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Abstract In this paper, we construct global distributional solutions to the volume-preserving
mean-curvature flow using a variant of the time-discrete gradient flow approach proposed
independently by Almgren et al. (SIAM J Control Optim 31(2):387-438, 1993) and Luckhaus
and Sturzenhecker (Calc Var Partial Differ Equ 3(2):253-271, 1995).
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1 Introduction
A family of open sets with smooth boundary {E;}o<;<7 in R" is said to move according to

volume-preserving mean-curvature flow if the motion law, expressed as an evolution equation
for the boundaries 0 E;, takes the form

v = (H)—H ondkE;, (1.1)
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for all t € [0, T]. Here, at any point x on d E;, v(x) denotes the velocity component normal
to the boundary, in the direction of the outer normal, H (x) is the scalar mean curvature (with
the sign convention that H is positive for balls, see the next section), and the brackets (-)
denote the average of a quantity over the boundary of E;.

It is immediately verified that the volume of the sets E; (i.e., its n-dimensional Lebesgue
measure, denoted by | E;|) is indeed preserved under the smooth flow (1.1) because

i|E | :/ vdH"!
dt ! AE,

And thus, upon rescaling variables, we may assume that |E;| = |Eg| = 1 forany ¢ € [0, T'].
Moreover, the perimeter of the sets E; is decreasing because

Wy,

Ly oE,) = / vH a2 —/ v2dH" < 0.
dt IE, IE,

During a typical evolution, a volume-preserving mean-curvature flow exhibits singularities
of different kinds, even in the case of smooth initial data. These singularities correspond to
changes in the topology of the configuration and include shrinkage of islands to points
and disappearance, collisions and merging of neighboring islands, pinch-offs etc... If the
topology changes, the boundary of the evolving set looses regularity and, as a consequence,
the formulation (1.1) of the evolution law is inadequate. The goal of the present work is the
construction of a notion of a weak solution to the volume-preserving mean-curvature flow
that is global in time and thus overcomes these singular moments.

Several solutions to volume-preserving mean-curvature flow have been proposed in the
literature: existence and uniqueness of a global in time smooth solution and its convergence to
a sphere is shown in [17,22] for smooth convex initial data and in [15,24] for initial data close
to a sphere (for further related results see [4,7,8] and the references therein). In principle,
these results also yield local in time existence and uniqueness of smooth solutions. In [30]
and [31], the authors consider level-set and diffusion-generated solutions for the purpose
of numerical studies. In Bellettini et al. [5], construct solutions for the volume-preserving
anisotropic mean-curvature [or anisotropic variant of (1.1)] for convex sets using a method
similar to ours (that will be outlined below). In this paper, it is also shown that the solution
(the so-called flat flow) is unique and coincides with regular solutions when the latter are
defined. We also mention a mean field approximation approach to the volume preserving
mean-curvature flow as developed in [1,6,12].

It is well-known that volume-preserving mean-curvature can be (formally) interpreted as
the L?-gradient flow of the perimeter functional for configurations with a fixed volume, see,
e.g., [29, Sect. 2]. This gradient flow structure, however, is for the purpose of well-posedness
results impracticable, since the L? (geodesic) distance is degenerate in the sense that two
well separated configurations may have zero L? distance [28]. In the present manuscript,
we follow the method proposed independently by Almgren et al. [2] and Luckhaus and
Sturzenhecker [26] in the study of (forced) mean-curvature flows to bypass this difficulty.
The authors consider an implicit time-discretization of the flow, which comes as a gradient
flow of the perimeter functional with respect to a new non-degenerate distance function
that approximates the L? distance. The limiting time-continuous flow constructed with this
method is usually referred to as the flat flow. The main difference between the present work
and [2,26] relies on the non-locality of the volume-preserving mean-curvature flow. As an
immediate consequence, there is no maximum-principle available for (1.1). Also related to
this aspect, there is the problem of proving the consistency of the scheme, i.e. the coincidence
of the flat volume-preserving mean-curvature flow with the smooth one when the latter exists.
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Under some assumption on the Lagrange multiplier of the flow, the consistency can be inferred
from the arguments in [2], but we do not know if these conditions are generally satisfied and
we do not discuss further the problem of the consistency in this paper. A more detailed
discussion on the different features of the flows in [2,26] and the one considered in the
present manuscript will follow in Sect. 3 below.

We conclude this subsection with a short discussion on the background of this evolu-
tion. Volume-preserving mean-curvature flow can be considered as a simplified model for
attachment-limited kinetics, and as such it plays an important role in the study of solidifi-
cation processes, where solid islands grow in an undercooled liquid of the same substance.
In such situations, solid particles melt at high-curvature regions and simultaneously precip-
itate at low-curvature regions, while the total mass of the solid remains essentially constant
[11,32,33]. In this way, the total surface area of solid islands is decreasing, and thus, this
process leads to the growth of larger islands at the expense of smaller ones: a phenomenon
called coarsening [29]. In general, solidification processes are mathematically often modelled
by Mullins—Sekerka equations (or a Stefan problem), where the Gibbs—Thompson relation is
modified by a kinetic drift term [21,25], and their phase-field counterparts respectively [9].
This model allows for both attachment kinetics (kinetic drift) and bulk diffusion (Mullins—
Sekerka/Stefan). It turns out that attachment kinetics is the relevant mass transport mechanism
in earlier stages of the evolution while bulk diffusion predominates the later stages [13]. In a
certain sense, volume-preserving mean-curvature flow naturally arises as the singular limit
of this more general solidification model in the regime of vanishing bulk diffusion. More
recently, variants of volume-preserving mean curvature flow were also applied in the context
of shape recovery in image processing [10].

The article is organized as follows: in Sect. 2 we fix the notation and state the main results
of the paper, which are then proved in Sects. 3 and 4 and are the existence of flat volume-
preserving mean-curvature flows and the existence of distributional solutions, respectively.

2 Statements of the main results
2.1 Notation

For any Lebesgue measurable set E C R”, we denote by |E| the n-dimensional Lebesgue
measure of £ and by xg the characteristic function of E, i.e. xp(x) = 0 if x ¢ E and
xe(x) = 1if x € E. The perimeter of E in an open set 2 C R” is defined as

Per(E, Q) := sup [/ divpdx : ¢ € CCI.(Q; R™) with sup |¢| < 1] ,
E Q

and we write Per(E) := Per(E, R"). If the latter quantity is finite, we will call E a set
of finite perimeter. In the case that E is an open set with 9 E of class C!, we simply have
Per(E, Q) = H" '(0E N Q) and Per(E) = H"~!(E). The reduced boundary of a set of
finite perimeter E is denoted by d* E, cp. [16, Sect. 5.7], and for the unit outer normal to E
we write vg. The tangential divergence of a vector field ¥ € C!(R"; R") with respect to  E
is defined by divyp ¥ := divW — vg - VWvg. We say that a set of finite perimeter £ has a
(generalized) mean-curvature Hg € LY3*E, dH"™ ) provided that

/ divgp W dH" ! :/ U . vpHpdH"™' forall U e C/(R"; R"). (2.1)
I*E O E
Observe that with this sign convention itis Hp, = ”El .
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We write sdr for the signed distance from a Lebesgue measurable set F', with the con-
vention that sd ¢ is negative inside F, i.e.,

dist(x, F) for x € F€,

sdrp(x) =
F@x) [—dist(x,FC) forx € F,

Here, F¢ := R"\F denotes the complement set of F, and the distance from a set F is by
definition

dist(x, F) = inf |x — y|.
yeF

We will sometimes use the notation dp = [sdg|.

By [#] we denote the integer part of a real number ¢, that is the biggest integer m such that
m <t.

Finally, we denote by ¢,, C,, positive constants that depend on the space dimension only.
Moreover, ¢;.0, Cy.0, and Cp 0,7 are constants that may additionally depend on the initial
data or the time 7 > 0. During the computations, the value of these constants may change
from line to line. However, for the sake of clarity we need to keep track of the dimensional
constant in Proposition 3.2, therefore we make an exception to the above convention and
denote it by y;,. The volume of the n-dimensional unit ball will be denoted by w,, and thus
its surface area is nw,.

2.2 Approximate solutions

In this paper we introduce a notion of global flat solution to the volume-preserving mean-
curvature flow which is based on the implicit time discretization of (1.1) in the spirit of
Almgren et al. [2] and Luckhaus and Sturzenhecker [26]. That is, we consider a time-discrete
gradient flow for the perimeter functional. For this purpose, we define

1 1
Fn(E, F) :=Per(E) + , /Esdpdx + \/ﬁllE| 1],
for any two sets of finite perimeter £ and F in R". Here, & is a positive small number
that plays the role of the time step of approximate solutions. The second term in the above
functional approximates the degenerate L? geodesic distance on the configuration space of
hypersurfaces. The functional differs from the one considered in the original papers [2,26]
only in the last term: a weak penalization that favors unit-volume of minimizing sets.

Definition 2.1 Let E( be a set of finite perimeter with |Eg| = 1, and 4 > 0. Let {E,EZ) Heen
be a sequence of sets defined iteratively by

E((Jh) = Ey and EIEZ) € arg ming —pn {]:h(E, E((/il)—l)h)} for k > 1.
We furthermore define
EP = EY forany 1 e [kh, (k+ Dh),

and call {E,(h)}lzo an approximate flat solution to the volume-preserving mean-curvature
flow with initial datum Ej.

The existence of minimizers E ,iﬁ) and thus the existence of an approximate flat solution

is guaranteed by Lemma 3.1 below. Incorporating the volume constraint in a soft way into
the energy functional rather than imposing a hard constraint on the admissible sets has the
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advantage that we are free to chose arbitrary competitors, most notably in the derivation of
density estimates. Thanks to the penalizing factor 1/+/%, the constraint becomes active in the
limith | 0. Even more can be shown: the number of time steps in which approximate solutions
violate the volume constraint | E ,(h)l = 1 can be bounded uniformly in %, cf. Corollary 3.10
below. A similar functional including a soft volume constraint was recently considered by
Goldman and Novaga [20] in the study of a prescribed curvature problem.

2.3 Main results

We can now state our main results. The first one is a convergence result for approximate
solutions.

Theorem 2.2 (Existence of flat flows) Let Ey be a bounded set of finite perimeter with
|Eo| = 1 and, for any h > 0, let {E,(h)},zo be an approximate flat solution to the volume-
preserving mean-curvature flow with initial datum Eq. Then, there exists a family of sets of
finite perimeter {E;};>0 and a subsequence hy | 0 such that

|Et(hk)AEz| — 0 forae.t €0, +00),
and, for every 0 < s <t,

|E:| =1,
|E,AE | < Cpolt —s]'/2,
Per(E;) < Per(Ej).

Our next statement is the existence of a distributional solution in the sense of Luckhaus
and Sturzenhecker [26] to the volume-preserving mean-curvature flow under the hypothesis
that the perimeters of the approximate solutions converge to the perimeter of the limiting
solutions identified in the previous theorem.

Theorem 2.3 (Existence of distributional solutions) Suppose that n < 7. Let (hy)ren and
{E:}i>0 be as in Theorem 2.2. For any T > 0, if

T T
lim [ Per(E")ydr = / Per(E,) dt, (2.2)
0

k—o00 Jo

then {E;}o<i<7 is a distributional solution to the volume-preserving mean-curvature flow
with initial datum Eq in the following sense:

(1) for almost everyt € [0, T) the set E; has (generalized) mean curvature in the sense of

(2.1) satisfying
T
/ / |HE,|* < +00; (2.3)
0 Jo*E,

(2) thereexistsv : R" x (0, T) — Rwithv(-,1)|y+g, € L{(O*E;, dH"~") fora.e.t € (0,T)
and [y [yp, v2dH""1dt < +o00 such that

T T
—/ / vodH" " dr :/ / (Hg, ¢ — ) dH" a1, (2.4)
o Jok, o Jor,

T T
/ / 8t¢dxdt+/ ¢, -)dx = —/ / vodH" " ar, (2.5)
o JE Eo 0 Jo*E,
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for every ¢ € Ccl.([O, o0) x R"™), where

1

Alt) = ————
® H'V(O*Ey) Sk,

Hg, dH"™' fora.e.t€[0,T). (2.6)

In the second part of the theorem, L% is the set of all L? functions with zero mean.

Note that (2.4) is a weak formulation of (1.1), while (2.5) establishes the link between v
and the velocity of the boundaries of E;. It is straightforward to check that smooth solutions
of (1.1) satisfy (2.4) and (2.5).

The restriction on the dimension n < 7 is technical and is needed in the proof of Corol-
lary 4.2 where the Bernstein theorem for minimal surfaces is exploited.

3 Flat volume-preserving mean-curvature flows

In this section we prove the first main result in Theorem 2.2. We follow quite closely Luckhaus
and Sturzenhecker [26], providing all the details for the readers’ convenience.

3.1 Existence of approximate solutions

/sdpdx:/ dFdx—/dpdx. 3.1)
E EAF F

The existence of the approximate flat solutions is guaranteed by the following lemma.

We start remarking that

Lemma 3.1 Let F C R" be a bounded set of finite perimeter. For every h > 0, there exists
a minimizer E of F,( -, F) and, moreover, E satisfies the discrete dissipation inequality

1
Per(E) + Z/

1 1
dpdx+ —=||E| = 1| < Per(F)+ —=IF| —1].  (3.2)
EAF h h

vh vh

Proof Since F is an admissible competitor, we obtain by (3.1) that

0 < iréf]-'h(f?, F)+ %/FdFdx < Per(F) + % [HF|—1] < oo. (3.3)
Let {E, }, en denote a minimizing sequence of 7, (-, F). Without loss of generality we may
assume that £, CC Bp for a suitable R > 0. Since {xg,}ven is bounded in BV (Bg),
there exists a subsequence (not relabeled) that converges weakly to a function x in BV (Bg),
and thus strongly in L!'(Bg). In particular, x is the characteristic function of some set of
finite perimeter E. Since x; +—> f 7 8dF dx is continuous and the perimeter is lower semi-
continuous with respect to L' convergence, it follows that

Fu(E, F) < liminf F,(E,, F) = inf F,(E, F).
vtoo EcCRn

Therefore, E minimizes 75 (-, F) and (3.2) follows from (3.3). ]
By standard results on minimal surfaces (see [27]), it holds that the minimizers E of
Fin (-, F) can be chosen to be closed subsets with d E of class C1-¢ up to a (relatively closed)

singular set of dimension at most n — 7. Using the Euler-Lagrange equation for F (-, F),
one can also show that the regular part of the boundary 3 E is actually C>* (cp. Lemma 3.7).
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3.2 L™ and L!-estimates

Our next statement gives a uniform bound on the distance between the boundary of the
minimizing set and the boundary of the reference set.

Proposition 3.2 (L -estimate) There exists a dimensional constant y, > 0 with the follow-
ing property. Let F C R" be a bounded set of finite perimeter and let E be a minimizer of
Fn(-, F). Then,

sup dp < yuvh. (3.4)
EAF

Proof The proof of this proposition is based on the density estimates for one-side minimizing
set which for readers’ convenience we prove in the Appendix 1. We claim indeed that the
statement holds with

4nwy }

¥p = max ‘3,
Cn

where ¢, is the dimensional constant in Lemma 4.4. The argument is by contradiction. Let

¢ > max { 3, 4’5—:’”} and let xo € FAE contradict (3.4) with y;, replaced by c. Without loss

of generality, we can assume that xo € F\ E: the other case is at all analogous. We then have
that
sdr(xo) < —c V. 3.5)

Then any ball B, (xo) of radius r < # is contained in F. By the minimality of E, we have
Fn(E, F) < Fp(E U B, (x9), F), and thus

1

1
Per(E) < Per(E U B, (xg)) + 7/ sdp dx + | By (x0)\E]|. 3.6)
B, (xo)\E Vh
We use (3.5) and r < # to infer that
]/ drd 1B, (x0)\E| (3.7)
- sdr dx < ———|B,(xg . )
h JB, o\ E 2wh
Then (3.6) and (3.7) yield
Per(E) < Per(E U By (x0)) — h~1/2 (% - 1) B, (x0)\E|. (3.8)
By assumption ¢ > 3 and we can apply Lemma 4.4 with u = 0 and obtain
h
|B, (xo)\E| > cor” forae. 0 <r < % (3.9)

evh

On the other hand, from (3.8) we deduce also that fora.e. 0 <r < <+
—12 (€
h (5 — 1) |Br(x0)\E| < Per(E U By (x0)) — Per(E)
< H" ' @B, (x0)\E) < nw, "\ (3.10)

Combining (3.9) and (3.10), we get that

-1
cor” < 1B, oNEl Snwy (5—1) Var'™!,
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for almostall0 < r < & 2h , which gives the desired contradiction to the choice of ¢ as soon

cvh
asr =5 O
The following density estimates are now an immediate consequence.

Corollary 3.3 Let F C R" be a bounded set of finite perimeter and let E be a minimizer of
Fn(-, F). Then, for everyr € (0, v, Vh) and for every xo € OE, it holds
min {| B, (x))\E|, |E N By (x0)|} > ¢ 1", (3.11)
cnr" ™! < Per(E, By (x0)) < C, r" L. (3.12)
Proof Since E is a minimizer of (-, F), for any xo € 9E, it holds that F,(E, F) <
Fn(E\By(x0), F), which implies
1

N

1
Per(E) + 7/ sdp dx < Per(E\B,(x0)) + —|E N B, (x0)|.
h J EnB, (xo)

Estimating the second term via Proposition 3.2, we obtain
Cu
vh

Per(E) < Per(E\B,(x0)) + —=|E N B:(xo)|. (3.13)

A similar analysis shows that
Cn
vh

Therefore, by Lemma 4.4 we deduce (by possibly redefining c,)

Per(E) < Per(E U B,(x0)) + —=|Br(x0)\E|.

min {|E N B, (x0)|, | B, (x))\E|} > ¢, 7" Y0 <r < yuvh.

The first inequality in (3.12) is now an immediate consequence of the relative isoperimetric
inequality (cf. [19, Corollary 1.29]). For the second inequality, we rewrite (3.13) as

Cl’l
vh

Since r < y, Vh, the upper bound is obvious. O

H""NDE N B, (x0)) < H"""(3B,(x0) N E) +

|E N B (xo0)|-

Next we prove an estimate on the volume of the symmetric difference of two consecutive
sets of the approximate solutions.

Proposition 3.4 (L'-estimate) Ler F C R" be a bounded set of finite perimeter and let E
be a minimizer of Fj,(-, F). Then,

1
|EAF| < C, (EPer(E)—i—z/ dpdx) Ve<y, . (3.14)
EAF

Proof In order to estimate EAF, we split it into two parts:
|[EAF| <|{x € EAF : dp(x) < {}|+ |{x € EAF : dr(x) > £}].

The second term is easily estimated by

1
{x € EAF : dp(x) = £}] < f/ dr(x)dx.
€ JEAF
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To estimate the first term, we use a simple covering argument to find a collection of disjoint
balls {B¢(x;)}ic; with x; € 0*E and I C N a finite set such that 9* E C U;c; Bo¢(x;). Note
that by (3.11) and the relative isoperimetric inequality (cf. [19, Corollary.1.29]) we have for
everyi € [
(3.11) .
|B3¢(xi)| = Cpmin{|E N Be(x;)|, [Be(xi)\E}
< Cul H"'(3*E N By (x)).

Note finally that the set {x € EAF : dp(x) < £} is covered by { B3¢(x;)}ic;. Summing over
i and the choice of the balls { By (x;)}ics yields

l{x € EAF : dp(x) < €}] < D |B3e(xi)]
iel
< Cut D H'NO*E N B(xi)
iel

< C,, LPer(E).

3.3 Holder continuity in time
As an immediate consequence of the discrete dissipation inequality (3.2), we remark that
my L RO
Per(E,") + h/E(h)AE(h) dEt@h dx + \/E||E, | —1]
< Per(E") )+—||E(” | — 1| Ve lh +oo), (3.15)

and, by iterating (3.15) and using |Eo| = 1,

Per(E™) < Per(Eg) V>0, (3.16)

—\|E,<”>| —1| < Per(Eg) Vi>0, (3.17)
dpmw

/ /(/’)AE(h) Lo gy < Per(Ep), (3.18)

for every T > h. Similarly, using Proposition 3.4 with £ = h < y,~/h, we also get

T [T/h] d £®
/ EMAED, < C > (hPer(E(h))—l—/ L Lh gy )
h k=1 EQAEQ,, R
< C, (T + 1)Per(Ep). (3.19)

Proposition 3.5 (C'/? regularity in time) Let h < 1 and let {E,};> be an approximate flat
flow. Then it holds

IEVAEP] < Coolt =517 VO <1 <5 < foo.

Proof Clearly it is enough to consider the case s —t > h. Let j € N and k € N\{0} be such
thatt € [jh, (j 4+ 1)h) and s € [(j + k)h, (j + k 4 1)h). Then, we can use Proposition 3.4
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with £ = y,h/|t — s|'/2 (note that £ < y,+/h by the assumption s — 7 > &) and (3.16), and
estimate in the following way:

k
) A () 0 0
BV AEM) < D 1EGuyn AE Gyl
m=1
k h
0
=G 12 e E )
m=1

k 1/2
[t — 5|
+C, mEZI — T dE(h) dx.

G DEGamenyy G
By using (3.15) we estimate the sum above by

k

() A () h
|E" AE] |§Cnmz_:1|t—s Per(Eo)

172

k
h h
+Cy Y It —s|'? (Per(Eéjzrmq)h) - Per(Eéjlm)h))

m=1

n : ; j+m—1)h j h
o Vh (j+m—1) (j+m)

1/2
< CnmPer(Eo) + Cylt — 5"/ (Per(E,) — Per(Ey))
|t —S|1/2
+c,,7(||E,| — 1| = [|E] - 1|). (3.20)

Therefore, by (3.16) and (3.17), we get
IEMAED| < C, |t — s|'/*Per(Eo). (3.21)
where we used kh < |t — s| + h < 2|t — 5|, thus concluding the proof of the proposition. O
3.4 First variations and first consequences
We now introduce the time-discrete normal velocity: for all # > 0 and x € R", we set
#sd m (x) fort € [h, +00),

v(h) (t,x) = t—h
0 fort € [0, h).

Lemma 3.6 (L>-bound on the velocity) Let {E,(h)},zo be an approximate flat flow. Then it
holds

e¢]
/ /(})(u“”)?dH"*ldtgc,,,o. (3.22)
0 JIE"

Proof We fix t € [h, +00) and consider for every £ € Z with 2¢ < y,,/+/h the sets

K@) :={x eR?: 2¢ < p™ (1, x)| <201,
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so that R" = |J, K (€). It follows from 2¢~'h < y, V/h/2 and from Corollary 3.3 that, for
every x € 8E,(h),

n
IE® 0 By, (1) = (2“;;) , (3.23)
n—1
H' L GE® N Byer,(x)) < Cn (2Hh) : (3.24)

Using 201 < [u® (¢, y)| < 4.2 forall y € Bye1),(x) withx € JE™” N K (£), we obtain
for every x € BE,(h) N K@)

J;
24

(3.24) n—1
/ (v(h))z dHn_l S Cn (26—1)2 (26_1]’1) .
Byi—1,(0)NIE"

(3.23) n
®|dy "= ¢, 2! (zz‘lh) ,

h h
-1, ONED AED,)

Hence, combining these two estimates, we have
_ Cn
M2 ant < 2 ™| dy.
o (h) ~— h (h) A ()
Byo—1,()NIE; Byem1, NE AER )

Now, by a simple application of Besicovitch’s covering theorem [16, Chapter 1.5.2] to
{Bye-1),(x) : x € JEM N K (£)}, we obtain

C
/ ) (™) an! < —”/ o ™| dx. (3.25)
IEMNK (0) b JED AE® )n(at-2<p®| <2642}

Finally, summing up over £ € Z with 2¢ < % in (3.25) yields

C
/ L2 an =t < 22 ™ da
aE™ h JE®AE®,

We now show how the above estimate implies (3.22). In view of (3.15) we have

(W2 gam—1
/8 o WM dn
Cy ) 1
< 7 (Per(Et_h) + ﬁ

Integrating in time and using | Eg| = 1, we obtain

T
™) andr
o Jog™

|
<C, (Per(E(()h)) — Per(E) — —h||E¥”| - 1|)

7

h h 1 h
ED, | — 1] = Per(E™M) — ﬁnEf |- 1|).

< CyPer(Ep),
from which, by a simple limit for 7 — 400, (3.22) follows. O

We now derive the Euler—Lagrange equations which constitute the weak motion law for
the time-discrete evolution.
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Lemma 3.7 (Euler-Lagrange equations) For every t € [h, +00) and V € Ccl, (R™; R™), it
holds

: (h) . n—1 _ 4(h) . n—1
/31;[(’“ (leaE’(h)\I/ +v VE’(h) \I/) dH A1) /31;[(’“ UE[(h) vdH"", (3.26)

where .
2D (1) = 7},/ (HE<h> + v(h)) dH" . (3.27)
H =1 QEM) Jog® \ Ei

Moreover, if|Ez(h)| # 1, then it also holds AW (1) = ﬁ sgn(l — |E,(h)|).

As we shall see in the proof below, the constants A" (¢) defined in (3.27) are Lagrange
multipliers corresponding to the volume constraint, whenever it is active. Since this constraint
is satisfied up to a finite number of times (uniformly in /) by Corollary 3.10 below, by a slight
abuse of terminology, we call 1M () a Lagrange multiplier, even if the volume constraint is
not active.

Proof If |E ,(h) | # 1,itis very simple to compute the variations of 7, (-, E I(}_l)h) along the vector
field W € C}(R"; R") and see that they are given by (3.26) with A" (1) = - sgn(1 - EM)).

In the case IE,(h)I =1, we have

Et(h)eargmin(Per(F)—i—/ . dym dx: |F|=1].

(h —h
FAE, ), 4

Hence, performing variations of

Per(F :
erth) + /mgjh)h dgo dx

within the class of sets of unit volume, for every ¥ € C Cl (R™; R™), we again find (3.26),

where A% (¢) is the Lagrange multiplier related to the constraint |F| = 1. Observe that in
both cases, we can choose a sequence of ¥ € C g (R™; R™) approximating v g On 8E,(h),
t

and conclude that A (r) is given by (3.27). O

Itis now clear that the regular part of 3* E ,(h) is of class C**. Indeed, by choosing a suitable
system of coordinates, 0* E t(h) can be written in a neighbourhood of any regular point as the
graph of a C¥ function u solving the following equation in the sense of distributions:

div 7Vu =M
V1+|Vul?

Since v is Lipschitz continuous, by standard elliptic regularity theory (cp., e.g., [18]), one
then deduce that u € C%* for every k € (0, 1).

Next we prove that the whole family of sets defining the discrete flow up to time 7 > 0 is
contained in a large ball, whose radius does not depend on the discrete time-step & but may
depend on the T'.

Lemma 3.8 (Boundedness of minimizing sets) Let {Et(h)},zo be an approximate solution
and let T > 0. Then there exist hyg, Rt > 0 (depending on T, n, and Eo only) such that, if
h < ho, then E C Bg, forallt €10, T].
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Proof We fix h > 0, and for every ¢ € [0, T) we let
ry:=inf{r > 0: Et(h) C B,}.

We notice B,t NOE t(h) # (Jis made of regular points (because there are no singular minimizing
cones contained in a half space, cp. [19, Theorem 15.5]), and moreover

B, naE™ ¢ {y cdEM : Hom(y) = 0} .
t

By this observation and the Euler—Lagrange equation v (¢, y) = AW (1) — H g (), it
t
follows that

re<rn+h AP

Iterating the above estimate, we then deduce that
T
re < 1o +/ M@ dt ¥ elo,T]. (3.28)
0

To get some control on 2 (1) we consider W € C Cl (R"; R"™) such that W (x) = x in B,,, and,
since for & small enough |E,(h)| > % by (3.17), using W as test in (3.26), we obtain

n
“mip <
2| M =

AP 1) / divW dx
E"

)\.(h) 13 - W n—1
(1) )0 vEt(l) dH

1 (h) . n—1
/BE,(’” (dlvath)\IJ +v UEE;,) \If) dH

< (n — DPer(E\") + ryPer(E{") 2o ® i, )| (329)

L2EM)

where we used || < r, on 8E,(h). Integrating in time and using the Cauchy—Schwarz
inequality together with (3.16) and (3.22), we obtain

T T 1/2
/ AW () dt < Chot 4 Cuo (/ r? dt) . (3.30)
0 0

Combining (3.28) and (3.30), it follows that

T 1/2
re < 7o+ CnoT 4 Cuo (/ r? dt) forall t € [0, T]. (3.31)
0

The remainder of the proof is a standard ODE argument. Indeed, squaring both sides of the
equation and redefining C, ¢ yields

d
- (7 F(@) = Cope™0" (1§ +77) forall 7 € [0, 71,
T

where F(t) = [ r2dt. Integration in t over the interval [0, T'] yields
0'r

T
/ ridt < Cupors
0

and thus the statement in Lemma 3.8 follows via (3.31). ]
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Corollary 3.9 For every h > 0 small enough, it holds

T T
H2p dH"lar+ | DM @0Pdr < Caor.
o Jog® E 0 o

Proof The integrability of (" follows from (3.29) and from Lemma 3.8; the one of H

P0)
follows taking into account the first variation (3.26) and the integrability of the discréte
velocity, Lemma 3.6. m]

For every h > 0 we set
Xh) = {t: [EM| £1).
Corollary 3.10 For every h > 0 small enough, we have
()| < Crorh.
Proof In view of Lemma 3.7, it is
s c {re10.7): BP0l = 1V,

and thus we have by Corollary 3.9

IA

T
=) < h / WDOPd < Coorh.
0

3.5 Proof of Theorem 2.2

The proof of the existence of a flat flow is now a simple consequence of the results above.
Indeed, by (3.16), (3.17) and Lemma 3.8, one can find sets {E;},cq+, where Q™ denotes the
set of positive rational numbers, and a subsequence 4 | 0 such that

lim [E"AE,|=0 VieQT.
k——+o00

Using the triangular inequality and Proposition 3.5, we deduce that

|E,AE,| < lim (|E1AE,O”")| + | EMO AEMO| 4 lEs(hk)AEs|)
k——+o00
<Cuols —t|'? VO<s<reqQt. (3.32)

Now a simple continuity argument implies that the sequence E ,(h" ) converges to sets E; for
all times ¢+ > 0 and satisfies (3.32) for all s, ¢ € [0, 400). Finally, note that passing to the
limit in (3.15) yields that |E;| = 1 and Per(E;) < Per(Ep) (cf. [16, Sect 5.2.1]) for a.e.
te(0,7).

Remark 3.11 It is also possible to show that the sequence of characteristic functions
x Pt x) =y (x)
1

are precompact in LY((0, T) x R") for every T > 0, thus giving an alternative proof of the
theorem.
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4 Distributional solutions

In this section we prove Theorem 2.3 on the existence of distributional solutions. The two
main ingredients of the proof besides the estimates of the previous section are the hypothesis
(2.2) on the continuity of the perimeters of the approximate solutions and the following
proposition which links the discrete velocity to the distributional time derivative of the flat
flow.

Proposition 4.1 Let n < 7 and {El(h)},zo be an approximate solution to the volume-
preserving mean-curvature flow. Then, for every ¢ € C2°([0, +00) x R") it holds

) +o00 1 +o00 -
}}%‘/h E[ Er(h)qbdx—/Et(h)h¢dx]dz—/h /aEr(h)qbvhdH dt|=0. @n

Assuming the proposition we give a proof of the theorem.

4.1 Proof of Theorem 2.3

It follows straightforwardly from (2.2) (cp., for instance, [3, Proposition 1.80]) that
H"‘la*E;h") weakly converges to H"~19*E, for almost every ¢ € [0, +-00). In particu-

£

lar this implies that, for almost every ¢ € [0, +00), the boundaries 9* converge to 0* E;

in the sense of varifolds: namely, for a.e. t € [0, 4+-00) it holds

. n—1 _ n—1
Jim /G*thk)F(x,vthk)(x))dH (x) = /G*EYF(x,uEt(x))dH (x), (42)

forevery F € C.(R" x R"). Indeed, by a simple approximation argument it is easy to verify
that it is enough to consider F € CC1 (R" x R™). Then, for every ¢ > 0 we pick a continuous
function v, : R" — R” such that

/ ve, — ve P < 6,
O*E,
and estimate as follows

lim
k——+00

/B*E:hw (F vy @) = Flr.ve)) a1~ @

< lim [|DF|~ v — vel dH"!
< Jim IDF [ o0 — v

1/2
< lim ||DF||LooPer(Ef””)”2( / v <hk>—va|2dH”‘)
k—+o00 5 E;

g0

1/2
= | DF || Per(E;)"/? ( / lve, — ue|2cm"—1)
9*E,
< IDF ||z Per(E;)" e,

where we used (2.2) and the weak convergence of the the vector valued measures
v E:hk)H"*I 9*E" Xy 5 1= 19* E, in the following way:
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lim Vo — Va2 dH !
k=400 a*E,(h")| E'* el
= lim / (1+ Vel = 2v ) - ve) dH"!
k—+00 3*E:hk) E;
_ 2 n—1
_/ (1—|—|vs| —2vg, ~v£)dH
*E,

:/ v, — ve|2dH" L.
O*E,

Next we use Lemma 3.6 and Corollary 3.9 in conjunction with the results in Hutchinson
[23, Theorem 4.4.2] to deduce the existence of functions v : [0, +00) X R" — R, A :
[0, 4+00) = Rand H : [0, +o0) x R"” — R such that

T T
/|A|2dr+// (0P + |HP) H''di < Caor.
0 0 JoE,

and

T T
lim / / on @ dH" " dr = / / v dH"dt, (4.3)
k—oo Jo JaE"¥ 0o JoE

T T ~
lim / / A @ dH  dr = / / rpdH"Vdr, (4.4)
k—00 0 aEShk) 0 I*E,

T T
lim / / H_apvpo - O dH"dt :/ H-ddH"dr, 4.5)
k—o0 Jo JE ) E; 0 O*E;

for every ¢ € C?([O, T) x R") and every ® € C?([O, T) x R"; R"™).
In particular, testing (4.2) with F(x,v) := div¥ — v - VW for some ¥ € Ccl (R™; R™)
and using (4.5), by a simple approximation argument we conclude that, for a.e. r € [0, 4-00),

/ divyp W dH" ' = lim / div, oW dH"!
I*E 3 IE
t

k—+00 *E,(hk) t

= lim Vv oy VY H & )d'H"il
k—>+00 3*E,(hk) E* E*

= / Vg, - W HdH"!,
0*E;

thus showing that H (z, -) is the generalized mean-curvature of E; for a.e. t € [0, 400)
(cp. (2.1)) and proving (2.3) of Theorem 2.3.

Similarly, (2.4) and (2.6) follows from (3.26) and (3.27) by using (4.3) and (4.4).

We need only to show (2.5). To this aim we use Proposition 4.1. For every ¢ €
Ci ([0, 400) x R™), by a change of variables we have that

/h [ E{(m‘/’d"—/E;ﬁ)ﬂdX]df:/h /E;h) (¢(t, %) — (1 +h,x)) dx di — h v

where we used that E,(h) = Ey for t € [0, h). Therefore it follows by a simple convergence
argument that

. *1 <[ 0¢
lim — ¢dx — ¢dx |dt = — —(t,x)dxdt — ¢dx.
h=0Jy k| Jg® E®, o JE 0t Eo
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In view of (4.3) and (4.1), we conclude (2.5) straightforwardly.

4.2 Tilting of the tangent planes

In this subsection and in the next one we give the proof of Proposition 4.1. We follow closely
the arguments in [26] and for the sake of completeness we provide a detailed proof in different
steps.

This subsection is devoted to the estimate of the tilting of the normals around points of
small curvature. We recall that we assume in this section n < 7 (in particular, the approximate
solutions of the volume-preserving mean-curvature flow are everywhere of class C¥).

Lemma 4.2 For given constants % < B < a < 1, there exists a continuous increasing
function @ : [0, 1] — R with @ (0) = 0 with the following property. Let t € [2h, +00),
(E ,(h)}tzo be an approximate solution to the volume-preserving mean-curvature flow, and let
X0 € 8E,(h) be such that

WP <k YyeB, 500 (EMNAED). (4.6)

Then there exists v € R" such that |v| = 1 and
Yy () =Vl S @(h) ¥y € By (x0) NIE", @.7)
vyt ) = vl S @(h) ¥y € By (x) NIE",. 4.8)

Proof Let0 < R < h2=P andlet F C R" be any set such that E,(h)AF CC Bpgps(xp). By
the minimizing property of E,(h) we have that

1
Per(E(", By (x0)) < Per(F, Bgys (x0)) + — / dam (v)dy
h Jrag® e

+ \Fl—1] = |IEP = 1)) (4.9)

=
vh
A straightforward computation yields
h h
IFI =1 = [IEI = 1] < [FAE"),
1 yn + 1 )
- d dy < ——— |FAE,"|,
h/FAE,(’“ g ) dy = 7 | 0]
where we used that [/ (¢, y)| < RhB=1 4y, =172 < (y, + 1) k™2 forall y € By (x0) N
(E t(h) AF) thanks to the fact that xop € 0E t(h) , Proposition 3.2 and the 1-Lipschitz continuity
of the signed distance sd £ - Combining the above estimates with (4.9), we obtain
t—h

Yn+2
vh

Per(EM™, Bpys (x0)) < Per(F, Brys(x0)) + [FAE™]. (4.10)

Next we introduce the sets
—Xx
EMP .= {z eR: =20 ye E,(h)},

X
Et(ﬁ)hﬁ = {z eER": z="—5—,y€ Et(i')h}
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By a simple rescaling argument, from (4.10) and from the analogous estimates at time t — h
(recall that t > 2h) we deduce that fors =¢,r — h
Per(E"F, Bg) < Per(F, Bg) + (yn +2) hf =2 |[FAEM-P|
VR <h'*# v FAEM-F cc Bg.

This implies that £ t(h)’ﬂ and Et(}_l);;ﬂ are both (A, rp)-minimizers of the perimeter on Ay, =

(yn + 2)hﬂ’% and rp, := nah. By the precompactness for sequences of Aj-minimizers
(cf. [27, Proposition 21.13]), we conclude that we can find a subsequence (not relabeled)
verifying

lim x a6 = and lim x,_m.p = in Ll (R").
nap XEMP = XEf i XD = XEY toc (R)
Moreover, using the lower semicontinuity of the perimeter with respect to L' convergence and

B > %, we deduce that £ ’13 and Eg are locally minimizing the perimeter. By the assumption

n < 7 and a Bernstein theorem (see [19, Theorem 17.3]), E B s Eg are half-spaces. Moreover,
by hypothesis it holds

_ h h
dyons(z) <h*P vz e B, ,ON (Et( )’BAE;—)fZﬁ) .

t—h

thus implying that £ b Ez’3 , and by the fact that both are hyperplanes there exists v € R”
with |[v]| = 1 such that

EV =E) ={zeR": z.v <0},

To reach the conclusion of the lemma we need only to invoke the regularity theory of
A-minimizing set (cp. [27, Theorem 26.3]) and conclude that 8E§h)’ﬂ is uniformly CL¥ in
Bj for s = ¢, t — h, thus leading straightforwardly to (4.7) and (4.8). ]

Corollary 4.3 Under the hypotheses of Lemma 4.2, let Cpp /5(x0, v) C R" be the open
cylinder defined as

Chﬁ/z (x0, v)

= {x ER": |(x —x0) - v| < kP2, VIx — x0l2 — |(x — x0) - V2 < hﬂ/z}.

Then, there exists a dimensional constant C > 0 such that

n—1
J (e = xg) 5= [, sy, 47
Ch/g/z(xo.v) IE; ﬁChﬁ/z(,m,v)

< Cw(h)/ X g — x g |dx. (4.11)
Cpup 1 (x0,v) ' o

Proof From Lemma 4.2 we know that, for A sufficiently small, 8E,(h) and 8EI(}_l)h in

Cy5 /2(x0, v) can both be written as graphs of functions of class C1¥. Namely, by an affine
change of coordinates we can assume without loss of generality that xo = 0 and v = e¢,,
and for simplicity we set C := Cy (0, e,). With this assumption we then have that for
s=t,t—h

8Es(h)ﬂC= {(y,fs(y)) eR"I xR |y Shﬁ/z}’
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where f; : Bys;, C R'™! — Rare C'* functions with
IV fslliLes,g ) = @ (). (4.12)

In view of Fubini’s theorem it is then clear that

/C (XE[<h> - XE,”i)h) dx =/ (i) = fi-n() dy,

Byp /2

/C|xE;h> g ldx = [ 1A0) = S| .

nb 2

Moreover, from (4.12) it follows that there exists a geometric constant C > 0 such that, for
every y € Bhﬁ/z,

|SdEff)h 0y SO T FIVEDP = (i) = fienOD] < CoW 1 /() = fimn D).

Therefore, one infers (4.11) as follows

[ sy = [ (i) = fnondy
e nC B

t—h

w2
= ‘ /B (sdpon O OOV T+IVLDP = () = fi-n (D) dy
Wb 2 =
< Caw(h) [fi — fi-nldy,
Bhﬂ/z
where we used that (4.12). ]

We are finally ready for the proof of Proposition 4.1.
4.3 Proof of Proposition 4.1

We fix any time ¢ € [2h, +00). For every xo € BE,(h), we fix ¢ € (% 2("&21)) and consider

the following open set Ay, defined as follows:

(i) if (4.6) holds, then we set Ay, = Cj; /2(x0, v) where v € R” is the unit vector in
Lemma 4.2;
(ii) otherwise we set Ay, := Byn \/E(xg).

(h)
t—h"

Moreover, by a simple application of Besicovitch’s covering theorem, cp. [16, Chapter 1.5.2]
(applied, for example, to the balls to By /z(xo) C Ay,), there exists a finite collections of
points I C BEI(h) such that {A,},ecr is a covering of Et(h)AEt@h.

We estimate the contribution of the integrals in (4.1) in every A,, with xo € [ in two
steps, depending on whether (i) above applies or (ii).

Note that by Proposition 3.2 we have that {A,, }XOEaE(h) is a covering of Et(h)AE
t

@ Springer



18 Page 20 of 23 L. Mugnai et al.

Estimate in case (i). We use Corollary 4.3 and deduce that

) — dx — sd dH"‘1’

‘/Axo (XE;/) XEf@h) ¢ /BE,(”)MXO g® @
< - dx — dd "—1‘
< |¢(XO)|‘/AXO (XE,(”) XEtUi)h) x /3E,(h>mAX0 sdp H

+ ‘/Axo (XEr(h) - XEt(Ii)II) (¢ — ¢(x0)) dx _/

IEMNA,

s (& = ¢(x0)) dH" ™!
0
< C(w) lpllLe + hP |V L) / X = xp |dH" (4.13)
AXO t t—h

where we used the fact that Ay, = Cjs 5 (x0, v).

Estimate in case (ii). By assumption there exists a point yg € Bynﬁ(XO) N (Et(h)AEt(f)h)

such that [v™ (¢, yo)| > h*~!. Without loss of generality we can assume that yo € Et(h)

(the other case can be treated analogously and we leave the details to the reader). It is then

clear that Bja2(yg) C R"\Et(ﬁ)h and v(h)(t, y) > h“‘l/Z for every y € Bje2(y0). Since

h® < 2y,h'/?, we can apply the density estimate in (3.11) and deduce that

cnh<"+1)“—15/ _— [v"| dx. (4.14)
Bh“/z(y‘O)ﬂ(Et( )AE,(,)h)

Similarly, by the density estimate in (3.12) and Proposition 3.2 we deduce that

n—1 n/2
/B ( o |dE;1_h|dH <C,h"~. (4.15)
Vn\/ﬁ xo)ﬂaE,

From (4.14), (4.15) and Bpe 2(yo) C Bzynﬁ(XO) we then deduce that

n—1
/ |XEr(h) XE,@J +/ Q) dE,(’i)h aH
A AxgNIE]

< G2 Det / v"| dx. (4.16)
Bzynﬁ(xo)ﬂ(E,(h)AE;’i)h)

We can then sum (4.13) and (4.16) over xg € I and, recalling (3.15), (3.16) and (3.17),
we get

— dx — sd g ¢pdH"! ‘
[ g = rap)oar = [ stz 0
= ’/ X — X g (bdx—/ sd ¢dH”’1’
> . e =) -

t—h
xo€l

= Cuo(@®) 19l + B [Vl o + 120D g0 )

h h
x (|E§ 'AE", | +/(h) " |vh|dx) 4.17)
EPAED,

where we used the finite finiteness of the covering.
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Finally, integrating in time and using (3.18) and (3.19) we get

'/M 1[ bd / od ]dt /+oo P dH”’ldt‘
- X — x - v
o hlJg® E®, no Jog®

= oo (@) 1@l + 1P [Vl + K27V g o),

where T > 0 is such that supp(¢) C [0, T] x R". Recalling the definition of « and taking
the limit as & goes to 0, we conclude (4.1).
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Appendix: A density lemma

We premise the following density estimate for one-sided minimizers of the perimeter. The
estimate can be easily deduced from the original arguments by De Giorgi exploited for
minimizers [14].

Lemma 4.4 There exists a dimensional constant c,, > 0 with this property. Let E C R" be
a set of finite perimeter, R, u > 0 and xo € 0 E be such that

Per(E) < Per(E U B,(x9)) + 1 |Br(x0)\E| YO <r <R. (4.18)

Then,
en ™ < |Br(xp)\E| YO <r <min{R,n"'}. (4.19)

Recall that xg € dE if min{| B, (xo)\E|, |E N B, (xp)|} > O for every r > 0.

Proof Without loss of generality, we can assume xo = 0. We use the following indentity
which are true a.e. r > 0:

Per(E U B,) = H" ' (3 B,\E) + Per(E, R"\ B, (x)), (4.20)
Per(B,\E) = H"~'(3B,\E) + Per(E, B,), 4.21)
Per(E) = Per(E, B,) + Per(E, R"\ B,). (4.22)

Indeed, if E were smooth, these formulas follow for all the r such that B, and E have
transversal intersections. Otherwise one can argue by approximation. Using now (4.18), we
deduce that, for a.e. r > 0,

Per(B,\E) ‘2 H'~1(3B,\E) + Per(E, B,)

(A.5)
<" H""1(8B,\E) + Per(E) — Per(E, R"\ B,)

(A.1) & (A.3) n—1
< T 2H"YOB\E) + 11 | B/\E|. (4.23)
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By the isoperimetric inequality [19, Corollary 1.29], there exists a dimensional constant
C > 0, such that

n— (A.6)
c IBr\EITl <Per(B\E) < 2H" '(3B\E)+ uu|B,\E|. (4.24)
Setting f(r) := | B\ E|, by the coarea formula [16, 3.4.4], it holds
H' Y OBN\E) = f'(r) forae.r > 0.

Hence, (4.24) reads as
n—1
Cfr)y = =2f'(r)+pmf@r). (4.25)

Finally, note that f (r) < w, r", from which f(r) < a),l,/ "r £(r)*~1/" Therefore, there exists
a dimensional constant C,, > 0 such that if 0 < r < min{R, C, #~!}, then the last term in
(4.25) can be absorbed in the left hand side and deduce that

f' T < C o).

Integrating (4.24) (recall that f(r) > 0 for every r > 0) we get the desired (4.19) for every
0 < r < min{R, C, u~'} and, by changing the dimensional constant ¢, > 0, for every
0 <r <min{R, u'}. O
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