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Abstract

We prove existence of minimizing movements for the dislocation dynamics evo-
lution law of a propagating front, in which the normal velocity of the front is the
sum of a non-local term and a mean curvature term. We prove that any such min-
imizing movement is a weak solution of this evolution law, in a sense related to
viscosity solutions of the corresponding level-set equation. We also prove the con-
sistency of this approach, by showing that any minimizing movement coincides with
the smooth evolution as long as the latter exists. In relation with this, we finally
prove short time existence and uniqueness of a smooth front evolving according to
our law, provided the initial shape is smooth enough.
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1 Introduction

In this paper, we investigate the existence of minimizing movements (see Almgren,
Taylor, Wang [1], Ambrosio [5], and the book by Ambrosio, Gigli and Savaré [6]) for a
non-local geometric law governing the movement of a family {K(¢)}o<i<r of compact
subsets of RV:

Vx,t :Hx7t+6()('7t)*1[((t)($) —l—cl(x,t), (11)

where V, ;, denotes the normal velocity at time ¢ of a point x of 0K (t), H, the mean
curvature of 0K (t) at x (with negative sign for convex sets), * is the convolution in
space, 1k (4) is the indicator function of the set K(t) and co,c; : RY x [0,7] — R are
given functions.

The non-local dependence co(-,t) * 1 ;) in the expression of V, ; is typical of models
for dislocation dynamics (see Alvarez, Hoch, Le Bouar and Monneau [4]). Moreover we
think of the term ¢; as a prescribed driving force. Equation (1.1) with only these two
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terms (and without a mean curvature term) is currently also a center of interest: in the
context of viscosity solutions, its level-set formulation, namely

ut(xv t) = [CO('7 t) * 1{u(~,t)20} (:L') +c (xv t)]\Du(x, t)|7 (12)

was first investigated by Alvarez, Hoch, Le Bouar and Monneau [4], who proved short
time existence and uniqueness of a viscosity solution to (1.2), and then by Alvarez,
Cardaliaguet and Monneau [2], and by Barles and Ley [9], who proved, by different
methods, long time existence and uniqueness under suitable monotonicity assumptions.
In (1.2) and throughout the paper, u; denotes the time derivative of v, Du denotes the
space gradient of u, and || is the standard Euclidean norm. The mean curvature term in
(1.1) corresponds to an additional line tension term in the elastic energy of the dislocation
which better approximates what happens near the dislocation (see the introduction of
[18] for a discussion on the model). The level-set formulation of the geometric law (1.1),

Du(x,
un(z,t) = [div (M) T o) % Lgotyoo) (2) + en(a )| [Due )], (13)

was studied by the first author in [18]. He proved short time existence and uniqueness
of a viscosity solution to (1.3).

In both cases, the source of major difficulties is the non-local dependence in the
expression of the velocity, co(:,t) x 1x(s), which prevents comparison principle to hold.
Indeed, c¢( is not necessarily non-negative, and physical models show that this situation
can not be avoided. The problem of existence and uniqueness of a viscosity solution to
the level-set equations (1.2) and (1.3) for general kernels ¢ is therefore still open. For
example, the long time existence and uniqueness results mentioned above were obtained
under the assumption that c¢o(-,t)x1g+c1(x,t) > 0 for any set E, which guarantees that
the dislocation is expanding, and a regularity assumption on the initial shape K(0). The
short time existence and uniqueness for (1.3) was obtained in the case where the initial
shape is a graph or a Lipschitz curve, without assumption on the sign of the non-local
term. It is worth mentioning however that this equation benefits from the regularizing
effect of the mean curvature term.

To overcome this difficulty, Barles, Cardaliaguet, Ley and Monneau defined in [7]
a notion of weak solution for (1.2), and proved existence of such weak solutions under
general assumptions on ¢y and ¢;. A similar concept of solution already appears in [28]
for Fitzhugh-Nagumo systems. In this work, we wish to provide such weak solutions
for (1.1). We will work with set-valued mappings E : [0,7] — P(R"™) with uniformly
bounded images which are continuous in the L' topology, that is to say, ¢ — 1 E(¢) belongs
to CO([0,T], L*(RY)). We assume that ¢y and c; satisfy some regularity assumptions
which guarantee that (z,t) — co(-,t) * 1gu)(x) + c1(w,t) is smooth enough for such a
mapping E. Let us now explain what we call a weak solution of (1.1):

Definition 1.1 (Weak solutions).
Assume that cq € Lip ([0,T], LY(RY)), ¢1 € Lip ([0, T], L>=(R")), that ¢y and ¢, are
continuous on RN x [0,T] and Lipschitz continuous in space. Let E : [0,T] — P(RY)

be a set-valued mapping with uniformly bounded images such that t — 1) belongs to
([0, 7], LY (RY)).



Let u be the unique uniformly continuous viscosity solution of

Du(z,t)

ug(x,t) = [div (W) +co(st) * 1pw)(z) + ei(z, t)| [Du(z,t)|  for (z,t) € RN % (0,T)

u(z,0) = ug(z) forxz e RY,
(1.4)

where ug is a uniformly continuous function such that Eg = {ug > 0}, Eg= {ug > 0}.

We say that E is a weak solution of (1.1) if we have, for all t € [0,T], and almost
everywhere in RY
{u(-,t) > 0} € E(t) C {u(-,t) > 0}.

The goal of this paper is to construct a weak solution to the geometric law (1.1). To
do this, we wish to adapt the approach of Almgren, Taylor and Wang [1] (also discovered
independently by Luckhaus and Sturzenhecker [22])- initially proposed for the mean cur-
vature motion - to the geometric law (1.1) with its additional non-local term and driving
force. The idea of minimizing movements is, for a given initial set Ey, to select a sequence
of sets E}, (k) associated with time-steps of size h by minimizing a suitable functional, so
that the corresponding Euler equation is a discretization of our evolution law. A com-
pactness result for sets of finite perimeter guarantees the existence of a subsequence (h;,)
and a set-valued mapping F : [0, T] — P(RY) such that Ej, ([t/hy]) converges to E(t)
in L1(RY) for all ¢, where [-] denotes the integer part. Such a E is called a minimizing
movement (or generalized minimizing movement) associated to the geometric law. More-
over, we prove a priori estimates for the discrete evolution Ej, which imply the Holder
continuity of the limit F in the appropriate metric. This guarantees that the sets F(t)
cannot vary in a wildly discontinuous way.

Let us now explain the interest of this approach in the perspective of proving existence
of weak solutions. For any sequence (h,,) going to 0 and such that Ej,, ([-/hy]) converges
to a minimizing movement E, we are able, thanks to the Euler equation corresponding
to our minimization procedure, to compute the velocity (in the viscosity sense) of the
upper and lower limit of the Ej (k)’s as n — oo, E* and E, in function of E. This
enables us to compare F, and E* with the 0 level set of the viscosity solution u ap-
pearing in Definition 1.1. Since E, C E C E*, we will deduce that E is a weak solution
of (1.1). In case no fattening occurs for u, we remark that w is a viscosity solution of (1.3).

Of course it is a natural request that this construction be consistent with smooth
flows if they exist. To verify this, we further show that if 0Fy is a smooth hypersurface,
then there is a unique smooth solution for small times of the evolution law (1.1), and that
any minimizing movement F coincides with this smooth evolution as long as the latter
exists. This uses the notions of lower/upper limits mentioned above and of sub/super
pairs of solutions of Cardaliaguet and Pasquignon [14].

To state our results in more details below, we first need to fix some notation and
assumptions that will be used throughout the paper.

Notation

e For k € N, BE(x) (resp. Ef(m)) denotes the open (resp. closed) ball of radius r
centered at € R¥, and £F is the Lebesgue measure on R¥. If k is not specified, we



mean that k = N. We set wy = L¥(B¥(0)). The Hausdorff measure of dimension k on
RY is denoted by HF.

e The notation Symy represents the set of real square symmetric matrices of size N.
e We say that a sequence (E,,) of subsets of R converges to F in L'(RY) if 15, — 1p
in LY(RY) as n — +o0.

e Let P be the set of all bounded subsets of R having finite perimeter (see [15] for the
definition and properties of sets of finite perimeter). We denote by P(FE) the perimeter
of E € P, by P(E,U) the perimeter of E in U subset of R, and we endow P with the
metric

5(Ev F) = H]-E - 1FHL1(]RN) = £N(EAF)>

where EAF is the symmetric difference of E and F, i.e., EAF = (EUF)\ (ENF).

In particular we call equivalent two sets E and F such that §(E, F) = 0, and we
also say that F = F almost everywhere (a.e.). Similarly, we say that E C F almost
everywhere if LV (E\ F) = 0.

Moreover 0*F denotes the reduced boundary of E € P. We also define a notion
of boundary for F € P that is invariant in the class of E formed by the sets that are
equivalent to E:

OF ={z ¢ RY; 0 < LY(E N B,(z)) < LY (B,(x)) for all » > 0}.
Then OF is closed, and in fact OF = 0*E.

Definitions of tubes (see [12])

e For any subset E of RY x [0,T], we set E(t) = {z € RY;(z,t) € E}. Conversely a
mapping t € [0,T] — E(t) € P(RY) can be seen as a subset of RY x [0, T] by identifying
E with its graph U,epo, 1) E(t) % {t}.

e We call tube a bounded subset E of R x [0,T]. We call regular tube a tube E with
C' boundary in RY x [0,T] such that for any regular point (z,t) € OF, the unit outer
normal (v, 1) to E at (x,t) satisfies v, # 0. In this case, the normal velocity of E at
(z,t) is —vi/|Ve].

e Finally a mapping t € [0,7] — E,.(t) is said to be a smooth evolution with C3+
boundary if E,. is a compact regular tube such that E,.(t) has C3T® boundary for all
te[0,T].

Assumptions on ¢y and ¢

Throughout the paper, ¢y and ¢; are assumed to satisfy the following regularity assump-
tion:

(A) co € Lip (0,7, L\®Y), 1 € Lip (0,7, L= (RY)).
In particular, we set Ko = Lip(co), and K7 = Lip(c1), so that for all ¢, s € [0, T,

l[eo(t) = co(t,8)[ls < Kolt —s| and [ler(+,8) = e1(+; 8)lloo < K[t — .
We finally set

LO = ||CO||LOO([0’T]’L1(RN)), L1 = ||ClHLoo([O’T]’Loc(RN)) and L = Lo + Ll. (15)



We will sometimes need additional regularity for ¢y and ¢;. When this happens,
we will specify which assumptions are made in each of the statements of theorems. In
particular we will sometimes need to require that ¢y be symmetric, so that the gradient
flow of our functional is, at least formally, a solution of (1.1):

(Symmetry of ¢y) We say that ¢g is symmetric if ¢o(—(),?) = co(+, ) for all ¢t € [0, 7.

Main results

For h > 0 (the time step), k € N such that kh < T, E and F in P, we define, following
the original idea of Almgren, Taylor and Wang [1], the functional

Flh. k. E.F) = P(E) + + /EAF dop () da — /

: (;co(~,kh)*1E($) +01(x,kh)) dz,

(1.6)
where d¢ is the distance function to a closed set C.

Let us now define a minimizing movement:

Definition 1.2 (Minimizing movement [1]).

Let T > 0 and Eg € P. We say that E : [0,T] — P is a minimizing movement
associated to F with initial condition Eq if there exist a sequence (hy), hn, — 0%, and
sets By, (k) € P for all k € N verifying kh, < T, such that:

1. Ej, (0) = Ey.
2. For any k,n € N with (k+ 1)h,, <T,
Eh, (k4 1) minimizes the functional E — F(hy, k + 1, E, By, (k)) (1.7)
among all E's in P.

3. For any t € [0,T), Ep, ([t/hs]) — E(t) in LY(RY) as n — +o00, where [-] denotes
the integer part.

The first result of the paper is the existence of minimizing movements associated to
our functional F:

Theorem 1.3 (Existence of minimizing movements).
Assume that co and 1 satisfy (A). Let Ey € P with LY (0Ey) = 0. Then, there exists
a minimizing movement E associated to F with initial condition Ey such that for allt,s
verifying t <T and 0 < s <t < s+ 1, we have
1

S(E(E), E(s)) < 7 (¢ — )71, 8)
where v = v(N, T, Ey, Ko, K1, Lo, L1) is a constant.

We then prove that any such minimizing movement is a weak solution of (1.1):

Theorem 1.4 (Minimizing movements are weak solutions).

Assume that cq is symmetric, that co and ¢, satisfy (A), are continuous on RN x [0, T
and Lipschitz continuous in space. Let Ey € P with LN(OEy) = 0. Let E be any
manimizing movement associated to F with initial condition Ey.

Then E is a weak solution of (1.1) in the sense of Definition 1.1. In particular if no
fattening occurs, i.e. if the corresponding solution u of (1.4) is such that {u(-,t) = 0}
has zero LN measure, then u is a viscosity solution of (1.3) with initial datum ug.



Let us already point out that even in the absence of fattening (a favorable situation
which is not known to be generic), uniqueness for (1.3) is, to our knowledge, an open
problem. The approach we use here provides one particular solution.

Our third result states that any minimizing movement F coincides with the smooth
evolution F,. as long as the latter exists:

Theorem 1.5 (Agreement with the smooth flow).

Assume that cq is symmetric, that co and ¢, satisfy (A ), are continuous on RN x [0, T
and Lipschitz continuous in space. Let Eq be a compact subset of R with uniformly C3+¢
boundary. Let E, be a smooth evolution with C37* boundary defined on [0,T), starting
from Eqy, with normal velocity given by

Vei = Hyy +co(-,t) x 1g, 1) (2) + 12, t), (1.9)

where Hy 4 is the mean curvature of OE,(t) at x.

Then any minimizing movement E associated to F with initial condition Ey verifies
E(t) = E.(t) almost everywhere, for all t € [0,T].

In relation with this, we finally prove short time existence and uniqueness of a smooth
solution E, to (1.1), when Ej is sufficiently smooth. The regularity assumptions on c¢q
and c; are the following ones:

co € L>=([0, T), W2 (RN)) nwh=([0,T], L= (RY)) (1.10)

and
c1 € W2E(RN x [0,T]), (1.11)

where f € W1°([0,7T], L (RY)) means that f is Lipschitz continuous with respect to
t € [0, T], uniformly with respect to 2 € RY, and for n € N*,

9°f e L°(RN x (0,T))
Wn’l;oo RN O,T — c L>° RN O’T ft) ox« € i .
(R™ x (0,7)) {f (R™ x (0,T7)) for o € NV s.t. Eij\;() i <n

Theorem 1.6 (Existence and uniqueness of a smooth solution).

Assume the regularity (1.10)-(1.11). Let Ey be a compact subset of R with uniformly
C3*t boundary. Then there exists a small time to > 0 and a unique smooth evolution
E, with C3t* boundary defined on [0,to], starting from Ey, with normal velocity given
by (1.9).

Let us now explain how this paper is organized. First, in Section 2, we prove the
existence of minimizing movements and the Holder estimate Theorem 1.3. Section 3 is
devoted to proving a regularity result for F-minimizers that we use in Section 4 to prepare
the proofs of Theorems 1.4 and 1.5, respectively given in Sections 5 and 6. Finally, in
Section 7, we prove Theorem 1.6.

2 Existence of minimizing movements

This section is concerned with the existence of minimizing movements associated to
F (Theorem 1.3). Let us start with existence and basic properties of F-minimizers.



2.1 F-minimizers

The first point to check is the existence of F-minimizers:

Proposition 2.1 (Existence of F-minimizers).
For all h > 0, k € N with kh < T, and F € P, there exists a minimizer of E +—
F(h,k,E,F) on P. Moreover, if L is defined by (1.5), then

F C BR(O) a.e.=> FE C BR+Lh(0) a.e.

whenever E is a minimizer.

Proof. Let us fix F' € P with F' C Bgr(0) a.e., and set B = Br4r,(0). Let (E,) be a
minimizing sequence for F(h, k, -, F'). We want to prove that for all n € N,

F(h,k, Ex N\ B,F) < F(h,k, Ey, F). (2.1)

First, since B is open and convex, we know that
P(E, N B) < P(E,). (2.2)
Let us compare [, co(-, kh)x1p, (z) dzand [, 5 co(-, kh)x1p, qp(z) de: forallz € RV,

co(-,kh)*lEn(x):/ co(x — y, kh) dy
Ey

=co(, kh)*x1g,nB(x) + / co(x — y, kh) dy.
E.\B

Therefore

/co(-,kh)*lEn(x)da::/ co( kh) * 15 () da
E,.NB

n

—l—/ co(+, kh) *1p, np(T) d:c—i—/ / co(z — y, kh) dydz.
E,\B E, JE,\B

Since [|co(-, kh) * 14| oo (rv) < Lo for any measurable set A, it follows that

/En (;co(-,kh) el (2) + cl(x,lch)) do o

1
> / (co(-, kh) x 1g, nB(z) + c1(z, k:h)) dx — LLN(E, \ B)
E.nB \2
thanks to the definition of L (see (1.5)). Moreover F' C B, so that
E,AF = (E,NB)AF U (E,\ B),

whence

1
/ dor(z) dx + 7/ dop(z)dx
(EnNB)AF h E.\B

/ dor(x)dx + LLY (B, \ B),
(E,NB)AF

/ dor(z)de =
E,AF

>

SRS

(2.4)

= >



since dgp(x) > Lh for all x € E, \ B by definition of B. Putting (2.2), (2.3) and
(2.4) together proves (2.1). Therefore we can replace (E,,) by (E, N B) as a minimizing
sequence, and in particular we can assume that F,, C B for all n. Then

fw%Emme/

(200(0, kh)*1g, (x) 4 c1(x, kh)> dz
En

1
> - (2L0 + Ll) LN(B),
so that hgrég)]:(h7 k,E,F) > —oco. Besides, for n large enough,
F(h,k,E,, F) < Eirelg)]-'(h,k,E,F) + 1.
This implies that
1
P(E,) < jnf F(h,k,E,F)+1+ <2L0 + L1> LN (B),
€

and gives a uniform bound on the perimeter of the E,’s. Since they are also uniformly
bounded by B, it follows from the compactness theorem for sets of finite perimeter [15,
Section 5.2.3] that we can extract a converging subsequence (E,, ) of (F,) in the sense
that there exists Eo, € P, Eo C B, such that E,, — E,, in L'(R"). Therefore

F(h,k, Boo, F) < liminf F(h,k, By, F) = inf F(h,k, B, F),
—00 S

because all terms in the expression of F are at least lower semi-continuous in the F
variable for the L! topology. Thus E, is a minimizer of E +— F(h, k, E, F) on P. Finally,
if E is any other minimizer, then the previous comparisons show that P(ENB) = P(E),
whence E C B almost everywhere (see the comparison theorem [5, p. 216]). O

Remark 2.2. This proposition shows that the Ey(k)’s are uniformly bounded for all h
and k, if Eg € P: more precisely, if Ey C Br(0) a.e., then since kh < T, we can choose
En(k) C Bryrr(0) independently of h, k. Therefore we can choose Q = Bryrr+1(0) so
that Ey (k) @ Q for all k, h. We will always do so in the sequel, and set D = R+ LT +1.

Remark 2.2 gives a uniform bound 2 for Fj(k), independently of h, k, provided that
Ey is bounded. In order to have compactness in P, so as to construct our minimizing
movement, we also want a uniform bound on the perimeter of Ej, (k).

Proposition 2.3 (Uniform bound on the perimeter).
Let Eg € P with Eqg C Bg(0). Then, there exists a constant ¢ = ¢(T, Eg, D, Ko, K1, Lo, L1) >
0 independent of h and k such that if Ey, is defined by the procedure (1.7), we have

P(En(k)) <c Vh,k such that kh <T.
Proof. By definition of E}, we have for all j such that jA < T,
f(h,j, Eh(]),Eh(j - 1)) < f(hvj7Eh(j - 1)3Eh(] - 1))3
and in particular,

P(EWD) - [

Eh(j)

gmmu—m—/

Ep(j—1)

1
(200(.,jh) *x1g, y(x) + 1 (x,jh)) dx

1 . .
<2CO('7.]h) * 1Eh(j71) (l‘) + Cl(xvjh)) d.



Adding these inequalities for j = 1,...,k with kh < T, we find:

k
P(Ex(k) = P(Eo) <3 Ju(G.d) = Jn(i — 1,5)
j=1

k
:Z/ch('ajh)lEh(j) _Cl("jh)lEh(jfl) (2.5)

k

1 )

*52/9 5 Jh) * g, ()E, ) — (co(, Jh) * 1g, (i-1))1E,(i-1)
j=1

where we have set
- 1 .
By = [ (oot ool + o)) (2.0
En (i

Doing an Abel transformation on the first sum of the last member of (2.5) yields

k
> [ alimis,g - el imis gy
j=1"9

k—1
ACl(',kh)lEh(k) —/ch('ah)lEo+;/ﬂ[01('7jh)—01('7(j+1)h)]1Eh,(j>

20, LY (Q) + (k — 1)K h LY ()
(2L, + K, T) LY (Q).

IN A

The same manipulation with the second sum gives

2/9(60(-,3'11) *1g,())1E, ) — (co(,jh) * 1, (i-1))1E,(j-1)
< (2Lo + Ko T) LN (9).

This proves that for all k& such that kh < T,
~ 1
Z = Jn(G = 1,7) < (Lo + 2Ly + 5 Ko T+ Ky T) () (2.7)

and gives the result, with ¢ = P(Ey) 4+ (Lo +2L1 + 1Ko T + K1 T) LN (Q). O

2.2 Minimizing movements

We are now ready to address the problem of existence of minimizing movements.
Proofs in this section closely follow the ideas of Almgren, Taylor and Wang [1], and are
adaptations of Ambrosio’s simplified presentation of these ideas (see [5]).

The main result in the perspective of the proof of existence of minimizing movements
is the following theorem on the behaviour of the solutions of procedure (1.7):

Theorem 2.4 (Discrete Holder estimate).



Let Ey € P with Ey C Br(0). There exists a constant v = y(N,D) > 0 (where D is
defined in remark 2.2) and hg > 0 such that for all h € (0, hg), for all m,l € N verifying
mh§Tand0<l<m<l—|—%, we have:

8(Bu(m), Ba(1)) < ye[h(m — )]+, (2:8)
where ¢ is the uniform bound on P(Ey(k)) given by Proposition 2.3.

Theorem 1.3 is a corollary of this result, as proved in [5, pp. 231-232]. However the
arguments of [1, Theorem 4.4] or [5, Theorem 3.3] for the proof of Theorem 2.4 in the
mean curvature motion case need a few adaptations due to the particular form of F.
This is what the rest of this section is devoted to. We begin by giving some preliminary
results which will be necessary in the proof of Theorem 2.4.

Lower density bound for F-minimizers

Theorem 2.5 (Density bound for F-minimizers).

There exist two positive constants o and B (depending only on N ) and hg > 0 such
that if E € P is a minimizer of F(h,k,-,F) with F € P, EUF C Bp_1(0), and
h € (0, hg), then

Vo € OF, Vp € (0, %L), P(E,B,(z)) > ppN 1. (2.9)

Proof. The proof relies on the following lemma relating the perimeter of £ € P and the
perimeter of E replaced by a cone in a small ball:

Lemma 2.6 ([5], Lemma 3.5).
Let E€ P,z € RN and f(p) = P(E, B,(z)). Set

E, = (EH(RN\BP(x)))U{yGBP(Q:); x+p|z:i| GE}.

Then for almost all p > 0 (all p such that f is differentiable at p), we have

P(E,,By(x)) < P%~

Let us now prove Theorem 2.5. Fix x € 0*FE and p > 0 such that f is differentiable
at p. By definition of E, we know that F(h,k, E,F) < F(h,k, E,, F), that is to say

P(E) < P(E) + 5 { | dortyan= [ dor(y dy}

o (;cOc,kh)*lE(y)+c1<y,kh>) w- [ (;co<-7kh>*1Ep<y>+c1<y,kh>) dy.

’ (2.10)
But since E coincides with E, in RV \ B, we have

P(E,RY\ By(z)) = P(E,,R" \ B,()).

Moreover f is continuous at p, which together with (2.10) implies that

— — 2D
P(E, By(z)) = P(E, By(x)) < P(Ep, By(x)) + Z-wnp" + 2Lwnp™,

10



due to the fact that dop(y) < 2D for all y € B,(z), provided p < 1. Now Lemma 2.6
implies that for almost all p € (0,1),

flp) < pz‘él(_p)l + <2}]? + 2L> wnp?. (2.11)

Therefore, the function

g:pH/f]\(Ig)1+(2é)+2L) (N-1wnp

is nondecreasing on (0, 1). In particular if x € 9*E and p € (0, 1),

9(p) = liminf g(p) > wn -1 (2.12)

p—0+

because of [15, Corollary 1 (ii) p. 203]. As a consequence, for all p € (0,1),

2D
flp) > wn_1pN 7t = <h+2L) (N —1)wyp". (2.13)
Let us set a = g(ﬁfﬁ and 0 = “’Nz’l. Then, provided h < min{%,g} =: hg, we

deduce from (2.13) that for all p € (0, %2),

P(E,By(z)) = f(p) = Bp" .
Since 0* F is dense in OF, this also holds for all x € OF. O

Corollary 2.7 ([5], Corollary 3.6).
Let E € P be a minimizer of F(h,k,-, F) with F € P and h € (0,ho). Then

HN"YOE\ 9*E) =0

Distance-Volume comparison

We recall here a general result which makes it possible to compare £V (A\ C) and [ 4 dac
under conditions of density of C' similar to (2.9). Such comparison will be essential to
prove Theorem 2.4.

Theorem 2.8 (Distance-Volume comparison, [5], p. 230).
Let C be a compact subset of RN such that there exist > 0, T > 0 with

HN=HC N B,(x) > BpN "t YxedC, Vpe (0,7).
Then there exists a constant I' = T'(N) > 0 such that for all R > 7, for all Borel set

A CRY, we have

LN\ C) < |or (f)N_l HN(C)

We are now able to prove Theorem 2.4.

: {[qdc(x)dx]é+;[4dc(x)dx. (2.14)
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Proof of Theorem 2.4. Let us fix h € (0,hg), where hg is given by Theorem 2.5. By
definition of E}, we have for all j such that jh < T,

f(h,j, Eh(])7Eh(j - 1)) < f(h7]7Eh(j - 1)3Eh(J - 1))3
that is to say,

L o apo s fomn ) de < RIP(ELG=1) =BG+ b G5) — = 1,)

where Jp, (7, j) is defined by (2.6). Let us set

Nl

In(j) = {[P(En(j — 1)) = P(Ex(h)] + [Jn(4,5) = Ju(i — 1,9)]}

We now use Theorem 2.8 with C' = 9Ej,(j — 1), A = E,(j)AEL(j — 1), 7 = %2, which
is justified for j > 2 because of the density estimate (2.9). Thanks to Corollary 2.7, we
know that £V (C) = 0, so that for all R > 22,

N . . A N-1 . : . 1 2
S EWARG - 1) < |20 (£) HEG - 0)| VELG)+ g h G

(2.15)
Recall that Proposition 2.3 gives a uniform bound ¢ on the perimeter of F-minimizers,
so that HN"Y(0EL(j — 1)) <ec.

Let m,lENverifymhSTandO<l<m<l+%. We choose

ah —1 ah
& bt~ )7 > <

and add up inequalities (2.15) for j =1+ 1,...,m. Recall that (2.5) and (2.7) show that

R =

> LG <PEWM)+ Y Jnld) = Tali —1,9)

j=l+1 j=1+1

<P(Eo)+ Y Jn(Gd) = Jn(i = 1,4) <,
j=1

Moreover, the Cauchy-Schwarz inequality shows that

> L) < ml{z Ih(j)Z} <Vm -l
Jj=l+1 j=l+1

Finally, we find that

£ (B (m)AB, (1) < [200hm — D)5 e] /R =T Ve + L (hm — )74 e
= (x/ﬁ+ g) c[h(m — 1)) ¥,

which concludes the proof. O
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3 Regularity for F-minimizers

One of the main interests of the variational approach used in [1] is that it enables to use
the regularity theory for area-minimizing currents described for instance in [11, 17, 25, 27].
This is the idea we follow in this section. We use the notation of [1]. In particular, the
notation M and S stand respectively for the mass and size of an integral current: if T
is a k integral current associated to a k rectifiable set S € R™ and a density function
0, then M(T) = [0 dH", while S(T') = H"*(S) (see [1, § 3.1.3]). Besides, if E € P, [E]
denotes the solid associated to F, i.e. the canonical N-dimensional Euclidean current
restricted to £. We use the notation T'L_C for the restriction of a current T to a set C.

3.1 Existence of tangent cones

A fundamental notion in regularity theory is that of tangent cones defined as follows:

Definition 3.1.

Let fyr:x+— R(x—p), forp € RN, R > 0. A locally integral current [J] is called
a tangent current to OF at p € OF if there exists a sequence (R;) — oo such that
if we set E(R) = fp r(E), then [E(R;)] — [J] locally as i — 400, in the sense that
LN(JAE(R;)) N B(q)) — 0 for each ¢ € RN and r > 0.

Lemma 3.2 (Existence of tangent cones).

Let F € P and let E be a minimizer of F(h,k,-,F) on P. For each p € OF, there
exists a tangent current [J] to OF at p. FEach such tangent current [J] is a cone and
locally minimizes the perimeter P. Moreover 0 € 0J.

Proof. The proof is inspired by that of [1, Theorem 3.9]. We easily check that for all
R >0,
P(E(R)) = RN"'P(B),

1
dorr)(y) dy = RN“E / dar(y) dy,
EAF

1

h E(R)AF(R)

1 1
/ scol- kh) x 1) (y) dy = RzN/ sco(R(+), kh) x 1g(y) dy
E(R) 2 52

/ ¢1(y, kh) dy = RN / e1(R(y — p), k) dy.
E(R) E

By definition of E we find that F(R) minimizes

1 1 1, 1 [ &
B P gy [ o)y gy [ g s dr g [ k) dy

E
(3.1)
where we have set cft(y,t) = co(y/R,t), ci*(y,t) = c1(p + y/R,t). Let us compare E(R)
and E(R) \ B.(q) for fixed ¢ € RN and r > 0, with respect to this last functional. It
follows from manipulations similar to those in the proof of Proposition 2.1 that for almost
all » > 0,

PUS(R), Br(a) < PB0) + o [ doriao @) e+ £V (B,

where L is defined by (1.5). But diam F'(R) = Rdiam F', so that

1
RH—/ dop(r) () dx
B2 /g, (q)
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is bounded as a function of R, and even converges to 0 as R goes to infinity. This provides
the sufficient bound on the perimeter of E(R) in balls to infer the existence of a tangent
current [J] (using the compactness result [26, Theorem 1.1 p. 225]).

Let us prove that [J] locally minimizes the perimeter. This means that for all ¢ € RY,
all » > 0, and all (N — 1) integral current X with 0X = 0 and having support in
C = B,(q), then M(9[J]L_C) < M(9[J]L_C + X). We first recall from [1, § 3.1.6] that
there exists an N integral current @ with compact support in C such that 0Q = X and

S(Q) < M(Q) < HM(X). (3:2)

Then according to [17, § 4.5.17], we can write Q as

+o0 o0
Q= Z[QJ - Z[Pi],

where Q;, P; € P and (Q;), (P;) are nested families such that Py U Q1 C Supp(Q) and
PiNQ@;=0. Let us set K = (E(R)\ P1)UQ; and compare E(R) and K with respect
to the functional defined by (3.1). We obtain that

P(B(R)) < P(K) + 25

< MOUE(R) +0Q) + 7 | dorn(a) da + ZS(@).

L
/ dor(r)(z) dz + EzN(P1 UQ1)
PuQ:

Since @ and 0Q = X have compact support in C, and since P(E(R),C) = M(J[E(R)]_C),
we deduce that

M(J[E(R)]C) < M(8[E(R)|C + X) + % /C dor(r) (@) dz + %EN(C).

Knowing this, we can adapt [27, Theorem 34.5] to show that [J] locally minimizes the
perimeter and also that if R; is such that [E(R;)] — [J] as i — +o00, then for all x € R
and almost all p > 0, P(E(R;), B,(z)) — P(J,B,(x)) as i — 4o00.

Finally we check that [J] is a cone, i.e. that J is invariant under all homothetic
expansions z — Az for A > 0. To see this we recall from (2.11) and (2.12) that for all

x € OF, the function
P(E,B,(x
g:p— 7( pN—pl( ) +cp

is nondecreasing on (0, 1), where ¢ is a constant, and that for all p € (0, 1),
P(E, By(x))
N1

It follows that OF has a density (0F, z) at « with (0F,z) > 1. For all p > 0,

P(E(R), B,(0)) _ P(E,B,/r(p))
pN-1 - (p/R)N_l R—>_+>oo 0(OF,p) wn 1.

+cp>wno1.

Moreover for almost all p > 0,

P(E(R:), By(0)) = P(J, B,(0))

pN-1 itoo  pN-1
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This shows that the ratio p! =~V P(J, B,(0)) is independent of p, which is known to im-
ply that J is a cone (see [21, proof of Theorem 9.3]). Moreover p'~V P(J, B,(0)) =
O(OFE,p) wn—1 > 0, so that 0 € 9.J. We finally observe that 6(9.J,0) = 0(OF, p). O

3.2 The regularity results

The existence of tangent cones enables us to prove regularity results for F-minimizers,
as in [1, § 3.5 and 3.7].

Theorem 3.3 (Cl-regularity for F-minimizers).
Let F € P, and let E be a minimizer of F(h,k,-,F) on P. Then OF is a C'-
hypersurface, except for a set of Hausdorff dimension less than N —8 (empty if N < 7).

Proof. We verify that E is an almost minimal current in the sense of Bombieri, that is,
for some § > 0, for all (N — 1) integral current X with 0X = 0 and having compact
support in C with diam(C) = r < 4, then

M@O[EILC) < (1 +w(r)) M(O[E]LC + X) (3.3)
for some function w such that w(r) — 0 as r — 0. To do so we proceed as in the
previous proof, write X = 9@Q with

“+ o0

+o0
Q=>_[@i]->_[P]

i=0
set K = (E\ P;)UQ; and compare E and K with respect to F:

1
P(E.C)< P(K)+ ¢ [ dorly)dy+ LEY(PLU Q)
P1UQy
Let D > 0 be such that EUF C Bp_1(0). If Bp_1(0) N C # 0 (otherwise (3.3) is
obvious), and ¢ < 1, the previous comparison yields

M(9[E]LC) < M(A[E]_C + Q) + (25 + L> S(Q)
< M(9[E]LC + X) + (2}? + L) %M(X) (using (3.2))
<M@[E]L C+ X)+ (2}? + L) %(M(@[E] | C+X)+M([E]L_C)).

This easily implies the result with w(r) =3 (22 + L) & and 6 = § (22 + L)_l.

In addition, at any point p of OF there exists a tangent cone [J] which minimizes the
perimeter (Lemma 3.2). Such a cone must be a hyperplane for N < 7 ([27, Appendix
B]), so that in particular 0(E,p) = 6(J,0) = 1. We then deduce the result from the final
remark in [11]. In case N > 8, we use the dimension reduction argument of Federer (|21,
Theorem 11.8]). O

Now, we prove that minimizers are smooth at contact points with smooth hypersur-
faces:
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Theorem 3.4.

Let F € P, and let E be a minimizer of F(h,k,-,F) on P. Assume that there exists
K CRY closed such that 0K is a C* hypersurface and 0OENK = {p}. Then OF is a C*
hypersurface near p.

Proof. Let [J] be any tangent cone to OF at p. The assumption that OE N K = {p}
guarantees that 0J is contained in the closed half-space orthogonal to the outer unit
normal n to K at p and containing n. Since 0 € 9J, [21, Theorem 15.5 p. 174] implies
that 0J is regular at 0, and therefore is a hyperplane. The result follows as in the proof
of Theorem 3.3. O

Actually, we can deduce higher regularity for F-minimizers at each point where they
are C'! hypersurfaces:

Theorem 3.5 (Higher regularity for F-minimizers).

Assume that co is symmetric, that co and ¢y satisfy (A) and are Lipschitz continuous
in space. Let F € P, and let E be a minimizer of F(h,k,, F) on P. Set g(p) = £dar(p),
where we take the — sign if p € F', and the + sign otherwise.

Let p € OF be such that OF is a C' hypersurface near p: there exist R > 0, M >0
and a C* function f : Bg_l(p) — (=M, M) such that, possibly rotating and relabelling,
we have

EN(BY '(p) x (~M,M)) = {(z,y); = € By "(p),—M <y < f(x)}.
Then f is of class C*“ in Bg_l(p) for some 0 < a < 1 and satisfies

%g((% f(@)) = Af(@) + co(, kh) * 1p((z, f(2))) + er((@, f(x)),kh).  (3.4)
Therefore the mean curvature H, of a point p of OF verifies

F9(p) = Hy + coles k) 1 (p) + €1 (p, ). (35

Proof. We begin by verifying that f satisfies (3.4) in the sense of distributions. This is
simply the Euler-Lagrange equation for F, and the proof is the same as that of Ambro-
sio ([5], after statement of Theorem 3.3), with the additional observation that the first
variation of

1
K|—>f/ co(+ kh) x 1k () dx, KH/ c1(z, kh) dx
2 Jk K

in the direction of a C? vector field ® is respectively

K — co(s, kh)x1g () (P(x), vy) dHNfl(x), K c1(z, kh) (®(z), vy) dHNfl(os),
oK oK

where v, is the outer unit normal to K at z € K. The symmetry of ¢q is used here,
along with the continuity of ¢; and ¢g x 1 in space.

Knowing this, we apply [19, Theorem 1.2 p. 219] to f and to each of the %, to

conclude that f is C*® in By *(p). This last assertion uses the Lipschitz continuity of
c1 and cg * 1 in space. Both conclusions immediately follow. O
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4 The upper and lower limits

In this section we are going to prepare the proofs of Theorems 1.4 and 1.5. Let E be
a minimizing movement with initial condition Fy and let (h,) be a sequence such that
Ey,,, ([t/hy]) converges to E(t) in LY(RY) for all ¢ € [0, T] as n goes to infinity. We define
the upper and lower limits of the sets Ej, (k) for n — oo and k € N as follows:

E*(t) = {z € RY;3(hy) C (hy), kp — +o0 and x, € Ey, , (knr) with ky by — t and @, — x},
E(t) =RY\ {z € RY;3(hy) C (hy), ks — +oo and z,y ¢ By, , (kyr) with kb — t and 2,0 — z}.

By construction, E* is closed while FE, is open, and F,.(t) C E(t) C E*(t) for all
t € [0, 7] and almost everywhere in R. Indeed E.(t) and E*(t) were defined respectively
as the sets of cluster points of sets Ej, (k) and RN \ Ej, (k) for all k — +oo such that
kh, — t, and, up to a subsequence and a set of zero £ measure, our minimizing
movement at time ¢, F(t), was constructed as the pointwise limit of sets Ej,, (k) for some
such k = [t/hy)].

We will use the regularity result Theorem 3.5 to compute the normal velocity of the
evolutions ¢t — E*(t) and t — FE,.(t) in function of E. Then we will prove a regularity
result for E* and E,, and compare the initial sets F,(0), E*(0) and Fj.

In order that our minimizing procedure be consistent with the evolution law (1.1) as
ensured by Theorem 3.5, we will assume in particular throughout this section that ¢ is
symmetric.

4.1 Velocity of £* and FE,

Here we are going to prove a rigorous version of the heuristic fact that £* moves with
velocity
Vx,t S Hm,t + CO(’> t) * ]-E(t) (SL’) + (ﬂf, t)a

while F, moves with velocity
V:E,t 2 Ha:,t + CO('7 t) * 1E(t) (33) + &1 (:I;7 t)7

where H,, ; respectively denotes the mean curvature of 0E* and 0F.. Following Cardaliaguet
[12], we formulate this statement in terms of test functions: let us first define the classical
mean curvature operator

(Xp,p)
p|?

for X € Symy and p € R\ {0}, and let us define, for any subset A of RN, A = RN \ 4,
and for any subset B of RY x [0,T], B = (RN x [0,T]) \ B.

h(p, X) = Trace(X) —

)

Proposition 4.1.
Under the assumptions of Theorem 1.4, we have:

1. For any t € (0,T), if a test function ¢ of class C% has a local mazimum on E* at
some point (x,t) € OE*, with D¢(x,t) # 0, then

dr(z,t) > h(Do(z,t), D*d(x,1)) — [co(-,t) * L (2) + e1(z,t)] [Dd(, t)].

2. For any t € (0,T), if a test function ¢ of class C? has a local minimum on E: at
some point (x,t) € OF,, with Dp(x,t) # 0, then

oi(x,t) < h(Do(z,t), D2d>(x,t)) - [Co(',t) *x 1pw(x) +c (x,t)} | Do (z,t)].
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Proof. We only prove the first point, the proof of the second being similar. Let ¢ €
(0,T) and ¢ of class C? have a local maximum on E* at some point (z,t) € OE*, with
D¢(x,t) # 0. We can assume without loss of generality that it is a strict maximum.
By definition of E*, there exist k, — +oo and z, € OE, (k,) with k,h, — t and
xn — x, such that ¢ has a local maximum (that we can assume to be strict) on Ej =
Uk, En,, (kn) X {knhn} at (zn, knhy), with Dé(xy, knhy) # 0. It follows that Ty, (k) =
{z € RY; ¢(x, knhyn) = ¢(2n, knhy)} is a smooth exterior contact surface to Ej, (ky,) at
T, and therefore Theorems 3.4 and 3.5 imply that OE),, (k) is a C** hypersurface near
Zn. We now infer from the local relative position of I' and dF}y,, (k;,) that the curvature
of OFy,,, (kn) at ,,, H , is less than the curvature of I' at x,,:

1
H <-——
" |D¢(xn7 knhn)|
Now (3.5) implies, if k,, > 1, that

1
:I:hidé)Ehn(knfl)(xn) = H;}n + CO('; knhn) * 1Ehn(}c”)(mn) +a (xna knhn)a
where we take the — sign if z, € Ej, (k, — 1), and the + sign otherwise. With this
convention,

1 1 ¢t(xn7knhn)
ihfndaEhn(kn—l)(%) 2 imdrhn(kn—l)(%) = T D6(an, kenhn)| +o(1).

R(DG(Tn, knhn), D*G(Tn, knhy)).

Putting together the last three equations yields

¢t(mna knhn) + 0(1) > h(D(rb(xn) knhn)7 D2¢(In7 knhn))
- [co(o, knhy) * lE;Ln(kn)(fcn) + c1(xn, knhn)} |Dé(xr, knhp)l|-

Thanks to the discrete Holder estimate, Theorem 2.4, we know, since k,h, — t, that
Ep, (kn) — E(t) in LY(RY). Up to a subsequence, we can assume that Ej, (k,) — E(t)
almost everywhere. As a consequence, sending n to 400, we get the result, namely:

¢t<xvt) 2 h(D¢($,t)7D2¢)(l',t)) - [CO('vt) * ]-E(t)(x) + Cl(xat)} ‘Dd)(l’ﬂf”

(4.1)

4.2 Regularity of £* and F,

Now we are going to prove a regularity result for the tubes E* and E, which allows
in particular to treat the degenerate case D¢(x,t) = 0 in Proposition 4.1:

Proposition 4.2.
For all z in RN, the maps t — dp-)(x) and t — dg 1) () are left-continuous on

(0,7]. "~

To prove this we first need to estimate in a finer way than what we have done in Section
2 how Ej, (k) can expand or shrink at most at each iteration. This is the equivalent of
[1, Theorem 5.4]. Let us first define for simplicity of forthcoming estimates the scaled
ball Wg = ER/(WN)l/N (0) = Bgyw. (0), so that LN (Wg) = RN. Then Wy minimizes the
perimeter among all sets E € P such that £V (E) = RY. This property will provide the
necessary estimates.

Let us also define, for any subsets A and B of RV, A — B =R\ ((RY \ A) + B).
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Lemma 4.3.
Let F € P and let E be a minimizer of F(h,k,-,F) on P. Let L be defined as in
(1.5). Let R(h) = 2Lw.h + 2\/L?w2h2 + 2w, hP(W;). Then

F— WR(h) CECF+ WR(h) a.e.

Proof. We begin by proving the left-hand side inclusion, and we will see that the other
inclusion immediately follows. We adapt the proofs of [1, Section 5].

Step 1: Let us first prove that if 0 < R < S, Ws C F and 0 < 2LV (Wxr \ E) < RV,
then

S—R N -1 2U/N(N —1) LN (Wr\ E)
— < .
oh R—-2LR< P(Wy) + e RN

We compare E and FE U Wg with respect to the functional F(h, k, -, F):

P(Wh)

1

P(E) + ) onr dor () dl“—/E (;Co('7/€h)*1E(x) —i—cl(az,kh)) dx

1
P(EUWR)—F*/ dop(x) dx
h (EUWR)AF

1
—/ <2c0(., kR) % Loow, () + 1 (2, kh)) da.
EUuWpg

Since Wg C F, we check that EAF = ((EUWg)AF) U (Wg\ E). This, together with
manipulations similar to those of previous proofs, implies that

P(EUWR) — P(E) > 1 / dop(x)dx —20LLN (Wg \ E)
h WR\E

(&

since the inclusion Wg C F implies that dpr(z)
conclusion (4) of [1, Proposition 5] implies that

(4.2)

~2L) ¥ (Wa\ B),
>

(S — R)/w, for each x € Wg. But

P(EUWER) — P(E)
N —1LNWr\E) | 2NN - 1) <£N(WR \ E))Q}

and the result follows from the last two inequalities.

Step 2: Now let us assume that the conclusion of the lemma does not hold, i.e. that
if we set A = (F — Wg)) \ E, then LV (A) > 0. There must exist p € A such that for
any r > 0, LN(AN B,(p)) > 0. We can assume, possibly applying a translation, that
p = 0. Therefore Wg(,y C F and LN (Wgy)/2 \ E) > 0. Moreover we also have

N
2£N(WR(h)/2 \E) < (R(2h)> )

otherwise we would obtain as in Step 1 with S = R(h) and R = R(h)/2 that

P(EUWg 2)— P(E) > (fufh; _ QL) LN (Wi 2\ E) > @052 _ L> ! (R(Qh) >N’
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because 2% — 2L > 0. But P(EUWg2) < P(E) + P(Wg()/2), whence

(iﬁf; - 2L> % (R(Qh))N < P(Wrny/2) = <R(2h)>N_l P(Wh),

or equivalently

wih (R(Q”)> — LR(h) < 2P(Wy),

which is contradictory with the choice of R(h), since equality should hold instead of the
last inequality. Then we can apply Step 1 with S = R(h) and R = R(h)/2 to infer that

2 _ IN(N — N
wih (R(zh)) ~ LR(R) = NN P+ #P(Wl)ﬁ ((II;/(IZ(;/)SJ> =

or thanks to the choice of R(h):

N—-1 2U/N(N-1)1
S5 + N2 3
which is false. This proves the left-hand side inclusion of Lemma 4.3.

Step 3: Let us now explain why the left-hand side inclusion is sufficient to deduce
the right-hand side one. Let B = Bp(0) be a large ball. It is easy to check that if F' € P
with F C Bp_1(0), and if E € P with E C Bp_1(0) is a minimizer of F(h,k, -, F') on P,
then B\ E is a minimizer of

E|—>P(E)+% dap(x)dx—/

i <;co(-, k) % 1p(2) + & (a, kh)> dz

EA(B\F)
among all sets in P and included in B, where ¢1(z, kh) = —c1(z, kh) + co(-, kh) x 15 ().
Therefore, taking h small enough so that R < 1, the arguments on F and F' in the previous
steps transform into the same arguments for B\ F and B\ F', since in particular the term
2L appearing in (4.2) was taken so large (with the a priori useless factor 2) as to get the

lower bound there also with ¢; in place of ¢;. The conclusion F' — Wgr C E transforms
into (B\ F) —Wgr C B\ E, that is exactly E C F' 4+ Wg. O

The last lemma provides a bound on the growth of F-minimizers at each iteration
equal to 2Lw,h + 2\/L2w3h2 + 2w, hP(W7), and of the order of Vv/h. This is not fine
enough to conclude the left continuity, mainly because if kh — ¢, then kv/h — +oo and
the bound is lost in the limit movement. The following lemma refines the bound to the
order h.

Lemma 4.4.
Let us set § = 282 P(Wy) and R(h) = 2Lw.h + 2+/L?w2h? + 2w, hP(W1).

1. Assume that p+Wg C Ey,(k) a.e. for some p € RN and k, h such that kh <T. If h
and j are small enough so that R(h) < % and jh < min{ﬁ;LS),T — kh}, then

er WS—Q)*(%-‘,-QL)jh C Eh(k +]) a.e.

2. Assume that p+Wg C RN\ Ey (k) a.e. for some p € RN and k, h such that kh <T.

. . . 2
If h and j are small enough so that R(h) < % and jh < mm{m,T — kh}, then

p+Ws_w*(%+2L)jh CRN\E}L(]C“FJ) a.e.

20



Proof. Let us prove the first assertion. For simplicity we assume without loss of generality

that p = 0. We prove the result by induction on j. The result for j = 0 is the assumption.
2

Let us assume that the result holds for some j such that (j +1)h < min{m, T—

kh}. We know thanks to Lemma 4.3 that
Eh(k + j) — WR(h) C Eh(k‘ +5+ 1) a.e. (43)

Since the induction assumption states that Wg_, (s o1);n C Ex(k + j), and since the
assumptions on j and h imply that

S 5 .
R(h) < 5 = w, (s + 2L> jh,

we deduce from (4.3) that Wg/o C Ep(k + j + 1) almost everywhere. Let us set
‘ S
Trmaz = sSup{r; W, C Exp(k+j+1) a.e.} > 3

Step 1 of Lemma 4.3 shows, by sending R to r; ., that

max’

1 ) N -1 1)
— — + ] — — < P(W - —
woih ({S Wi <S 2L> ]h} Teraa:) Tmaz — 2LTmae < N ( 1) 2’

from which we infer that

1) 1) 1)
_ — y — < < —
{S Wi (S +2L> jh} Tmaz < <2rmm +2L) wih < wy (S + 2L> h,

and the result for Ej(k+ j 4 1) follows, so that the proof by induction is complete. The
proof of the second point is entirely identical, according to the remark in Step 3 of the
proof of Lemma 4.3. O

We are now ready to prove Proposition 4.2. This proof is inspired by the proof of [13,
Lemma 4.7].

Proof of Proposition 4.2. Let us start with E*. Assume on the contrary of our claim
that there exist x € RY and ¢ € (0, T] such that s — dp+(s)(x) is not left continuous at .
Since this map is lower semi-continuous thanks to the closedness of E*, we deduce that
there exist ¢ > 0 and a sequence (t,) converging to ¢~ such that for all p € N,

dE*(tp)(l') > dE*(t)(JJ) + €.

Let S = ews, so that Wy is the closed ball of radius e centered at 0. By considering a
projection of & on E*(t), we can assume that 2 € E*(¢) and for all p € N,

dE*(tp) (.T) > €.

Set for a fixed p, ky, = [t,/hn], so that k,h, — t; as n — +o00. By definition of E*(t,),
there exists ng large enough depending on p so that for all n > ng, dEhn(kn)(I) > e. Let

us set 5
M=|(—=+2L).
(S+ )
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Then we can apply assertion 2 of Lemma 4.4 to deduce that for all n > ng such that
2

R(hy) < 4 and for all j such that jh, < min{y—rsrgy, T — knhn}

dEh,,L(kn-‘rj)(x) Z g — Mjhn (44)

Indeed we have Wg_,, (s 1opyn, (%) C RN\ Ep,, (kn + 7). Let us set

Jhn

N O S
T MM 10, (6 1 215)

and fix s € (0,7) with s <T —t,. We set j, = [s/hy,] so that j,h, — s~ as n — +oo.
Then j,h, < min{ﬁ:ns),T — kphy,} for n large enough, so that sending n to oo
in (4.4) yields, by definition of E*(t, + s),

dg«(t,+s)(1) 26— Ms >

| ™

Taking s = t —t,, for p big enough so that 0 < s < 7, we get dg-(;)(v) > §, which
contradicts the fact that x € E*(t).
The proof for dz- is obtained in the same way by using assertion 1 of Lemma 4.4. O

4.3 Comparison at initial time

We finish by giving a consequence of previous growth results on the comparison of
the initial sets F,(0) and E*(0) with Ey. This result will be essential for comparison at
later times:

Proposition 4.5.
We have EqC E.(0) C E*(0) C Ep.

Proof. We only prove that E*(0) C Ep, the left-hand side inclusion is obtained by similar
arguments. Suppose on the contrary that there exists z € E*(0) \ Ey. Then we can find
some ¢ > 0 such that B.(z) C RN \ Ey. By definition of £*(0), there exist sequences
kn — 400 and z, — x with k,h, — 0 and z,, € Ep,, (k,). Thanks to Lemma 4.4 and
the facts that Fj_ (0) = Ey and kph, — 0, we know that there exists M > 0 depending
only on ¢, L and N such that if k is large enough, then

Be_nmigon, () CRY N\ By (k).

But z,, — « and € — Mk, h,, — €, so that x,, € Be_ sk, 1, () for n large enough. This is
a contradiction since x,, € Ej,, (k,), and this proves the proposition. O

5 Minimizing movements and weak solutions

With the tools of Section 4, we are now ready to prove Theorem 1.4. Since F,(t) C
E(t) C E*(t) a.e. for all ¢t € [0, T, it suffices to prove that for all ¢t € [0, T],

(u(-t) >0} C Eu(t) and E*(t) C {u(-,t) > 0}

To this end, we will use a comparison principle for discontinuous viscosity solutions.
We therefore start by giving equations satisfied by 1g, and 1g« in the viscosity sense, in
relation with Theorem 4.1:
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Theorem 5.1.
Under the assumptions of Theorem 1.4, we have:

1. For any (x,t) € RN x (0,T), if a test function ¢ of class C? is such that 1g- — ¢ has
a local mazimum at (x,t), then:
e if Dp(x,t) # 0, we have
dr(x,t) < M(Do(x,t), D*¢(w,1)) + [co(- 1) * L) (2) + c1(x,t)] [Dé(, t)].
e if Dg(z,t) =0 and D*¢(x,t) = 0, we have
oi(z,t) <0.

2. For any (z,t) € RN x (0,T), if a test function ¢ of class C? is such that 1g, — ¢ has
a local minimum at (x,t), then:

o if Do(x,t) # 0, we have
9(,t) = h(D(z, 1), D*¢(x,)) + [co (1) % Ly (@) + e1 ()] [Db(, ).
o if Dp(x,t) =0 and D?p(z,t) = 0, we have
oi(z,t) > 0.

Proof. We only prove the first point, since the second point uses the same arguments.
We only need to consider the case where (z,t) € OE*, since otherwise all derivatives of
¢ at (x,t) vanish and the equation is obviously satisfied.

First case: D¢(z,t) # 0. In this case it is straightforward to check that —¢ has a local
maximum on E* at (x,t). Therefore, the first point of Proposition 4.1 gives the result.

Second case: D¢(x,t) = 0 and D?¢(x,t) = 0. We can always assume that our maxi-
mum is equal to 0, i.e. ¢(x,t) = Lg«(x,t) = 1. Let us also assume that ¢;(x,t) > 0. Then
a Taylor expansion of ¢ at (x,t) shows that there exist § > 0 and k > 0 such that for all
(y, s) verifying s € (t — d,t) and |y — x| < 2k(t — 5)V/3, 15-(y, s) < é(y, s) < p(x,t) = 1,
whence y ¢ E*(s). As a consequence for all s € (t — 4, 1),

dig-(s) () > K(t — 5)'/3.

Now we can proceed as in the proof of Proposition 4.2, using the growth control given by
Lemma 4.4, to prove that there are positive constants k1 and ko such that for all s < ¢
close enough to t,

k
1/3 1 _
dg=y(w) > k(t — )77 — <(t—s)1/3 —|—k2) (t—s)>0,
which contradicts the fact that € E*(t). Therefore ¢:(z,t) < 0. O

Proof of Theorem 1.4. The previous theorem shows that 1« is a subsolution of the level-
set equation (1.4), while 15, is a supersolution. Indeed, an argument of Barles and
Georgelin [8, Proposition 1] shows that under the conclusions of Theorem 5.1 there is
no property to check when the test function satisfies Dé(x,t) = 0 and D?¢(x,t) # 0.
To conclude we use a method initiated by Barles, Soner and Souganidis [10, Theorem
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2.1]: let (®,) be a sequence of smooth functions such that ®,, = 1 on [0,+00), ®, >0
in R, ®,(R) C [0,1] and inf,, ®,, = 0 on (—o00,0). Thanks to Lemma 4.5, we know
that 1g+) < ®p(ug) in RY. Since (1.4) is a geometric equation, ®,(u) is a uniformly
continuous solution of this equation. The comparison principle [10, Theorem 1.3] implies
that for all ¢ € [0,7),

]-E*(t) < (I)n(u(,t))

If z € {u(-,t) < 0}, we therefore have
1g+)(7) < inf @, (u(z,t)) =0,

which means that « ¢ E*(t). As a consequence E*(t) C {u(-,t) > 0} for all t € [0,7),
which also holds for t = T" by continuity of v and thanks to Proposition 4.2. The argu-
ment to prove that {u(-,t) > 0} C E.(t) is similar.

In case there is no fattening, we deduce that for all ¢ € [0,T], E(t) = {u(-,t) > 0}
almost everywhere, and we can replace {u(-,t) > 0} by E(¢) in (1.4) to deduce that u is
a viscosity solution of (1.4). This concludes the proof of Theorem 1.4. O

6 Comparison with the smooth flow

Now we are going to show that our construction is consistent with smooth flows if
they exist: we turn to the proof of Theorem 1.5. Following Cardaliaguet and Pasquignon
[14], we define a sub/super pair of solutions for our non-local motion. Roughly speaking,
it is a pair (K1, KC2) of tubes, where KC; moves with velocity

Vor < Hgyi+ inf L)+ 1 + , 1),
< Hg, ;cl(t)clﬁc;@(t){c‘)( )x 1k ()} + ci(x,t)

while Ko moves with velocity

Vo > Hyy + sup {co(-st) x 1 (z)} + c1(z, t).
Kl(t)CKC’CZ(t)

As we did at the beginning of Section 4.1, we formulate this in terms of test functions:

Definition 6.1 ([14], Definition 2.5).

Let K1 and Ky be compact subsets of RN such that Ki CKo. A sub/super pair of
solutions with initial data (K1, K3) is a pair (K1,K2) of tubes such that
1. Ky C K. L e
2. Kl(O) = Ki and ICQ(O) C Ks.
3. For any t € (0,T), if a test function ¢ of class C? has a local mazimum on K, at
some point (x,t) € 0K, then

b¢(x,t) > h(Do(x,t), D*¢p(x,t)) — [’Cl(t)cigfc@(t){co(-’t) *1g(z)} + (x,t)] |Do(x,t)].

4. For any t € (0,T), if a test function ¢ of class C* has a local minimum on ’/C\Q at

I~

some point (x,t) € OKq, then

K1(t)CKCKa(t)

o(2,t) < h(Do(a, 1), D*d(x, 1)) - l sup  {eolt) * Lx(a)} + c1<x7t>] Do ().

24



Such sub/super pairs of solutions exist and we can define, following Cardaliaguet
and Pasquignon, exztremal sub/super pairs of solutions (K5, K§) with initial data (Fog —
eB1(0), Eg + €B1(0)). The extremality holds with respect to the inclusion. Moreover,
if Ey is compact with uniformly C3*® boundary, and if E, is a smooth evolution with
C3T2 boundary, starting from Ey with normal velocity given by (1.9), then K5 C E,. C K3
and both Kf and K§ converge to E, in the Hausdorff distance as ¢ — 0, as proved by
Cardaliaguet [12]. This implies in particular that a smooth evolution with C3+* bound-
ary is necessarily unique.

Now, owing to the respective velocities of Kf, E,, E* and K§, we want to compare
these sets. Going through the corresponding proofs in [14] and [12], we check that the
estimation on the velocities of E* and F. (Proposition 4.1), their regularity property
(Proposition 4.2) and their initial position relatively to Ey (Proposition 4.5) give the
following result:

Theorem 6.2 ([14], Theorem 2.11).

Under the assumptions of Theorem 1.5, let (K5, K§) be an extremal sub/super pair of
solutions with initial data (Eg —eB1(0), Eg +B1(0)). If K5(t) and K5(t) are non-empty
for allt €10,T], then

Ki(t) C E.(t) C E*(t) C K5() Vte[0,T).
We are finally ready to prove Theorem 1.5.

Proof of Theorem 1.5. Since K{ and K5 converge to the smooth evolution E, starting
from Ey in the Hausdorff distance if the latter exists, we deduce that for all ¢ € [0,T),
E.(t) = E*(t) = E.(t). This also holds for ¢ = T thanks to Proposition 4.2. Moreover
we know that for all ¢t € [0,T], E.(t) C E(t) C E*(t) a.e., so the result follows. O

7 Existence and uniqueness of a smooth solution

To conclude this work, it is natural to verify that such a smooth evolution exists (we
already know that it must be unique). This is the claim of Theorem 1.6, that we prove
now, using a fixed point method. We therefore begin by constructing a smooth solution
for the local problem (i.e. with prescribed velocity).

7.1 Existence of smooth solutions for the local problem

Theorem 7.1 (Existence of a smooth solution for the local problem).

Assume that Ey is a compact subset of RN with uniformly C3** boundary and that
c € W2L(RN x [0,T]). Then there exist a small time to > 0 depending only on Eq
and on an upper bound on ||c|lw2 10 @y x(0,7]), and a smooth evolution E, with C3+*
boundary defined on [0,1o], starting from Ey, with normal velocity

Vo = Hyy + c(x, 1), (7.1)
where Hy ¢ is the mean curvature of I'(t) = OE,(t) at x.

The proof is an adaptation of the one proposed by Evans and Spruck [16] for the
classical mean curvature motion (see also Giga, Goto [20] and Maeckawa [24] for more
general equations). For the reader’s convenience, we give the steps of the proof to explain
how to treat the dependence in the space variable of the velocity c.
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Assume we are given the smooth hypersurface I'y = 0Fy, a time ¢y > 0 and a smooth
evolution ¢ — I'(t) = OE(t) of surfaces developing from 'y on [0, ¢y] with normal velocity
V. Heuristically, one can show (see [16]) that the signed distance function d to I'(¢)
defined by

d(z,1) = —dist(z,T'(t)) =€ RN\ E(t)
U dist(z, () x € E(t)
is a solution of
vy = F(D*v,v) + c(x — v(x, t) Dv(z, t),t) (7.2)
with
o~ Mi(R)
F — FOU(R), o A (R), 2) = S —2Y .
(R, 2) = fO1(R), ., An(R), 2) ; Wi (73)
where A1 (R) < Ao(R) < ... < An(R) are the eigenvalues of R. F'is a priori defined and

smooth for |R| and |z| small enough, but we extend it to be smooth on all of Symy x R
with |F|, |DF| and |D?F| bounded as in [16].

The idea is to study directly the PDE (7.2). To this aim, we set I'g = OEj and let

g(l’) _ { 7diSt(.’£, Fo) x € RN\EQ

diSt(iC, F(]) x € Ey (74)

be the signed distance function to I'y. We fix &y so small that g is of class C3*t® within
V={zeRN, —§ <g(z) <d}
and we set, for £y > 0 to be determined,
Q =V x(0,ty), X =09V x|[0,t].
The plan is to consider a solution to the PDE

vy = F(D?v,v) + c¢(x —vDv,t) in Q
|Dv|? =1 on X (7.5)
v=g on V x{t=0}

and prove that the zero level sets of v (-, t) are smooth hypersurfaces evolving with normal
velocity given by (7.1).

First, we have the following existence result for this non-linear PDE (see Lunardi [23,
Theorem 8.5.4 and Proposition 8.5.6]):

Theorem 7.2 (Existence for the non-linear PDE).

There exist 69 depending only on Ey and ty > 0 depending only on Eq and on an upper
bound on ||c|ly2.1:00mnN x[0,1)) Such that there exists a unique solution v € O2+a 25 Q)
of the PDE' (7.5). Moreover the first order space derivatives vy, , for 1 <k < N, belong

to C2 55 (V x [0, t0)).
Evolution of the zero level set of v

The rest of the proof is devoted to proving that, possibly reducing ¢, the mapping
€ [0,to] = Er(t) = (Eo \ V) U{z € V, v(z,t) = 0}

is a smooth evolution with C3+® boundary, with normal velocity given by (7.1).
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Proposition 7.3 (Distance property of v).
Let v be the solution of (7.5) given by Theorem 7.2. Then we have

|Dvj?=1 inQ. (7.6)
Proof. We adapt the proof of Evans and Spruck [16, Theorem 3.1].

Step 1. Let w = [Dv|?> — 1. Then w € C2+**5* (V x [0, t,]). Moreover, using the PDE
(7.5) and the definition of g given by (7.4), we get that

w=0 onXU((V x{t=0}).
Step 2. Differentiating (7.5), we compute (with implicit summations over %, j, k)

oF OF
Vi), = (Dzva U)vm,',mjzk + E

ori; (D?v,0)vg, + aixkc(w —vDu,t).

Therefore

Wy =2V, Vgt

F F
2887“1-.7- (D*0,0) Vs Vapia; + QZ—Z(D%, v)|Dv|* + 2%(0(1 —vDv,t))vg,
F F F
= 5 (D%0, 0)103,0, 2 § (D20, 0)00,0, 0, + 25 (D0, 0) Do + 257 (e — 0D, ).
(7.7)
Now
N
0 0
2%(0(;10 —vDw,t))vg, =2 igz:l 8; (x —vDv,t)(Jik — Vg, V; — V0pys;) Uy,
N e N e
=—2(|Dv|* - 1) ; 8—%@ —vDv,t) v,, — ; oz, (x —vDv,t) v wy,
=—wli(z,t) —wy, la,(z,t),
where
N 9e
Li(t,x) =2 ; oz, (z —vDwv,t) vy,
and 9
lyi(z,t) = 8; (z —vDv) v.
Moreover as recalled in [16],
OF OF
ar (DQU)kaxivxkxj = E(DZU,U).

As a consequence (7.7) becomes

Wy

F
(D*v,0)Wa,, + (2862(D2v, v) — ll(x,t)> w —lg i (x,t) wy,.

ij

In view of the uniform ellipticity of F' (see [16, Lemma 2.1]), we get that this is a
uniformly parabolic equation. Using the fact that w = 0 on the parabolic boundary of
Q, we deduce that w = 0 in ). This ends the proof of the proposition. O
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Now, using (7.6), we get that

[ ={(x,t)€Q, v=0}

is a C! hypersurface in @ and each slice I'(t) = {x € V, v(z,t) = 0} is a C3T“ hypersur-
face in V. Moreover we have the following equivalent of [16, Theorem 3.2]:

Theorem 7.4 (Existence of a classical evolution).
The surfaces {I'(t) }o<i<t, comprise a classical motion starting from T'y with normal
velocity
Vz,t = Hz,t + C(fEﬂf).

Given that I'(t) = OE,(t) for all t € [0,t], provided to is small enough depending
only on an upper bound on ||¢[[yy2.1:00 ®¥ x[0,77), this concludes the proof of Theorem 7.1.

7.2 Existence of smooth solution for the non-local problem

With the results of the previous section, we are now ready to carry out the fixed point
argument. We use the same notation as in the previous section, in particular F', @Q,
and V', with the same §, fixed, but for some t; to be determined. Using the same method
as in Section 7.1, our goal is to construct a solution to the PDE

vy = F(D?v,v) + (co(,t) *v Ly py>0p) (@ —vDv, t) + é(x —vDv,t) in  Q
|Dv|? =1 on %
v=yg on V x{t=0}
(7.8)
where %y, denotes the convolution restricted to V, i.e.

co(t) *v Ly >0y (x) = / co(r =y, 1)L >0y (y) dy
v
and
é(z,t) = / co(x —y, t)dy + c1(z, t).
Eo\V
We define the set
< Ry

HU - g”Cz*”*HTQ(@

=

a, e 2=1i
B=yvec™™ () LD:U|9 oanflnxQ{t =0}
v =hoonV x {t =0}
where g is defined by (7.4), Ry is a small constant which will be precised later and
ho = F(D?g,g) + co x 1g,(x — gDg,0) + ¢, (x — gDg,0).
For w € E, we set
cw(®,t) = co(, ) *xv Lpw(.py>0y () + &(x, 1).

Under the assumptions on ¢y and c; it is easy to check that c,, € WL(RN x [0,7])
(see the definition of W21 (RN x [0,T]) after (1.11)). Indeed, the only difficulty is to
check that ¢, is Lipschitz in time. To do this, let us state the following lemma:
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Lemma 7.5 (Estimate on characteristic functions).
There exists a constant C' which does not depend on to, such that if uy, uz € C1(V)
satisfy Du; - Dg > % iV fori=1,2, then

111w >0 = Vwo>opl 17y < Cllur — uzl| oo (7).

The proof is an easy adaptation of [3, Lemma 42] (using local cards and a partition
of unity), so we skip it.

For any u € E, Du satisfies Du(-,0) = Dg and is Holder in time. As a consequence,
for tg small enough depending only on an upper bound on

HUHC’Q*“'HTO(Q) < Ro+ ||g||C2+a(V)7

we have Du(-,t) - Dg > 1/2 in V for any u € E and t € [0,tp]. Therefore, using the
previous lemma, we can compute

lew(x,t) — cw(x, s)| =|co(-,t) *xv Liw(.,0)>0} (x) —co(, 8) *y l{w(‘7s)20}(x) + é(x,t) — é(x, 9)|
<leo(+st) *xv Liw(t)>03 (%) = co(, 1) %V 1w 5)=0} (7)]
+leo(,t) *v Liw(,5)203 (%) = co(*, 8) *v Liw(.,s)=03 (@)] +[E(z, 1) — &(z, 5)]
< Cylt — sl,

where

Cuw = Cllcol| Lo ™ x[0,17) ||wHCz+a,2‘f'T“(§)+2||CO||W1>°°([O,T];LOO(RN))‘CN(EO)+||01 w2100 &3 x (0,7)) -

The factor 2 appears if we assume that LY (V \ Ey) < LV (Ep), which is always pos-
sible. We remark that this constant C\,, can be chosen independently of w since we

have ||w\|c2+a,2+Ta(@ < Ro + [|9ll g2+a 77~ This, together with similar estimates on space

derivatives, implies that for any w € F,
HCwHWll;OO(@) < C(l + R0)7

where the constant C does not depend on tg, Ry.
As a consequence of Theorem 7.2, for ¢y small enough (depending only on Ry), we

can therefore define for any w € F, v = ®(w) as the unique solution of

vy = F(D?v,v) + cp(z —vDv,t) in Q
|Dv|? =1 on X
v=g on V x{t=0}.

Moreover the proof of Theorem 7.2 shows that provided tg is small enough (depending
only on Ryp), then v € E for any w € E. Let us now prove that ® is a contraction, for a
good choice of parameters Ry and tg.

Let wy, we € E, v1 = ®(wy), vo = ®(wy) and v = vg — v1. Then v is a solution of
Vf = QijUs,z; + five, +ev =205+ A(D?*v, Dv,v,z,t) in Q

= a(Dwv,z,t) on X
0 on V x {t=0},

v
ov
v =
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where

oF dc F
Aij = 37"@ (D20177J1)Uz‘j7 fi= 67“1)1, e = Dcy, - Dv; — a(DQUhM)?
0 = ¢y, (@ — v2DVa, t) — ¢y, (¥ — V2 Dua, t),
OF OF
A(R,p,z,x,t) =F(D*vy + R,v1 + 2) — F(D%vy,v;1) — E(D%Jl; v1)2 — o (D2v1,vl)r¢j
ij
+ Cw, (x — (v1 + 2)(Dv1 + p), t) — cwy (& — v1.Dvy, t)
s (2 — vy Doy, £
+ (Dcy, (x — v1Dvy,t) - Duy)z + Ocw, (x — v Dv )vlpi

8.Ti

and

(2p - (Dvy(z,t) — Dg(z)) + |p|2) on{g=1dp}

3 (2p. (Dvyi(z,t) — Dg(x)) + |p|2) on{g=—bo},

where we have used the fact that Dg is a unit normal to 0V. Using the same arguments
as those of Evans and Spruck [16, Lemma 5.3] (i.e. a Taylor expansion) and the fact that

— DN =

a(p, z,t) =

[|v]] oo ) S < 2Ry, we get that

1415 gy lall v 25 gy < CoRollol 250 (79)
where Cyy does not depend on tg, Ry. Using [16, Lemma 2.2], we then deduce that:
1=l o 25 gy = 0l g 5 < O (Wl gt gy + 14l @y + Dl 5

where C; does not depend on tg and Ry, which together with (7.9) implies that

||’UHC2+Q,2‘*2'° _ < 2C1||5||Ca @) (710)

as soon as Ry < (4CoC1)~L. Let us fix from now on such a Ry.

We now use the following lemma, the proof of which is postponed:

Lemma 7.6 (Estimate on the velocities).
With the previous notation, there exists C' independent of tg such that if w = wy —wo,
we have for tg small enough

18ll11 @) < Clwlly s -
This implies in particular, also using the Holder regularity of w and the fact that

w(+,0) = 0 = Dw(-,0), that

16115 gy < 8llwrsim @) < Clls = wallypn e gy < Ot llog = wall o 25

Using (7.10), we deduce that for ¢y small enough,

—_

”Ul UQ” o2t L(a) *||’U)1 - w2H 2+a,#

[\)

@’
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This implies that ® is a contraction whence, using the Banach fixed point Theorem, we
deduce that there exists a unique solution v of (7.8).

Using Theorem 7.4, we finally obtain that, possibly reducing ¢,
te[0,tg) — E (t) = (Eo\V)U{z €V, v(z,t) >0}
defines a smooth evolution with C3t® boundary starting from Ey with normal velocity
Veu = Hep 4 co(-t) x 1g, 1) (2) + c1(z, ).
This concludes the proof of Theorem 1.6.

We end with the proof of Lemma 7.6:

Proof of Lemma 7.6. We begin by estimating the derivative of § in time. Writing out

the expression of %, we see that thanks to the regularity of ¢y and the fact that
H’L)2||C2+o¢,2+Ta(§) < Ro + ||9H02+a(V)a

the only difficult term to treat is %(cw2 — Cw, ). However we have, using Hadamard’s
formula:

O(Cwy — Cuy
e 200 ,0) = [ (el = 0.0 w0200 = L)) (r.11)
- / (w1)e(y, )col — v, )IHY " (y) + / (w2)e(y, )co( — v, )IHN " (y).
{w1(-,t)=0} {wa(-,t)=0}

First, using Lemma 7.5, we have that

/V(Co)t(l" =Y, ) (L, (>0} — 1{wz(-,t)>0})(y)dy‘ < Clleollw.o (o, 1) @V ) Wl Lo ()

(7.12)
For the second term, we write
/ (w2)(y, t)eo(@—y, HAHN " () / (w)e(y. t)eo(a—y, )IHN () = Ty 4T,
{wa(-,t)=0} {w1(-,t)=0}
where
7, = / (w2) (9 )o@y, )IHY ()~ / (w1)e(y, t)eola—y, )IHN 1 (y)
{wa(-,t)=0} {wa(-,t)=0}
and
7, = / (w1)e (9 t)eo(o—y, )IHY ()~ / (w1)e(y, E)eo(a—y, )IHN 1 (y).
{wa(-,t)=0} {w1(-,t)=0}
We remark that
T3] < Cllco ]l oo g 101l 1 ) (7.13)

where the constant C' is a bound on the perimeter of {u(-,¢) = 0}, uniform for u € E
and t € [0, o]

31



We now treat 75, and to this aim we use a local parametrization. We choose local
coordinates and r small enough such that if B, = BY~1(0), then

5 2

3
oen > 1 in B, x [—r,r].

Now, for ¢y small enough (depending only on R and g), recalling that

wil0) =g and (il 2ge o < Ro+ lgllesiaqe:
we get that

ow; 1

G;UN > = in B, X [-r,7]. (7.14)

We fix t < ¢y and we assume that {w;(-,t) = 0} = {(«/, fi(2')), 2’ € B,}. Using

a partition of unity, we will then recover the complete estimate. We define (z') =

fa(2") — fi(a"). For tg small enough (depending only on Ry and g) we can assume that
1

Ro+ [9llcerae)

)l < 5 (7.15)

We then have
mi<c [ |VIFIDAP al - v.aox — i)
y' €B,
V14 |Df1 + Del? co(a' —y',an — 1Y) —e(y'), t)| dy’

<Cllellwr.(s,),

where we have used the fact that ¢y € L°°([0, 7], W1>°(RY)) and where the constant C
depends only on Ry, g and cg.

Our goal now is just to estimate |||y (5,) with respect to [|w|l o (o 1] 1. (7))
For simplicity of notation, we forget the dependence in time of w, w; and wy. We recall
that

wi (@', fi(2) = 0 =wa(2’, fi(2') + (') (7.16)
=wi (2, fi(a) + (') —w(@’, fi(a') + ().

Using a Taylor expansion, we get that

0
W@ )+ o) = S0 + G J@) ) o), (7T)
where 1192 )
ol < 5 |t Hel < el

827111
thanks to (7.15) and the fact that | ——-

(7.16), (7.17) and (7.14) that

<Ry + ||g||cz+a(7). We then deduce from

lellzee < 4wl g)- (7.18)
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Differentiating (7.16) with respect to z; and using a Taylor expansion, we get as above

||w||L°°([O to],Wtee (V)
Ty < C||wHLw([o,to],W1~°°(V))'

lea; I~ < C 5
‘81’1\/

Combining the last inequality with (7.18), we have
|I2| < OHwHLoo([O’tO]’Wl,oo(V))- (7.19)
Using (7.12), (7.13) and (7.19), we finally obtain

a6
15 1@ < Clelnnm-

The estimates on [|6]| ;g and ||Dé[[ .« g, are easier (they use the regularity of co), so
we skip their proofs. This ends the proof of the lemma. O
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