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We show that among sets of finite perimeter balls are the only volume-constrained critical points of the
perimeter functional.

1. Introduction

1.1. Sets of finite perimeter and the isoperimetric problem. The Euclidean isoperimetric theorem is
probably the most basic result in the calculus of variations. There are many different proofs of the
isoperimetry of balls in different classes of competitors, thus motivating the question: which is the natural
competition class in which the isoperimetric theorem can be formulated? From the perspective of the
modern calculus of variations, the answer is found by looking at the relaxation of the perimeter functional.
Following the seminal work of De Giorgi [1954; 1955] we consider as particularly natural his formulation
of the Euclidean isoperimetric problem in the class of sets of finite perimeter. The characterization of
Euclidean balls as the only isoperimetric sets among sets of finite perimeter was achieved in [De Giorgi
1958]. By using the compactness properties of sets of finite perimeter, De Giorgi shows the existence of
global minimizers (isoperimetric sets). Next, he shows that distributional perimeter is decreased under
Steiner symmetrization, thus deducing that Steiner symmetrization applied to an isoperimetric set leads to
an equality case in the Steiner perimeter inequality. He finally derives some necessary conditions for being
an equality case in the Steiner perimeter inequality, in order to deduce the sphericity of isoperimetric sets.

Despite the intimate connection between sets of finite perimeter and the isoperimetric problem, a
characterization of balls as the only critical points in the isoperimetric problem among sets of finite
perimeter is currently missing. The main result of this paper is showing the validity of this characterization.

The problem is already subtle in the case of local minimizers. By a local minimizer we mean a set of
finite perimeter which minimizes perimeter among variations compactly supported in a fixed neighborhood
of its own boundary. In particular, local minimality does not allow for perimeter comparison with sets
obtained by symmetrization, thus ruling out the use of De Giorgi’s original argument. In Euclidean
spaces of dimension less than or equal to 7 the problem can be settled by the means of the regularity
theory for local perimeter minimizers. In fact, in these dimensions any local minimizer is a bounded
smooth set with constant mean curvature. One can then combine the strong maximum principle with the
geometric construction known as the moving planes method (Alexandrov’s theorem [1962]) to deduce
the sphericity of the boundary. But this strategy fails in dimension 8 or larger, as boundaries of local
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perimeter minimizers could have, in principle, singular points, where local graphicality fails [Simons
1968]. Actually, it has been recently shown that local volume-constrained perimeter minimizers in
nonconvex perturbations of the unit ball may indeed have singularities [Sternberg and Zumbrun 2018].

The problem is open in every dimension for critical points, that is, sets of finite perimeter and finite
volume such that the first variation of perimeter under volume-fixing flows vanishes. These sets have
constant mean curvature in a very natural (distributional) sense. However, at variance with the case
of local minimizers, there seems to be no obvious way, even in low dimensions, to exploit regularity
theorems and the moving planes method to conclude their sphericity.

Here we approach this problem by combining regularity theorems and maximum principles with
various geometric constructions inspired by the proof of Alexandrov’s theorem in [Montiel and Ros 1991].
We thus extend De Giorgi’s isoperimetric theorem from the case of global minimizers to that of critical
points in the isoperimetric problem.

Theorem 1. Among sets of finite perimeter and finite volume, finite unions of balls with equal radii are
the unique critical points of the Euclidean isoperimetric problem.

Remark. Theorem 1 is stated in terms of finite unions of balls. By assuming indecomposability (the
measure-theoretic analogue of connectedness) of our critical points, we can change “finite unions of
balls” to “a single ball”. However, it seems natural to consider finite unions of mutually tangent balls as
genuinely distinct critical points of the perimeter functional. Indeed, as proved in [Ciraolo and Maggi
2017; Delgadino et al. 2018] (and as it has been known for a much longer time in the case of parametrized
surfaces [Brezis and Coron 1984; Struwe 1984]), finite unions of mutually tangent balls are the unique
limits of sequences of bounded connected smooth sets with bounded perimeters and scalar mean curvatures
which converge to a constant. In short, finite unions of mutually tangent balls are the limit points of
Palais—Smale sequences for the isoperimetric problem among connected open sets with smooth boundary.

Remark. Wente’s torus [1986] provides an example of an integer rectifiable varifold with multiplicity 1
in R® which has constant distributional mean curvature and is not a sphere. Clearly, Wente’s torus is not
the boundary of a set of finite perimeter. From this point of view, Theorem 1 seems to identify the most
general family of surfaces such that constant distributional mean curvature implies sphericity.

While uniqueness and symmetry results for global minimizers can be obtained by a wealth of methods
(symmetrization, mass transportation, etc.), the methods employed in the case of critical points/solutions
to geometric PDEs, that we are aware of, require a sufficient degree of smoothness (e.g., the classical
Alexandrov theorem [1962]). Addressing this kind of issue without assuming smoothness seems a novel
aspect of Theorem 1. This point could be particularly useful in proving convergence of geometric flows
to unions of balls. Indeed, without strong assumptions like convexity or star-shapedness, global-in-
time existence results for geometric flows hold only in a weak (either distributional or viscous) sense.
Corollary 2 below should be useful in this context. To better illustrate this point, and to state the corollary
itself, we introduce some terminology. In Theorem 1 we consider Borel sets €2 in R"*! with the following
properties:
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(i) Finite perimeter: There exists a Borel set 9*Q which is covered, up to an H"-negligible set, by
countably many graphs of C! functions from R” to R"*!, and a Borel vector field vg : 3*Q — S" such
that a generalized version of the divergence theorem holds:

/divX:/ X -vgdH" forall X e CH(R"; R, (1-1)
Q 0*Q

Here H" denotes the n-dimensional Hausdorff measure on R"*1,

(i1) Constant distributional mean curvature: There exists A € R such that
/ div?? X dH" = x/ X -vgdH" forall X e C}/R"™'; R"™). (1-2)
3*Q 3 Q
Here div? 2 X =divX —vg - (VX)[vq] is the tangential divergence of X along 9*2. Condition (1-2) is
equivalent to asking that Q be a critical point in the Euclidean isoperimetric problem, that is,

2] Pif@)=0 (1-3)
whenever { f;}/<1 is a volume-preserving variation of 2. Namely, each f; is a diffeomorphism with
f; = Id outside of a compact set, fy = Id, and | f;(2)| = |<2| for every |t| < 1, where |Q2| denotes
the Lebesgue measure, or volume, of . When € is an open bounded set with C2-boundary, as in
Alexandrov’s theorem, one simply has 0*2 = 02 and (1-3) is equivalent to asking that d€2 have constant

mean curvature.

With this terminology in place, we can state the following corollary of Theorem 1.
Corollary 2. If {Q;}jen and Q are sets of finite perimeter in R"*! such that
lim [Q;AQ[=0, lim P(Q;)= P(Q), (1-4)
Jj—>00 Jj—>00 X
and if the distributional mean curvatures of the 2; converge to a constant A € R, i.e.,
lim (div"™Y X —2X -vo)dH" =0 forall X € CL(R"™; R, (1-5)
]—> 00 B*Qj X
then . =nP () /(n+ 1)|2| and Q2 is a finite union of balls of radius n /.

Remark. Notice that (1-5) holds whenever each €2; has distributional mean curvature Hg, € LP(H"L0*Q))
for some p > 1 (see (2-7) and (2-16) below) and

lim |Hg, — AP dH" = 0. (1-6)
Jj=00 Jorq;
Remark. Global-in-time weak solutions of the volume-preserving mean curvature flow have been con-
structed in [Mugnai et al. 2016] following the method proposed by Almgren, Taylor and Wang [Almgren
et al. 1993] and Luckhaus and Sturzenhecker [1995]. Considering [Mugnai et al. 2016, Theorem 2.3.2] and
(1-5), it seems reasonable to conjecture that, for a large class of initial data and along time subsequences
t; — 00, the evolution {€2(¢) : ¢ > 0} should converge to finite union of balls. This is indeed the case,
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with a single ball as the limit for # — oo, when the initial data is uniformly smooth and convex, as proved
in a classical theorem of [Huisken 1987]. As geometric evolutions unavoidably produce singularities,
Theorem 1 should turn out to be a fundamental ingredient in attacking such questions.

1.2. The Montiel-Ros argument. Our starting point is the beautiful proof of Alexandrov’s theorem in
[Montiel and Ros 1991], which we now recall. Assume that 2 is a bounded open set with smooth
boundary and positive mean curvature Hg with respect to its outer unit normal vo. Denote by {«;}7_, the
principal curvatures of 9€2, indexed in increasing order so that x,, > Hgo/n > 0, set u(y) = dist(y, 0€2)
for each y € 2, and define

1

Kn (X)

Z={(x,t)eBQx|R:0<t§ } cx, 1) =x —tvg(x), (x,1)€Z. (1-7)

Let us denote by B, (x) the Euclidean ball in R"*! with center at x and radius p. If y € Q, then By (y)
touches €2 from inside at a point x € 9€2, where «,(x) < 1/u(y), i.e., u(y) < 1/k,(x). In particular,

QcCi(2) (1-8)
and by the area formula, with JZ¢ denoting the tangential Jacobian of ¢ along Z,

1/Kkp(x) 1
@l zlk@is [ W onay= [ sZeawt = [ aw [T T]a e,
¢(2) z 0Q 0 .

i=1

By the arithmetic-geometric mean inequality and by «, > Hq/n,

Vin@) 71 X n
|sz|5/ d%;/ (— Z(l—t/ci(x))> dt
aQ 0 ni

n/Hg(x) H. n dH"
5/ dH;’/ (1—z QOC)) dt=—" , (1-9)
Bl 0 n n+1 Jyq He
so that we have proved the Heintze—Karcher inequality
dH"
Q< — . (1-10)
n+1Ja Ho

If Hg is constantly equal to some A € R, then, by combining the divergence theorems (1-1) and (1-2)
(see (2-24) below), we find L =nH"(02)/(n 4 1)|€2|. Hence equality holds throughout the argument,
02 is umbilical, and thus is a sphere. In this way the Montiel-Ros argument provides a very effective
proof of Alexandrov’s theorem.

1.3. The Montiel-Ros argument revisited. As the Montiel-Ros argument heavily relies on the smooth-
ness of 0€2, it does not seem obvious how to adapt it to the case when €2 is a set with finite volume, finite
perimeter and constant distributional mean curvature.

From the point of view of regularity of d€2, the starting point is given by the regularity theory of [Allard
1972]; see [Simon 1983; De Lellis 2008]. Up to modifying €2 on a set of volume zero, we can assume that
Q2 is open and that its topological boundary 92 can be split into a closed subset ¥ with H"(X) =0, and
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a relatively open subset 02 = 92\ ¥ which is locally an analytic constant mean curvature hypersurface,
characterized by the property that for every x € 0Q2
H"(By(x)N32)

x €9*Q ifandonlyif lim = Wy,
p—0t p"

where w, is the volume of the unit ball in R" It is thus natural to redefine Z by replacing d€2 with 9*Q2
in (1-7); i.e.,

Z:{(x,t)ea*Qx[R:O<t§ } (1-11)

Kp (X)

where it is still true that the largest principal curvature «,, is positive along 9*<2.

Given this choice of Z, in order to obtain (1-8) we would need to show that, for every y € 2, By (y)(y)
touches 9€2 at a point x € 3*Q2. This is not obvious as we just know that ¥ = 9\ 9*Q is H"-negligible.
Actually, this is false for an arbitrary point y € €2: this is the case when €2 is a union of two mutually
tangent balls, x is a tangency point between two balls, and y is any point between x and the center of
one of the balls. A cheap argument (see Lemma 3) shows that at each touching point x, 2 blows up a
hyperplane with integer multiplicity possibly larger than 1. So, near a touching point x, d€2 consists of
finitely many sheets that are mutually tangent at x. The union of these sheets has constant mean curvature
in the distributional sense defined by (1-2), although it is not immediate to extract information on the
mean curvature of each separate sheet. A deep result of [Schitzle 2004] implies that the lower and upper
sheets (with respect to any given direction) satisfy a measure-theoretic version of the strong maximum
principle. This is crucial information, which is delicate to exploit, but fundamental to our argument.

We now describe our argument by referring to the main steps of the proof of Theorem 1, which is
contained in detail in Section 3. We start by identifying a large subset 2* of good points of €2, meaning that

1"\ (2)] =0, [Q\Q"=0. (1-12)

In other words, the projection of almost every point in Q* onto d<2 is contained in 9*<2, and Q* is
equivalent to 2. The definition of Q* is as follows. First, for every s > 0, we set

Q={ryeQ:uly)>s}, 902 ={yeQ:u(y)=s} (1-13)

Clearly 2 satisfies an exterior ball condition of radius s at each point of 92, but otherwise €2; is just a
set of finite perimeter (for a.e. s > (). We can also obtain an interior ball condition, restricting ourselves
to the following subset. Setting ¢ > s > 0, we define

= {y €0 y= (1 —;>x+“tiz for some z € 992, x € 89}. (1-14)

Notice that I'} is just a compact subset of 92, which could be very porous inside 9€2;. Some technical
effort (see Step 1) is put into showing that I'} can be covered by countably many C L1 images of R”
into R"*1, and that Vu is tangentially differentiable along I'! (with bounds on the tangential derivatives
corresponding to the exterior/interior ball conditions). Once these technical aspects are settled, we are
allowed to use Id — r Vu to change variables between I'} and I',_, and we can prove that |2\ Q*| =0,
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where Q* is defined by
ri=Jri. e=r (1-15)

t>s s>0
This is done in Step 2 of the proof.
Showing that |2*\ ¢(Z)| =0, see Steps 3 and 4, is considerably more delicate. We have to exclude that
the points in a given I'} that are projected into the singular set £ = 92\ 3*Q have positive 1" -measure;
in other words, we want

H'((Id — sVu) "' (Z)NT!) = 0.

This may seem obvious, as Id —sVu is almost injective on I'} (see (3-43)) and it is Lipschitz on each piece
of a countable decomposition of I'} (see (3-16)), while at the same time H"(X) = 0. However we cannot
derive a straightforward contradiction from the area formula, as the tangential Jacobian of Id —sVu along
I'! may be zero H"-a.e. In fact, this is the information that we obtain from the area formula; namely,
the least principal curvature of I'} is equal to —1/s along points in (Id — sVu)~H(Z)N I'!. Heuristically,
this curvature for I'; can only be obtained when 92 has a inward corner, which is ruled out by absolute
continuity of the mean curvature. Following this guiding example, we change variable to show that the
least principal curvature of I',_, at corresponding points is thus as negative as we wish. This indicates
that 0€2;_, has negative mean curvature on a set of positive H"-measure for any » close enough to s.
By the almost-everywhere second-order differentiability of u, swiping r over an interval we can find a
paraboloid with negative mean curvature, locally contained inside 0€2;_,. By translating this object until
it touches €2 (at X) we can apply Schitzle’s maximum principle and derive a contradiction.

As pointed out to us by a referee, our argument up to this point shares some similarities with the strategy
adopted by Almgren [1986] in proving the isoperimetric inequality in higher codimension. Almgren’s goal
in that paper is showing that an upper bound on the length of the mean curvature vector implies a lower
bound on the area, which is saturated by spheres. His arguments are also based on a viscosity approach,
where sliding constructions and the maximum principle are combined to infer regularity properties. The
referee’s insight is that Almgren’s argument could be adapted to our setting by updating some technical
aspects along the lines of the recent work [Santilli 2017], or, better said, of a possible generalization of
that paper to the bounded mean curvature case. This approach could provide a proof of (1-12) independent
of Schitzle’s maximum principle.

Having proved (1-12), we are ready to argue as Montiel and Ros. We thus find, from the equality case
in their argument, that

1(Z)\ 2| =0, (1-16)
1 '(y) =1, forae yeg, (1-17)
Hq ,
ki(x)=— foreveryx € 0*Q,i=1,...,n. (1-18)
n

Condition (1-18) implies that 9*<2 is umbilical, in addition to having constant mean curvature. In particular,
0*Q2 consists of at most countably many open pieces of spheres with same curvature. Should these pieces
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be finitely many, one could conclude from the distributional constant mean curvature condition, in a
rather direct way, that each piece is equal to a complete sphere. But as the number of the pieces could
indeed be infinite, the pieces may have smaller and smaller areas and combine themselves in particular
ways to achieve constant distributional mean curvature, creating at the same time a large singular set
Q2 \ 0*Q. To rule out this possibility, we exploit the information contained in (1-16) and (1-17) through
a geometric argument. In this last step, we make once again use of Schitzle’s strong maximum principle;
see in particular (3-56).

We conclude with two remarks. First, as a by-product of this analysis, we obtain a Heintze—Karcher
inequality for sets of finite perimeter which are mean convex in a viscous sense; see Theorem 8 below. This
result is actually not needed to prove Theorem 1, but it is included as it may be considered of independent
interest. Second, as recently shown by Brendle [2013], the Montiel-Ros approach to Alexandrov’s theorem
is quite flexible, as it allows one to show that constant mean curvature implies umbilicality in many warped
product manifolds of physical and geometric interest. The methods of this paper should be naturally
adaptable to these more general contexts. In this direction, in a preliminary version of this manuscript
[Delgadino and Maggi 2017, Section 5], we prove that Wulff shapes are the only volume-constrained
local minimizers of smooth uniformly elliptic surface tension energies. Of course the assumption of local
minimality is considerably stronger than criticality.

1.4. Organization of the paper. The paper is organized as follows. In Section 2 we gather some back-
ground material from geometric measure theory. In Section 3 we prove Theorem 1 and Corollary 2. The
generalized Heintze—Karcher inequality for sets of finite perimeter is stated and proved in Section 4.

2. Background material from geometric measure theory

In this section we review some preliminaries from the theory of rectifiable sets (Section 2.1), rectifiable
varifolds (Section 2.2) and sets of finite perimeter (Section 2.3). We refer to [Simon 1983; Ambrosio et al.
2000; Maggi 2012; Evans and Gariepy 1992] for detailed accounts. Finally, in Section 2.4, we discuss
some basic properties of volume-constrained critical points of the perimeter functional.

2.1. Rectifiable sets. Denote by H" the Hausdorff measure on R"*!. A Borel set M C R"*! is a locally
‘H"-rectifiable set if M can be covered, up to a H"-negligible set, by countably many Lipschitz images
of R" into R"*, and if #" L M is locally finite on R"*!. We say that M is H"-rectifiable if in addition
H"(M) < o0, and that M is normalized if M = spt H" L M, i.e.,

xeM if and only if H"(B,(x)NM) >0 forall p>0.

Basic properties of rectifiable sets needed in the sequel are:

(i) For H"-a.e. x € M there exists T, M € G(n,n + 1) (the space of n-dimensional planes in R"*+1) such

that

lim pdH" = / pdH" forall g € C?(R"“); 2-1)
(M—x)/p M

p—0t

see [Maggi 2012, Theorem 10.2]. The plane 7, M is called the approximate tangent plane to M at x.
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(i) If M| and M> are locally H"-rectifiable sets, then
"M, =TM, H*-a.e. on My N My; (2-2)

see [Maggi 2012, Proposition 10.5].

(iii) Lipschitz functions are differentiable along approximate tangent planes; that is, if f : R"*! — R*+!
is a Lipschitz function, then, for H"-a.e. x € M such that T, M exists, the restriction of f to x + T, M is
differentiable at x, and the limit

ht) —
= lim fx4h) = f () forallte .M
h—0t h

(VM £).l7]

defines the tangential gradient VM f(x) = (VM f), of f along M at x; see [Maggi 2012, Theorem 11.4].

(iv) The tangential gradient just depends on the restriction of f to M. In other words, if f : M — R"*+!
is a Lipschitz function, and F, G : R**! — R are Lipschitz functions such that F = G = f on M, then

VMF=vMG H"ae. on M. (2-3)

(v) Finally, given a Lipschitz function f : M — R, the tangential Jacobian of f along M is defined at
H"-a.e. x € M by

IM f(x) = V/det(VM f(x)*VM f(x)) =

ACARANEAC)
i=1

provided {z; (x)}"

i_, 18 an orthonormal basis of 7, M, and the area formula

WG onduy = [ e an: (2-4)
f (M) M

holds [Maggi 2012, Theorem 11.6].

For the lack of precise reference we justify property (iv). If v : R" — R"*! is a Lipschitz map and
E C R" is a Borel set, then by [Maggi 2012, Lemmas 10.4 and 11.5] we have Ty M = (V{r),-1[R"]
for H"-a.e. x € M Ny (E), with

(VM) (el = V(F o ¥)y 1o [(V¥); [e]] forall T € Ty M. (2-5)

Since F = G on M implies V(F o) = V(G o y) H"-a.e. on E Ny~ (M) [Maggi 2012, Lemma 7.6]
we deduce (2-3) from (2-5).

2.2. Integer rectifiable varifolds. 1f M is a C?-hypersurface without boundary in R"*!, then the mean
curvature vector Hy € CO(M; R"*1) of M is such that

/ divM X dH" = / Hy - XdH" forall X e CH(R™™; R™), (2-6)
M M

with Hys(x) -t =0 for every T € Ty M. This basic fact motivates the following definitions.
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Let M be a locally H"-rectifiable set, and consider a Borel measurable function 0 € Llloc (H" L M; N).

The integer rectifiable varifold var(M , ) defined by M and 6 is the Radon measure on R"*! x G(n, n+1)
defined as

/ ® d var(M, 6) :/ ®(x, T, M)0 (x) dH"
R x G (n,n+1) M

for every bounded, compactly supported Borel function ® on R"*! x G(n,n +1). To each X e
C L] (R™*1: R*+1) we associate the test function

Ox(x, T) = (divl X)(x), (x,T)eR"™' xGm,n+1),

where div’ X is the divergence of X with respect to 7. Motivated by (2-6), we say that var(M, 6) has

distributional mean curvature vector Hy € LllOC (OH" L M; Ry if

/ divM X0 dH" = / Hy - X0dH" forall X e CH(R™; R™). (2-7)
M M

(The dependency of Hj, from 6 is omitted.) When | Hy,| is constant (#"-a.e. on M) we say that var(M, 0)
has constant distributional mean curvature on R"*'; when Hy; = 0 we say that var(M, 0) is stationary
on R"*1. For example, if M is a union of finitely many possibly intersecting spheres with same radius,
then M has constant distributional mean curvature in R"*!. Similarly, a finite union of hyperplanes is
stationary in R"+1.

In the proof of Theorem 1 we will exploit two forms of the maximum principle for integer rectifiable
varifolds. The first one is a simple fact, well-known to experts, whose proof is included for the sake of
clarity.

Lemma 3. Let M be a normalized locally H" -rectifiable set such that var(M, 6) is stationary on R"*. If
M is a cone (that is, M = t M for every t > 0), and M is contained in a closed half-space H with O € 0 H,
then M = 0 H and 0 is constant. In particular, M cannot be contained in the convex intersection of two
distinct, nonopposite half-spaces containing the origin.

Proof. Let H = {z ¢ R""! : 7. v < 0}, where v € S". Given ¢ € C°([0, 00)) with0 < ¢ <1, ¢(r) =1
on [0, &) for some & > 0, and ¢'(r) <0 on {0 < ¢ < 1}, let us set X (x) = ¢(|x|)v for x € R**!. Then
X € C(R ! Ry and VX = ¢/(|x|)v ® £, where £ = x/|x| if x # 0. Let vy : M — S" be a Borel
vector field such that 7, M = vy (x)* for H"-a.e. x € M. Since M is a cone, we have % - vy;(x) = 0 for
H"-a.e. x € M, and hence

div? X = div X — vy - VX[l = @' (IXDW - £ — (g - v)(wpr - £)) = @' (XD (v - £),
and thus, by the stationarity of M,
0=/ divM X0 d1" =/ @ (Ix(v-2)0(x) dH" (x).
M M

Since M C H implies x - v < 0 for every x € M, x # 0, thanks to the arbitrariness of ¢ we find v-x =0
for H"-a.e. x € M. The lemma is proved. O
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: 42y
e : Sz (v

Figure 1. The strong maximum principle for integer varifolds. The rectifiable set M
may consist of multiple sheets which, combined with the multiplicity function 6, have
distributional mean curvature Hj; in some L”. The sheets may overlap in complicated
ways along sets of positive area, so there is a nontrivial relation between the mean curvature
vector Hy; of the whole configuration and that of a single sheet. The function ¢ describes
the lower sheet of M above height ho with respect to the direction v and projecting over
an open set U C vt. This lower sheet is shown to satisfy a strong maximum principle.
Notice that the role of A is that of localizing the part of the varifold we are looking at.
For example, in this picture, M could have many more points of the form z 4 v with
h < hg and z € U, but these points will not contribute to the definition of ¢.

The second tool we shall use is a much deeper result, namely, Schitzle’s strong maximum principle
[2004] for integer rectifiable varifolds with sufficiently summable distributional mean curvature. The
statement we adopt here is a slightly simplified version, still sufficient for our purposes, of [Schitzle
2004, Theorem 6.2].

Theorem 4. Let M be a normalized locally H"-rectifiable set with distributional mean curvature vector
Hy € LP(OH" L M; R"™Y) for some p > max{2, n}.
Pickv € S", hy € R, and consider a connected open set U C vt such that

o(z) =inf{h > ho:z+hve M}, zeU, (2-8)

satisfies ¢(z) € (hg, 00) for every z € U.
Ifn e W2P(U; (hg, 00)) is such that n < ¢ on U and n(zo) = ¢(z0) for some zqo € U, then it cannot be

that
—Vop(z) +v

V1I+IVe@)l?

) Vn
- le(—) (2) < Hy(z+9(2)v) - (2-9)

V1+|Vnl?

for H"-a.e. z € U, unless n = ¢ on U.
The signs in (2-9) and the geometric intuition behind Theorem 4 are illustrated in Figure 1. The left-hand

side is the mean curvature of the subgraph of n with respect to its outer unit normal (—Vn+v)/y/1+|Vn|?,
and, similarly, the right-hand side is the mean curvature of the subgraph of ¢ with respect to its outer
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unit normal. So, if 1 touches ¢ from below at z, it cannot be that the subgraph of 7 is in average bent
upwards at least as much as the subgraph of 7, unless n = ¢. The considerable difficulty of the theorem
lies in the fact that Hy; does not come into play as the mean curvature of the graph of ¢, but rather as the
mean curvature of a more complex structure (the integer rectifiable varifold var(M, 0)), of which ¢ only
represents a sort of lower envelope localized in the cylinder {z +tv:z € U, t > ho}.

2.3. Sets of finite perimeter. A Borel set Q@ C R"*! has locally finite perimeter if there exists an
R"*!-valued Radon measure pg on R**! such that

/divX:/ X -dug forall X e CH(R™™; R™). (2-10)
Q Rn+1

The perimeter of 2 relative to an open set A is defined as P(2; A) = |uq|(A), where |uq| is the total
variation of g, and  has finite perimeter if P(Q) = P(Q; R"™!) < oo. In this case, either Q or its
complement has finite volume. By exploiting (2-10), the support of g is seen to satisfy

sptisg = {x e R"™:0 < |B,(x) N Q| < w,p" forall p > 0} C IL; (2-11)

see [Maggi 2012, Proposition 12.19]. Notice that spt ;g is invariant by zero-volume modifications of €2,
while of course 92 is not. The reduced boundary of a set of locally finite perimeter €2 is defined as the
set of points such that

o) = Tim 2B ()

exists and belongs to S". (2-12)
p—0t |pq|(Bp(x))

The Borel vector field vg : 9*Q2 — S”" is called the measure-theoretic outer unit normal to 2, and we
always have
9*Q = Spt ug. (2-13)

Moreover by [Maggi 2012, Theorem 15.9], the reduced boundary is locally H"-rectifiable, with
no=voH"L3*Q, P(Q2;A)=H"(ANI*Q)
for every open set A C R"*!, and thus (2-10) takes the form

fdivX:/ X -vgdH" forall X e C!(R"!; R™). (2-14)
Q 0*Q

In addition, for every x € 3*Q, vo(x)* = T, (3*Q) is the approximate tangent plane to 9*$2 at x and in
particular we have

"B, (x)N9*Q
lim T (Bp() ) —w, forallx € Q. (2-15)
p—0+ p"

To every set 2 of locally finite perimeter we can always associate in a natural way an integer rectifi-
able varifold var(9*$2, 1). If var(0*2, 1) admits a distributional mean curvature vector Hy«g, then the
distributional mean curvature of 2 is defined by setting

HQ = Ha*Q VQ. (2—16)
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The subscript 2 on Hg, is a reminder that we have used the outer orientation of €2 to specify the scalar
curvature. With this notation, Hg. = n/r for every r > 0.

2.4. Basic properties of critical points. Here we prove some properties of critical points in the isoperi-
metric problem which descend from generally known facts about integer varifolds and sets of finite
perimeter. A set of finite perimeter and finite volume €2 is a critical point for the isoperimetric problem if

d

= P(f(Q)= 2-1

5| _ PU@) =0 2-17)
whenever {f;}/<1 is a one-parameter family of diffeomorphisms with fo = Id, | f;(£2)| = [£2| and

spt(f; —Id) € R"*! for every |t| < 1. By [Maggi 2012, Theorem 17.20], (2-17) is equivalent to the
existence of a constant A € R such that
f div?’? X dH" = x/ X -vgdH" forall X € CH(R"; R"™). (2-18)
*Q *Q
Lemma 5. If Q@ C R"*! is a critical point for the isoperimetric problem, then Q is (equivalent modulo

sets of volume zero to) a bounded open set such that 02 = spt g and H" (02 \ 0*Q) = 0. Moreover, the
constant X in (2-18) is equal to

P(Q
0 "PE (2-19)
(n+ 1|
that is, Hg = Hg. Finally,
H" (B Na
a*sz:{xeasz: lim - (Be ) >=wn}
p—0t p"
is locally an analytic hypersurface with constant mean curvature, relatively open in 9€2.
Proof. By [Simon 1983, Theorem 17.6], condition (2-18) implies that for every x € R"*!,
H"(B No*Q
eMe (B,(x) ) is increasing on p > 0, (2-20)
o
which combined with (2-15) and (2-13) gives
H" (B, (x) N3*Q) > w,e M p"  forall p € (0, 1), x €spt jug. (2-21)
A first consequence of the lower bound (2-21) is that
H"(sptug \ 8*Q) =0; (2-22)

see, e.g., [Maggi 2012, Exercise 17.19]. Moreover, by combining (2-21) with P(£2) < 0o and a covering
argument, we see that spt g is bounded.

Let us now consider the open set 2 of those x € R"*! such that |Q2 N B,(x)| =|B,(x)| for every p
small enough, and the open set £ of those x € R"*! such that |2 B, (x)| =0 for every p small enough,
so that

sptig = R"\ (20U Q). (2-23)
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thanks to (2-11). If Q) denotes the set of points of density 1 of €2, then Q; C QM while
120\ Q1| =192 N Q| + 12" Nspt gl = 12 Nspt el =0

as H"(spt ug) < oo thanks to (2-22). Thus [QUVAQ;| = 0, and then |2ALQ;| = 0 by the Lebesgue
density theorem. Since 2y and €2; are disjoint open sets, (2-23) implies d€2; C spt . At the same
time, |2AQ;| = 0 and the inclusion in (2-11) imply spt ugo C d€2;. Hence spt ug = 921, and since
spt wg = 921 is bounded and |€2;| < oo, we have that €2 is bounded. The first part of the statement is
proved.

We show that A in (2-18) satisfies A = Hgo2 with HSO2 defined in (2-19). Since 2 is bounded we can test
both (2-14) and (2-18) with X € Cc1 (R, R™*1), where X (x) = x for x in a neighborhood of 2. Hence,

1 %
(n+1)|£2|:/ div(x)dx=/ diVX:/ X-de’H”:—f div?” X dH"
Q Q *Q A Jorq

1 * P(Q
=1 [ avtwan =", (2-24)
)\. B*Q A.

and thus A = ng.
Finally, by applying Allard’s regularity theorem (see [Simon 1983, Theorem 24.2] or [De Lellis 2008])
to var(9€2, 1), we see that d<2 is an analytic constant mean curvature hypersurface in a neighborhood of

every x € d€2 such that
H* (B Nag2
im L Bp() N3 _ (2-25)
p—0+ o

In particular, if x € <2 satisfies (2-25) then there exists p > 0 such that B, (x) N 2 is the epigraph of an
analytic function, and thus x € 9*2. Vice versa, (2-25) holds everywhere on 9*$2 thanks to (2-15). O

We also notice a simple consequence of Lemma 3.

Lemma 6. If Q C R"*! is a critical point for the isoperimetric problem, x € 3R, and vy, y» € Q are such
that |y; — x| = dist(y;, 0R2) and |x — y1| = |x — y2|, then x — y; = y» — x.

Proof. Since var(9€2, 1) is an integer varifold of constant distributional mean curvature, it admits at least
one blow-up limit in the weak convergence of varifolds at x, and each such limit varifold is stationary and
supported on a cone M; see [Simon 1983, Chapter 46]. By construction, M is contained in the half-spaces
{z-v; <0} defined by v; = (x — y;)/|x — yil, i = 1,2. If y; # y», then v; # vp, and Lemma 3 implies
that vi = —v». ]

3. Ciritical points of the isoperimetric problem

Referring to the Introduction for the general strategy, we now present the proof of Theorem 1. At the end
of the section we also prove Corollary 2.

Proof of Theorem 1. Let 2 be a set with finite perimeter and finite volume which is a critical point for
the isoperimetric problem. The conclusion of Lemma 5 is the starting point of our analysis, aimed at
showing that €2 is a finite union of disjoint balls of radius n/ Hgoz. We rescale €2 so that Hg =n.
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Properties of the distance function: We set u(y) = dist(y, 8Q2) for y € R"*! so that
N(y)=Vu(y) € S" exists fora.e. y e, (3-1)
thanks to Rademacher’s theorem. For s > 0 we set
Q={eQ:uly)>s}, 02 ={yeQ:u(y) =s},

and recall that, by the coarea formula [Maggi 2012, Theorems 13.1 and 18.1], €2; is a set of finite perimeter
for a.e. s > 0, and for every Borel set E C R"*1,

oo oo
|E| =/ H'(ENJI*Q) ds = / H"(EN0J)ds. (3-2)
0 0

In particular,
H'(092,\0"Q2;) =0 forae.s>0. (3-3)

We recall that for a.e. y € 2, u admits a second-order Taylor expansion at y. Indeed, given A C 2 and
y € Q, denote by ®(u, A)(y) the infimum of the constants ¢ > 0 such that for « € R and b € R"*! we

have

2
a—{—b-z—i—C%ZM(Z) forall z € A,

with equality at y. For any y € 2 we can pick x € €2 such that |[x — y| = u(y),
u(z) = dist(z, 02) <dist(z, {x}) =|z—x| forall z € Q, (3-4)

that is, z — |z — x| touches u from above at y over €2. At the same time we can construct a second-order
polynomial that touches z > |z — x| from above at y over R"*!. Indeed, it holds
—x |z =yl

y
lz—x|<|y—x|+ (z—y)+
ly — x| 2|y — x|

for all z € R*t!, (3-5)

To check this set y = x +tv for t > 0 and |v| = 1, and set w = z — y, so that (3-5) becomes

2
w
|tv+w|§t+v-w+% for all w € R™*!.

Taking squares this is equivalent to

, 2 4
t2+2tv'w+|w|2§f2+2tv-w+|w|2+(v-w)2+(U w,)lw| +|:;|2

) 2 |w|2 2
=t"4+2tv-w+|w|*+ v-w—l-? ,

which clearly holds for every w € R**!. Thanks to (3-5) there exists a, b € R such that

|z|?
2|y — x|

lz—x|<a+b-z+ for all z € R*t!,
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with equality if z = y, so that, by the definition of ® and by (3-4)
_ 1
O(u, Q)(y) < —— forall y € Q. (3-6)
u(y)

Arguing as in [Caffarelli and Cabré 1995, Proposition 1.6], we see that u is twice differentiable a.e. in 2.

Preliminary properties of the sets T'.: For every t > s > 0, we consider the compact set
' = {y coQ,y= (1 — %)x +32 for some 2 € 9%, x € asz}. 3-7)
By definition, if y € "%, then there exist x € 92 and z € 3€2; such that
B, _(z) CQ CR"™ '\ By(x), {y}=09Bi_(2)NdB,(x). (3-8)

In particular x and z are uniquely determined by the uniqueness of limits in Llloc. Indeed, when p — 07,
Qs -y
0

— [x —z]™ as characteristic functions in L} (R"*1), (3-9)

loc

where [v]™ denotes the negative half-space defined by, v # 0,
W ={weR"":w.-v<0}.

Notice also that Lip(u; R"*!) < 1 and the inclusion B, (y — e(x — z)/|x — z|) C € (which holds for
& > 0 small since # > s) imply that y has a unique projection onto d€2. This shows that u is differentiable
at y € I'l with

NO)=—2"%" for a11y=<1 —5>x+5zer;. (3-10)
|x —z] t t
In turn, (3-10) gives
y+rN(y) e o_, forallre [—s,t—s],yel“g. (3-11)

By (3-11), if y, y’ € T’} then

sP<|y—sNO) =y PP =s*=25N) -y —y) + |y —y'%
(t—s)P<|y+(t—s)NO) =y P =@ - +20t—s)N) -y —y)+1y—y'1%
that is

W2
L1 }u for all y, y' € I'. (3-12)

NG =)l < max{ L, ==}

s t—s
Using (3-10) we easily see that N is continuous on I'! so that (u, N) € CO(Fg; R x R"*1) and satisfies
(3-12). By Whitney’s extension theorem, there exists ¢ € C!(R"*!) such that (¢, V¢) = (u, N) on I'’.
In particular, this implies the H"-rectifiability of I'’.

Decomposition of Q2 and covering by {(Z): We define

Fj:UF;, Q*:Urjcsz, Z:{(x,t)ea*QxR:0<t§ (3-13)

t>s s>0

1
Kn(x) }’
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and set £ (x, 1) = x — tvg(x). We claim that
Q\Q*=0, [Q"\¢(2)|=0. (3-14)

We divide the proof of (3-14) into four steps.
Step 1: We prove that N is tangentially differentiable along I'} at H"-a.e. y € I'}, with

n

VENG) ==Y kD)5 (») @ T(y),
izl (3-15)
L i) < i) < -
s T s = s ~t—s’
where {7; (y)}!
compact sets {{/;};en in such a way that the restriction of N to U{; is a Lipschitz map, that is,

, is an orthonormal basis of 7,,I';. To this end, we first prove that I'} can be covered by

IN(y1) = N(y2)| < Cjly1 — y2| forall y, y, €U;. (3-16)

(In passing we notice that (3-16) implies the C!-!-rectifiability of ', that is to say, the possibility of
covering I';" by graphs of C*! functions from R" to R"*+1.)
We start by defining the sets U/;. Let us denote by

C(N,p)={z+hN:zeN*, |z| <p, |h| < p)

the open cylinder centered at the origin with axis along N € S”, radius p > 0, and height 2p. Notice that,
by the interior/exterior ball condition, I'; admits an approximate tangent plane at 7{"-a.e. of its points,
and this plane is then necessarily equal to N (y)*; that is,

T,I'' = N(y)* for H"-ae.yel".
In particular (2-1) implies

H'(TIN C(N(y),
ling+ NG+ CWNG), p) =w, forH"-ae yel.
o= p"

By Egoroff’s theorem, we can find compact sets ¢; covering I'! such that

H'(TiN(y+C(N(y),
wi o) = supli - LN +CN). p))

yEZ/{j wnpn

—0 asp—0t. (3-17)

Consider the function ¢ constructed in proving the #"-rectifiability of I';. Since V¢ (y) = N(y) #0 at
each y € ', we can apply the implicit function theorem at y and find that I'! is a C!-graph over a disk of
radius p, in a neighborhood of y. We can thus pick any sequence p; — 0T, and up to further subdivision
of U; and relabeling the resulting pieces, we can assume that each ¢/; has the following property: for each
y € U; there exists

Y e C'INODD),  ¥;(0)=0, V¥;000=0, [V¥jlcowe) <1 (3-18)
such that, if
Ll]’. = projection of U; on Nyt n{z| < Pi s (3-19)
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then
UN(+CWNG), p)) =N +CWN®G), p)) =y +iz+¥;QNG) 1z €U} (3-20)

(Notice that both ; and Z/I; depend on the point y € U; at which we are considering the “graphicality”
property of {;, but that this dependency is not stressed to simplify the notation.) If we set

i (p) = max{ (p), max |Vy; )1}, p € 0, ) (3-21)

then uj(p) — 0 as p — 0 by (3-17) and continuity of V/;. This completes the definition of the sets I/;.
We now prove (3-16). Fix yi, y» € U;. Let p; and v; be the functions associated to I/; and y, € U; as
we have just described. For r; < p;/3 to be chosen, we can directly assume that

y1 € y2+C(N(2), rj) (3-22)

for otherwise |y; — y2| > ¢(n)r; and, trivially, [N (y;) — N(y2)| <2 < C;|y; — y2|. Next we assume, as
we can do without loss of generality up to a rigid motion, that

y2=(0,00eR" xR, N(O»)=0,1)eR"xR, N(»t=R"
In this way (3-20) takes the form
{(z.h) €T 11zl < pj. k| < oy} = {2, ¥(2)) 12 €U, (3-23)
with
Y e C'RY), ¥;(0)=0, Vy;(00=0, [Vlcom <. (3-24)
By (3-22), y1 = (z1, ¥j(z1)) for some z; € Z/lj/. with |z1| < rj. By continuity of N along I'} and since

N(0) = (0, 1), we find
(=V¥;(z1), D

VI+IVYy @D

IN(y1) — N(n)I? _1 1 - IV (z1) ]

2 T+ VYT 2

while at the same time |y; — y2|? = |z1]* + wj(zl)z > |z1|%. We are thus left to show

Ny =

In particular,

IVYi(z1)| < Cjlzil. (3-25)

To this end we would like to exploit (3-12) with y = y; and y’ = yg where yy = (2o, ho) is defined, in
terms of a suitable eg € S (see (3-30) below), as

20 =21 —lz1leo, ho=v;(z0). (3-26)

Since I'} may be very “porous”, that is, its projection over {|z| < p;} could have lots of holes, it is not
generally true that yo € I'} and thus that y’ = yp is an admissible choice in (3-12). But when this is the
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case, by (3-12)
Vi;(z1) - (—eo) n Vi(z1) — ¥ (zo0)

Cly1 —yol* = N(y1) - (1 — yo) = |z1] ) (3-27)
VIHIVYi@DE T+ IVY )R
Now, in order to exploit (3-27), we notice that
l¥j(z)| < Clz|> forall |z| < p; such that (z, ¥;(z)) € I, (3-28)

which is an immediate consequence of the fact that, around (0, 0) = (0, ¥;(0)), I'! is trapped between two
tangent balls (notice that we do not know this about the graph of v, and so we can apply (3-28) only to
the points of this graph that lie in I'}). Since |zo| < 2|z1| < 2r; < pj, still assuming that yo = (zo, ho) € I'%,
by (3-28) we find that

Iy1 = yol> = lz11* + (¥ (z1) — ¥j(20))* < Clz1 |,
Vi(z1) — ¥ (z0)
VI+IVYi )2

and thus (3-27) takes the form

< 19 ()| + ¥ (z0)| < Clz1 %,

Vi (z1) - (—eo)

Clz1* > |z . (3-29)
VIV, z))?
Our choice of ¢ is thus clear; we want
V .
0= — l//J (z1) (3-30)
[Vri(z1)]

to have a chance of proving (3-25).
We are now ready to prove (3-25). Set yo = (29, hg) for eg as in (3-30) and zg and kg as in (3-26). If
20 € Ll/’-, and thus yg € Fé, then, as explained, we are done. Otherwise, let g be the largest ¢ > 0 such that

{lz — z0] < e}ﬂuj/- =0.

Since z; euj/. and |z0—z1| = |z1], we have g9 < |z1]. In particular, since |z¢| <2|z1], the ball {|z —zo| < &0}
is contained in {|z| < 3|z1|} C {|z| < p;} thanks to 3r; < p;. By the definition of &, there exists z, € Z/{J’.
with |z« — zg| = &9 and
wnlzo — z«" = H"({lz — 20l < €0})
<H"({lz] <3lz1}\U}) = 0, Blz1)" = H" WU} N {lz| < 3]z11}). (3-31)

On the one hand, since U/ is the graph of the Lipschitz function v/; over Z/{J’.,
W el <3l < [ L+ VY512 = H' W 0 CN (). 31 )
Uin{lzl<3lz11}
=H"(T{NC(N(y2), 31z11)
< 0pBlziD" (1 + 1 (Blz1])
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thanks to (3-21); on the other hand, again by the definition (3-21) of u;,

ne LY 1+ |Vw1|2
HYU; N {lz] < 3lzilh) = T—
UN(lzl<3lz11) v/ 1+ V5]
JHTENCING), 3lziD) 1= Glzil)

1+ un(3lz1])? V1w Glz)?

Combining the last two estimates into (3-31) we find

wn (3lz1 D"

wnlzo — 24" < CujBlz1Nwn (3lz1 D"
that is,

|20 — 2] < Coy Bl |zl (3-32)

In other words, after scaling out |z;|, the best point we can use, z., is as close as we want to the point
we would like to use, zo. We conclude the argument setting y, = (24, ¥ (2+)). Since z4 € L{j’., we have
¥« € I'y. We can apply (3-12) with y = y1 = (z1, ¥;(z1)) and y’ = y. to find
Clyr =y = N1 - (1 — yo)
- (=V;(z1)) - (21 — 24) n Vi(z1) — ¥ (z4)
VIFIVY;(z))? VI+IVYiz))?
- (=VY;(z1)) - (21 — z4)
T VIV )P

> |V (z)|(1 = Cp Blzi ™)

—Clz PP +z)
il
C
where we have first applied (3-28) to z; and z,, and then have decomposed z; — z, as the sum of
71 — 2o = eplz1| and of zg — z, have recalled the definition of ¢j, and have used (3-32). Similarly,

Clz1* + 1z, (3-33)

Iyi = yul < lz1 =zl + 15 (21) — ¥ (24|
< lz1 = 20l + |20 = 2l + C (21 > + |z?) < Clzil,
and thus (3-33) implies (3-25). This concludes the proof of (3-16). We now prove (3-15).

As noticed in Section 2.2, since N is a Lipschitz function on each I{;, and since the I{; are covering Fg,
we deduce that N is tangentially differentiable along I'’, and that its tangential gradient along I'; can be
computed by looking at any Lipschitz extension of N to R"*!. Moreover, by (2-2), it is enough to work
with ¢/ in place of T'}.

To construct a convenient extension of N we go back to the proof of the #"-rectifiability of I'!, and
this time we construct ¢ € C'!(R"*!) such that (u, N) = (¢, V¢) on U; by taking (3-12) and (3-16) into
account. Then we can go back to the construction of the sets I{;, and apply the C 1 implicit function
theorem to deduce that for each y € Uf; there exists

v e CHY(N(Y)D),
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satisfying (3-18) and (3-20). In particular, we can consider the Lipschitz extension N, of N from
UiN(y+CN(), pj)) to y+C(N(y), pj) given by

=V +N©)
VI+IVY; @)

Setting W (z) =y +z+ ¥;(z) N(y) for |z| < pj, by (2-5) we have that for H"-a.e. y’ € U;,

N.(y+z+hN®©Y)) = forall z € N(y)*, |z| < pj, |h] < p.

(VL{'iN));’[T] = V(N* e} \Ijj)\pj_](y’)[e]’

where T € TyU; and e = (V\Ilj)q,_fl(y,)[‘r] € R". When y; € C2(N(y)L), a classical computation shows
J
that
V(Nio W) [e] = A;(Y;(2)[7],

where A; denotes the second fundamental form to the graph of v;, which is symmetric thanks to the
commutativity property of the second derivatives of ;, and where the eigenvalues of A; are bounded
from below by —1/s and from above by 1/(r —s) thanks to ¢/; C I'}. In our case the same computations
hold for a.e. |z| < p; by the chain rule for Lipschitz functions, where the symmetry of A; is guaranteed
by the fact that Vzwj is both a distributional gradient and an a.e. classical differential of V;. Finally,
the a.e.-pointwise estimates on the eigenvalues are deduced a.e. on Z/I]/. thanks to the fact that V21//j is an
a.e. classical differential. This proves (3-15).

Step 2: We claim that for every ¢t > s > 0 we have
H"(32) < (t/s)"H"(T), (3-34)
and then use (3-34) to prove
|QAQ*| =0. (3-35)
Indeed, for r € [—s, t — 5] let us consider the map
frily = 0Q4,,  fr(M=y+rN(), yeTl;. (3-36)

The fact that f, (y) € 92, is immediate as every y € I'! has the form y = (1 —(s/#))x+(s/1)z for x € 32,
z € 3Q2;. Notice that, again by the definition of '}, the map f;_; is surjective; that is, 32, = f;_s(T'"}).
Thus

H'(0Q) = H'(fi—s(Th) < f HO(fZh(2) dH! = / JU fog dH",
fi—s(TY) r

where by (3-15), and in particular by the lower bound on (x});,
n
t — n
TS s = l_[(l —(t—s5)(k)i) < (1 + th) H"-a.e. on I'L.
i=1
This proves (3-34). To prove (3-35), we first apply the coarea formula (3-2) to find

o0 o0
|QAQ*|=/ H"((QAQ*)HE)Qst:/ W' (O \ T ds, (3-37)
0 0
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where '}l C 9€2,. Again by the coarea formula, for a.e. s > 0,

Q| — | ’
19 = [9Qel _ lim 1/ H"(0824,) dr.
0

1" (3R,) = lim
e—0 & e—>0t €

where by (3-34)

1 [° 1 [° r\" ‘ e\"

—/ H (3Q4r) dr < —/ <1+-) TS dr < (1+—) W),

I 0 & 0 N N '
Since I';” C 92, this proves

H'(T])=H"(0Q,) forae.s>0, (3-38)
which, combined with (3-37) gives in turn (3-35).
Step 3: For r € (0, s), let us consider the map
gy =T, ¢ =y-rN@y), yel,

which is (clearly) a bijection between I'! and I'}_, for each 7 > 0. We claim that if y is a point of tangential
differentiability of N along I', then g,(y) is a point of tangential differentiability of N along I'}_,, and

(k)i ()

k' )igr =————— forali=1,...,n. 3-39

(k)i (8r(¥) [+ r () (3-39)
Indeed, it is easily seen that

N()=N(g() =Ny —rN(y) forallyeTly, (3-40)

so that if y is a point of tangential differentiability of N along I'} and 7 € T, '}, then 7 € T, (,»I'} and
(VIN), ] = (V7 N)g [T =1 (VN[ ],
Plugging in T = 7;(y) as in (3-15) we find
— (ki T = L+ 7D V5 N) g, ([T ()]:
that is,
(k)i ()

—4() - (VI Ny lu ()] = T+rkDi(y)

Thus {r; (y)}"_, is an orthonormal basis for Ty, (,,I";_, = T,I'; made up of eigenvalues of VI N(gr (),
and the last formula is just (3-39).

Step 4: We prove that
|Q*\¢(Z)|=0. (3-41)

By the coarea formula (3-2) and by (3-38)
2\ 2(2)] = /0 M@\ £(2)) N9y ds = /0 W@\ £(Z) NTH) ds

- / H(TF\(2)) ds.
0
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Since x € 9*Q and y € '} are such that y = x — svg(x) if and only if x =y — sN () = gs(y), with g
as in Step 3, we have

c(Z)NTF =g 1(3*Q) foralls > 0.

Taking into account that 92\ 9*Q2 = X (recall Lemma 5) and that g~ 10Q) c ', in order to prove
(3-41) we are left to show that for a.e. s > 0

H' (g, 1(Z)) =0. (3-42)

In other words, the points in I'J" that, projected over d<2, end up on the singular set, have negligible
H"-measure. We are actually going to show that (3-42) holds for every s > 0 such that H" (I';") = H" (32).
We shall argue by contradiction, assuming that #"(I';") = H"(9€2,) and

H' (g7 () > 0.

In particular, there exists ¢ > s, such that H*(I'", N g 1(X)) > 0.
As a preliminary step to derive a contradiction we first notice that

HO(g 7 (x)) <2 forall x € IQ. (3-43)

Otherwise, g !(x) would contain at least two points yi, y such that (x —y;)/|x—y1| and (x —y2)/|x — y2|
are not antipodal. Any blow-up of var(d€2, x) would then be a stationary varifold contained in the
intersection of two nonopposite half-spaces, a contradiction to Lemma 3. By (3-43) and by H"(X) =0
(recall (3-3)) we find that

0:27—[”(2)2[ HO(gS_I(X))dH”:/ Ig dH",
b & (D)
where

n
JNg =[] +s&H) =0 onT!
i=1
thanks to —1/s < (k!);; see (3-15). Having assumed H”" (gs_l(E)) > 0, and since {(«!);}; are ordered
increasingly on i, we deduce in particular that

H"({y el (khi(y) = —%}) >H"(T'! ﬂg;l(Z)) > 0. (3-44)

By (3-39) we see that

{y ell_, 1 (ki_)n() = —L} =gr({y el : (kh(y) = —%})

s—r
Since g, : 'l — I'l_, is injective, by the area formula

w(lser, w_nm=--L1)=

S—r

/ I g, dH".
{yeli:D1(y)=—1/s}
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Using again that (k;); > —1/s on I}, we have

r

t - n
g = H(l +r(kh)) > (1 — E) >0 forallr € (0, s),
1=
so that (3-44) implies that for every r € (0, s)
H'(AL_)>0 for A!_, = {y €T ()1 = —s%r} (3-45)
By using (3-39) and the fact that a — a/(1 + ra) is increasing on a > 0, we see that for every y € A’__,
y = g-(y), we have
- Lo ®Di) 1 1/(t—s)
Y i) =ty So—— - <0, (346)

izl s—r o lHrkdi(y) T s - 1+ (r/(t—s) ~

provided r € (rg, s) for ro = ro(s, t) suitably close to s, depending on s and 7. Here the choice of O on
the right-hand side of (3-46) is arbitrary. Any constant strictly less than n would suffice for the rest of the
argument.

Now consider the set

A= U A

ro<r<s

so that by the coarea formula and (3-45)
S S
A= [ wanin = [ w0
ro ro

By the a.e. second-order differentiability of u, there exists yo € A such that u admits a second-order Taylor
!, 50 that VZu(y0)[N (y0)] =0

s—r°

expansion at yo. Moreover there exists r € (rg, s) such that yoe AL_, CT
by (3-40), and thus

VZu(yo) = V5 N(yo) = — i(x.z_,»(yo)n (30) ® % (0), (3-47)
i=1
thanks to (3-15). Moreover, by (3-46), we definitely have
Zn:(Ks’_,)i (o) <0. (3-48)
Let us now set v = —N(yp) and -

Dp={zevL:|z|<,0}, C,={z+hv:ze D, |hl <p}, p>0.

For every ¢ > 0, the second-order differentiability of u at yg, (3-48) and (3-47) imply the existence of
p > 0 and of a second-order polynomial 1 : v+ = R" — R such that n(0) =0, V5(0) =0,

. Vi ) . ( Vi ) i
—div| ——= @ = —div| ——= |(0)+e = ) («k,_,)i(yo) +26 <2 (3-49)
1V< T IVn|2 V4 1v T |Vn|2 & ; K Yo & &
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for every z € D, and

yo+{z+hv:izeD, —p<h<n(@)} C(o+Cp NQ_,. (3-50)
If we translate Q by (s — )N ()p), then

Qu—r C(Q+ (s —r)N(yo)) with yg € 92—, NI(2+ (s —r)N(y0)).
We are now in the position to apply Theorem 4 with
M =03(2+ (s —r)N (o) — o),
v=—N(o), U=D,, z0=0, hg=v-yo— p and 7 as in (3-49). Indeed by (3-50) we have that if we set
@(z) =inf{h € (hg,00) :z+hve M}, zeD,,

then 00 > ¢ > n > hg on D, as well as ¢(0) = n(0) = 0. However, by (3-49),

Vn
V1+1Vn?

while by the constant mean curvature condition n = Hg = Hjyq - vg on 0*Q we have

—Vo()+v
V1+|Ve(z)?

This is a contradiction to Theorem 4; hence we obtain (3-41).

282—div( )(z) forall z € Dy,

n=Hy(z+e)V)- fora.e.z € D,.

Conclusion of the proof: Having proved (3-41), we can now apply the Montiel-Ros argument. By (3-35)
and (3-41),

1/kn(x) 1

Q=12 <12(2)| < /Zﬂo(c—‘(y))dy = /asz dH /0 [ [ =iy dt,

i=1

where Z ={(x,1) € 9*Q xR:0 <t <1/k,(x)} and ¢ (x, t) = x —tvg(x). Here we have used the fact
that Z is a locally 7"~ '-rectifiable set in R"*! x R with

H' L ((0*Q) x R) = (H" L 9*Q) x H', (3-51)

see [Maggi 2012, Exercise 18.10], and that J%¢ = [T'-,(1 — tx;). By the arithmetic-geometric mean
inequality and by «, > Hs(')z /n, arguing as in (1-9) we thus find

/ 1/Kp(x) 1/kn (x) 1 n n
d’HZZ/ (1—“(i(x))dt§/ d%ﬁ/ (— (l—tlci(x))> dt
*Q 0 H a0 0 n ;
n/Hg
5/ d%j;/ (1—tHY)" dt
Q2 0

n dH"
= f =19,
I’l+1 IQ HQ
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so that equalities hold everywhere and

1£(Z)\ 2] =0, (3-52)
HO ' (y) =1 forae.yeg, (3-53)
_Hy .
ki(x)=—= foreveryx €90*Q, i=1,...,n. (3-54)
n

Recall that we have rescaled 2 so that Hgo2 =n. By (3-54), since 9*<2 is relatively open in €2, we can
find a family {S;}ic;, I C N, of mutually disjoint subsets of 3*Q with S; C 8 B;(x;) for points x; € R**+!
such that
*Q = U Si, S; is relatively open in €2, §; is connected. (3-55)
iel
Because S; C 92, we know that u(x;) < 1.

We claim that u(x;) =1 for every i € I. Indeed if § > 0 and i € I are such that u(x;) = 1 — 44, then
Bs(xi)NA; C Q, where A; = ¢(S; x (0, 1)) is an open subset of 2. For any y € Bs(x;) N A;, the triangle
inequality implies u(y) < 1 — 3§, while clearly d(y, S;) > d(y, dB(x;)) > 1 —4. In particular, if x € 02
is such that |[x — y| = u(y), then x &€ S;. Since (3-35) and (3-41) imply that for a.e. y € €2 there exists
x € 9*Q such that |[x — y| = u(y), we conclude from (3-55) that for a.e. y € Bs(x;) N A; there exist j # i
and x € §; such that [x — y| = u(y); in particular, Bs(x;) N A; N A; is nonempty, and since it is an open
set, we have

0<|[Bs(x;)NA;NAj|, where,ifi #j, A;NA;C{yeQ:H@ " (y)>2)

This is a contradiction to (3-53). Thus u(x;) =1 for every i € I.
Now let 7; denote the closure of S; in d By (x;). Since u(x;) =1 for every i € I, we can apply Theorem 4
to M = 02 at each x € T; to find p, > O such that

dQN B, (x) = 0B, (x;) N B, (x). (3-56)

This in turn proves that 7; = 0 B1(x;), and thus that d By (x;) C 02 for every i € 1.

Since H"(dB1(x) N dB1(y)) = 0 unless x = y, P(2) < oo implies that [ is finite. Since 9*S2 is
covered by the S;, €2 is the finite union of the balls Bj(x;), and owing to d B;(x;) C 9<2, these balls must
be disjoint (their closures can of course intersect). This completes the proof of Theorem 1. U

Proof of Corollary 2. Condition (1-4) implies that the vector-valued Radon measures
,LLQJ. = ijHn L 8*9]'

converge in weak-star sense to uq with |ug; | A lug| on R By Reshetnyak’s continuity theorem
[Ambrosio et al. 2000, Theorem 2.39]

dug, d
lim <1>(x, il <x>>d|ug,|=f @(x,ﬂm)dmm
=00 Jee -\ dlug)] 1 S\ dlual
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whenever ® € CO(R"! x S§"). Given X € C}(R"!; R*+1),
O(x,v)=divX®x)—v-VXX)[v], (x,v)eR"! xS
belongs to CE(R”“ x §") and thus we find
lim div?"™ % X dH" = / div?? X dH".
J—=00 Jorq; 9*Q
By (1-5) and by ug; = pgq
lim div?™% X dH" =2 lim X vg, dH" =1 / X -vqdH".
J—>00 *Q; J—>© 9*Q; 0*Q

We have thus proved that 2 is a set of finite perimeter, finite volume and constant distributional mean
curvature. We conclude by Theorem 1. U

4. The Heintze—Karcher inequality for sets of finite perimeter
The proof of Theorem 1 also shows that the Heintze—Karcher inequality can be generalized to sets of
finite perimeter. In this section we explain how this is done. As usual, set u(y) = dist(y, 9€2) for y € Q.

Lemma 7. If Q is an open set with finite perimeter and finite volume in R, then Qs ={y € Q:u(y) > s}
is an open set of finite perimeter with H" (92, \T';)) =0 for a.e. s > 0, where T} = U, % and Tk is
defined as in (1-14). Moreover:

(i) Foreverys > 0, T'}f can be covered by countably many graphs of C U functions from R" to R"*1,
(ii) For every s > 0, the principal curvatures (ks); of U are defined H"-a.e. on '} by setting
(ks)i = (k1); onT! foreacht > s,

for (k1); as in (3-15). Correspondingly, H"-a.e. on T we can define

n n
Ho = (k)i |AgP=) (k)?
i=1 i=1

as natural generalizations of the mean curvature and of the length of the second fundamental form of 02
with respect to vg, at points in I'} C 0%2;.

(iii) Foreveryr <s <t,themap g, : Ty — T’

. with

s—r>

t
s—r?

defined by g(y) =y —rVu(y) fory € '}, is a Lipschitz
bijection from I'} to T

: - (k)i (y)
FS r = 1 s)i Py s—r)i r NN 4_1
J g () i|:1|( +rk)i(y),  (Ks—r)i(gr(y)) T3 r ) O) (4-1)

forH"-a.e.y €Tl

Proof. All these conclusions are contained in Steps 1, 2 and 3 of the proof of Theorem 1, where at no
stage the constant distributional mean curvature condition, or the regularity of d*2 implied by it, have
been used. O
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As a consequence of Lemma 7, we see that for every x € g,(I';)") C <2, the limit
ki(x) = lim (k5—,); (x) € [-00, 00) (4-2)
r—s

exists by monotonicity; see (4-1). We thus give the following definitions: given an open set of finite
perimeter and finite volume  C R"*! we define the viscosity boundary of Q as

'@ =|Je@H
s>0

and the viscosity mean curvature of <2 by

n
HE(x) =Y ki(x) forall x €3"Q. (4-3)
i=1
Notice that 9V<2 is covered by countably many #"-rectifiable sets, although it may contain points of
spt wg that are outside the reduced boundary, or that have density 1 for 2. It is not obvious if, at this level
of generality, 3V$2 is H"-finite. In any case, our only reason for introducing these concepts is to formulate
the following definition: a set of finite perimeter and finite volume €2 is mean convex in the viscosity
sense if H{, defined in (4-3) is positive along 0$2. It is easy to see that if 92 is C? then 9V = 992
and Hg(x) = Hq(x) for any x € 9$2. Hence, the viscosity notion generalizes the mean convexity in the
classical sense.
This said, following Brendle’s point of view [2013] on the Montiel-Ros argument, we have the
following generalized form of the Heintze—Karcher inequality; see (4-4) below.

Theorem 8 (Heintze—Karcher inequality for sets of finite perimeter). If Q C R"*! is an open set of finite
perimeter and finite volume which is mean convex in the viscosity sense, then for every s > 0

dH"
Q] < ”/‘ . (4-4)
n + 1 F;r I‘IQ_v

Moreover, the limit of the right-hand side of (4-4) as s — 0T always exists in (0, oo].

Proof. The mean convexity assumption on €2 and the monotonicity property behind the definition (4-2)
of k; imply that Y /_, (k,); > 0 on I'}". We define for every s > 0

Moreover, for every t > 0 we define Q' : (0, t) — (0, co0) by setting

Qs

; . dH"
Q@—Aﬂl,se&&

Notice that
O(s) > 0'(s) > Q'(s) forallt>s, e >0, (4-5)

and recall that 1" (T'!) converges monotonically to H"(I;") as t — s, so that

Q(s) = lim Q'(s) =sup Q'(s) forevery s > 0. (4-6)

t>s
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For r € (0, s) by Lemma 7(iii) we have

t t [T7, (47 (ki) 1 ) ;
IR = - dH
Q ¢ Q ) ~/F§ (Z?_l(Ks)i/(l +r(ky)i) HQS

1+ rHg, + O,(r%) 1 ;
= : — ",
ri\ Ho, —r|Aq,|*+ 0,(r*)  Hg,

where O, (r?)/r — 0 uniformly on I'! as r — 0. We thus find that Q' is differentiable on (0, r) with

N/ _ |AQS|2 n
(Q)(s)=— [ 1+—5—dH" forallse(0,1).
I HQ,

By the Cauchy—Schwarz inequality, Héx <n|Agq,|*> Hence,

(0'(s) < —"%IH”(FQ for all s € (0, 1). (4-7)
If 0 < 51 < 55, then by (4-6), (4-5) and (4-7) respectively, we have
Q(s1) — Q(s2) = 81_i>%1+ QI (s1) — Q" (52)
> glilfﬁ 0" (s1) — Q7 (52) = Q™ (s1) — Q™ (52)

n+1
n

=

)
/ H"'(T2) ds, (4-8)
s1

and, in particular, Q is decreasing on (0, o). Again by Lemma 7(iii)
n

’Hn(Féfr) = / 1_[(1 +r(ki)g) dH",
Iy iz

where 1 +r(k;)s — 1 uniformly on I'} as » — 0 thanks to 1/(t —s) > (ks); > —1/s foreveryi =1, ..., n.
Thus H"(I"}) is continuous on s € (0, 7), and

$
/ H'(T2)ds = (52— sQH”(Fjﬁ
S1
for a suitable s, € (s1, s7). But (3-34) implies
lim inf H" (I'$?) > H" (9€2,)
s—>(s2)~

so that, in conclusion,

. 1
lim inf
s1—>(s2)” §2 — 81

5
/ W' () ds > H'(9Ry,) forall s, > 0.
S

1

Coming back to (4-8), and noticing that Q’(s) exists for a.e. s > 0 by monotonicity, we conclude that
1
—0') = " 09, forae.s > 0.
n

We integrate this inequality over (s, co) to complete the proof of (4-4). O
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