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Abstract

We discuss in this paper phase-field approximations of the Willmore functional and the associated
L2-flow. After recollecting known results on the approximation of the Willmore energy and its L!
relaxation, we derive the expression of the flows associated with various approximations, and we
show their behavior by formal arguments based on matched asymptotic expansions. We introduce
an accurate numerical scheme, whose local convergence can be proved, to describe with more details
the behavior of two flows, the classical and the flow associated with an approximation model due to
Mugnai. We propose a series of numerical simulations in 2D and 3D to illustrate their behavior in both
smooth and singular situations.

1 Introduction

Phase-field approximations of the Willmore functional have raised quite a lot of interest in recent years,
both from the theoretical and the numerical viewpoints. In particular, attention has been given to un-
derstanding the continuous and numerical approximations of both smooth and singular sets with finite
relaxed Willmore energy. Various approximation models have been proposed so far, whose properties
are known only partially. Our main motivation in this paper is a better understanding of these models,
and more precisely:

1. Exhibiting algebraic differences/similarities between the various approximations;

2. Deriving the L2-flows associated with these models;

3. Studying the asymptotic behavior of the flows, at least in smooth situations;

4. Simulating numerically these flows, and observing whether and how singularities may appear.

We focus on four models due, respectively, to De Giorgi, Bellettini, and Paolini [30, 14], Bellettini [8],
Mugnai [65], and Esedoglu, Rétz, and Roger [41]. The paper is organized as follows: Section 2 is an
introductory section where we collect known results on the diffuse approximation of the perimeter, the
diffuse approximation of the Willmore energy, and the critical issue of approximating singular sets with
finite relaxed Willmore energy. We also recall the definitions of the above mentioned approximations.
In Section 2.5, we make new observations on the differences between these different diffuse energies.
Section 3 is devoted to the derivation of the L2-flows associated with, respectively, Bellettini’s, Mug-
nai’s, and Esedoglu-Rétz-Roger’s models (actually a variant of the latter), and, for every flow, we use
the formal method of matched asymptotic expansions to derive the asymptotic velocity of the limit
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interface as the diffuse approximation becomes asymptotically sharp. We show in particular that, in
dimensions 2 and 3 for all flows, and in any dimension for some of them, they correspond asymptoti-
cally to the continuous Willmore flow as long as the interface is smooth. In Section 4, we focus on the
numerical simulation of De Giorgi-Bellettini-Paolini’s flow (which we shall refer to as the classical flow)
and Mugnai’s flow, and we propose a fixed-point algorithm whose local convergence can be proved.
We illustrate with various numerical examples the behavior of both flows in space dimensions 2 and 3,
both in smooth and singular situations. We show in particular that our scheme can capture with good
accuracy well-known singular configurations yielded by the classical flow, and that these configura-
tions evolve as if the parametric Willmore flow were used. We also illustrate with several simulations
that, in contrast, Mugnai’s flow prevents the creation of singularities.

2  What is known?

2.1 Genesis : the van der Waals-Cahn-Hilliard interface model and the diffuse
approximation of perimeter

In his 1893 paper on the thermodynamic theory of capillary (see an English translation, with interesting
comments, in [75]), van der Waals studied the free energy of a liquid-gas interface. Arguing that the
density of molecules at the interface can be modelled as a continuous function of space u, he used
thermodynamic and variational arguments to derive an expression of the free energy, in a small volume
V enclosing the interface, as [}, (fo(1) + A|Vu|?)dx, where fo(u) denotes the energy of a homogeneous
phase at density u# and A is the capillarity coefficient. The same expression was derived by Cahn and
Hilliard in 1958 in their paper [23] on the interface energy, to a first approximation, of a binary alloy
with u denoting the mole fraction of one component. Cahn and Hilliard argued that both terms in
the energy have opposite contributions: if the transition layer’s size increases, then the gradient term
diminishes, but this is possible only by introducing more material of nonequilibrium composition, and
thus at the expense of increasing [, fo(u)dx. Rescaling the energy, and changing the notations in the
obvious way, yields the general form

WD) g M

F() = [ GIVuP+

In the original papers of van der Waals, Cahn and Hilliard, f, was a smooth double-well function,
yet with a slope between the local minima. For simplicity, since it does not modify the mathematical
analysis, W will denote in the sequel a smooth double-well function with no slope (we will take in
general W(s) = 1s2(1 —s)?).

Two equations are usually associated with the van der Waals-Cahn-Hilliard energy, and will be used
in this paper: the Allen-Cahn and the Cahn-Hilliard equations. The evolution Allen-Cahn equation is
the Lz—gradient descent associated with (1) and is written

W’ (u)

ur = ———= —eAu.
€

We shall also refer to the stationary Allen-Cahn equation
W (1) — eAu = 0.

The Cahn-Hillard evolution equation is derived in a different manner: from a mathematical viewpoint,

it is the H~!-gradient flow associated with the van der Waals-Cahn-Hilliard energy [21, 44]. The physi-
!
cal derivation of the equation is also instructive [22, 23]: since V, F(u) = —eAu + WT(M) quantifies how

the energy changes when molecules change position, it coincides with the chemical potential y. Fick’s
first law states that the flux of particles is proportional to the gradient of y, i.e. ] = —a V. Finally, the
conservation law u; 4- div | = 0 yields the Cahn-Hilliard evolution equation

/
ur = aA(—eAu + WT(u))



To summarize, the Allen-Cahn equation describes the motion of phase boundaries driven by surface
tension, whereas the Cahn-Hilliard equation is a conservation law that characterizes the motion induced
by the chemical potential, which is the gradient of the surface tension.

Let us now recall the asymptotic behavior of F(u), as ¢ — 07, that has been exhibited by Modica
and Mortola [62] following a conjecture of De Giorgi. We first fix some notations. Let () C R”" be
open, bounded and with Lipschitz boundary. W € C3(R, R") is a double-well potential with two equal
minima (in the sequel we will work, unless specified, with W(s) = 1s?(1 —5)2). Modica and Mortola
have shown that the I'-limit in L' (Q) of the family of functionals

Pg(u):{ /Q<2|Vu|2+wiu))dx if u € W2(Q)

+o0 otherwise in L1 (Q2)

is coP(u) where
IDu|(Q) ifu € BV(Q,{0,1})
+o0 otherwise in L1 (QQ)

P(u) = {

and ¢p = fol /2W(s)ds. In particular, if E C R" has finite perimeter in Q and u := 1 € BV(Q),{0,1}),
then one can build a sequence of functions (1) € W'2(Q) such that u, — u € L'(Q) and P (1) —
co|Du|(Q)) = ¢oP(E, Q) with P(E, Q) the perimeter of E in ().

To prove it, it is enough by density to restrict to smooth sets. Being E smooth, a good approximating
sequence is given by u, = g( @) (actually a variant of this expression, but we shall skip the details for
the moment) where d is the signed distance function at oE, i.e. d(x) = —d(x,dE) if x € E and d(x, dE)
(i‘) _ lfta;h(t)

else, and g is the unique decreasing minimizer of

/ t 2

[ AP o) @
R

under the assumptions lim;—, —e ¢() = 1, lim; 0 ¢(t) = 0 and ¢(0) = 3. In other words, the approx-

imation of u = 1 is done by a suitable rescaling of the level lines of the distance function to dE. Such

rescaling is optimal, in the sense that it minimizes the transversal energy (2) and forces the concentration

ase — 0.
/Q<§|Vu|2+wiu)) de/QﬁIVuh/W(u)

Observe now that
W(u)

and the equality holds if §|Vu > = - Therefore, by lower semicontinuity arguments, the quality of
an approximation depends on the so-called discrepancy measure

W(w)

_ (£ 2
&= (5 Vuf - =

)L2,
that will play an even more essential role for some diffuse approximations of the Willmore functional.

2.2 De Giorgi-Bellettini-Paolini’s approximation of the Willmore energy

Based on a conjecture of De Giorgi [30], several authors [14, 78, 11, 64, 74, 66] have investigated the
diffuse approximation of the Willmore functional, which is for a set E C RN with smooth boundary
in O 1
W(E,Q) = - Hap (x) > dHN !
(B0 =5 [ [Hx()]

where Hyp(x) is the classical mean curvature vector at x € JE. The approximation functionals are

defined as 5
1 W' (u) . 1 2,2
Wg(u) _ { z /() <8Au — 8) dx lf ue L (Q) N W (Q)

+o0 otherwise in L' (Q0)



Introduced by Bellettini and Paolini in [14], they differ from the original De Giorgi’s conjecture in the
sense that the perimeter is not explicitly encoded in the expression. They have however the advantage
to be directly related to the Cahn-Hilliard equation, whose good properties [25] play a key role in the
approximation. In the sequel, we shall refer to these functionals as the classical approximation model.

The reason why eAu — M is related to the mean curvature can be simply understood at a formal
level: it suffices to observe that the mean curvature of a smooth surface is associated with the first
variation of its area, and that —eAu + WT(”) is the L? gradient of §|Vu|? + M that appears in the
approximation of the surface area.

The results on the asymptotic behavior of W, as ¢ — 07 have started with the proof by Bellettini
and Paolini [14] of a I' — lim sup property, i.e. the Willmore energy of a smooth hypersurface E is the
limit of W, (u¢), up to a multiplicative constant, where u, is defined exactly as for the approximation of
the perimeter.

The I' — lim inf property is much harder to prove. The contributions on this point [78, 11, 64, 74, 66]
culminated with the proof by Roger and Schitzle [74] in space dimensions N = 2,3 and, independently,
by Nagase and Tonegawa [66] in dimension N = 2, that the result holds true for smooth sets. More
precisely, given u = 1 with E € C?>(Q), and u, converging to u in L! with a uniform control of P (u,),
then

coW(E, Q) < liminf Wi (ute).

e—07t

The proof is based on a careful control of the discrepancy measure & = (§|Vu|?> — M)CZ that guar-

antees good concentration properties, i.e. the varifolds v, = |Vu,|£? ® gy, (Whose mass is related
naturally to the variations of the approximating functions u.) concentrate to a limit integer varifold that
has generalized mean curvature in L? and that is supported on a supset of dE. Then, in Roger and
Schatzle’s proof, a lower semicontinuity argument and the locality of integer varifolds’ mean curvature
yields the result. It holds in dimensions N = 2,3 at most due to dimensional requirements for Sobolev
embeddings and for the control of singular terms used in the proof. The result in higher dimension is
still open.

What about unsmooth sets? Can the approximation results be extended to the relaxed Willmore
functional? The answer is negative in general, as discussed below.

2.3 The approximation does not hold in general for unsmooth limit sets
Define for any set E of finite perimeter in () its relaxed Willmore functional
W(E,Q) = inf{liminf W(Ej, Q), 9E, € Q € C?, E, — Ein L}(Q)}.

The properties of this relaxation are fully known in dimension 2 [9, 10, 12, 59] and partially known in
higher dimension [3, 55, 60]. It is natural to ask whether the I'-convergence of W, to W can be extended
to W. Unfortunately, this is not the case as it follows from the following observations (for simplicity we
denote I' — lim W, (E) =T — lim W, (1)) that are illustrated in Figure 1:

1. there exists a bounded set E; C IR? of finite perimeter such that

[ —HmW,(E;) <co and W(E) = +oo

2. there exists a bounded set E; C R? of finite perimeter such that
I' — lim Wg(Ez) < W(Ez) < +oo

The reason why W(E;) = +co is a result by Bellettini, Dal Maso and Paolini [9] according to which
anon oriented tangent must exist everywhere on the boundary. Besides, W(E;) < +oco because, still by
a result of Bellettini, Dal Maso and Paolini, the boundary is smooth out of evenly many cusps. Let us
now explain why, in both cases, I' — lim W, (E; ;) < +oo. The reason for this is the existence of smooth

solutions with singular nodal sets for the Allen-Cahn equation

Au—W'(u) =0
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Figure 1: Top: a set E; such that T — lim W;(E;) < oo and W(E;) = +oco. Bottom, from left to right, a set
Ej, the limit configuration whose energy coincides with I' — lim W, (E»), a configuration whose energy
coincides with W(Ey).

According to Dang, Fife and Peletier [29], there exists for such equation in IR? a unique saddle solution
u with values in (—1,1). By saddle solution, it is meant that u(x,y) > 0 in quadrants I and III, and
u(x,y) < 0in quadrants II and IV, in particular u(x,y) = 0 on the nodal set xy = 0. Considering
ue(x) = u(ex), we immediately get that

e2Aue — W' (1e) = 0

thus the second term in W (u,) vanishes, and the first term being obviously bounded, it follows from the
lower semicontinuity of the I'-limit that I’ — lim W, (E; ) < +o0. Furthermore, the approximation of E;
can be made so as to create a cross in the limit, as in bottom-middle figure. The limit energy is therefore
lower than the energy obtained by pairwise connection without crossing of the cusps (bottom-right
figure). Thus, T — lim W, (E,) < W(E) < 0.

For the reader not familiar with varifolds, it must be emphasized that this is not in contradiction
with the results described in the previous section, and more precisely with the fact that the discrepancy
measure guarantees the concentration of the diffuse varifolds at a limit integer varifold with general-
ized curvature in L2. Indeed, the boundary curves of E; and of the bottom-middle set can be canonically
associated with a varifold having L? generalized curvature because, by compensation between the tan-
gents associated with each branch meeting at the cross, there is no singularity.

We end this section with the question that follows naturally from the discussion above: is it possi-
ble to find a diffuse approximation that I'-converges to W (up to a multiplicative constant) whenever
W(E) < 400?

2.4 Diffuse approximations of the relaxed Willmore functional
2.4.1 Bellettini’s approximation in dimension N > 2

In [8], G. Bellettini proposed a diffuse model for approximating the relaxations of geometric functionals
of the form [,.(1+ f(x, Vdg, V2dg))dHN~! where E is smooth and df is the signed distance function
from 9E. Such functionals include the Willmore energy since, on 9E, H = (Adg)Vdg = tr(V2dg)VdE
thus |H|? = | tr(V2dEg)|?. Particularizing Bellettini’s approximation model to this case yields the smooth
functionals

1 . Vu € W (u) .

= d (5 |Vulf + —2)dx ifu € C°(Q
o) = 4 3 ey 199 G170+ Y it e c=()

) otherwise in L' (Q))



Then, according to Bellettini [8, Thms 4.2,4.3], in any space dimension,

(T — lin% P:+W)(E) = co(P(E) + W(E))  for every E of finite perimeter such that W(E) < +oc0
£—

The constructive part of the proof is based, as usual, on using approximating functions of the form
Ug = q(dTE) As for the lower semicontinuity part, it is facilitated by the explicit appearance of the
mean curvature in the expression. Recall indeed that, u being smooth, for almost every t, H,(x) :=

(div \gzl ) \gzl (x) is the mean curvature at a point x of the isolevel {y, u(y) = t}. Let (1) be a sequence

of smooth functions that approximate u = 1f in L' (RN) and has uniformly bounded total variation.
Then, by the coarea formula,

1 1 /1
W (1) > = Ve /2W (1) | Hy [P = 7/ Jaw (s / Hy, 241N at.
e (ue) > > {|Vuh\7é0}| Ue| (te)| Hy, |“dx 2 Jo (£) {ug:t}ﬂ{\Vugl;éO}| e

The last inequality is important: it guarantees a control of the Willmore energy of the isolevel surfaces
of u,. This is a major difference with the classical approximation, for which such control does not hold.

Then, it suffices to observe that, by the Cavalieri formula and for a suitable subsequence, [{u, >
t}A{u > t}| — 0 for almost every t. In addition, {u > t} = E for almost every t, and by the lower
semicontinuity of the relaxation F(E) < liminf,_, F(u,). Fatou’s Lemma finally gives

11m1r1f1/\/Be (ue) > F(E / \/2W(t)dt = c¢oF(E

Bellettini’s approximation has however a drawback that will be explained with more details later: when
one computes the flow associated with the functional, the 4th order term is nonlinear, which raises
difficulties at the numerical level since it cannot be treated implicitly.

2.4.2 Mugnai’s approximation in dimension N = 2

In the regular case and in dimensions 2,3, it follows from the results of Bellettini and Mugnai [13] that,
up to a uniform control of the perimeter, the I'-limit of the functionals defined by

1 W' (u 2 .
W (1) = % Jo eVu — %vu Quyu| dx ifue€ CZ(Q)
+oo otherwise in L' (Q),

where v, = 5% when |Vu| # 0, and v, =constant unit vector on {|Vu| = 0}, coincides with

C A X 2dx
0 / AOE | aE( )‘

for every smooth E, with Ayg(x) the second fundamental form of oE at x. Again, this approximation
allows a control of the mean curvature of the isolevel surfaces of an approximating sequence u,, thus
prevents from the creation of saddle solutions to the Allen-Cahn equation since, by [13, Lemma 5.3]
and [65, Lemma 5.2],
Vu

Vul|div (=

V| div |
In dimension 2, the second fundamental form along a curve coincides with the curvature. Therefore,
by identifying the limit varifold obtained when u, converges to u = 1, and using the representation
results of [12], Mugnai was able to prove in [65] that, in dimension 2, the I'-limit of W) (with uniform
control of the perimeter) coincides with F(E) for any E with finite perimeter.

1 W/
< E|SV2M — {_:(u)vu ® vy |



2.4.3 Esedoglu-Ritz-Roger’s approximation in dimension N > 2

The model of Esedoglu, Ritz, and Roger in [41] is a modification of the classical energy that aims to
preserve the “parallelity” of the level lines of the approximating functions, and avoids the formation of
saddle points, by constraining the level lines’ mean curvature using a term a la Bellettini. More precisely,

one can calculate that
Vu Vu

W (u) :
€Au - T — €|Vu| le W - Vé(g N W

with ¢ = (% |Vul? — M) the discrepancy function (with a small abuse of notation, we use the same
notation for the discrepancy measure and its density).

!
Therefore, eAu — Wu) approximates correctly the mean curvature (up to a multiplicative constant)
€ pp y p p

if the projection of V¢, on the orthogonal direction Vu is small. Equivalently, it can be required that

eAu

W' (u) . Vu
- —s]Vu|d1vW

be small, therefore a natural profile-forcing approximation model is (with « > 0 a parameter):

/ 2
l/ (sAu—W(u)> dx+
2¢e Jo €

EsR4R6 _ /
W (u) = 28711+“ /Q(eAu— WS(”) — ¢|Vu|div ;Z')de if u € C*(Q)

+o0 otherwise in L' (Q))

To simplify the theoretical analysis, the model proposed by Esedoglu, Rétz, and Roger is slightly dif-
ferent. It uses the fact that, if a phase field 1, resembles q(%), one has ¢|Vu| ~ /2W(u), which leads
Esedolu, Rétz, and Roger to penalize

!
et — V) i) 2w () ) div 2L
|Vl
Finally, they propose the following approximating functional
/ 2

l/ (sAu — WW)) dx+
- 2e Jo €
WgsRaRé(u) — 1 W’(u) 1 .. Vu 2 . o0

s /Q(:»:Au — T (e Vul W () div e e € ()
) otherwise in L' (Q)

This energy controls the mean curvature of the level lines of an approximating function since (see [41])

— e 1 Vu
() > / W (t / di AN dt,
R 2 e [ WO [ i)

which, once again, excludes Allen-Cahn solutions. With the control above, the authors prove with the
same argument as Bellettini [8] that, for any « > 0,

r—hr%PngWgﬁﬁ —q(P+W) inLY(Q).
e—

With & = 0 the I'-convergence result does not hold anymore, but instead, with a uniform control of the
perimeter,

. ST Co—
I — lim W > O,
e—0 2

which still guarantees a control of W.



For the sake of numerical simplicity, another version is tackled numerically in [41], based again on
the approximation &|Vu| ~ /2W (u):

1 W (1) \
— 2e Jo €
WERSRS (1)) = 1 W' (u) . Vu , . o
YSE /Q(SAM s 2W(u) div W) dx ifu e C®(Q)
) otherwise in L' (Q)

We will focus in the sequel on Wi, whose flow will be derived, as well as its asymptotic behavior
as ¢ goes to 0.

2.5 Few remarks on the connections between the different approximations
2.5.1 From Mugnai’s model to Esedoglu-Ritz-Réger’s

We saw previously that the phase-field approximations Wg* and W= I'-converge, up to a uniform

control of perimeter, to coWW in any dimension, and the same holds true in dimension 2 for W". We will

now emphasize the connections between these approximations. More precisely, we will see that Mug-

nai’s approximation W;™ can be viewed as the sum of a geometric-type approximation of the Willmore

energy plus a profile penalization term of the same kind as in Esedgglu, Rétz, Roger’s model (or, more
u

precisely, the initial model W;**°). Indeed we have, denoting v = Vul when |Vu| # 0, and v =constant

unit vector on {|Vu| =0},

1
we) = 5

1

2 /0\{|Vu\:0}
where, being A, B two matrices, we denoteas A : B = Y AjBj; the usual matrix scalar product. Using
A:el ®ep =< Aey,e; >, we observe that VZu : v @ v = Au — |Vu| div %, therefore the first term of
Wi coincides with the second term of Wi for & = 0. The second term of W;™ can be splitted as

2
€ (102,12 _ (o2, . 2 _ 1/ Vu 2
/QZOV ul*— (Vou:vev) )dx = 3/ V(w|>‘ (s\Vu| )dx,

€ (192, 412 _ 192, - 2
—0—/02(\Vu1/| \Vu.v@v\)dx.

2

!
eVou — WT(u)v Q| dx

! 2
(evzu:v@av—wu)) dx+ [ 51V = (V2u:ver)?) dx.
I3 0?2

Note that

2
/ S(Vzuwz— (Vzu:v®v) )dxzo,
Q

is positive and vanishes for all functions u of the general form u = 7 (d(x)) with 1 smooth. It is
therefore a soft profile-penalization term that forces the approximating function to be a profile, yet not
v ( Vu )

|Vl
and constrains the approximating function’s level lines mean curvature. It would therefore be worth
addressing the I'-convergence of the new functional

2
necessarily the optimal profile 4. As for the term / (8|Vu|2> dx, it is purely geometric
Q

1 v 1 1 7 2

New () _ * _ )2 A 2, 12 _ 2.
Wi (u) = % ./Q(eAu SW (u))“dx + e / € (|V uv| (Vu .v®v) ) dx.
The reason why such approximation would be interesting is that, if it indeeds I'-converges, the associ-
ated flow would not be influenced by the asymptotic behavior of the penalization term, since it vanishes
for approximating functions that are profiles. More precisely, the Willmore flow could be captured at
low order of ¢, and not at the numerically challenging order ¢ as for the Esedoglu-Ritz-Roger model
witha =0 or 1.



2.5.2 Towards a modification of Mugnai’s energy that forces the I'-convergence in dimension > 3

Obviously, we cannot expect that Mugnai’s energy I'-converges to the Willmore energy in dimension
greater than 2, since for E smooth
2 _ 2 .
|A3E| - ‘H8E| - ZKZK]
i#]
where «1, %7 ... k_1 are the principal curvatures. This identity suggests however that a suitable correc-
tion could force the I'-convergence, i.e. by subtracting to YW} an approximation of

J(E,Q) = / Y s dHN L

Recalling our assumptions that d < 0 in E, and as an easy consequence of Lemma 14.17 in [46] (see
also [1]), we obtain in a small tubular neighborhood of JE:

div (Ad(x)Vd(x)) = (Ad(x))?+ VAd(x)-Vd(x)
2
_ ki (71(x)) _ i (7r(x))?
- (;Hd(@m(ﬂ(ﬂ)) L AT a7
~ Y xik; on JE,
i#]

~—

where 77(x) is the projection of x on I'. Thus, a possible approximation of ¢yJ(E, Q) is

Ji (u) = —% /Q (eAu — 1W’(u)) @dx.

Indeed, with u = g(d/€) and with a suitable truncation of g so that ¢'(d/¢) vanishes on 9Q) (which is
always possible if E CC ()), integrating by parts yields:

1 _ 2 / d " d _ 1 / d 2
) = =3 [ adg <€)q (€> dx——g/QAdV <q (e) ).Vddx

1 d\?
— 2 diviaava)d (2 dz/ AN
e/n v (AdVd)q (s> e 8EﬂQi§jKlK} "

Remark also that since a profile function u = q(d/e) satisfies 1W’(u) = eV2u : N(u) where N(u) =

_ Vu Vu : i
VRV = Vil & [Vl the following energies

JRu) = =3 [ (edu—eV2u: N(u)) W (u)dx
Pu) =-2[q (sAu - %W’(u)) V2u : N(u)dx
Jiu) = =2 [ (eAu—eV2u: N(u)) V?u : N(u)dx

approximate also ¢oJ(E,Q2). In particular, as a modified version of Mugnai’s energy, we can consider

W = Wi 4 2 (L) + ) — JE ()

We have indeed

2 W’(u) 2
Je (u) + J2 (1) = J2 (u) = Jé(u) = 2/0 (Evzu VRV ) dx.

€

and 1
W = W) = 53 (w)



since |V2u|? = (Au)?, N(u) : N(u) =1,
|eV2u — e TW (u)N(u) > = €2|V2ul|? — 2W' (1) V21 : IN(u) + e 2W' (u)* N (1) : N(u)

and
(eAu — e YW/ (1))? = 2(Au)? — 2W' (u) Au + e 2 (W' (u))%.

Therefore )
— !/
Whe = W (u) + %/ (sVzu VRV — WS(”)) dx,
(@)

which resembles Esedoglu-Rétz-Roger’s approximation with « = 0 since, in both approximations, the
second term forces u to be a “profile” function, and vanishes at the limit. In view of the approximation
result of Esedoglu, Rétz, and Roger, it is reasonable to expect that Wi I'-converges to the relaxed
Willmore energy in any dimension.

3 The Willmore flow and its approximation by the evolution of a
diffuse interface

This section is devoted to the approximation of the Willmore flow by L?-gradient flows associated with
the approximating energies introduced above. In particular, we shall derive explicitly each approximat-
ing gradient flow and, using the matched asymptotic expansion method [20, 72, 15, 56], we will show
that, at least formally and for smooth interfaces, there is convergence to the Willmore flow, at least in
dimensions 2 and 3 for all flows, and in any dimension for some of them. The general question “if a
sequence of functionals I'-converges to a limit functional, is there also convergence of the associated flows?” is
rather natural, since I'-convergence implies convergence of minimizers, up to the extraction of a subse-
quence. However, the question is difficult and remains open for the Willmore functional. Our results
below give formal indications that the convergence holds. Serfaty discussed in [77] a general theorem
on the I'-convergence of gradient flows, provided that the generalized gradient of the associated func-
tional can be controled (see in particular the discussion on the Cahn-Hilliard flow). Such control is so
far out or reach for the Willmore functional.

3.1 On the Willmore flow

Let E(t),0 < t < T, denote the evolution by the Willmore flow of smooth domains, i.e. the outer normal
velocity V/(t) is given at x € JE(t) by

1
V = AgH — EH3 + H|| A%,
where Ag is the Laplace-Beltrami operator on dE(t), H the scalar mean curvature, A the second funda-
mental form, and || A||? is the sum of the squared coefficients of A.
In the plane, the Willmore flow coincides with the flow of curves associated with the Bernoulli-Euler
elastica energy, i.e., denoting by « the scalar curvature

V =Asx + 1K3 .
2
The long time existence of a single curve evolving by this flow is established in [39], and any curve with
fixed length converges to an elastica.
In higher dimension, Kuwert and Schitzle give in [53, 52] a long time existence proof of the Willmore
flow and the convergence to a round sphere for sufficiently small initial energy. Singularities may
appear for larger initial energies, as indicated by numerical simulations [61].
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3.2 Approximating the Willmore flow with the classical De Giorgi-Bellettini-Paolini
approach

The Lz—gradient flow of the approximating energy

We(u) = 2%/0 <8Au - W/e(u))zdx,

is equivalent to the evolution equation

o = —A (Au - Slzw’(u)) + 81—2W”(u) (Au - ;W’(u)> ,

that can be rewritten as the phase field system

201U = Ap — éW”(u)y 3)
u=W(u)—eAu.
Existence and well-posedness The well-posedness of the phase field model (3) at fixed parameter ¢
has been studied in [27] with a volume constraint fixing the average of u, and in [28] with both volume
and area constraints.

Convergence to the Willmore flow Loreti and March showed in [56], by using the formal method of
matched asymptotic expansions, that if E is smooth and evolves by Willmore flow, it can be approxi-
mated by level lines of the solution u, of the phase field system (3) as € goes to 0. In addition, u, and p,
are expected to take the form

ne(x,t) = q (D) 4 &2 (A2~ JH2) gy (A2EO)) 4 O()
se(x, t) = —eHg' (M)—FSZHZU ( E20 ))) +o 3 :

where 71 and #; are two functions depending only of the double well potential W, and defined as the
solutions of

1y (s) —W"(q(s))n2(s) = q"(s), with limste0t2(s) = 0.

An important point is that the second-order term in the asymptotic expansion of u, has an influ-
ence on the limit law as ¢ goes to zero [56]. This is a major difference with the Allen-Cahn equation,
for which the velocity law follows from the expansion at zero and first orders only [15]. As a conse-
quence, addressing numerically the Willmore flow is more delicate and requires using a high accuracy
approximation in space to guarantee a sufficiently good approximation of the expansion of .

{n{/(s)—w"w(s))m(s)=sq'<s>, with  limg_, 10 771(s) = 0,

3.3 Approximating the Willmore flow with Bellettini’s model

We focus now on the approximation model

WE (i 2/ (IV I) <;|Vu2+1W(u)> dx

We will prove in the next section that its L?-gradient flow is equivalent to the evolution equation

u)? u)he(u
o = X (Au - ;W’W)) + VK@) Vi~ - div (pth) , @

where P = Iy — (Y1t @ Vi — I; — N(u), he (1) = (§|w|2 + %ww)) and K(u) = div (\v |)
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Existence and well-posedness of this equation are open questions. Numerical simulations performed
with this flow are shown in [41]. Note that the fourth-order nonlinear term makes numerics harder.

Using the formal method of matched asymptotic expansions, we show below that the phase field
model (4) converges in any dimension, at least formally, to the Willmore flow as € goes to 0. More
precisely, we observe an asymptotic expansion of u, of the form

i) =g () 0@,

where the second-order term does not have any influence on the limit velocity law as & goes to zero, in
contrast with the classical approximation of the previous section.

3.3.1 Derivation of the L.>-gradient flow of W (u)

Proposition 3.1 The L2-gradient flow of Bellettini’s model is equivalent to

du = K(;’)z (Au - ;W’(M) + VK@)V~ div (pMV[K(@’T“‘)]> ,

where P* = [; — % ® %, he(u) = (§|Vu|2 + %W(u)) and K(u) = div (\%)

Proof: The differential of K at u satisfies

K(u+ tw) — K(u) . ( Vw  VuVwVu
=WV T TN )

K'(u)(w) = lim .

therefore

e ) = [ K] iv (20— ST g

1 2 1.
+ E/QK(M) (sVqu—i-eW(u)w) dx

It follows that the L?-gradient of WX reads as

1 . 2 1 21a7!
-5 (s div (K(u) w) — K(w)?wW (u)> .
whence the L?-gradient flow of W (u) follows. O

3.3.2 Asymptotic analysis

In this section, we compute the formal expansions of the solution u.(x, t) to the phase field model (4).

Preliminaries We assume without loss of generality that the isolevel set I'(t) = {1, = 1} is a smooth
n — 1 dimensional boundary T'(t) = 9E(t) = a{x € R%u(x,t) > 1/2}. We follow the method of
matched asymptotic expansions proposed in [20, 72, 15, 56]. We assume that the so-called outer expan-
sion of u,, i.e. the expansion far from the front I', is of the form

ue(x,t) = ug(x, ) + eug (x, 1) + 2up(x,t) + O(e®)

12



In a small neighborhood of I, we define the stretched normal distance to the front,

were d(x,t) denotes the signed distance to E(t) such that d(x,t) < 0 in E(t). We then focus on inner
expansions of ue(x,t), ie. expansions close to the front, of the form

ue(x,t) = U(z,x,t) = Up(z,x,t) + el (z,x, ) + Uz (2, x, t) + O(%)

Let us define a unit normal m to I and the normal velocity V to the front as
V =—0id(x,t), m=Vd(x,t), xeT,

where V refers to spatial derivation only (the same holds for further derivation operators used in the
sequel). Following [72, 56] we assume that U(z, x, t) does not change when x varies normal to I with z
held fixed, or equivalently V,U.m = 0. This amounts to requiring that the blow-up with respect to the
parameter ¢ is coherent with the flow.

Claim 3.2 In a suitable regime provided by the method of matched asymptotic expansions, the normal velocity of
the -front T(t) = OE(t) associated with a solution uc(x,t) to Bellettini's phase field model (4) is the Willmore
velocity

3
V= acH +APH -,
nd d(x,E(1))
x, E(t
uele 1) = (P 1 o)

Following [72, 56], it is easily seen that

Vu =V U+e lmo,U
Au = AU+ e 'Ado. U + e 202U
o = o — e Vo, U.

Recall also that in a sufficiently small neighborhood of I, according to Lemma 14.17 in [46] (see also [1]),
we have

B ki (70(x)) i k(n(x)
MG = L T~ & T (e

where 77(x) is the projection of x on T, and «; are the principal curvatures on I
In particular this implies that
Ad(x,t) = H — ez||A||> + O(¢%),

where H and ||A||? denote, respectively, the mean curvature and the squared 2-norm of the second
fundamental form on I at 7t(x).

Outer solution: We now compute the solution u¢ in the outer region. By equation (4), g satisfies

W'(up) = 0 and
1 if E(t
w( =10 1 EED
0 otherwise

We also see that 17 = 0 is a possible solution at the first order.
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Matching condition: The inner and outer expansions are related by the following matching condition
up(x, t) +eug(x,t) +--- = Up(z, x,t) +ely(z,x,t) + - - -
with x near the front T and ez between O(e) and o(1). With the notation

+
{ /t - 1 /t/
uz(x,t) = si%iiu(x—l—sm )

one has that
uoi(x, £) = limz— 100 Up(z, x, 1)
lim; s 400 uli(x, £)+zm- Vu(:)t(x, f) =limz 100 Up (2, x, 1)

In particular, for the phase field model (4), it follows that

lim Uy(z,x,t) =0, hm Up(z,x,t) =1 and lim Uy(zx,t) =0,

Z—r+400 —00 z—r*Fo0

Inner solution: Note that
Vu m—¢eV,U/o,U

Vul ~ /1t 2VLUP/ U2

therefore, using the orthogonality condition V. U.m = 0:

K(u) = Ad+O()
he(u) = 1 [1@:U)2 + W(W)| +0(1)
IV [K(u)?] Vu—% (AdV (Ad).Vd) 9. U + O(1)
Ldiv (P YKWIL) — 1 div (V(Ad) — V(Ad) - VAVd) (W) +0(1)

Recall also that in a sufficiently small neighborhood of T',

_v ()
Ad(x,t) = ; T+ x,((x))ez’

thus
(AdV (Ad).Vd) = —||A||>H + O(e)
div (V(Ad) — V(Ad) - VdVd) = ArH + O(e).

Then, the first order in e =2 of Equation (4) reads
HZ 2 !
o (azzuo -W (UO)) =0.

Adding the boundary condition obtained from the matching condition, and using Uy (0, x,t) = 1/2
leads to

Uo = 4(z).
Moreover, the second order in e~ of (4) shows that
H? 2 1" H? 2 %(azuo)z + W(UO)
Vo.llp = — (azzu1 W (uo)ul) +29,U — || A|2HA. Uy — ArH
2 2 |azu0|

As Up(z,x,t) = q(z) and ¢’ = —/2 , we obtain

H? H3
—Vq/ = 7 (afzul — W”(q)ul) + (2 — ||A||2H — ArH) q/.
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Then, multiplying by ¢’ and integrating over R, it follows that

H3
V =ArH + || A|*H - >

thus the sharp interface limit dE(t) as € goes to zero evolves, at least formally, as the Willmore flow. In
addition, we have U; = 0, therefore

) +0(&)

ez, 1) = (2 EE)

and the second-order term does not appear in the expression of V. This explains the numerical stability,
despite the use of an explicit Euler scheme, observed by Esedoglu, Rdtz and Roger in [41].

3.4 Approximating the Willmore flow with Mugnai’s model

The aim of this section is the derivation and the study of the L?-gradient flow associated with Mugnai’s
energy
1 1 Vu - Vu [
Wy :—/ D*u— W (u) o ® = | dx.
e (v) 2 Ja|7 " e (u)\Vu| © |Vu| *

We will show that the flow is equivalent to the phase field system

{ezatu = A — S%W”(u)y + W' (u)B(u) 5)

= s%W’(u) — Au,
where - - v -
. . u u : u u
stw) =i (v (157) )~ (% () our)-
Note that this system coincides with the classical one, up to the addition of a penalty term L(u) =

W' (u)B(u).

The well-posedness of the phase field model (5) at fixed parameter ¢ is open, and requires presum-
ably a regularization of the term B(u) as done numerically in the next section.

Claim 3.3 In a suitable regime provided by the method of matched asymptotic expansions, the normal velocity of
the L-front T (t) = OE(t) associated with a solution (u, y¢) to Mugnai’s phase field model (5) is

1
V = ArH + ZK? — §||A||2H.
1

and

us(x,t) =q (d(x’f(t))) + &2 Hg”2771 (d(x’f(t)) +0(&)
el 1) = —eHg (1EL) | 4|26, (U5ED) O(),

€

where 111 and y are profile functions.

Remark 3.4 The front velocity associated with Mugnai’s phase field model coincides, up to a multi-
plicative constant, with the velocity of the L?>-flow of the squared second fundamental form energy
fr | A||?dHN-1. Indeed, according to [2, Section 5.3], the latter is

V =2ArH +2H|| AP —H>+6 Y KK
i<j<t

Observing that H||A[|> = ¥; &7 + ¥, 4; KiK]2 and

H3 = ZK? + SZKZ‘K}Z +6 Z KKKy,
i#j i<j<t
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one has

1 1
H|A|?> - §H3 +3 ) KiKjKp = E(ZK? - ZKZ'K]Z).
i<j<t i iZ]
Since , .
Y i — SHIA|? = S x) — ) xirf)
r2 2 i

we finally get that V = 2V.

Remark 3.5 It is easily seen that, in dimensions 2 and 3, Mugnai’s flow coincides with the Willmore
flow. It is obvious in dimension 2, whereas in dimension 3 one has

H3

2

Another explanation involves Gauss-Bonnet Theorem. In Mugnai’s model, the energy associated with
the squared 2-norm of the second fundamental form prevents from topological changes. By Gauss-

Bonnet Theorem, this energy coincides with the Willmore energy up to a topological additive constant,
and thus both associated flows coincide.

1 1
Yok — QHHAHZ =K +K5— §(k1 +ko) (k] +3) = || A|I*H —

3.4.1 Derivation of the gradient flow

Proposition 3.6 The 1.2-gradient flow of Mugnai’s model is equivalent to

{szatu = Ap—ZW"(u)u+ W (u)B(u)

U = E%W’(u) — Au,
where - - v -
. . u u . u u
s =i (v (1750 ) )~ (% (i) i)
Proof: Let , v v
—¢eD%yu— W U o YH
V(u) = eD“u - (u)|Vu| ® V|
The differential of V in the direction w is
V'(u)(w) = }in&(\/(u +tw) — V(u))/t
—
1 Vu Vu 1 Vu@Vw+ Vw® Vu
= eD*w— ~W" YR
eD'w = WG @ [l sw(”)< Vuf? )
2, Vu® Vu
Denoting N (u) = V‘%@Z‘VZ”, we have
eV (1) = D% V(1) — %W”(u)]N(u) LV (1)
2 . ;o V(u)Vu 2 . y ) Vu
+ : div (W (u) VP ) : div (W (u) (V(u) : IN(u)) Va2 )’

where D? : V(u) = VeV :V(u) = Yij B%Vij(u) = div(div V(u)) with the same abuse of notation as
when one writes divw = V - w. The gradient of W;™ can be also expressed as

VWY (1) = eD? : V(1) — %W”(u)]N(u) LV (u)+

2 .. y V(u)Vu Vu
Ele (W (u) <|Vu|2_ <Vu)Vu/|Vul?, Vu/|Vu| > |Vu|>)

We now give an explicit expression of each previous term.
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Evaluation of ¢éD? : V(u)
For any operator A and any real-valued function u — p(u), we have

D?: (o(u)A(u)) = A(u) : D*0(u) +2 < Vp(u),div(A(u)) > +p(u)D? : A(u).
In particular, applying to A(u) = V(u)
eD*:V(u) = &D?:D*u—D*: (W (u)N(u))
= 0% — (W/()D? : N(u) +2W" (1) < Vi, div(N(u)) > +(D*(W'(u))) : N(w)) .
The last term reads as follows
D2(W' (1)) : N(u) = (w<3>(u)w ® Vu+ w”(u)v2u) N (u)

< D*uVu,Vu >
[Vul?
< D*uVu,Vu >
|Vul? )

WO ()| Vul? + W (1)

A (W' (1)) — W"(u) (Au —

where we used
AW (1) = W () Au + WO (u) [V u|2.
Recalling that for all vector fields w1, wy,

div(wl X w2) = diV(ZUz)wl + (le)wz,

and applying to the estimation of div(IN(u)), one gets that

div(N(u)) = div( Vu ) Vu +v< Vu ) Vu

[Vu| ) |Vul |Vul| ) |Vul”
Note that
Vu\ Vu D2uVu D2uVu Vu Vu
Mm) |w|] V= [ VP S VaR ] |w|} Ve=0
Therefore
2
2W (1) < Vi, div(N(u)) >= 2W" ()| Vu| div (éZ) = 2W" (u) (Au _=b TVV;‘|’2V” >)
Lastly,
W/ (u)D? : IN(u) = W' (u)div (div (N (u)))
- / . , Vu \ Vu Vu \ Vu
= wan (av (150 5+ () o
Vu Vu Vu Vu
— W(u) |div (div [ =% ) 22 ) +ai YR VE
“”[ W( ”(w) |w) v (V <|w|> wﬂ
therefore

2
eD? : V(u) = A2y — AW (1) — W (1) (Au _ < D%uVu,Vu >>

[Vul?
o oo () B5) (= () )
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Sum of the first two terms of e VWM (u)
LetI; = eD?: V(u) — %W”(u)lN(u) : V(u). Remark that

%W”(u)]N(u) V() = %W”(u)]N(u): (eDzu 1W’(u)]N(u)>
21/[ u u
- W) <<D Wvu'zv > —Slzw'(u)>
21/[ u u
= W'(u) (Au — ;W”(u)) — W (u) (Au _=V ]Vvu|/2v >)

Combining with the previous estimation of eD? : V(u), we obtain

L o= sDZ:W(u)—%W”(u)]N(u):W(u)

eA [sAu - 1W’(u)} - %W”(u) {EAM - iwl(u)}
o o) 85 o <5 )

Estimation of the divergence term

2 V(@) Vu -, ) Vu .
Let = . div W' (u) (Vu|2 W (u)(V(u) : ]N)7|Vu\2 . On the one hand, with
Vu > Vu 1 Vu
V(M)W = SD MW — EW’(H)WTP,
we see that
. Vu . (D*uVu 1 .. Vu
le (W/(H)W(u)w) = W/(M) |:€d1V <|v1,[|2> — gle (W,(M)W>:|
< D*uVu,Vu> 1
+ W'(u) (e VP — 8W’(u))
On the other hand,
. Vu <D*uVu,Vu> Vu 1., Vu
W (u)(V(u) : N) VR W'(u) (e Va2 Vup? 8W (u) VP
and
. , . Vu - < D*uVu,Vu> 1,
div (W (u)(V(u) : N) vaz) T W' (u) |e Va2 sW (u)
< D*uVu,Vu > Vu 1 Vu
W (u) di 4 E—— )
R e e O]
Finally,

2 2
h o= 2W(u)div (D uVu D*uVu Vu Vu )

VuZ = TVl V] T VP

= 2W'(u) div <V (§Z|> Igz)
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Evaluation of the energy gradient

eVWM(u) = L+1Dh

= edp— W ()~ W' (w) {div (div (%) ygilq) — div (v (&) %)} :

Bo=eAu— %W’(u).

where

whence the L?-gradient flow associated with Mugnai’s model follows. (

3.4.2 Formal asymptotic expansions

We apply in this section the formal method of matched asymptotic expansions to the solution (u, ji¢)
of (5)

2011 = Ap — £%W”(u)]/t + W' (u)B(u)

u=W(u)—eAu.
Again, we assume without loss of generality that the isolevel set T'(f) = {u; = 1} is a smooth n — 1

dimensional boundary T'(t) = 9E(t) = d{x € R% u,(x,t) > 1/2}. In addition, we assume that there
exist outer expansions of u, and . far from the front I of the form

~—

ue(x,t) = ug(x,t) +euy(x,t) + e2un(x, t) + O(3
pe(x,t) = po(x,t) +epr(x,t) + 2pua(x, t) + O(3)

Considering the stretched variable z = dlxt)

expansions of u(x, t) and pe(x, t) of the form

on a small neighborhood of I', we also look for inner

ue(x,t) = U(z,x,t) = Up(z,x,t) + el (z,x,t) + Ua(z, x,t) + O(3)
pe(x,t) = W(z,x,t) = Wo(z, x, t) + eWi(z, x,t) + Wa(z, x, t) + O(e?)

As before, we define a unit normal m to I and the normal velocity V to the front as
V =—0did(x,t), m=Vd(x,1), x eT.

Let us now expand u, and p.

Outer expansion: Analogously to [56], we obtain

1 if E(t
ug(x,t) = 1x6'()’ and w3 =up = uz = po = p1 = po = 0.
0 otherwise

Matching conditions: The matching conditions (see [56] for more details) imply in particular that

ngoo Uo(z,x,t) = O,ZE@OO Up(z,x,t) =1, Zgrinoo Uy(z,x,t) = 0and Zgrjtnoo Uy(z,x,t) =0

and
lim Wy(z,x,t) =0, lim Wi(z,x,t) =0and lim Wh(z,x,t) =0

z—+o00 z—+o0 z—+o0
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Penalization term B(u) : With

Vu m— eV, U/o,U
(Vul /14 2|V, U/ (0, U)?’

and using V,U.m = 0, it follows that

s = [aw (e () )~ (% (53) o)

= div (AdVd) — div (v2dw) +0(e) = (Z KW)) -y (x)° S +0(e)

1+ zex; (7r(x - 1+Z€K (r(x)))
(K>~ 114]) +0e).

Inner expansion: We can derive the asymptotics of the second equation of the system (5)

p=W(u)—e®Au
as follows
Wo = W/ (Up) — 92Uy

Wy = W (Up) Uy — 92Uy — x3, Uy
Wa = W (Up)Uyp — 32Uy + s W) (Up)UZ — H, Uy + z|| A]|29:Up — AxUy,

As for the first equation
1
201 = Ay — e—ZW”(u)y + W' (u)B(u)

therefore
{0 = 02Wo — W (Up) W,

0 = 92W, + Ha:Wo — (W (Uo)Wi + W (Up)th Wo)

and
0 = 32W,+ Hofir — | A220:Wo + AWo + W' (Up) (H2 — || A1)
1
- (w”(uo)wz + WO (Up) Uy Wy + W) (Uo) U Wo + 2w<4>(u0)u%wo>
First order:
The two following equations
PWo — W' (Ug)Wo =0, and Wy = W'(Up) — 22U,

associated with the boundary conditions

Zgrzloo Up(z,x,t) =1, Zgrfw Up(z,x,t) =0, and lLim Wy(z x,t) =0,

z—+o00

admit as solution pair
Uo(z,x) =q(z), and Wy =0.

Second order:
The second order gives

RWy — W ()W, =0, Wy = W"(q)U; — 92U, — Hq'(2),

which has the solution
U1 =0, and W1 = —Hq’(z).
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Third order:
Using Uy = g, Wy = Uy = 0 and W; = —Hy/, the first equation can be rewritten as

By — W' (q)Wo = —H.Wy — (H2— || A2) W'(q)

H2'(2) = (H2 = | AI?) " (2) = | Al%q" (2),

and implies that
Wa = AP (z) +e(x,1)q'(2),

where 77, is defined as the solution of
75 (2) =W (q(2))n2(z) = q"(z), with  Tim n,(z) = 0.

Remark that 7, can be expressed as

Note that the second equation also reads as
1
02Uz — W (q) Uz = z|| A% (z) = W2 = 22| Al (2) — c(x, £)q' (2).
In particular, multiplying by 4’ and integrating over R in z shows that ¢(x, t) = 0. We then deduce that

1
> = 514120 (2),
where 7, is defined as the solution of

m (s) = W"(q(s))mi(s) = sq'(s), with  lim #(s) =0.

s—rdoo
In conclusion, we have
1 1
Wo = S AIPzq'() and U = || A]P ()

Fourth order and estimation of the velocity V:

We can now explicit the term of order 1 in e of B(u). Indeed we have U(z, x,t) = q(z) + O(¢?), and as
Vxq(z) = 0, we have

s = [aw (o (1) our ) = (% (o) o)

v
2
= div (AdVd) - div (V2dVd) + O(e2) = (ZM) L _KQEZ(&);))

5 + 0(£?)

= (H2=|al?) -2z (H|A|* - %) +O(e?),
where ® = Y, k;(t(x))3.
The fourth order of the first equation now reads
—vg = [EWa— W (q)Ws] - WO (@)UaWi + (HOW, — | A[P20: W1 ) + AW — zW ()2 (HI| AP - ©°)

1 1
[02Ws = W (@)W + s WO () H|| AlPma’ + S| AIPH (320" + ') — (ArH) g’ =2 (H| AP - ©7) zq"

1
2

1 1
= [22ws - W (ws] + w<3)(q)H|A||2mq’+(—2||A|2H+233)zq”+2||A|2Hq’—(ArH)q’
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Multiplying by 4’ and integrating over R leads to

_ YL e Loe 3/ " 1 2/ (3) nN2a\
v t[(3narns« (~31aH 207 [ aagaz s JAIPH [ WO @ Pdz) - acHs]

where S = [ q'(z)%dz.

Remark also that 1

mig L f 1\2\/ __1 12 __1
Jza'qdz =5 [ 2()?)dz= =3 [ (¢)dz = —3s.

Moreover, recall that 7 satisfies

{77'{ ~W"(q)in1 = zq'

n

m — W (@) — W (q)q'm = (zq'),
then we have

(3) "2 _ RV AV N g0 _1
/]RW (7)) dz /]R (171 w (q)m)qdz /IR(zq)qdz 55

and we conclude that .
V =ArH+ 0% - E||A||2H.

3.5 Approximating the Willmore flow with Esedoglu-Ritz-Roger’s energy

We now consider the following variant of the Esedoglu-Rdtz-Roger’s energy, which we introduced in
Section 2.4.3 )
e (1) _ L W (u)
WERR (1) = %% /Q (eAu - S) dx + BJe(u)

where the penalization term J;(u) reads

1 - W' (u)\?  Vu _ Vu
]E(u)—W/QGVu.IN(u) — dx, and N(u)—W@)W.

The aim of this section is to derive and study the PDE obtained as the L.2-gradient flow of WERR ().
We will show that the flow is equivalent to the phase field system

20 = A — LW/ (u)pu — BL(u)
u=W\(u)—eAu.
& =eV2u :N(u) — —W;(”) (6)

L(u) = 2¢1—2 [(]N(u) L V2, — gzw“(u)gg) +2 (div (‘gg‘) %) V& + B(u)gg]
B0 = div (dw (%) i) v (¥ (i) et

Note that this system coincides with the classical one, up to the addition of a penalty term —BL ().

The well-posedness of the phase field model (6) at fixed parameter ¢ is open, and requires presum-
ably a regularization as done numerically in [41].

By formal arguments involving matched asymptotic expansions again, we will show that this ap-

proximating flow is expected to converge, as € goes to zero, to the Willmore flow in dimension N > 2,
at least whenever @« = 0 or « = 1. More precisely we will show the
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Claim 3.7 In a suitable regime provided by the method of matched asymptotic expansions, the normal velocity of
the % front T(t) = JE(t) associated with a solution (u%, u%, &%) to Esedoglu-Ritz-Roger’s phase field model (6)
in both cases o« = 0 and o = 1 is the Willmore velocity

H3
V = ArH+ |A|*H - -

In addition, for « = O:

1W0(x,t) = g (d(x JE(t ))) +¢2 HAlHj*ﬁHzm (d(XE( )) +0()
WO(x, 1) = —eHg' (5D 4 ¢ (2 — 2 [A4LE] ) (45 4 O(e),
E(xt)=¢ (ZH‘?E};HZ) 1 (d(x’E s )) +0(e?)

where 112(z) = zq'(z) is a profile function. For o« = 1:

ul(x,t) =gq (M> +0(e3)
(x,1) = —eHq' ({EED) 4222 A2, (LE) 4 O(),
(1) = 2 CIAEEy, (15E0) 4 O(e)

Remark 3.8 The previous claim gives indications on the design of a numerical scheme for simulating
the Esedoglu-Ratz-Roger’s flow in the cases & = 0, 1. Clearly, the flow acts at the second order for u in
the case & = 0, and not less than at the third order (at least) whenever & = 1. This implies that capturing
with accuracy the motion of the interface should be much more delicate when a = 1.

3.5.1 Derivation of the L2-gradient flow of VW ()

Proposition 3.9 The L?-gradient flow of Esedoglu-Riitz-Riger’s 's model is equivalent to

o = Au— s%W”(u)y — BL(u)

U = W'(u) —Au.

e = eV2u:N(u) - w

L) = 2e17 [(IN(w) : V2 — SW"(0)ge ) +2 (div ([24) 1wy ) - V& + B(u)g]
Bluw) = div(div () i) — div (V () i)

Proof: Since "
E(u) = ev2u: N(u) — L) (Vzuw) AL

one has that

V2u: Vw® Vu Vu-Vw) 1
_ 2., . 2, .
Zl(u)(w) =¢ (V w: IN(u) —i-ZW —2V-u: ]N(u)w> EW”(u)w
The gradient of J.(u) follows, recalling that P* = I; — IN(u):
_ 2 e, 1o o & (u)V2uVu . (V?u:N(u)&Vu
Ve(u) = o {V [N (1)) £2W (u)ge —2div (|Vu|2 +2div Vul?

More precisely, using

V2 [IN(u)&] = (V?: N(u))& +2div(N(u)) - V& + N(u) : V&,
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div(N(u)) = (di" <|§Z|> |§Z| +Vv Lgﬂ |§Z|)

( . (Vu) Vu P”Vquu>
= div +

[Vul ) |Vul |Vu|?
and \Y \Y% 2y
2. ST T . u U P uVu
(V7 :NN(u)) = div(divIN(u)) = div <d1v (Vu|) vl + Va2 ) ,
one gets
2 1 ) Vu Vu
V]g(u) = &TX |:<IN(U) . V2€£ — €2W"(u)63> +2 <d1V (vu|> |vu> . Vég + B(u)g{l .
from which the L2-gradient flow of Esedoglu-Ritz-Roger’s ‘s model follows. O
) g g

3.5.2 Asymptotic analysis

In this section, we perform the formal method of matched asymptotic expansions to the system solution
(us, He, CS) of

e20iu = Ay — S%W”(u)y — BL(u)
=W (u)—eAu.
&e = eV2u :N(u) — —W;(”)

L(u) = 2¢1—2 [(N(u) L V2E, — S%W”(u)gg) 12 (div (\%) ‘g—g‘) Ve + B(u)gs] ,
in both cases®« = 0 and o = 1.

As previously, we assume that the 1/2-isolevel set of i, is a smooth (# — 1) —dimensional interfaces
I'(t) defined as the boundary of a set E(f) = {x € RY ug(x,t) > 1/2}.
We assume that there exist outer expansions of u,, e and ¢, far from the front I of the form

ue(x, 1) = ug(x,t) +eug (x,t) + 2uy(x, t) + O(e3)
pe(x,t) = po(x, 1) +ep1 (x,1) + pa(x,t) + O(°)
Ce(x,t) = $51(x, 1) + Go(x 1) +€Ga(x,t) + €282 (x, 1) + O(e?)

Considering the stretched variable z = dxt) on a small neighborhood of T', we also look for inner
g € g

expansions of ug(x, t), ue(x,t) and Ge(x, t) of the form

ug(x,t) = Uz, x,t) = Uy(z, x,t) + ey (z,x,t) + €2Up(z,x,t) + O(e3)
pe(x,t) = W(z,x,t) = Wo(z,x, 1) +eWi(z,x,t) + Wa(z, x, 1) + O(€)
Ee(x,t) = D(z,x,t) =e 1D _1(z,x,t) + Doz, x,t) + ey (z,x,t) + e Pa(z, x,t) + O(e?)

In particular, remark that the third equation of (6) yields

. 2 U 9, (|VUP?) L |VLUPRY !
®(z,x,t) = - ( —w’(u)) te ( <1+£ ) .
V.Up o U 9, U)2
€ (1 +£2 (azu)Z) z ( )

As before, it can be observed for the outer expansions that

1 ifxeE(t
ug(x,t) = .(), and wy=up=uz=pg=p1 =pr=¢_1 =23 =2 =0.
0 otherwise
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The matching conditions imply the following boundary conditions on the inner expansions:
li © X, t) = . .
%mz—H— Uo(z,x,) =0 , lim U;(z,x,t) =0fori € {1,2},
lim;— o Up(z, x,t) =1 z—+oo

and

lim W(z,x,t) =0, fori € {0,1,2}, and lim &;(z,x,t) =0, fori € {-1,0,1,2}.

z—+4oo z—+oo

Inner expansion witha =0
This paragraph is devoted to the derivation of the expression of the inner expansion in the special case
x = 0.

First order:
We have the following system

0 = 2Wp — W (Up)Wo — 2B [0:P_1 — W (Up)D_1]
Wy = W' (Uy) —a2Uy ,
;1 =0y — W'(Uy)

which admits the solution triplet
U() = q(Z), W(] =0, and @,1 =0.

Second order:
At second order, we obtain

0 =032W; —W"(q)W; —2B[0:D9 — W (q) D]
W, =W"(q)u; — a2, — Hy ,
(DO = a%ul — W”(q)LI1

whose solution is given by
U =0, Wy=-Hq, and &;=0.

Third order:
At third order,

0 =32W, — W' (Uy)W, + Ho, Wy — 2B [0,:P1 — W (q)P1]
Wy = W'(q9)U, — 02U, + || A||*zq’ ,
(Dl = a%uz — W//(q)UZ

and we are now looking for a system of solutions of the form
Wo = cw(x,t)i2(z), Uz =cu(x,t)m(z), and @1 =co(x,t)n(z),

where the two profiles 1 and 7, are solutions, respectively, of

1

=W (qm =27 and 55 —W'(q)p2=q".

Furthermore, the first equation gives

0=cp (ﬂél _ W”(Q)ﬂz) — 12 — 2o (175/ —W//(Q)ﬂz) _ (CW _ 2 —ZB&p) q//’
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the second equation implies that

1
sewzq' = —eu (m' = W"(q)m) + 1AI22q" = (—cu + | A]*)zq’

and the third equation shows that

1
5c0zq = cu (17 = W"(q)m) = (cu)zq"
This provides a linear system
cw — B2co = H?, cw +2cy =2|AII*> and ce = 2cy,

which admits as solutions

2||A|* — H? |A]* = H?/2 2||A|* - H?
=H2 _op |20 — 27 | _ A= 72 and _ 2lIAlT — A7
w ﬁ{ 1428 1428 and co 1428
Therefore,
2||A||>—H?
Wy = -2 [ ” 112/5 }) 12,
A|*-H2/2
- (5 “mﬁ n

Fourth order and estimation of the velocity V:
The fourth order reads as follows

—vg = [ — W (q)Ws] - WO ()UaWi + (HOW, — | AP20:W: ) + AWy
—2B ([02:P, — W (q)P2] + 2HO, Py )
H||A||> - H3/2
- [aﬁ(w3 —2B®y) — W (q) (W3 — 2/3@2)] + (H1”+2/) W (g)imq
B
_ / 3 277 2||A|]> - H? I 3,5 _ 2[|A|1> -
Aqu+<H/2+||A||H H/%( T8 zq" + (H%/2 — HB T35
Recalling that
Jr(q'(2))%dz =S
f ql/qldz —
g W 1(g )2dz = —fS

multiplying the last equation by ¢’ and integrating over R leads to

IAIPH  H®>  H|A|?—H%/2
2 4 2(1+2B)

1
(1+2B) = ArH + ||A||*H — S H®

V =ArH+ 2

Inner expansion witha =1
We are now looking for the inner expansion of the PDE system (6) in the special case & = 1 :

First order:
We have the following system

0 = —2B[02:P_1 — W' (Up)P_1]
Wo = W'(Up) —d2Uy ,
® 4 =0y — W'(Uy)
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whose solution is given by
Up=¢q(z), Wo=0, and &_;=0.

Second order:
At second order

0 =0%LWo—W"(q)Wo — 2B [92,P0 — W (9)Po]
W, = W"(q)u;, —3%,U;, — Hy ,
Q= oLU —W'(q)lh
which admits as solution
U1 = 0, W] = —H&]’, and (PO =0.

Third order:
At third order
0 = 0L W; — W (q)W1 — 2B (9221 — W' (q)P1]
Wy = W"(q)Us — 0% Us + || Al *zq' ,
& =&%U - W (U
whose solution triplet is
U, =0, W,=|A|*z, and &; =0.

Fourth order:
From
0 = 02Wo — W (q)W, + H. Wy — 2B [0,:@2 — W (q) 5],

we deduce that

2||A|? — H?
[azz(DZ _ W//(q)@z] — ( || Hz )q//’
p
e QUAP ) _ @A - )
2||AlF—H 2||AlF—H
D) = = !
2 2B 2 4B zq
Last order and estimation of the velocity V:
We have
—vg = [2Ws— W ()Ws] - WO (oW + (HOW, — | A220: 1 ) + AWy

—2B ([azz(p?) - WH(‘?)@3] + 2Haz(DZ)
= [3§(W3 —2B®3) — W' (q)(W; — 2,3‘1’3)} — ArHq'

+ (2 — g (A=Y Yo (g - (BALZEE) )

= [02(Ws — 2803) — W (q) (W5 — 2B®s)| — AcHY + H2q" + (— | A|PH + H?) 7'

As previously, this shows that the velocity V of the interfaces equals the Willmore velocity

H3
V = ArH+ ||A||*H - -

Remark 3.10 The analysis of the asymptotic behavior for & non integer is more delicate because it re-
quires studying non integer orders of € and it is far from being clear how integer and non integer scales
may combine. As for integer values of @ > 1, a careful study at higher orders of & should be possible
but is out of the scope of the present paper.
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4 2D and 3D numerical simulations for the classical and Mugnai’s
diffuse flows

There is an important literature on numerical methods for the approximation of interfaces evolving by
a geometric law. They can be roughly classified into three categories: parametric methods [31, 76, 32,
5,7,73, 49], level-set formulations [70, 68, 69, 43, 26], phase-field approaches [63, 24, 16, 71]. See for
instance [32] for a complete review (with a particular emphasis on the mean curvature flow, but fourth-
order flows are also addressed) and a comparison between the different strategies. In the context of
fourth order geometric evolution equations, in particular the Willmore flow, parametric approaches
have been proposed in [38, 4, 6] for curves and surfaces using a semi-implicit finite element method.
In [67], a fully implicit approach via a variational formulation is also analyzed for the approximation
of anisotropic Willmore flow. The level set methods have been applied for the first time in [34]. Con-
cerning the phase field approach, semi-implicit schemes including standard finite element differences,
finite elements, and Fourier spectral methods are developed in [35, 36, 41] and analyzed in [37]. A fully
implicit scheme coupled with a finite element method has been more recently introduced in [45] via
a variational formulation. An adaptation to fourth order geometric evolution equations of the Bence-
Merriman-Osher algorithm [17] is also proposed in [42]. Let us finally mention the discrete methods
involving surface triangulations and discrete curvature operators [49, 18, 79].

In this paper, we will consider a quite different and new scheme to solve both the classical and
Mugnai’s phase field systems (3) and (5). The simulations can be compared with those obtained by Ese-
doglu, Ritz and Roger in [41] for their phase field system (6) (actually a variant of it, see Section 2.4.3),
and for Bellettini’s phase field system (4).

Here, we use an implicit scheme to ensure the decreasing of the diffuse Willmore energy, and a
Fourier spectral method in order to get high accuracy approximation in space. At each step time, it is
necessary to solve a nonlinear equation. A Newton algorithm like in [45] appears to be very efficient
in practice, but not in accordance with a Fourier spectral discretization, so we opted for a fixed point
approach.

4.1 New numerical schemes for the approximation of classical and Mugnai’s flows
4.1.1 Classical diffuse approximation flow
We introduce a new scheme to approximate numerically some solutions of the phase field system

1 1
it = — A — —W"
= 2t T (w)p

u=aW (u) —ae’Au,

where « is a positive constant. The particular phase field system (3) corresponding to the classical
diffuse Willmore flow is obtained for &« = 1.

We compute the solution for any time ¢ € [0, T] in a box Q = [0,1]N with periodic boundary condi-
tions. We use a Euler semi-implicit discretization in time:

we?

un—i—l — 51& [LA"M”'H o ﬁW”(u”‘*‘l)y""'l} + uh
]/ln—i-l — OCW/(L!”—H) o aezAu"H,

where J; is the time step, u" and y" are the approximations of the solutions u and y, respectively,
evaluated at time t, = n J;. The system can be written as

unJrl _ %A}l’“rl =E
W 4w At = F,
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with E = u" — %W"(u””)y”“, F = aW'(u™*1). Therefore,

un—i—l —|—5tA2Lln+1 — E—'—%AP
p' 4 5 A2 = F — ae?AE.

Thus, (1!, u"*+1) is the solution of the nonlinear equation
yntl yhtl
( ‘un+1 >:¢< ‘un+l >/ @)

s N 1 I S A ut — ﬂW”(u”Jrl)y”*l
= (I PYVAN ) ag? ae*
¢ ( T ) ( ator ( —ae?A Iy aW’ (u"+1)
A natural way to approximate the solution (u"*1, u"*1) to (7) is a fixed point iterative method.

The space discretization is built with Fourier series. It has the advantage of preserving a high order
approximation in space while allowing a fast and simple processing of the homogeneous operator

-1
-1 I O A I _ A
G=(I,+6A2 d ne? = d we? .
<d+ g ) (—zxszA I ) <1x£2A I

In practice, the solutions u(x, t,) and u(x, t,,) at time t,, = nd; are approximated by the truncated Fourier
series :

where

up(x) =Y, uZeZi”x'p, and ph(x)= Y. ‘u';}leZinx-p
Iplleo<P IplsP

where ||p|l = maxj<j<n |pi|, P is the maximal number of Fourier modes in each direction, and the

[ 1"(,,n+1y,,n+1
.. u — LW (u
coefficients u}, et ( Ju > com-

aw/(un+l)
bined with an application in the Fourier domain of the operator G. More precisely, the fixed point

algorithm that we propose reads as follows:

, 4 are derived from a prior Fourier decomposition of (

Algorithm 1 Initialization : ufl ™' = u", it =,

While [[u}l 1 — wl | + (|t — ™| > 1078, perform the loop on k:
1) Compute

Ot 1 1 7 1
Wp =u" — EW”(uZ+ it and By = aW (ult)
2) Using the Fast Fourier Transform, compute the truncated Fourier series of h', and E”p :

Wp(x)= X WA, and Wpn)= Y Ry

[pllw<P [pllo<P
3) Compute
W = ¥ (g)p ™, and )= Y () 4,
[pllo<P [pllo<P
where
_ 1 5 121127,
(“k+1)z = 155,@2p? hy — <4 Pl h;)
1 .
(mes1)p = T75,G2 2 hg+“524772|l’|2h2)
End
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Note that the semi-implicit scheme
Tl — =6 [ Ayn+1 sia W”(un);l”} + "
‘un-i-l — wa/( ) _ DcezAu”+l,

implies the following scheme on u"

-1
u't = (Id+§tA2> {u”+f§AW’(u )+ 2 W' (") (Au” - ;w’(unl))],

which is expected to be stable under a condition of the form
0 < Cmin {525x2,£4}

where dx = 1/(2P) and C is a constant depending only the double-well potential W.
In practice, using fixed point iterations instead of a semi-implicit scheme appears more accurate numer-
ically. This can be justified with the following proposition:

Proposition 4.1 Algorithm 1 converges locally under the assumptions

Ot

) &2
max{[aMz]z—FZ[eziM (M + N¥2r 255/2” /2[04

My } <1 ®)

where M; = sup,¢o 1] W@ (s)].
Proof: We look for the conditions such that
D"+, 1™ 1) (8, 61) 1> < N (8, )11,

where the differential of ¢ is such that

5 L s (W3 1y, el (2) (4yn+1
D(P(un-HI ‘un—«—l)((su,(gy) — Ig _ﬁA agt (W (u )‘u ou + W (u )5}4) )
we*A Iy W® (urt1)s,

I —2A
ag?A I

Ap =1+47%\/&|p|?,  for ||p|le € [0,P].

In particular, this implies that

Note that the eigenvalues of the operator

are

Moreover, remark also that
2
1 1 1 3/2 2 €
L= W) et < o (M N ).

It follows that

laW @ (+1)5,| < aM;|é,|
(WO )15, + W (w0 41)5, | < (eMa (M + NY/272-25)[04] + Mal o)
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and then

_a% (W(S)(un+1)‘un+1(5u +W(2)(un+l)(5y)
DcW(Z)(u”H)&u

2

O

) e
< max { [aM;]? + Z[S—ng(Ml + N3/2 2—)]2,2[@

- M| 10,601
X

which concludes the convergence proof of the fixed-point iteration procedure if conditions (8) above
are fulfilled. O

4.1.2 Mugnai's flow
We now use a similar scheme for the following generalization of Mugnai’s phase field system:

etu

1 1 ~
oru = e — W (u)u + B(u)
1= aW (1) — ae’Au,

with B (u) = % The exact Mugnai’s flow (5) corresponds to the choice # = 1 (up to a time
rescaling). We use again a semi-implicit scheme:

fomt

unt1 — 5 [%A}l”+1 _ al?wll(un+1)‘un+l + g(un)} 4yt
‘un+l — D(W/(u”+1) _ szocAu”+l,

where the penalization term B5(-) is treated explicitly. We use a fixed point iteration to approximate the
solution pair (11, u"*1) to the system:

. U A\ [ur = Wttt g B (un)
n+1  n+1 n+1 , n+1 2 d 7 1 H t

, = , = (I; + &A e e

(M H ) ()b(u U ) ( d t ) < DC€2A Id ) ( aw/(un+l)

For it is highly singular, the penalization term 53(-) needs to be regularized to avoid numerical errors.

Observing that
Bu) = W WZ_-<V“)2_ ( <W>).W
B(u)_W(u)[<’V<|vu|> ‘le Yl curl { curl V| Vul
2) — curl (curl (vy0)) - vulg}

we consider the regularized penalization term

2 |div vy,

Bo(u) = W'(u) |(19vue

. YVu . . . . A
where v, » = VAT with o a small regularization parameter. In particular, the positivity

(|V1/W|2 - |div1/u,0|2) >0,

is ensured, which is in accordance with the continuous case. In practice, finite differences are used for
the numerical evaluation of B, (u). Finally, we propose the following algorithm:

+1

Algorithm 2 Initialization : uj™ = u", yg“ = Uy

While [[u}l 1 — wf P + ||t — | > 1078, perform the loop on k:

1) Using finite differences to evaluate gg(u,’:ﬂ), compute

Wy = ' — LW 4 6B (), and T = W ()
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2) Using the Fast Fourier Transform, compute the truncated Fourier series of h'p, and fznp :

Wh(x)= Y KT, and Rh(x)= Y R

Iplleo<P IPllo<P
3) Compute
1 207X+ 1 2imx-
uZIl (x) = 2 (uk+1)z e P and ],[Z_T_l (x) — Z (.uk+1)1;7 2imxp
IPlleo<P IpllesP
where

1 s >
(ues1)y = prmane (M — 4 lpPiy)
(Mer1)p = W hyy + a£24n2|p|2hg)

End

Proposition 4.2 Algorithm 2 converges locally under the assumptions

5 £ 5
ma { el + 215 0s (M + N2 S 2L a2} < 1 ©)
X

where M; = sup, oy (W@ (s)].

Proof: Being the penalty term B, (u) treated explicitly, it does not appear in the expression of the differ-
ential of ¢, thus the same proof as for Proposition 4.1 can be used. [

4.2 Numerical simulations of the classical flow

The following simulations have been realized using Matlab. The isolevel sets I'(t) = {x : u(x,t) = 1}
are computed and drawn using the Matlab functions contour in 2D and isosurface in 3D. We use the
double-well potential W(s) = 1s?(1 — s)? and consider the PDE system

o = Ay — S%W”(u)y
U= S%W’(u) — Au.

with initial conditions u(x,0) and p(x,0) of the form

u(x,0) =« (M)

€

H(x,0) = —tad(x,E)y (152)

Evolution of a circle The first test plotted in Figure 2 illustrates the good behavior of our scheme with
respect to the exact solution. The initial set E is a circle of radius Ry = 0.15. The continuous Willmore
flow preserves the circle yet increases the radius according the law

R(t) = (Ré +2t)1/4.

The left picture in Figure 2 represents the interfaces I'(¢) at different times t obtained with the following
numerical parameters: P = 27, ¢ = 2/P and §; = % The right picture in Figure 2 depicts the
error between the numerical radius R¢(t) and the theoretical radius R(t), at different times and for two
different values of e (the other parameters are kept unchanged). It is reasonable to believe that this
experiment illustrates the numerical convergence of R¢(t) to R(t) as € goes to zero.
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Figure 2: Left : sampling of I'(t) at different times ¢ ; Right : The graphs of t — Re(t) for ¢ = % and
e= %, compared with the exact solution.

Evolution of two disjoint circles and formation of singularities One of our motivations in this study
is to understand and observe the behavior of the diffuse Willmore solution in the situations where sin-
gularities appear. As it was discussed in Section 2.3, this may happen for instance with the classical
approximation flow. We consider as initial set ()y the union of two disjoint circles of radius R = 0.15.
Each circle should evolve as a circle with increasing radius, up to the contact occurs. To the best of our
knowledge, the theoretical Willmore flow is not clearly defined after this critical collision time. There-
fore, the asymptotic limit of the solution t — u.(-,t) as € goes to 0 could be a good candidate for the
definition of a weak Willmore flow. However, different behaviors of ¢ — u€(~, t) have been observed
in the literature. For instance, the two circle merge in [45] whereas a crossing of interfaces appears at
collision time in [41].

We plot on Figure 3 the graph of t — u(-,t) computed for different values of e. We choose for
the other parameters: P = 27,8, = 1/P 4. In the first experiment obtained with ¢ = 5/P, the two
circles merge. In contrast, a crossing of interfaces appear for the cases ¢ = 3/P and ¢ = 1.5. More
precisely, we can distinguish three different periods in the last two experiments: in the first period, both
circles evolve independently one from the other. The second period begins when the distance between
the two circles is about the size of the diffuse interfaces and the formation of a crossing is observed.
This corresponds to a solution of the Allen-Cahn equation with unsmooth nodal set. After contact, the
interfaces continues to evolve while the crossing seems to be numerically stable and does not influence
the interface evolution. More precisely, the interface I'(t) seems to converge to a growing eight, which
is one of the closed planar elasticae described in Langer and Singer’s work [54].

Numerical examples of saddle-shaped solutions of Allen-Cahn equation We already mentioned in
Section 2.3 the existence result due to Dang, Fife, and Peletier [29] of an entire solution in the plane to
the Allen-Cahn equation whose nodal set coincides with {(x,y), xy = 0} (it can be generalized to every
even dimension [19]). By restricting to a sector and using consecutive reflections, it is possible to build
solutions whose nodal set has an arbitrary number of branches with the property of dihedral symme-
try, i.e. of equal angle between two consecutive branches [47]. Actually, by a result of Hartman and
Wintner [48], saddle-shaped solutions must satisfy the equal angle property. We illustrate numerically
in Figure 4, left, two solutions with different branching degrees. These examples are classical, and have
been previously obtained by various authors [40, 57, 41].

To be complete, let us mention that 2k-ended solutions, i.e. solutions whose nodal set coincides
outside any compact set with the union of 2k straight lines which cross at the origin, do exist without
the dihedral symmetry requirement [33]. In the particular case of 4-ended solutions, the result can even
be proved for arbitrary angles between the lines [50]. Of course, by Hartman and Wintner’s result, the
nodal set itself cannot self-intersect at the origin if the dihedral symmetry does not hold, but remains
smooth instead. This is illustrated in Figure 4, right, where the 1/2-isolevel line has been represented
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Figure 3: Evolution by the classical approximation of the Willmore flow of two disjoint circles, for
various values of €. First line: ¢ = 5/P ; second line: ¢ = 3/P ; third line: ¢ = 1.5/P; The curve I'(t) is
observed at times: ¢ = 0 (left), t = 0.0004 (middle), t = 0.0008 (right).

in black.

Comparison between phase field and parametric approaches We observed previously that the evo-
lution of two disjoint circles after contact and creation of a crossing is similar to the evolution of a
eight-like single curve. To highlight this point, we tested on the same configurations both the evolution
provided by the classical diffuse flow and the evolution with respect to a discrete parametric Willmore
flow. In particular, we consider two different initial conditions corresponding, respectively, to the union
of two or three contiguous circles. The parametric choice of I'(0) is illustrated on Figure 5 and corre-
sponds to using a single smooth C!"! curve that covers two or three circles, respectively. The discrete
parametric Willmore flow is computed with a finite element method as proposed and analyzed by Dz-
iuk in [38]. The phase field simulations are done with the set of parameters: P = 27, ¢ = 1/P and
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Figure 4: Left : two examples of saddle-shaped Allen-Cahn solutions with 4 and 8 ends. Right: Allen-
Cahn solution without dihedral symmetry (thus without saddle point, the 1/2-isolevel line is shown in
black).
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Figure 5: Two different choices of a smooth parametric initial curve I'(0) forming either two or three
circles.

5 = ¢P~2/10. Numerical results are shown on Figure 6. As expected, these two different approaches
give very similar results. This suggests that the interface obtained by a phase field approximation con-
verges, after apparition of a singularity, to an interface which evolves as a regular parametric Willmore
flow. This is actually very much in favor of a varifold interpretation, at least on this example, of both
flows. What really cares is the support, and its geometry, and not the fact that it is seen either as an
isolevel set or as a parametrized set.

The experiments on Figure 7 are in the same spirit. On the first line, we illustrate the evolution of two
phases forming a circle cut by a straight line. Note that the circle seems to evolve independently of the
line. The second situation is quite similar with two disjoint circles cut by a line, and the same conclusion
holds.

Evolution by the classical diffuse Willmore flow of two contiguous circles

We now compare in Figure 8 the evolution by a discrete parametric Willmore flow of the different in-
terfaces obtained from three different initial parameterizations of two contiguous circles. In the first
parametrization (in blue), both circles are parametrized independently. The second parameterization
(in magenta) corresponds to the covering of the two circles by a unique smooth parametric curve that
self-crosses at the origin. The third parameterization (in red) corresponds to the singular curve that does
not cross the horizontal axis at the origin (thus forming a double cusp point). The first two pictures in
Figure 8 show the three interfaces obtained at different times. The third one depicts the evolution of
the Willmore energy associated to each evolving interface. It is interesting to compare the second and
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Figure 6: Comparison between the classical phase field flow and the parametric Willmore flow (black
line) starting from the initial curves of Figure 5; Left: + = 0 ; Middle : t = 5.107° ; Right : t = 5.107%.
Both flows yield the same numerical solution.

the third parameterization. The energy of the second parameterization (i.e. passing from two circles to
the eight-type curve after contact) decreases smoothly, therefore the parameterization seems to relate
naturally to a continuous evolution. In contrast, the energy of the third parameterization explodes at
contact, and then decreases strongly to become the lowest (after time t > 10~°) with respect to the other
parameterizations. This experiment illustrates clearly the bifurcation at contact, and justifies why dif-
ferent configurations have been observed in the literature. For instance, there is no crossing observed
in [45] because the authors used a large time step J; and therefore ignored the contact. However, after
a while, the energy of the non-crossing configuration is indeed the best. It may be argued that a contin-
uous flow should go up to contact, and therefore a numerical flow that is accurate enough to capture
the singularity should be the best. On the other hand, once the crossing configuration has been chosen,
there is no way to have an energy as low as the non crossing configuration’s energy.

Experiments in space dimension 3 For the 3D simulations presented hereafter, we used the parame-
ters: P =27, e=15/Pand & = 1/10 P2 2.

The first simulation illustrates the evolution of a torus. According to the Willmore conjecture, which
seems to have been proved in [58], the torus that minimizes the Willmore energy is Clifford’s, whose
ratio between both radii equals v/2. In the first line of Figure 9, we plot for different values of t, a
Clifford torus (in blue) and the interface I'(t) (in red) obtained numerically. As expected, the interface
I'(t) converges to the Clifford torus. The second line of Figure 9 shows the evolution of a parallelepiped
with two holes. The interface converges to a Lawson-Kusner surface of genus 2, that is conjectured to
minimize the Willmore energy among surfaces with genus 2 [51, 49]. The same experiment is done for a
genus 4 surface on the last line, and there is again convergence to a Lawson-Kusner surface. We believe
that these simulations illustrate the good quality of our numerical scheme and its ability to recover
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Figure 7: Two examples where the evolution of either one or two circles is not altered by an additional
separating line.

s
x10

Figure 8: Parametric evolution of two contiguous circles associated to three different initial parametriza-
tions; Left : Interfaces at t = 10~ ; Middle : Interfaces at t = 5.1072 ; Right : Evolution of the Willmore
energy of each curve.

some critical points for the Willmore energy.

We present additional experiments in Figure 10 which illustrate the formation of singularities in
dimension 3. On the first line, two spheres evolve by the classical diffuse flow. As the distance between
the two spheres is about ¢, they merge. We take in the second experiment the initial set I'(0) as the
union of two parallel cylinders. The two cylinders grow up until collision time, at which a crossing
arises. The last example shows the evolution of a cube cut by a plane (more precisely, both the plane
and the cube’s boundary separate the two phases, as in the 2D situation of Figure 7). The cube seems
to evolve to a sphere without being disturbed by the presence of the plane. All these experiments show
that the classical diffuse flow may yield singularities, although the comprehension of singular solutions
to the Allen-Cahn equation in dimension 3 remains uncomplete.
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Figure 9: Smooth evolution of I'(¢) by the classical diffuse Willmore flow in 3 D. First line: convergence
to a Clifford torus (in blue). Second and third lines: convergence to Lawson-Kusner’s surfaces of genus

2 and 4, respectively.

Conclusion In view of the above simulations, the following observations can be made on the classical
diffuse approximation flow:

¢ Itis possible to simulate the crossings of more than two interfaces;

¢ The evolution, by the classical diffuse flow, of two interfaces after crossing seems to be similar to
the evolution by a smooth parametric approach. This is in favor of a varifold interpretation of the

Willmore flow.
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Figure 10: 3D-examples of evolutions by the classical diffuse flow yielding singularities.

4.3 Numerical simulations of Mugnai’s flow

We now consider the PDE system associated with Mugnai’s flow in the form that we introduced in
Section 4.1.2:

dpu = Ap— FW" (u)p + By (u)

= €%W’(u) — Au.

where

2 |div,, 2) — curl (curl (vy0)) - vulg}

Br(w) = W'(w) [(|Vvue
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with vy, = \/%. The initial conditions u(x,0) and u(x,0) have the form
u(x,0) =7 (@)
p(x,0) = —1ad(To)y (%)

We set the approximation parameter ¢ = 10~ and we solve numerically the system using Algorithm 2.

Convergence of Mugnai’s approximation The first example illustrated in Figure 11 shows the evo-
lution of a circle taken as initial set I'y, and the comparison with the exact solution. The numerical
parameters are P = 27, e =2/Por3//P,and & = 1/2e21/P2. The smaller is ¢, the closer the numeri-
cal flow is with respect to the continuous flow. This may indicate that the penalization term By (1) does
not influence the evolution of smooth interfaces.
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02 ] 0.18
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Figure 11: Left: evolution of a circle by Mugnai’s flow; Right : Graphs of t — R.(t) for different values
of e

This is also illustrated in Figure 12 where an initial torus in 3D evolves to the Clifford torus.

Figure 12: Smooth evolution by Mugnai’s flow of a torus in 3D. The blue torus is the target Clifford
torus.

We present two experiments in Figure 13 obtained with the set of parameters P = 27, ¢ = 2/P
and &; = 1/8¢2P~2. The simulations indicate that the additional penalization term B, (1) prevents the
interfaces from colliding. This is coherent with what we argued in Section 2.5, i.e. that Mugnai’s energy
equals the classical energy plus a functional that penalizes non profile functions.

The same observation is illustrated in 3D on Figure 14. Both cylinders grow up, but deform them-
selves rather than colliding.
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Figure 13: Illustrations in 2D that Mugnai’s flow prevents from colliding.
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Figure 14: Illustrations in 3D that Mugnai’s flow prevents from colliding. The interfaces preferably
deform themselves rather than merging.
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Conclusion To conclude this experimental section on Mugnai’s flow, let us observe that

* As long as the interfaces are smooth, Mugnai’s and the classical flow behave in the same way,
which was of course expected from the theoretical properties of the associated functionals. In
particular, the penalization term B, (u) has no critical influence on the evolution of a smooth
interface, as long as the evolution remains smooth as well with the classical flow.

¢ Since Mugnai’s energy W;™ I'-converges in dimension 2 to the relaxation of the Willmore energy,
the associated flow prevents from crossing, which is confirmed by the simulations. In 3D as well,
our simulations indicate that no crossing should occur. This indicates that the I'-convergence
property should also be true in 3D for Mugnai’s energy, which is so far an open question that
requires a better understanding of the diffuse approximation of the genus (having in mind the
Gauss-Bonnet Theorem).
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