0f2(t) has been proved for smooth motions [10,17] and in the general case
without fattening [5,25]. The convergence rate has been proved to behave as O(e2[loge|?).

Various numericals method has been used to solve Allen Cahn equation, for instance, finite difference
method [8, 20, 29], the finite element method [27,28,42]. From the practical point of view, we usually solve
this equation is in a box ), with periodic boundary conditions, which allow solutions to be computed via a
semi-implicit Fourier-spectral method as in the paper [18].
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FIGURE 1. Constrained Mean curvature flow.

In this article, we investigate the approximation of interfaces evolving in a restricted area, which usually
occurs in several physical applications. More precisely, we will consider mean curvature flow ¢ — §2(¢) evolving
as the L? gradient flow of the following energy:

1ldo if 1 C 2C 2
2) = Joa ’
Jo,2,(22) {+oo otherwise.

Here 2, and {25 are two given smooth subsets of R% such that dist(0421,0822) > 0. These evolving interfaces
will clearly satisfy the following constraint 2, C 2(¢) C §2s.

To our knowledge, the only phase field model known to approximate these evolving interfaces considers the
Allen Cahn equation in {25 \ £2; with Dirichlet boundary condition on 02, and 922 [35]. Yet, some limitations
appear in this model:

e The Dirichlet boundary conditions prevent interfaces to reach boundaries 02, and 92. This can be seen
as a consequence of thickness of the interface layer which is about O(eln(e)). This highlights the fact that
the convergence rate of this model can not be better than O(eln(e)).

e From a numerical point of view, the resolution of the Allen Cahn equation with Dirichlet boundary conditions
can be performed using a finite element method [26]. This choice appears more flexible to describe complex
geometries, despite the computational cost associated with the construction of appropriate solution grid,
especially in dimension 3. More recently, Fourier spectral discretizations have been introduced to overcome
the limit choice of finite element methods in irregular domain [16,41] and to produce hight-order accuracy
schemes. These techniques are based on smooth immersed interfaces and penalization approach which can
incorporate a large variety of boundary conditions. Note that these constructions used penalized differential
operators which are ill-conditioned and should raise some instability issues in their numerical integration.

To overcome these limitations, we introduce in this paper a new phase field model. The main idea will be to
consider the Allen-Cahn equation in the whole domain with a penalization technique on the double well potential
W to take into account the boundary constraints. Note that our approach is quite different from [16,41]. Indeed,
we are not looking for some penalization technique to solve Dirichlet Allen Cahn equation but for the interface
sharp-limit of a variational problem when € goes to zero.

We then expect to obtain a better convergence order than O(eln(e)) for our phase field approximation.
Moreover, this phase field model will be numerically solved by spectral method [18] as in [16, 41]. However,
our penalization terms act on the double well potential W, wich can be explicitely integrated without adding
numerical instabililities.
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The paper is organized as follows:

In Section 2, we present in detail the two phase field model. In Section 3, we justify our penalized approach
by a I'-convergence result. In Section 4, we compare our method to the classical Finite Element model of [35],
through numerical illustrations. These simulations will investigate the numerical convergence rate of each model.

2. PHASE FIELD MODEL WITH BOUNDARY CONSTRAINTS

In this section, we will introduce our Allen Cahn model for the approximation of mean curvature flow ¢ — §2(t)
evolving as the L? gradient flow of the following energy

1do if 1 C 2C 2
Q) = f(‘m
J01,0,(£2) {+oo otherwise

where 2, and (2, are two given smooth subsets of R? satisfying dist(062;,0§2%) > 0. We begin with the
description of the classical approach.

2.1. Classical model with Dirichlet boundary conditions

The classical strategy, see for instance [12,35], consists in introducing the function space
X000, ={ue H'(2\ ) ; woo, =1 ,upg, =0},
and a penalized Ginzburg-Landau energy of the form

€ 2 1 .
j6,91792 (’LL) = sz\Ql (i‘vu‘ - ZW(u)) doifue ).(91792
+00 otherwise.

In such framework, Chambolle and Bourdin [12] have shown the I'-convergence of je’gl’gz to cwJp,, 0, in
LY(RY) (ew has been introduced in (1.2)). This approximation conduces to the following Allen-Cahn equation
Ut = Au — eL;ZVV/(U), on .Qg \ .Ql

uon, =1, upn, =0

u(0,2) =uo € X0, 02-

A more general I'-convergence result for the Allen-Cahn equation with Dirichlet boundary conditions can be
found in [35].
2.2. Novel approach with a penalized double well potential

Now, we describe an alternative approach to force the boundary constraints, based on a penalized double
well potential. From W considered in section 1.1, we define two continuous and positive potentials W7 and Wy
satisfying the following assumption:

=W(s) for s > 1/2 q Wa(s) = W(s) for s <1/2
Wi(s) > max(W(s),\) fors<1/2 o Wa(s) > max(W(s),\) fors>1/2

for a given constant A > 0.
For a > 1, € > 0, and z € R%, we introduce also a penalized double well potential We 01,0,,a defined by

dist(z, 2 dist(z, £25
W€791,Q2,a(3’x) = Wl(s) q (%) + W2(5) q (%)

W) (1 Ly (M) 4 (M)) , (2.1)

60/, 60/,
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where dist(x, £21) and dist(x, £25) are respectively the signed distance functions to the sets {2y and 25, and ¢ is
the profile function associated to W defined in (1.4).
Our modified Ginzburg-Landau energy Je o, 0, reads

J€791792704(u) = /

€ 1
{§|Vu|2 + —We,21.025.0(u,x)| de. (2.2)
R4 €

We will prove in the next section that this energy I'-converges to cwJg, o,. The associated Allen-Cahn
equation reads in this context:

1
Oru = Au — 6—285W6’91,Q2,a(u, x). (2.3)

3. APPROXIMATION RESULT OF THE PENALIZED GINZBURG-LANDAU ENERGY

In this section, we prove the convergence of the Ginzburg-Landau energy Je o, o, introduced in (2.2), to
the following penalized perimeter

|Du|(R?) ifu=1lgand 2, C 2 C 2
+00 otherwise.

J 1,0 (u) = {

Remark 3.1. Given u € L*(R?), |Du|(R?) is defined by
|Dul(R) = sup { [ waitgaes g e o&(R%Rd)} ,
Rd

where C!(R%; R?) is the set of C! vector functions from R? to R? with compact support in R?. If u € WHH(R?),
| Du| coincides with the L'-norm of Vu and if u = 1y, where §2 has a smooth boundary, | Du| coincides with the
perimeter of §2. Moreover, u — | Du|(R?) is lower semi-continuous in L!(R?) topology.

We assume in this section that 2; and (25 are two given smooth subsets of R4 satisfying dist(0£2;,022) > 0,
and that e is sufficiently small such that

- (dist(x, (21)> iy (dist(a:"; (25)) 1), (3.1)

€¥ €

for all = in (25 \ (2;.
We now state the main result for the modified Ginzburg-Landau energy Je o, 0, qa:

Theorem 3.2. Assume that W is a positive double-well potential with wells located at 0 and 1, continuous on
R and such that W(s) = 0 if and only if s € {0,1}. Assume also that Wi and Wy are two continuous potentials
satisfying assumption (H1). Then, for any o > 1, it holds

: : 1/md
I — hr% J57917927a = CWJ_(21792 m L (R )
€E—

Proof. We first prove the liminf inequality.

(i) Liminf inequality:

Let (u.) converge to u in L'(R?). As Je. o, 0,.0 > 0, it is not restrictive to assume that the liminf of J. o, o, (u.)
is finite. So we can extract a subsequence u,, = u., such that

. 1 . +
lim Je, 21 00,0(un) =liminf Je o, 0,.q0(ue) € RT.
n—-+0oo e—0
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Note that from Remark (1.1) and assumption (3.1), it holds

w >1/2 for x € (21,
W >1/2 for x € (25,
g W —q W >1/2 forxz € )\ (2,

1 q dist(:(cx,(ll) —q diSt(ei,Qg) > 0 for © € Rd,

for e sufficiently small.
This implies that

Wi (un)da < / 2% (W) W ()

@2 4 "
< 2/ Wen,(lhf)%a(u""%‘)dx
Rd
< 2€h<]en,f?1,92’a(u”)’
In the same way:
/ Wa(up)de < 2€,Je, . 0,,0y,0(un) and W(un)de < 2e,Je, 2,,00,0(Un)-
R\ £25 o

At the limit n — oo, the Fatou’s Lemma and the continuity of W, Wy and W5 imply that le Wi (u)dz = 0,
fRd\m W (u)dz = 0 and fQQ\Ql W (u)dz = 0. Recall also that W, Wy and W, vanish respectively at s = {0,1},
s = {1} and s = {0}. This means that

{1} a.e in (2
u(z) € < {0} a.e in R%\ 2y
{0,1} a.ein 25\ {2,

almost everywhere. Hence, we can represent u by 1 for some Borel set £2 € R? satisfying 21 C £2 C {2,. Using
the Cauchy inequality, we can estimate

en|Vup? 1
Jew 21, 22,0(Un) 2 —5— t = Wl(un)|dz (because W1 > W and Wz 2 W)
R4 €n
2 ~ -
> / [M iW( )] dz where W(s) =min< W(s) ; sup W(s)
R4 2 €n 56[071]
> / VA )Vl = [ 916u)]lds = 1DloCun)| @),
where ¢(s fo t)dt. Since ¢ is a Lipschitz function (because W is bounded), ¢(u.) converges in L' (R?)

to ¢(u). Ublng the lower semicontinuity of v — |Dv|(R?), we obtain

lim Je, 0,0, (uy) > liminf \Dqﬁ(un)\(Rd) > |D¢(u)\(Rd).

n—-+oo n—-—+oo

The liminf inequality is finally obtained remarking that ¢(u) = ¢(1) = cw 1o = ewu.
Let us now prove the limsup inequality.
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(ii) Limsup inequality:
We first assume that u = 1, for some bounded open set {2 satisfying 21 C 2 C {25 with smooth boundaries.

We introduce the sequence )
dist(z, £2)
vl =a{—— )
and two constants ¢; and co defined by

¢y = sup {Wi(s) —Wi(s)}, and c2= sup {Wa(s)—W(s)}.

s€[0,1] s€[0,1]
Note that
¢ 2 1 1 dist 0
Feanonalid) = | [G'V“ - —W<u5>] ar+ [ 2 (L) (Wi () — W (ue)) de
R4 2 € Re € €~
1 la QC
+ [ 2 (M) (Walue) — W(u,) d.
R4 € €

Each of these 3 terms above is now analyzed.

(1) Estimation of the first term:
Vucl? 1
7! :/ {diu + —W(ue)] dz.
Rd 2 €

By co-area formula, we estimate

il
I

L. {M W (gl 2)/0)] do
/g(s) [q/(s/e)2 n W(q(s/e))] s
q

= [ atet) |45+ wiaton | at

where g(s) = [Dlg<q |[(R?).
By the smoothness of 912, g(et) converges to |D]1{dist(x,n)go}\(Rd) as € — 0; moreover, by definition of the
profile ¢, u. converges to 1 and

L1g ()2 + W(a(s))ds| .

—+oo
limsupZ} < |D]19\(Rd)/ [2
e—0

— 00

According to Remark (1.1), it follows that

[ [wor s wian]as= [ vaTEs = e,

e 12

which implies that
limsupZ} < ew|D1g|(RY).
0

€—

(2) Estimation of the second term:

- [ L (M) (W) — W(ue)) da.

a € €¥

The function dist(z, £2) is negative on (21, thus uc(z) > 1 on 2, and Wi (ue(z)) = W (ue(z)) for all z € 2.
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This means that

72 = /W\Q1 1q <M> (W1 (ue) — W(ue)) de < 01/]R 1q (M> dz,

€ € a0, € €~

where ¢1 = sup,¢jo,1) {Wi(s) — W(s)}.
Using co-area formula, we estimate

1 [dist(z, 2 <1 5 a1 [T o
/ _ﬂc_%ggm:/ wwmgﬂwzel/gwsmm&
R4\ £2; € € 0 € € 0

where g1(s) = |D1aist(z,00)<s} | (R?).-
By the smoothness of 21, g(e“t) converges to |D]1dist(m’91)§0\(Rd) as € — 0. We then deduce that

limsupZ? = 0,

e—0

as a > 1 and [ ¢(s)ds is bounded.
(3) Estimation of the last term:

ﬁ=414@ﬂﬂ@)mwm—wmmm

d € €¥

This estimation is similar to the second one. The function dist(z, §2) is positive on R\ 2s, this means u.(z) < 3
on R4\ 25 and Wa(u.(z)) = W(ue(z)) for all z € R?\ (2. Then, we have

1 e 0 . N o
P = / ~q (Mﬂ) (Wa(ue) — W(ue))dz < c2/ Zq (%ﬂ) dr,
0, € € o, € -

and using co-area formula, it holds

1 (dist(z, £25) _/001 s _ a-1 /oo o
/92 €q< s >dw— ; 6gg(s)q<6a)d5—e ; g2(e”s)q(s)ds,

where g2(s) = |D1{dist(z,2,)<—s} | (RY). We deduce as before that

lim supI? = 0.

e—0

Finally, we conclude that
lim sup Je o, 0,.0(tc) < cw|Dlg|(RY). O

e—0
Remark 3.3. This theorem is still true in the limit case o — 0o, where Je 0, 2,.a=00 (1) reads

elVul? 1 elVul? 1 elVul? 1
St = [ T9E o] aes [ IR twao)as [T S
2 € 22\21 € RI\ 2, €

3.1. Some remarks about sharp interface limit of the gradient flow

We have just etablished a connection between the penalized perimeter Jg, o, and its smooth approximation
Je, 01 02,0 In Section 4, we will introduce a numerical scheme associated to the penalized Allen Cahn (2.3) to
approximate the mean curvature flow with obstacle defined as the gradient flow of Jg, o,.
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A first remark concerns the geometric evolution of a mean curvature flow with obstacle £2(¢) C RL,O0<t<T,
from a smooth domain 2; C 2y C 2. The outward normal velocity at point = € 9f2(t) satisfies for regular

interfaces
K(x) ifxe 2\

Vo(z) = ¢ max{k(x),0} ifze€d
min{x(x),0} if z € 982y,

where x denotes the mean curbature at the interface. Some recent results about existence, unicity and C!
regularity of such flow have been established in [3] for smooth obstacles. Notice also that in this case, V;, is
discontinous on {2, then the classical viscosity theory [21] does no apply. The existence of motion in general
sense (when singularies appear) is still an open issue to our knowledge.

A second remark concerns the gradient flow of Je o, 0, o defined by

1
Uy = A — ejasWe,Ql,Qg,a(uax)’

Since the the potential (s,z) — We o, 02,.a(s, %) is smooth, the proof of existence, unicity and comparison
principle can be easily derived from the original Allen Cahn equation properties.

Finally, the global result of convergence of the gradient flow of J¢ o, 2,,a to Jo, o, is a difficult problem for
which classical approaches can not apply directly.

A first way would be to used the recent theory of Serfaty [40] which insures the I'-convergence of the gradient
flow associated to a family of energy. In the case of Allen Cahn equation, the assumptions needed in this theory
are relied to the De Giorgi conjecture about the gamma-convergence of

Fou) = G/Rd (Au _ Gle’(u)>2 dz,

to Willmore energy

F(02) = /ém k2do(z).

This conjecture has been recently established [37-39], but only in the case of C? interfaces, which does not
correspond to the regularity of mean curvature flow with obstacles.

Other approachs [10,17] should be more suitable but need a deeper analysis. Indeed, the proofs are based on
a comparison principle which is still satisfied by our modified Allen Cahn equation, and an explicit construction
of a subsolution and supsolution. Unfortunately, such constructions also need a C? regularity of the interface.

4. ALGORITHMS AND NUMERICAL SIMULATIONS

We now compare numerically the two phase field models described in Section 2. The first and classical model
is integrated by a semi-implicit finite element method whereas our penalized Allen Cahn equation is solved by
the semi-implicit Fourier spectral algorithm. In particular, we will observe that both approaches give similar
solutions but, the convergence rate of the phase field approximation appears to behave as about O(eln(e)) for
the Dirichlet model and as O(e? In(¢)?) (when « is sufficiently large) for our penalized version of Allen Cahn
equation.

4.1. A semi-implicit finite element method for the Allen Cahn equation with Dirichlet
boundary conditions

Let us give more precision about the classic semi-implicit finite element method used for the equation

ug(x,t) = Au(x,t) — ele’(u)(x,t), on %\ x[0,7T], (4.1)

where ujp0, = 1, ujp0, = 0 and W (s) = 15%(1—s)%



1518 E. BRETIN AND V. PERRIER

Note that when the initial condition ug is chosen of the form ug = ¢ (dist(£2, z)/€) with {2y satisfying the
constraint {21 C {29 C (22, then we expect that the set £2¢(¢) defined by

.Qs(t) :.Qlu{l'e 92\91 ; u(m,t) > 1/2},

should be a good approximation to the constrained mean curvature flow ¢t — 2(¢).
Let us introduce a triangulation mesh 75, on the set 25 \ {2; and the discretization time step d;. Then, we
consider the approximation spaces X}, o and X, defined by

{X,,, - {v € HY(2\ 21) UC (2 \121) ; vixcer, € Pu(K), vjo, =1 and vjg, = o}
Xh,O :{UEH&(QQ\Ql)Uol(QQ\Ql) ; U|K€Th EPQ(K)}

where P, denotes the polynomial space of degree k. We take k = 2 in the future numerical illustrations. Then,
the solution u(z,t,) at time t,, = né; is approximated by U"", defined for n > 1 as the solution on X, of

/ U™ da + 5t/ VUMV da = / <Uh’"_1 - %W’(U”’”‘U) ¢ dz, Vo€ Xno,
92\91 92\91 92\91 €

and for n =0 by

U™0 = argmin ||[v — uol| 2(2,\21)-
vEXy

This algorithm is known to be stable under the condition
61‘/ < CW€27
~1
where cyy = {supte[o,l] {w” (s)}} . More results about stability and convergence of finite element method for
the resolution of Allen Cahn equation can be found in [13,26-28,42].

4.2. A time-splitting Fourier spectral method for the penalized Allen-Cahn equation

‘We now consider the second model
1
ug(x,t) = Du(z,t) — 6—285W6,Ql’92,a(u(w,t),x), on @ x[0,T], (4.2)

with periodic boundary conditions on a given box @, chosen sufficiently large to contain {25. In future numerical
tests, we use o = 2, W(s) = %sz(l — 5)? and the potentials W7, W are defined by

152(1 — 5)? if s> 1 152(1 — 5)? if s <1
W- — 2 -2 d W- — 722 — 2
1(s) {10(8 —0.5)*+1/32 otherwise o 2(5) 10(s — 0.5)* +1/32  otherwise,

which clearly satisfy the assumption (H1) (see Fig. 2).
The initial condition ug satisfies ug = ¢ (dist(§20,z)/€) and we will show that the set

() ={r €Q; ulw,t) > 1/2},

will be a good approximation of {2(t) as e tends to zero.

Our numerical scheme for solving equation (4.2) is based on a splitting method between the diffusion and
reaction terms. We take advantage of the periodicity of u by integrating exactly the diffusion term in the Fourier
space. More precisely, the solution u(z, t,) at time ¢,, = to +nd; is approximated by its truncated Fourier series:

u'b(x) = g cgemﬂp'“”.
[plec=P

Here |p|oc = maxi<;<q|pi| and P represents the number of Fourier modes in each direction.
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F1GURE 2. Example of potentials W, W7 and Ws.

The step n of our algorithm writes:

1/2 1/2 iTD- . 1/2 —4r? 2
o ur;r / () = chJr /2 (2imp ® with c;l+ /2 _ e 4?5t p?,
n+l _  n+1/2 ¢ n+1/2
® Up  =1Up - ?aSWE’Qz’Ql,Oé(UP vx)’

In practice, the first step is performed via a Fast Fourier Transform, with a computational cost O(Pd In(P)).
In the simplest case of traditional Allen Cahn equation, the corresponding numerical scheme turns out to be
stable under the condition

2
0t < cwe”,

and the convergence of this splitting approach has been established in [15]. In practice, the parameter € has to
be chosen great than the spatial discretisation step 6, = 1/P.

4.3. Simulations and numerical convergence

We compare in this part numerical solutions obtained with these two algorithms. For each test, we took
€ = 278 and §; = €2. The P, finite element algorithm was implemented in Freefem+-+. The mesh 7}, used in
these simulations are plotted in Figure 3. The penalization method was implemented in MATLAB where we
have taken P = 28.

We first plot two situations in Figures 4 and 5. The functions u, are plotted only on the admissible set 25\ £24
for the FE Dirichlet method and on all the set @ for the pseudo-spectral penalization version with a = 2. We
note that the solutions obtained by both methods are very similar.

In order to estimate the convergence rate of both models, we consider the case where {21 and (2 are two
circles of radii equal to R; = 0.3 and Ry = 0.4. The situation is thus very simple when the initial set {2 is also
a circle with radius Ry satisfying Ry < Ry < Rz. Indeed, the penalized mean curvature motion §2(t) evolves as

a circle, with radius satisfying
R(t) = max <\/R8 — 2t,R1> ,
that decreases until R(t) = R;.
The solutions of the two different models are computed for different values of € with P = 2% 6, = 1/P? and
Ry = 0.35. In both cases, the set £2¢(t) appears as a circle of radius R¢(¢). We then estimate the numerical
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F1GURE 3. Mesh 7}, generated by Freefem++, and used in simulations plotted in Figures 4
and 5. In both cases, 021 and 0f2 are respectively identified as the green and the yellow
boundaries.

1= 152300005 jovaue 1200227881 =omman
e

t=15259-05 t=0.022781 1=0.033386 1=0.055603

0, 0 0 0
“05 -04 03 -02 -01 0 01 02 03 04 05 -05 -04 08 -02 01 0 01 02 03 04 05 -05 -04 08 -02 01 0 01 02 03 04 05 -05 -04 03 -02 01 0 01 02 03 04 05

FIGURE 4. Numerical solutions obtained at different times tg = 0, t; = 0.022, t; = 0.033 and
t = 0.055. The first line corresponds to the FE Dirichlet method and the second line to the
penalization pseudo-spectral approach.

error between R¢(t) and R(t). The results obtained for the first method are plotted in Figure 6: the first figure
corresponds to the evolution ¢ — R€(¢) for 4 different values of € and the second figure shows the error

¢ — sup {[R(t) = R°(1)[},

t€[0,T]

in logarithmic scale. It clearly appears an error of O(eln(e)).
The same test is done for the penalization algorithm with o = 2: the results are plotted in Figure 7 and we
now clearly observed a convergence rate of O(e? In(e?)).

Remark 4.1 (about violation of the constraint 1 C {2 C {22). We remark that with our penalized Allen
Cahn approach, the constraint {2, C 2 C (2, is always violated. Indeed, Figure 7 left shows that for a given ¢,
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1= 152580005 1= 000858045 1= 000834555 1= 0068770
[ lsovalue [ [

t=15259-05 1=0.0055695 1=0.0083466 1=0.016678

FIGURE 5. Numerical solutions obtained at different times tg = 0, t; = 0.0055, to = 0.0083 and
ts3 = 0.016. The first line corresponds to the FE Dirichlet method and the second line to the
penalization pseudo-spectral approach.
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FIGURE 6. Dirichlet algorithm: numerical error |R¢(t) — R(t)|; left: t — R(¢) for different values
of € right: € — sup,¢(o 7 {|R(t) — R(t)|} in logarithmic scale compare to curve slope /e (red),
€ (green) and eln(e) (blue).

the radii of the circle £2(¢) converge in time to a value lower than the radius of (21. In fact, this error on the
constraint appears only with an order of O(e? In(€?)) as € tends to zero. Moreover, the approximation of mean
curvature flow by Allen Cahn equation is also of order O(e?In(€?)) [10,17]. This means that the precision on
the constraint 21 C 2 C (25 do not affect the initial precision of the approximation of phase field method.
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FIGURE 7. Penalization algorithm with o = 2: numerical error |R¢(¢) — R(¢)[; left: ¢ — R(%)
for different values of €; right: € — sup;c(o 7 {|R(t) — R°(t)|} in logarithmic scale compare to

curve of slope ¢ (red), €2 (green) and €2 In(e)? (blue).
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FIGURE 8. Penalization algorithm with o = 1: numerical error |R¢(¢) — R(¢)[; left: ¢ — R(t)
for different values of €; right: € — sup,c(o ) {|22(t) — R°(¢)|} in logarithmic scale

In the following last test, we analyse numerically the impact of the coefficient o on our penalized Allen
equation. As above, we consider the case where 2; and (25 are two circles of radii equal to R; = 0.3 and
Ry = 0.4. We consider as initial set {2y = §2;. The exact penalized mean curvature motion (2(¢) is then equal
to {21 for all t > 0.

Figure 8 shows experiment results obtained with ae = 1. We clearly observe an error on the localization which
does not decrease as € tends to zero. This is consistant with our theorical analysis for which « is assumed to
be strictly greater than 1. Figure 9 presents the numerical errors for different values of alpha. We observe that
the convergence rate is not affected by the value of o, when « is chosen sufficiently far than 1. In practice, we
can also choose o = +o00, but this corresponds to use a discontinous potential (s,z) — We 0, 2, +00(s, ) in
variable x.
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IR(e2) = R°(e=)!

Erreur(e)

alpha=15

alpha=1.6
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T

FIGURE 9. Penalization algorithm, numerical error |R¢(t) — R(t)| for different values of «;
€ = supycpo, 7] {|R(t) — R°(t)[} in logarithmic scale.

F1GURE 10. Minimal surface estimation: solution of the Allen Cahn equation at different times
t. The domain (2 is the union of the two red tori and (25 is the box Q with N =27, e = 1/N
and §; = €2

Moreover, our approach allows us to simulate very easily and efficiently three dimensional experiments,
whatever the geometry of the sets 21 and (2. See for instance Figure 10 where the numerical solution of the
Allen Cahn equation is plotted for different times ¢.

4.4. Possible extension of the method

Another advantage of our penalization approach is that it can be easily extended for more general situations
of evolving interfaces. For example, we have recently considered a mean curvature flow with an additional
forcing term g and a conservation of the volume in [14]. Then, the model of [14] can be modified to take into
account additional inclusion-exclusion constraints by simply using potential Wg, o, instead of W in phase field
equation. In this case, this leads to the following perturbed Allen-Cahn equation

1

up = Au — 6—2F(u),

with

Jo W, 0, (1) — €g\/2Wa, q,(u)dx
F(u) = W, g, (1) — egy/2Wa, 0, (u) — 22212 2Wo, 0, (u).
fQ \/QWQLQZ (u)dx
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FIGURE 11. Two numerical experiments with a forcing term (gravity force), a volume conser-
vation and an exclusion constraint: the domain {2 is empty and (25 is plotted in red in each
picture. We used N =27, ¢ = 1/N and §; = €.

Two simulations obtained from this model are plotted in Figure 11. We can observe that both constraints
(conservation of the volume and inclusion-exclusion set) are well respected.

5. CONCLUSION

This paper has presented a new phase field model for the approximation of mean curvature flow with inclusion-
exclusion constraints. The classical method in such a situation is to solve the Allen-Cahn equation with Dirichlet
boundary conditions. Since this method appears to be not optimal while its convergence is observed with a
rate about O(eln(e)) only, we have introduced a new approach based on a penalized double well potential.
This method was firstly motivated by a I'-convergence result and secondly numerical tests suggesting that its
convergence rate is about O(e? In(€)?). The proof of the numerical precision of the scheme is still an open problem
and will be the subject of a forthcoming paper. Another advantage of our method lies in its simplicity to be
implemented, since it is only based on Fourier Transforms. This simplicity allows one to consider 3D Geometries,
and to elaborate new strategies in more general situations, such as mean curvature flow with forcing term and
conservation of volume.
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