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Abstract

We study the coarsening rates for attachment-limited kinetics which is
modeled by nonlocal mean-curvature flow. Attachment-limited kinetics is
observed during solidification processes, in which the system is divided into
two domains of the two pure phases, more precisely islands of a solid phase
surrounded by an undercooled liquid phase, and the relaxation process is
due to material redistribution form high to low interfacial curvature regions.
The interfacial area between the phases decreases in time while the volume
of each phase is preserved. Consequently, the domain morphology coarsens.
Experiments, heuristics and numerics suggest that the typical domain size £
of the solid islands grows according to the power law ¢ ~ t1/2, when ¢ denotes
time.

In this paper, we prove a weak one-sided version of this coarsening rate,
namely we prove that £ < t'/2 in time average. The bound on the coarsening
rate is uniform in the initial configuration but requires some control on colli-
sions of different domains. Our approach is based on a method, introduced by
Kohn and Otto [18], relying on the gradient flow structure of the dynamics.

1 Introduction

For more than one century, coarsening phenomena in physics and material
science have been the object of extensive theoretical, experimental, and nu-
merical research. Coarsening is observed in two-phase (or multi-phase) sys-
tems far from equilibrium, where thermodynamics favors the separation of the
different phases and drives thus the formation of microstructure. Eventually
after an initial relaxation stage, the system is essentially divided into domains
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of the pure phases and the system energy is concentrated along the inter-
face between these domains. In the subsequent evolution, the systems tends
to minimize the interfacial area while the volume of each phase is preserved.
Consequently, the domain morphology coarsens. The coarsening behavior can
be quantified in terms of a characteristic length scale ¢, the average size of
the domains of the pure phases, that grows as a function of time ¢, typically
as power law.

In many situations the decrease of interfacial area is realized by mass
transport from regions with high interfacial curvature to regions with low
interfacial curvature. In this paper we consider the simplest volume-preserving
evolution in a two-phase system that implements this idea: the nonlocal mean-
curvature flow. Mathematically this flow relates the normal velocity V' at any
point of the interface to its mean curvature x. More precisely, if £2(¢) denotes
the volume that is occupied by one of the two phases at time ¢, the evolution
of its boundary 0€2(¢) can be expressed via

V = (k) —k on 00Q(1), (1)

where (k) denotes the average of the mean curvature over the interface, i.e.,
_ 1 d—1
(%) = maay Joaw #dH

Nonlocal mean-curvature flow models attachment-limited kinetics. This
latter can be observed during the growth process of a solid phase that is sur-
rounded by an undercooled liquid phase of the same substance, in which dif-
fusion is so fast that the chemical potential can be considered as constant and
excess mass of the solid in the substrate is negligible [29] 8, 2§8]. In this case,
solid particles move with “infinite” velocity from regions with large interfacial
curvature to regions with small interfacial curvature. More general solidifica-
tion processes can be modeled by the Mullins—Sekerka equations, where the
Gibbs—Thomson relation is modified by a kinetic drag term [20, [16]:

—Ap = 0 in QU Q°
—Vp-v] =V on 02 (2)
V = pu—k on0f.

Here, p is the chemical potential, v is the outward normal on 92, and the
brackets [-] denote the jump of a quantity over the boundary. Furthermore, )¢
is the (open) complement set of 2. This model allows for attachment-limited
and bulk-diffusion-limited kinetics. It is observed that the early stages of the
phase separation process are dominated by attachment-limited kinetics, cf.
[11], so that nonlocal mean-curvature flow can be considered as a singular

limit of (2).

Nonlocal mean-curvature flow can also be considered as a toy model for
grain growth, where grain boundaries move according to mean-curvature flow
with a nonlocal condition at the grain vertices, see e.g., [24]. Aside from their
application in phase separation models, variants of nonlocal mean-curvature
flow have been applied to shape recovery in image processing [7].
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We also recall that nonlocal mean-curvature flow has a phase field for-
mulation, the so-called nonlocal Allen—Cahn equation. In this formulation a
smooth order-parameter ¢ evolves in time by

96— A — (1 —¢2)+][¢><1—¢2>dx 0. 3)

The order-parameter ¢ varies smoothly between the regions of the pure phases,
e.g., {¢p = 1} and {¢ = —1}, with a characteristic interfacial profile. The
integral in is averaged over the system size, so that the volume fraction
of each phase is preserved. The connection between nonlocal mean-curvature
flow (1) and nonlocal Allen-Cahn equation (3]) is investigated in [26], 4], [9]. In
particular, in [9] the authors prove that, in the so called sharp-interface limit,
solutions of converge (in an appropriate sense) to solutions of , as long
as a smooth solution of exists.

Opposed to the situation of the nonlocal Allen—-Cahn equation , for
which well-posedness is relatively easy, the mathematical treatment of nonlo-
cal mean-curvature flow is delicate. Local in time existence and uniqueness
of a smooth solution of follow from the results obtained in [I5] 17, [13].
Moreover, existence and uniqueness of a global (in time) classical solution, as
well as its asymptotic convergence to a sphere, has been proved for a smooth
convex initial datum €y (see [I5 [I7]) and for an initial datum €y whose
boundary 0 is smooth and “near” to a sphere (see [I3], 21]). For generic
initial data singularities occur in finite time, due, for example, to topological
changes of the domain morphology: small domains shrink and disappear; do-
mains collide and merge; parts of domains are pinched off. A few notions of
weak-solutions have been proposed, e.g., level set solutions [25] and diffusion
generated solutions [27]. However, to the best of our knowledge, no rigorous
results are available in the literature concerning the global existence and the
uniqueness of such weak solutions. Despite these analytical difficulties, in this
paper, we work with equation under the assumption that piecewise smooth
solutions exist and that the evolution of the perimeter of 92 is continuous for
all times. Considering instead of has the advantage that geometric
information on the domain morphology is directly accessible.

In this paper we study the coarsening behavior for attachment-limited ki-
netics as it is modelled by nonlocal mean-curvature flow . Systems evolving
by attachment kinetics are supposed to coarsen according to

0~ tH2?) (4)

where ¢ denotes the average size of the islands of the minority phase (i.e., the
solid phase), and ¢ denotes time. This coarsening rate has first been predicted
by Wagner [29] using a mean-field theory for the evolution of droplet radii
(Lifshitz—Slyozov—Wagner theory). Real experiments, e.g., [2], and numerical
simulations, e.g., [19], support Wagner’s predictions. Evidence for this growth
law is given by scale invariance: As the equation is invariant under the
scaling t = A%*{, = A&, the only possible growth law for a characteristic
length scale ¢ is .



Our main result is a time-averaged one-sided version of . More precisely
we prove an upper bound on the coarsening rate which is universal in the sense
that it is uniform in the particular choice of the initial data. However, to carry
on our analysis we have to impose two restrictions on the evolution: First,
we assume that collisions of domains are rare events, in a sense that we will
make precise and discuss later on pages [7f.; second we assume that the area
of the boundary of the domain-phases is continuous in time — a fact that we
expect to be true for generic evolutions. Consequences of the latter restriction
will be discussed on page (8. Our analysis follows a method proposed by Kohn
and Otto in [18].

The paper is organized as follows. In Section 2] we recall the (formal) gradi-
ent flow structure of the dynamics and introduce the mathematical framework
we apply for our studies: the Kohn—Otto method; in Section [3| we present and
discuss our main results, the proofs of which we collect in Section @ Finally,
in Section [5| we state and prove a technical lemma that we need in the proof
of Proposition

2 Gradient flow structure and method

Our mathematical investigation follows a method introduced by Kohn and
Otto [1§] in order to study the coarsening rates for two variants of the Cahn—
Hilliard equation modeling bulk and surface diffusion. The method is based
on the gradient flow structure of the dynamics and analyzes the evolution of
the configuration in the energy landscape. Before introducing the Kohn—-Otto
method, we first discuss the gradient flow structure of .

The nonlocal mean-curvature flow has a formal gradient flow interpreta-
tion, that is, the dynamics follows the steepest descend in an energy landscape:

V = —VE.
The energy F is the surface area functional, which we normalize by the total
volume: 09
E=—. (5)
€

(Here and in the following, we will often write | - | both for the (d — 1)-
dimensional Hausdorff measure and the d-dimensional Lebesgue measure.)
The energy gradient VE in is defined implicitly via the Riesz Represen-
tation Theorem

diffE.W = gyo(VE, W) for any W s. t. W (y) dH 1 (y) = 0,
0N

where the metric tensor gy, is the (normalized) L? scalar product on 952,

g0V, V) = |é| /a VW)

for any V, W s. t. V(y)dH* " (y) = W (y) dH (y) = 0.
o o0



The constraints on the admissible normal velocity fields V' and W ensure that
the volume of 2 is preserved and cause thereby the nonlocal correction in .
Indeed, if () is evolving with normal velocity V (¢,y) for y € 0€(t), then

d _
Fo0l = [ vepaie <o (©)

Notice also the dissipative structure of the gradient flow:

d

G E®) = goaw V(L. ), VEQR)) = —gaaw(VE(), VE(®)) =< 0. (7)

We now come back to the description of the strategy we will adopt to
prove our main result. The Kohn-Otto method translates information on
the energy landscape, i.e., information on how fast the energy decreases as a
function of the distance to some reference configuration, into information on
the coarsening rates, more precisely, a lower bound on how fast the energy
decreases as a function of time. Since the energy (in the original paper an
appropriate Ginzburg—Landau regularization of surface energy normalized by
system volume) scales like an inverse length,

1
length’

~

assuming there is only one length scale present in the dynamics, lower bounds
on the energy can be interpreted as upper bounds on the coarsening rates.
The energy bounds come in time averages.

The key idea of [1§] is to compare the geometric length scale E to a second
intrinsic quantity which is rather of physical origin: a distance L in configu-
ration space to some reference configuration. In the simplest application, this
distance is just the distance which is induced by the metric tensor in the gra-
dient flow formulation of the dynamics. Since in a gradient flow formulation
the metric tensor encodes the limiting dissipation mechanisms, cf. @, the
induced distance measures the minimal amount of energy which is dissipated
along trajectories between two points in configuration space. Kohn and Otto
establish two basic relations between F and L: Both quantities are dual in
the sense that they satisfy an isoperimetric (or interpolation) inequality

EL 2 1;

and the rate of change of L is controlled via a dissipation inequality

1/2
aL < /2 _4E )
e~ dt

Notice that above, we present the dissipation inequality precisely in the version
that we will adopt in our analysis below. If the induced distance function is
not known explicitly, a proxy has to be introduced for L that satisfies both
inequalities. Finally, the core of the Kohn—Otto-method is an abstract ODE



argument that is based on these two relations and produces a time-averaged
version of the coarsening rate

~ L

~41/2
We also recall that the Kohn—Otto method does not provide pointwise bounds
on the energy. A counterexample is stated in [I8, Remark 4].

The method is quite robust and it has been applied to a variety of models,
see [3, Sec. 1.2] for a review. Within the Kohn—-Otto method, the challenge is
that of identifying a distance function L that satisfies the above inequalities.
Before discussing our choice of L, we comment on previous (partial) results
on coarsening rates for nonlocal mean-curvature flow.

e In [12], Dai and Pego consider a mean-field approximation of a Mullins—
Sekerka model with kinetic undercooling, cf. , which allows for attach-
ment kinetics and bulk diffusion. The model comes as an evolution equa-
tion for the radii of a collection of spherical islands, i.e., = |J Bg, (z:),
(Lifshitz—Slyozov—Wagner theory) and coincides in the regime of domi-
nant attachment kinetics with nonlocal mean-curvature flow under the
assumption that each island remains spherical during the evolution. The
authors derive an upper bound on the ¢'/2 coarsening rate using the
method from [18] with distance

L= 72 RZCHl.
>R
A simplified proof can be found in [11].
e In [10], Dai considers nonlocal mean-curvature flow in two space dimen-

sions assuming that €2 is a finite collection of convex domains €2;. Using
the Kohn—Otto method with distance

> 12

21
the author obtains, as desired, a t/2 bound on the energy decay. How-
ever, this bound is not universal in the sense that the coarsening rate

depends on the geometry of the initial data. More precisely, the bound
becomes trivial if the isoperimetric ratio of the initial data becomes large.

L:=

In contrast with the strategy of Kohn and Otto described above, in our
setting it seems hopeless to look for a distance function L that can be con-
sidered as a proxy for the induced geodesic distance. In fact, it turns out
that the distance induced by an L? metric tensor on the (suitably defined)
manifold of geometric curves in the plane is degenerate, in that the distance
between two well separated configurations on the manifold is zero (see [23]).
This insight suggests that we need a more subtle choice of L. In fact, our
choice of L is rather geometrically motivated and generalizes the one of [12]
and its interpretation as a volume-weighted average of radii [12, page 5], cf.
below. Moreover, in order to apply the Kohn—-Otto method, besides the
gradient flow structure, in the proof of the dissipation inequality we need to
use some characteristic properties of nonlocal mean-curvature flow.



3 Main results

We are now in the position to state our main results. We limit ourselves to
the two-dimensional setting, but we comment on the higher dimensional case
in Remark 1 below. By Q C R? we denote an open, bounded subset of finite
topological genus, that is

N M

Q=Ja\ (ij>,

i=1 j=1

where €2;, w; are open, simply connected subsets and N, M € N. We suppose

that Q evolves according to nonlocal mean-curvature flow . More precisely,
we consider a time-parametrized family of subsets {€(t)},c(o,7) verifying

V(t,z) = (k(t, -)) — k(t,x) for z € OQ(t) and t € [0,T)\{T1,..., Tk},

where V (t,z), x(t,z) denote respectively the (outward) normal velocity and
the curvature of 0€Q(t) at © € 9Q(t) (with the sign convention that the cur-
vature is non-negative at x if Q(t) is locally convex around z). Moreover,
the brackets (-) denote the average over the boundary of Q(t). We suppose
that 0€Q(t) is smooth except for at most finitely many times {71,...,Tk},
corresponding to possible topological changes of Q(t) (collisions, pinch-offs,
shrinkage to points) in the time interval [0,7"). Finally, we suppose that the
perimeter of Q(¢) evolves continuously in the whole time interval [0,7]. For
a more detailed description of solutions to the nonlocal mean-curvature flow
(1)), we refer to Definitions 1 & 2 in Section

As generalized average domain radius, we consider
1N
L= > /A dist (x, 9 d, (8)
i=1 7%

where (Alz denotes the convex hull of €2;. For given initial data and with the
evolution described above, L is a function of time: L = L(t). Notice that
we consider the convex hulls componentwise. In particular, the convex hulls
of two (or more) distinct domains possibly overlap. Furthermore, due to
the discontinuous evolution of the convex hulls, L has a positive jump when
two domains collide, while, in general, L develops a negative jump in case a
domain pinches-off. To measure the height of the jumps of L we introduce a
total variation measure at the topological changes in the time interval [0, 7).
We define

K
TVIA(L,T) = 3 (L(T) 2 = L)1) |
k=1

As we already said above, our result applies to a restricted class of solutions
of the nonlocal mean-curvature flow satisfying the two following assumptions.
The first assumption states that collisions of different domains are rare events.
More precisely, we suppose that

L(T)/? > aTVY2(L,T). (9)
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When domains only either shrink to a point or pinch-off, L is either continuous
or has negative jumps. Hence, in these cases assumption @D does not represent
a restriction on the evolution. However, it does in the case of collisions.
Condition @ rules out series of many collisions all happening in short time
intervals, and collisions of large domains, i.e., domain sizes comparable to
the system size. We notice that in the case where the typical length scale
is small compared to the system size, that is, in the case of a large number
of domains, the height of the jump of L at the time two domains collide is
relatively small compared to L. Therefore, in generic large-size, low-volume
fraction configurations, that is, when the domains are well separated from
each other, and collisions do indeed only happen rarely, we expect condition
@ to be generically satisfied.

The second assumption we make is that the perimeter of Q(t) evolves con-
tinuously in the whole time interval. This second restriction on the admissible
flows is rather of mathematical nature, and we expect it to be generically true.
The reason why we have to state this condition as an assumption is due to the
lack of results ensuring the continuity of the energy of (suitably defined) weak
solutions, with smooth initial data, when topological changes occur during
the flow.

Under these hypotheses we prove:
Theorem 1. Suppose that L(T)Y/? > 4 TVY?(L,T). Then, for anyl < o < 2

we have
T T 1 o
/ Bt > / L
0 0 t1/2
provided that T >> L(0)2.

We have to comment on our sloppy notation. The result has to be read
as follows: For every given o, if T is sufficiently large compared to L(0)? then
the constant in the statement can be chosen uniformly (only dependent on o).

Notice that the above result is in agreement with the coarsening rate (4]).
Indeed, since the energy scales like an inverse length and assuming that there
is only one length scale present in the dynamics, a lower bound on the energy
translates into an upper bound on the coarsening rate.

We also recall that proving upper bounds on coarsening rates is substan-
tially different from proving lower bounds. While upper bounds can be uni-
versally true, lower bounds depend strongly on the initial data: There are
(infinitely many) configurations that do not coarsen at all, e.g., a collection
of spheres with the same radii. Therefore, lower bounds can only be “generi-
cally” true.

For proving Theorem [I} we use the method proposed by Kohn and Otto in
[18], discussed in the previous section. As a first step, we derive the isoperi-
metric inequality:

Proposition 1.



Our main contribution is the dissipation inequality:

Proposition 2. For all but a finite number of times {t1,...,tx} we have

1/2
aL < 1/ _4E )
e~ dt

The core of the Kohn—-Otto method is the ODE argument that, in our
context, has the following form:

Proposition 3 ([I8,12]). Let E and L be continuous on [0, T)\{T1,...,Tk}.
Suppose that @ holds and

'’ E 1/2
EL > 1 and ing/Q _4EN T
dt dt

Then, for any 1 < o < 2 we have

T T 1 o
o > -
[ Eaz | (tm) i,

provided that T > L(0)2.

Remark 1. Let us also mention that our main result can be easily generalized
to any dimension d > 2, under the additional assumption that the initial
datum is given by a finite collection of convexr domains and that the domains
remain convex during the evolution. In fact, since in this situation, apart
from the gradient flow structure, no additional information on the flow is
needed, the techniques developed in Proposition 1 and 2 above can be used
to generalize the results from [12] (and from [11] for the evolution (2))) to
collections of convexr domains.

Before turning to the proofs of our results, we motivate our choice of L. A
natural generalization of the length scale used by Dai and Pego in [12] to con-
figurations with nonspherical islands leads to the choice L = ﬁ Jq dist(z,09) da.
Indeed, this quantity measures the average diameter of the configuration and
reduces to the average radius in the case of spherical islands. The reason for
our modification (i.e., to consider the convex hull of the connected compo-
nents of ) is the following: On the one hand, infinitesimally small “holes” w;
inside the components may decrease the average distance to 92 while keep-
ing the perimeter of Q) constant. In particular, L can become arbitrary small
and the interpolation/isoperimetric inequality stated in Proposition [1| may
fail. Therefore it is convenient to “fill these holes”. On the other hand, small
negative-curvature regions on the outer boundaries 9€2; result in a steep as-
cend of L during the evolution which might not be controlled by the energy
dissipation. In order to rule out this inconvenience, we convexify the con-
nected components — with the negative effect, that L jumps up when two (or
more) components collide.



4 Proofs

Before presenting the proof of our main result we introduce some notation.
In particular we give a rigorous definition of what we mean by open set with
smooth boundary, and of the admissible initial data and solutions of to
which our result apply.

Definition 1 (Smooth domains). Let Q C R? be open. We say that Q has
smooth boundary if

for every x € O there exists r(x) > 0 such that (up to rigid mot-
ions) QN B(xz) can be written as the subgraph of a C* function.

(10)

Definition 2 (Admissible Flows). Let {€(t)};cjo,r) be a time-parametrized
family of open subsets. We say that Q(t) is is an admissible flow with initial
condition Q(0) if
o for everyt € [0,T) but possibly a finite set J of times the set (t) is open,
bounded, with smooth boundary and of finite topological genus. That is,
for every t € [0,T)\ J the set Q(t) has smooth boundary, and we have

N(t) M(t)
o) = J e\ (U o) (11)
i=1 j=1

where Q;(t), w;(t) are open, simply connected subsets with smooth bound-
ary, N(t),M(t) € N. Moreover, for t € J we require that )(t) has
piecewise smooth boundary (i.e., holds for all but (possibly) a finite
number of points of 0Q(t)) and that still holds, but now Q;(t), w;(t)
are only piecewise smooth;

o for every 1 € C°(R?) the function

t s P dH,
80(t)
is continuous in [0,T]. Moreover {(t)}cjo,r) is a smooth solution of
up to a finite set of singular times Singg, = {0 <13 <tz < - <
tg < T} D J with K € N. That is, letting Ty = 0 and Ty =T, for
every i = {0,...,K} the functions M(t), N(t) are constant for every
tc [ti,ti+1>, and

V(t,z) = (k(t, -)) — k(t,x) for any x € Q(t),

where V (t,x) and k(t, x) respectively denote the velocity of the boundary
at x in direction of the outer normal to OQ(t) and the curvature of O(t)
at x, with the sign convention that k(t,x) is non-negative if Q(t) is locally
convez around x.

In our definition above, the set J consists of the points of time at which

different domains collide or pinch-off, while Singq, . additionally contains the
points of time at which connected components shrink to a point.
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We notice that if {€(t)}.ejo,r) is an admissible flow, the function L(t),
defined in (8), is smooth on [0, T]\ Singg, ., and Lipschitz continuous on [0, 77\
J. Moreover we have: L € L*>(0,7) N BV (0,T), and in particular,

Mw

TVY2(L,T) ( (Tt ) V2 — (Tk—)l/Q) < .

k=1

Hence the singular part of distributional derivative of L can only concen-
trate on the (possibly not empty) set J.

Finally we also remark that the continuity assumption of |0€2(¢)| on [0, 17,
together with the assumption that {Q(t)},c[0,7) is a smooth solution of the
nonlocal mean-curvature flow on [0, 7]\ Singg, ., ensure that E € W(0,7)N
([0, 7).

Next we observe that the volume of Q(t) is preserved during the evolution,
cf. @, so that, by rescaling length, w.l.o.g. from here on we may assume that

We then have

N(t) M(t)
E(t) = Y [0(t)] + Y |0w;(t)
i=1 j=1
and
N(t)

Z/ dist(z, 9% (1)) da

We are now in a position to prove Proposition [I}

Proof of Proposition [l We first observe that the convexification reduces the
length of the boundary,

N(t) N()

E(t) > Z\aﬂi(t)\ > Z!é’ﬁi(t)h (12)

while it enlarges the area

N
1= 9] < > 1% (13)
=1

We split each set QZ into a boundary and a bulk part. More precisely, for
£ > 0 we have

()] = dzx.

/ dx + /
Q ()N {dist (-0 (£)) <L} Q; ()N {dist (-0 (t))>£}

The bulk part is easily estimated:

1
/f\li(t)ﬂ{dist(‘,aﬁi(t))>€} -/



For the boundary part, we invoke the co-area formula[l4] Theorem 1.3.4.2]
and find

dzx

IN

¢ R . R
/0 1! (Qi(t) N {dist(-, 80 () = s}> ds

< /0 L (8@(1&)) ds
= 101,

/?zi<t>m{dist<~,a§i<t>)<z}

where the second inequality holds because (AZZ is simply connected.

Combining the estimates for the boundary and the bulk part with
and , we have

—_
IN

N(b)
£Z]8§i(t)]+l/ dist(z, 99(¢)) da
i—1 4 Qi(t)

< (E(t)+ %L(t).

We optimize in £ > 0 by choosing ¢ ~ E(t)~'/2L()'/? and obtain
1 < E(t) L(t).
O

Before proceeding with the proof of Proposition [2| we collect some easy
consequence of basic properties of convex hulls and of the definition of admis-
sible flows in a technical lemma we will need later on.

Lemma 1. Suppose {§)(t) }1cjo,1) is an admissible flow with initial condition
Q(0) = (U 2(0) \ (U1, (0)). Let Ty € Singo,. For every t € [T}, Tis]
and 1 € {1,...,N(1T})} we define the following subsets of 0;(t):

S7(t) := 0Qi(t) N {a : dist(z, dQi(t)) > 0},  BF (1) := aQi(t) \ B7 (¢).

(2

The following properties hold for every t € [0,T;):
(i) X7 (t) = ou(t) N 8 (t), and for every y € Y5 (t) we have k(t,y) > 0;

(i) ;7 (t) = Upere)Q,t, where: for every t € [0,T;) the inder set I(t) is
at most countable; for every k € I(t) and t € [0,T;) every agy is an
open, connected flat segment of finite length whose extremes are points of
Y5 (t). That is, for everyy € X7 (t) we can find p1(t,y), p2(t,y) € T (¢)
and s € (0,1), such that y = sp1(t,y) + (1 — s) p2(t,y);

(iii) the (outer) normal velocity V of 8 (t) is given by

N B V(t,y) ify € Ej(t)
Vity) = { sV(t,pi(t,y) + (1 =) V(t,p2(t,y)) ify e X, (1).

12



Proof of Lemmal[d] (ii) follows from the fact that ¥ (¢) is an open subset of
8 (t) and basic properties of the convex hull. (i) follows from the fact that
Y7 (t) is a closed subset of 8@(15), the smoothness of 9€;(¢) and again basic
properties of the convex hull. Eventually (iii) is a consequence of (i), (ii), and
the definition of admissible flow. O

Let us now proceed with the

Proof of Proposition[3. Let t € (0,T)\ Singg, .. Then M(t+h), N(t+h) are
constant for |h| << 1. Moreover, for every 1 < i < N(t) we have

d
dt Qi(t)

_ / Oydist (, O (1)) dar + / T (4, ) dist(x, 00, (1)) dH(y)
2.(0) o001

dist(z, 09 (1)) da

= v t, T () de.
[N )
where o5\ () denotes the projection of x onto aﬁi(t).

Let R(t,y) denote the distance along normals, i.e., —Vadie) (y), from a point
y on the boundary 9Q(t) to the singular set S(t), i.c.,

R(t,y) == sup{s > 0: [y, y + svy54,»)[C A1) \ S(t)}

with

S(t) :={z e Q1) : Toat) (x) is not a singleton},
and [y, Y+ V00 (y={z= y+(1 _)‘)Syaﬁ(t) (y): A€ [0,1)}. Since 09;(t)
is smooth, we have that 0 (t) is of class C1! and thus, applying Lemma
at fixed time t yields

a
at Jg, )

- R(t,y)
— / 7(t,y) / 11— sR(t,y)|ds | dH (),
a9 (t) 0

where %(t, y) is the curvature at y € 09(t), which is well defined H!-a.c. since
0€(t) is of class C1t. By the convexity of Q;(t) we can conclude that

dist(z, (1)) d

1
R(t,y)

0 <Rty < for H' —a.e. y € O(t). (14)

Moreover, as a consequence of Lemma [T} (i) &(ii),

Kk(t,y) forye XH(t)

Rt y) = { 0 for y € 3.7 (¢). (15)

13



so that

D dist(w, 005 (t)) da
dt J&, )
@@ (D) N R(ty) )
& V() / (1= sult,y))ds | dHl(y)  (16)
() 0
+ / V(. y)R(t,y) dsdH (y). (17)
5= (1)
We first observe that
| Rtwrante) £ [ disto00) do. (18)
0Q;(t) Q;(t)

Indeed, again by Lemma [2| we have

/A dist(z, 04 (t)) d
Qi(t)

R(t,y)
_ / i / s|1 — sR(t, )| dsdH ()
o0, (t) 0

R(tyy)
B[ [ s - st dsar v
@) Jo

R(ty)
+ / / sdsdH'(y)
=) Jo

1

- [, Grewr = greven ) ocw

1
+ / —R(t, y)2 dsd’H,l(y)
7 () 2

1

1/ 2 1
- R(t,y)* dH'(y) +
6 ) (t.y)" dH (y) + 5

V[E

/ R(t,y)* dH' (y)
(1)

[ i

> / Rty dH ().
o082 ()

We turn to the estimate of (L6)). In view of Lemma [I}(iii) and the definition
of 3F (t) we have

. R(ty)
/ V(t,y) ( / (1— sR(t,y) ds) M ()
RN 0
1/2 1/2
" 2 1 2 1
= ( /E L Vran <y>> ( /E R an <y>>

1/2 1/2
2 ( / V(t,y)? d’Hl(y)> < /A dist(z, 99 (£)) da:> . (19)
09, (t) Q;(t)

To estimate the term (L7)), we use the fact that {(t) }eejo,r) evolves with

14



nonlocal mean-curvature flow (I)). Let y € X7 (¢). By Lemma we have

~

V(ta y) = Sv(t7pl(ta y)) + (1 - S) V(t’p2(t)y))
(k(t, ) — (s k(t,pa(t,y) + (L= )x(t,pa(t,y))
(14)
< (st )
and hence

~

V(t,y) < max{0,(k(t,-))} forally € X7 (¢).

It is enough to consider the situation where (x(¢, -)) > 0. In this case, we
conclude that

/  V(Ly)R(ty)dH (y)
57 (1)

_ W2 1/2
(125 ()1 (xt, -)2) (/
(18]

1/2
< (1020 \ SHO Ik, - )?)Y? (/ dist(m,amt))dx) ,

Qi (t)

IN

1/2
R(t,y)* dH' (y)>
; @)

where in the last estimate we used that |S; (¢)] < |909;(¢) \ X7 (t)], as convex-
ification reduces the length of the boundary. However, since 8§i(t) is of class
C11, the oriented tangents at the two endpoints of each connected component
of 0;(t) \ =; (t) are parallel and therefore we have

/ k(t,y) dHA(y) = O,
0%\ ()

and thus
PUO\EFWn(t, ) < [ () (k) dH )
O (1)\X] (t)
= [ )~ at)) @)
O (1)\X] (t)
-/ V(t,y)? dH ().
O (\ZF ()

It follows that

/ VLR y)dH ()
57 (1)

1/2 1/2
2 941 : 0. T _
: </89i(t) Vitdn (y)) </§i(t) it 00 4 ) .

Putting together , , , and , for every ¢t € [0,T) \ Singq,_.,

we get,

4 / dist(z, 9 (1)) da
dt Ja, )

1/2 1/2
2 1 . ~ B |
S (/mi(t) V(t,y) dH (y)) </ﬁi<t> dist(z, 0Q;(t)) d )

15



Since

- = - V(t,y)* dH(y),
dt 29(1)

cf. , the above inequality turns into

—L(t) < L ——F
for every t € (0,7 \ Singg,,.. O

Finally, in order to complete the proof of our main result, we prove Propo-
sition [3

Proof of Proposition[3 The proof of this Proposition closely follows the one
of [18, Lemma 3] (see also [12, lemma 4.2]). Our modifications are due to the
fact that in our case L(t) may jump at times ¢ € Singg, .

We consider separately the two possible cases L(T) > 4L(0) and L(T) <
4L(0). Let us begin supposing that L(T) > 4L(0). By the dissipation in-
equality of our assumptions we have

/ 12 / 1/2
tL(t) ~ < tE( )> fOI' t e [0, T) \ SlngQT,

and thus, after integration,

/2 12 < o @ v
L(Ty—) L(Ty—a+)"" < E(t) dt
Te s dt

for any k € {1,..., K 4+ 1}, recalling that Ty = 0 and Tx+; = T. Summing
over all k yields

K+1
LTV~ 1L(0)'2 = TVA(LT) = fj (L@ - LT 1)'?)

K+1 1/2
< ——E dt.
< > [ (aeo)

Making use of L(T) > 4L(0) and (9) we observe that

EL(T)I/Q

1 < L(T)Y? = L(0)Y/? — TVY2(L,T),

and thus, thanks to the continuity of E(t) guaranteed by the choice of admis-
sible flows in Definition 2, we obtain

L2 < /OT <_th( ))1/2 dt.
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Estimating the integral on the right hand side with the help of the Cauchy—
Schwarz inequality, we obtain

e < ([ (o))" ([ )
) <Ui1 (E(T)l‘”—ff(fJ)l‘”)>l/2 </0 E(t)adt>l/2
ey ([Crora)”

where in the last inequality we use the fact that o > 1. Taking the square on
both sides, and applying the isoperimetric inequality of our assumptions, we
obtain

A

(E(T)—”)QTT” < BT 'L(T / E(t

Setting h(T) = fOT E? dt and using o < 2, this reads

d

o <h(T)%) > 1 provided L(T) > 4L(0). (21)

Now we consider the case L(T) < 4L(0). Under this assumption, the
isoperimetric inequality yields

L0)” 2

E(T)”
which in terms of h(7T") reads

diT (h(T)L(0)?) 2 1 provided 4L(0) > L(T). (22)

Combining and we get

% (h(0)2% + 1) L(0)) 2 1.

Integrating in 7" and using Young’s inequality we then have
2

T < h(T)77 + h(T) L0 < h(T)=+ + L(0)Y/2.

Finally, since 7 > L(0)?, we conclude that

T
MT) > T 7% ~ / /2 dt.
0

17



5 Appendix

In the present section we state and prove a technical lemma needed in the
proof of Proposition [2}

Lemma 2. Let Q C R? be open, bounded, connected and with C1'-smooth
boundary. Let S denote the singular set of the distance function, that is

S :={x € Q: 7ma(x) is not a singleton},
and define
R:00 — [0,400), yrsup{s>0: [y, y+ svaa(y)[C Q\ S},

where [y, y + svga():= {z = Ay + (1 — N)svaa(y) : A € [0,1)}. For every
f € LY(Q) we have

R(y)
/f(fv)dch / / Fly + svon()1 — skon(y)| dsdHi(y).  (23)
Q o0 JO

Remark 2. The proof of in case 2 has C?-boundary is straightforward.
In fact in this case the closure of the singular set S has zero Lebesgue measure
(see [5,16]), and the function R(y) defined above coincides with the continuous
function 7(y) :== min{s > 0: y+ svga(y) € S}. However, as shown in [22],
there exist open (conver) subsets of R? with CY'-smooth boundary such that
S has positive Lebesque measure. In this case the function R(-) is only upper
semi-continuous, it verifies R(y) > 7(y), and the proof of requires a bit
more of work.

Finally we also remark that, up to minor changes, the proof of Lemma[3 works
also when Q is a CY open bounded connected subset of RY, (d > 2). In this

case reads:

R(y) d-1 .
/Q f(x) da = /8 ) /0 flu+ svanto) [T - s (y)] dsdHE (y),

where /i(glg%(y), ce li((;é;l)(y) denote the principal curvatures of OQ at y € ON).
Proof of Lemma[d. As Q has C'!'-smooth boundary by [22, Proposition 4.2,
Remark 4.3] we obtain inf,cgn R(y) > 0. Moreover by [5l, Proposition 2.2] (see
also [Il, Theorem 5.9, Remark 5.10]) we have that for every z € 2 and y €
moa(x) the function dist(-,09) is differentiable in every point z belonging to
the open segment |y, z[:={z = Az +(1—-X)y: A € (0,1)}, and Vdist(z,9Q) =
(x —y)/|z — y|. As a consequence,

ly,z[NS =0 for every x € Q, and y € myq(x). (24)

Hence y + R(y)vaa(y) € . Moreover, again due to the C''-regularity hy-
pothesis on 9, the curvature kpq is well defined H'-a.e. on 99, and it verifies
1 > R(y)roq(y) for Hi-a.e. y € 99.
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We claim that the function R is a bounded upper semi-continuous function
(and hence measurable). To prove that, we argue by contradiction: Suppose
that we can find a sequence {y,}, C 09 such that, as n — oo, y, = y € 90
and R(y,) - R* > R(y). Let 6 > 0 be such that R(y) + 6 < R*. By the
definition of R(y) we can find a 5 € [R(y), R(y)+0) such that y+35vaq(y) € S.
Furthermore, fixed 5 € (R(y) + 6, R*), for every n € N large enough we have
§ < R(yn), so that z, := yn + Svea(yn) € Q\ S, and 7pa(z,) = {yn} and
dist(zy,, Q) = 5. Since lim, 00 2, = Y + Sv9a(y) =: z and, by the continuity
of the distance function, we have dist(z,9€) = 3, we conclude that y € myq(2).
However, we also have using 5 < § that

y +3vaaly) € SNy, 2|,

which is in contradiction with (24)).

Since €2 is bounded, connected and with C'*'-boundary, we have

w]‘),

where Qg, w1, ...,wys are open, simply connected subsets with C!'-boundary.
We fix Iy = [ag,bg) (K = 0,...,M) such that: ﬂé\/[:OIk = 0; |bo — ao| =
HY () and |by — ax] = H'(wi) for k = 1,...,M. We then consider vy €
C™([ag, bo), R?) (respectively v; € CY1([aj,b;), R?) forevery j = 0,1,..., M)
be the arc length parametrization of 9y (respectively of Ow;) such that
the vector 4 (), obtained rotating counter-clockwise (respectively clock-

C=k

0 =00\ (

j=1

wise) by 7/2 the tangent vector 4o(c) (respectively (o)), verifies 4 (o) =
—va0(70(0)) (respectively f'ij(a) = —vpa(v;(0))). We consider the map

M
v <kL;JoIk) x [0, +00) — R?, (0,8) € I x [0, 4+00) — (o) + s‘ykl(a).

By the regularity assumptions on €2, we can conclude that the map ¥ is locally
Lipschitz on (UM I;) x [0, +00), and uniformly Lipschitz on every subset of
the form (UM I;) x [0, M) with a Lipschitz constant that depends on M and
the Lipschitz constant of vyq.

We define
U:={(0,5): o€ (0,H(dQ)), 0 < s < R(~(v))},

and notice that: by the upper semi-continuity of R(:), U is a measurable
subset of R?; by construction ¥(U) C Q, and for every x € ¥(U) we have
that U~!(2) N U is a singleton. Thus applying the area formula (see [14]
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Theorem 3.3.3.2]) we obtain
/| / y+ svon()|1 = sran(y)| dsdH’ (y)
H(09)
/ / (0,5))|det JU(o, s)| dsdo

_[P(U)[ S f(W(os) dx_/ flo

(0,9)€V—1(z)NU

Since, by (24)), for every x € Q\ S we have Jmgq(z), z[C 2\ S, we then have
|Taa(r) — 2| < R(maa(x)) and hence z = moa(x) +[maa () — 2vgqnm) € Y(U).
Therefore U(U) D (2\S). Since by [22] S has null Lebesgue measure, we can
conclude that holds. O
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