BUBBLING WITH L2.-ALMOST CONSTANT MEAN CURVATURE
AND AN ALEXANDROV-TYPE THEOREM FOR CRYSTALS

M. G. DELGADINO, F. MAGGI, C. MIHAILA, AND R. NEUMAYER

ABSTRACT. A compactness theorem for volume-constrained almost-critical points of elliptic inte-
grands is proven. The result is new even for the area functional, as almost-criticality is measured
in an integral rather than in a uniform sense. Two main applications of the compactness theorem
are discussed. First, we obtain a description of critical points/local minimizers of elliptic ener-
gies interacting with a confinement potential. Second, we prove an Alexandrov-type theorem for
crystalline isoperimetric problems.

1. INTRODUCTION

1.1. Overview. The study of critical points in geometric variational problems often calls for the
understanding of bubbling/concentration phenomena. Classical examples are discussed in the
seminal papers of Brezis-Coron [BC84] and Struwe [Str84], where the authors investigate immersed
disks with almost-constant mean curvature and conformally flat metrics with almost-constant scalar
curvature. As illustrated by the monographs [Str00, Heb14], this kind of result plays an important
role in various contexts.

Here we are interested in sets with almost-constant mean curvature, that is to say, in sets that
are close to being critical in isoperimetric problems. Such sets arise in various contexts of physical
and geometric importance, like capillarity theory and mean curvature flows. Depending on the
application one has in mind, different ways of measuring almost-criticality are appropriate. For
example, in the study of capillarity problems, one is naturally led to consider surfaces whose mean
curvature is uniformly close to a constant. In geometric applications, we have a more complicated
situation, as uniform proximity to constant mean curvature should be replaced by L?-proximity.

Our starting point is the paper [CM17], where, as illustrated in more detail below (Section 1.2),
Ciraolo and the second author obtained a compactness result for boundaries whose mean curvature
is uniformly close to a constant. In our main result, Theorem 1.1 below, we obtain two critical
improvements of the compactness theorem from [CM17], which require a substantial rethinking of
many technical aspects of the original argument.

A first improvement consists of replacing uniform proximity with L?-proximity. The main dif-
ficulty here is of course that uniform proximity to constant mean curvature, unlike L2-proximity,
carries information on the size of the mean curvature oscillation at every boundary point, and thus
allows one to exploit powerful sliding/maximum principle arguments.

A second major improvement consists of replacing the area functional with a surface energy for
a generic elliptic integrand. Elliptic integrands model anisotropic surface tensions and are thus of
importance in numerous applications. From the mathematical viewpoint, the area functional is
quite exceptional among elliptic integrands, and there are various steps in the argument of [CM17]
where this fact was exploited.
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Referring to Section 1.3 for more comments on the proof of Theorem 1.1, we now discuss some
applications of physical and geometric interest.

We start with Theorem 1.3, where we obtain a description of critical points and local minimizers
in elliptic capillarity problems. This theorem is stated in Section 1.4, where we also provide
additional context on this type of problem.

In Section 1.5, we state Theorem 1.4, an extension of Theorem 1.1 to sequences of almost-critical
points corresponding to elliptic integrands with degenerating ellipticity. The latter property allows
these elliptic integrands to converge to an arbitrary (i.e., possibly non-smooth and non-elliptic)
convex integrand, and our result proves convergence of almost-critical points (with sufficiently
fast convergence of the first variation to a constant) to (possibly multiple copies of) the Wulff
shape of the limit integrand. We propose an interpretation of this result as a suitable formulation
of Alexandrov’s theorem for generic anisotropic energies. Let us recall that for smooth, elliptic
anisotropic energies one has a pointwise notion of mean curvature for which an exact analog of
the classical Alexandrov’s theorem holds [HLMGO09]. The situation is quite different for generic
anisotropic energies, like crystalline energies, as in those cases the first variation of the energy
does not even define a linear functional on the space of variations. In the proposed interpretation,
we circumvent these difficulties by defining critical points of generic anisotropic problems as the
accumulation points of almost-critical points of smooth elliptic anisotropic problems.

1.2. Compactness in the Euclidean case. We start by recalling the situation in the basic
Euclidean case. The starting point is Alezandrov’s theorem: if € is a smooth bounded connected
open set with constant mean curvature, then 2 is a ball of radius (n+1)|Q|/P(Q2) = n/Hq. Here, |Q|
and P(2) = H™(0N2) are the volume and the perimeter of €2, while Hq is the scalar mean curvature
of 2 with respect to the outer unit normal vq to 2, with the convention that Hg () = n/r if B.(x)

is the ball of radius r in R"*! centered at a point z. In [CM17] the Alexandrov’s deficit 5*(2) of Q

g P (1.1)

0" () = Hﬁg—llmm) SNCESVI

is introduced as a measure of how far €2 is from being a critical point in the Euclidean isoperimetric
problem. It is then proven that, if {Q;}ren is a sequence of smooth bounded open sets in R™1
normalized to have H) = n and satisfying, for some L € N and o € (0, 1),

P(Qy) < (L+0)P(By) VheN

and if
lim §*(Q) =0, (1.2)
h—o00

then there exists an open set {2 consisting of the union of at most L disjoint balls of radius one
such that

lim |P() — P(Q)| + [2,AQ] = 0. (1.3)
h—o00

Allard’s monotonicity formula [Sim83, Section 17] can then be exploited to deduce Hausdorff con-
vergence (therefore, if the sets €, are connected, then the balls in £ are mutually tangent). Then,
by exploiting Allard’s regularity theorem [Sim83, Section 23] and a calibration-type argument, one
obtains the C'**-convergence of 02, to 92 away from the tangency points of the limit balls. A
quantitative analysis is also possible, both in the bubbling case (with non-sharp decay rates, see
[CM17]) and in the one-bubble case L =1 (with sharp decay rates, see [KM17]).
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This type of compactness result is crucial for addressing the shape of critical points in capillarity
problems. To illustrate this point, consider the capillarity energy

P(Q)—i—/gg(m)d:ﬁ, Q= v, (1.4)

of a liquid droplet occupying a region Q C R"™*! of fixed volume v under the action of a confinement
potential g. If v is suitably small with respect to g, then the surface energy P(Q) = O(v"/ (1)
dominates over the potential energy term (of order O(v)). By direct comparison with balls and
by quantitative isoperimetry [FMP08, FMP10, CL12] global minimizers are seen to be L!-close
to balls (quantitatively in terms of the size of v), and then a variational analysis proves they are
actually C2-close and thus convex [FM11]. But direct comparison with balls is not available for
addressing the shape of critical points, or even of local minimizers, and this is why a compactness
theorem like the one proved in [CM17] is needed to get this analysis started. And indeed, in [CM17,
Corollary 1.4] it is shown that critical points of (1.4) are quantitatively close close to compounds
of mutually tangent balls with same radii, and that local minimizers are close to single balls, for
m small.

1.3. The anisotropic setting and the elliptic compactness theorem. In various situations
of physical and geometric interest (see, e.g., the survey paper [Tay78]) one is led to consider energies
like (1.4) with P(Q2) replaced by an anisotropic surface energy of the form

F@) = | Flwo)di".

Here F': S™ — (0,00) is a convez integrand: namely, the one-homogenous extension of F' is convex
on R"1. As was proven in [Tay74, Tay75, Fon91, FM91, BM94], the isoperimetric problem for F
is uniquely solved by translations and scalings of the Wulff shape Kr of F.

= T gy V)¢, )
KF_VQn{ c R™* < F( )} (1.5)

This translates into the Wulff inequality,
F(Q) > (n+ 1) |Kp/V/OH) /() 0 < 10] < 00, (1.6)

where the right-hand side equals F(r Kr) for r = (|Q|/|Kr|)"/"*) and where equality holds if
and only if Q = 2 + r K for some x € R*"!. The Wulff shape is always a bounded open convex
set containing the origin; and, conversely, every bounded open convex set containing the origin is
the Wulff shape of some F'. Of particular interest is the case when F' is a smooth elliptic integrand,
that is, F' € C*°(S™; (0,00)), and there exist constants 0 < A < A < oo such that, for every v € S™,

Md < V?F(v) <AId  onvt =T,S". (1.7)

In this setting one has a natural anisotropic extension of the notion of mean curvature. More
precisely, the anisotropic mean curvature Hg : 00 — R of a set Q C R™! with boundary of class
C? is defined by

HE = div? (VF o vg) = tr(V2F(vo) Vig), (1.8)
where div?? denotes the tangential divergence along 99, and Vg is the second fundamental form
of O} with respect to vg. For the Wulff shape, K one has

H}?F:n.
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An anisotropic version of Alexandrov’s theorem was shown in [HLMGO09]: if Q is a bounded smooth
connected open set in R™*! with constant anisotropic mean curvature, then Q = z+r Kp for some
z € R"! and > 0. In order to formulate a compactness theorem in this setting we introduce the
scale invariant quantity

1 HE 2 1/2 n F(Q
Sp(Q) = (F(Q) /m ’Hgo - 1) F(l/Q)dH") HEO = (n+§)l)ﬂ\ (1.9)

as an anisotropic generalization of (1.1), and then state the following theorem.

Theorem 1.1. Let F' be a smooth elliptic integrand; see (1.7), and let {Qp}ren be a sequence of
bounded open sets with smooth boundary normalized to have

F0
HQh =n.
If, for some L € N, 0 € (0,1), and k € (0,1)
sup diam(§2) < oo, sup F(Qp,) < (L +0) F(Kp), th > Kkn on 0y, ,
heN heN
and if
lim 5F(Qh) = O, (1.10)
h—o00

then there exists an open set £ consisting of the union of at most L-many disjoint translations of
Kp, such that, up to translations and up to extracting subsequences,

Jim | F(Qn) — F(Q)| + |%AQ] =0. (1.11)
—00

Remark 1.2. Setting 6(Q2) = dp(2) for FF = 1, and recalling the definition (1.1) of 6*(2), we
obviously have that §(Q) < 0*(2), with Hq > k HY provided §*(2) < 1 — k. In particular,
Theorem 1.1 contains the fact that (1.2) implies (1.3), i.e., the key conclusion of [CM17, Theorem
2.4]. As explained in Section 1.1, passing from the C? to the L? deficit is non-trivial because a
key argument in the proof of [CM17, Theorem 2.4] is a sliding argument based on the maximum
principle for the mean curvature operator (see the argument right after [CM17, Equation (2.48)]).
For this kind of argument to work, it is crucial that whichever the contact point produced in the
sliding argument is, the constant mean curvature deficit contains information at that point. This
works naturally when using the C%-deficit 6*(£2), but it is clearly more delicate for the L2-deficit
5(£2). We bypass this problem by exploiting the vanishing deficit assumption for obtaining a family
of Pohozaev’s-type identities of different homogeneities; see in particular step six in the proof of
Theorem 1.4, Section 3.6. We also notice that considering the L?-deficit in this kind of problem
is not merely done for the sake of generality, but is particularly significant in view of possible
applications to the analysis of mean curvature flows.

We now describe some additional aspects of the proof of Theorem 1.1. As we are going to see, a
key tool will be a new potential theoretic proof of the anisotropic Heintze-Karcher inequality, done
in the spirit of [Ros87].

Let us first recall that the classical Heintze-Karcher inequality states that if €2 is an open bounded
connected set with smooth boundary and positive mean curvature, then

/ dHm > (n+1)[9) (1.12)
aa Ha
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with equality if and only if € is a ball. This inequality has been exploited by many authors
[Ros87, MRI1, Brel3] as an effective starting point for proving the classical Alexandrov’s theorem
and its generalizations to higher order curvatures and to non-Euclidean ambient spaces. The
relation is seen, also in the context compactness problems, if one considers the simple inequality

n(2) < 5°(9) (1.13)
between the Alexandrov’s deficit (1.1) and the Heintze-Karcher deficit
(n+1)|Q]
n(€) =1- :
Joq(n/Hq) dH™

In particular, (1.13) says that if © has constant mean curvature, then (2 is an equality case in (1.12)

(and thus a ball).

The compactness result obtained in [CM17] starts from Ros’ proof [Ros87] of (1.12), which
exploits the celebrated Reilly’s identity [Rei77] in order to relate the Heintze-Karcher deficit and
the torsion potential u of €2, i.e., the unique solution of

Au=1 in Q,
{uzO on 0N).

For instance, a key estimate on u in terms of 7(€2) implied by Ros’ argument takes the form

cololn® = [ [vu- =

(1.14)

where [T = (3, Tfj)l/ 2 for a matrix 7. This inequality expresses, in a rather direct way, the
proximity of the torsion potential of Q to the torsion potential (|z — z¢|?> — 72)/2(n + 1) of a
suitable ball B,(zp). The other known proofs of (1.12), namely [MR91, Brel3], provide control
of the almost-umbilicality of 92 in terms of 7(€2). As explained in detail in [CM17, Appendix],
almost-umbilicality is more difficult to exploit than direct information on the torsion potential
to get compactness results in this setting. This is reflected in the fact that the current results
concerning almost-umbilicality do not describe bubbling phenomena; see [DLM05, DLMO06, Per11].

The proof of Alexandrov’s theorem for elliptic integrands in [HLMGO09] is based on an anisotropic
version of (1.12), which states that if F' is smooth and elliptic and €2 is an open bounded connected
set with smooth boundary and positive HE, then

n
/mHgF(UQ)dH” > (n+ 1)), (1.15)
with equality if and only if Q = x + r Kp for some & € R™! and r > 0. Alternative proofs of
(1.15) are obtained in [MX13] and [XZ]. These arguments provide a control on the anisotropic
almost-umbilicality of 92 in terms of an anisotropic Heintze-Karcher deficit. Anisotropic almost-
umbilicality has been recently addressed in [DRG17] under a convexity assumption, which of course
prevents the possibility of bubbling into multiple Wulff shapes.

Our approach to Theorem 1.4 will pass through a new proof of (1.15), based on an adaptation
of Ros’ argument that allows us to control the suitable anisotropic variant of the torsion potential
in terms of the anisotropic Heintze-Karcher deficit np of €2,

L (n+ 1)
1) = L P HE)
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(We consider np(£2) only for sets with HE > 0 on 99, and we also notice that np(2) < §p(Q2)/k

provided Hg > Hﬂg’o; see Lemma 3.6 below.) The right notion of anisotropic torsion potential is
found by solving

u=20 on 0f).

where Ap denotes the Finslerian Laplace operator, defined by

Apu = div (V(F?/2)(Vu)).

{Apuzl in Q,

The operator is non-smooth at {Vu = 0}, and particular attention must be paid in many parts of
the argument in managing the critical set of w.

We now make some more technical comments on the proof, which should also be interesting in
connection with our subsequent discussion of the role of ellipticity in the compactness theorem (see
Section 1.5 below). As already mentioned, Ros’ proof of (1.14) crucially exploits Reilly’s identity
[Rei77]. Similarly, in Proposition 3.3 below, we prove the following anisotropic version of Reilly’s
identity (which, apparently, has not been previously stated in the literature):

/Q(AF’LL)2 —tr ((V(Vruw)?) = ” HE F(Vu)*F(vq) dH™, (1.16)

where Vru = V(F2?/2)(Vu). Armed with (1.16) and with a global Lipschitz estimate for u inde-
pendent of the ellipticity constants of F' (see Proposition 3.5), we generalize (1.14) to

c) 9e@ > [ [vivrn - 2"

(1.17)

Here we set || A]|? = Z?:ll 12 where p; are the eigenvalues of and A. Unless we are in the isotropic
case, the matrix A = V(Vpu) (which satisfies A = V2F(Vu)V2u on {Vu # 0}) is not symmetric,
but is real diagonalizable. In particular (1.17) does not provide direct control on the norm of A.
However, such an estimate can be expressed if one allows the ellipticity constants of F' to appear
in the estimate, which then takes the form

Cn) 10l 3 e = [ [9(7p0) - [ (1.13)

This simple but delicate point is the only step of the proof of Theorem 1.1 where the ellipticity
assumption is used.

1.4. Critical points and local minimizers of anisotropic energies. A natural and important
application of Theorem 1.1 is the quantitative characterization of critical points and local mini-
mizers of anisotropic surface energies under the action of a confining potential and with a small
volume constraint. More precisely, the kind of energy we consider takes the form

8<Q>=f<ﬂ>+/gg,

for a convex integrand F' and a smooth potential g : R"™! — R. When g(z) — oo as |z| — o
volume-constrained minimizers of £ exist for every volume v. Of particular relevance in capillarity
and phase transition models is the case when v is small, and thus the surface energy F dominates
the minimization.
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We say that a bounded set of finite perimeter €2 is a volume-constrained critical point of £ if

d
a1 e =0 (1.19)
tli=o
whenever f; is a curve of diffeomorphisms such that fo = Id and |f;(Q)| = || for every ¢ in a

neighborhood of ¢ = 0. We say that Q is a volume-constrained ro-local minimizer of £ if there
exists rg > 0 such that

E(Q) < &) whenever || = [Q| and QAQ CC Ljgj1/mi1) ,, (0) . (1.20)

Here, I.(E) = {z € R"*! : dist(x, E) < r} denotes the r-neighborhood of a set E C R"*!.
Obviously, local minimizers are critical points.

As an application of Theorem 1.1, we analyze volume-constrained local minimizers and critical
points of £.

Theorem 1.3. Let F be a smooth elliptic integrand, g : R — R be a smooth function, M > 0,
and let Q C Bys be an open connected set with smooth boundary such that

F(Q)ntt diam(€2)
< — <
NG <M, G <M.
Then the following holds:

(i) for every e > 0 there exists ve = v(e,n, M, F,g) > 0 such that if Q is a volume-constrained
critical point of € with

19| < v,
then

L gEo
‘Q*AU(:L‘MLKF)’Ss where Q* = 3 Q,

i=1
for some L > 1 (which is a priori bounded from above in terms of F' and M) and {x;}£, C R"+!
such that the sets {z; + Kp}L | are mutually disjoint.

(ii) given ro > 0, there exists vo = vo(ro,n, M, F,g) > 0 such that, if Q is a volume-constrained
ro-local minimizer of £ with

€] <o,
then there exists xo € R™1 such that, setting K = x4+ s Kp with s = (|Q|/|Kr|)"/"*D, one has
QAK
S < mg )/, L21)
hd (092, 0K) (1)
— <
QL) = C(n, F,g, M) |9 . (1.22)

This result was shown for volume-constrained global minimizers of £ in [FM11, Theorem 1]. The
key difference between the case of global minimizers and the case of critical points/local minimizers
addressed here is that (1.19) and (1.20) do not immediately allow the comparison of the energy
of Q0 with that of a Wulff shape with same volume. This direct comparison was the key step in
[FM11] to exploit the quantitative Wulff inequality from [FMP10] and to deduce the L!-proximity
of any global minimizer to a Wulff shape.
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Volume-constrained critical points of £ turn out be volume-constrained almost-critical points of
F thanks to a variational argument, so Theorem 1.1 allows one to deduce that € is close in volume
to a finite family of Wulff shapes. In the case of local minimizers, using volume density estimates
we can show this family consists of a single Wulff shape, and then 9 is close to the boundary
of this Wulff shape in Hausdorff distance. But this implies that a Wulff shape of the appropriate
volume is an admissible competitor in (1.20), which in turn enables us to exploit the quantitative
Waulff inequality and obtain (1.21) and (1.22); see Section 4.

In [FM11, Theorem 2| it was proven that a volume-constrained global minimizer Q of £ is
actually convex with

HV2F(VQ*)VVQ* - Id‘

2/(n+3)

o) < C(n,F,q)|Q] . (1.23)
(Let us recall here that V2F(vk,)Vvg, = Id on dKp.) In our setting of connected volume-
constrained local minimizers, once (1.22) is proven, one can also repeat all the remaining analysis
from [FM11]. In particular, arguing as in [FM11, Appendix C], one can show that 9 is a C'-small
normal deformation of K with quantitative bounds on the C''-norm of the normal deformation
in terms of explicit powers of |2|. Then, one can also repeat the argument from [FM11, Theorem
13] to show that (1.23) holds and thus that € is convex. As this part of the argument would be
identical to that of [FM11], we omit it and simply remark that, thanks to Theorem 1.1, all the
small-volume regime properties of volume-constrained global minimizers of £ proved in [FM11]
hold for connected local minimizers as well.

1.5. Weak Alexandrov’s theorem for convex integrands. A way to look at the classical
Alexandrov’s theorem is to consider it as a convexity property of the volume-constrained perime-
ter functional; Alexandrov’s theorem says that the only critical points of the volume-constrained
perimeter are its global minimizers. The property that global minimizers are the only critical
points is a characteristic consequence of convexity.

The same can be said about the anisotropic Alexandrov’s theorem for smooth elliptic integrands
[HLMGO09]. Once again, we have an energy functional whose only critical points are its global
minimizers. A natural question is whether this property depends on the assumption that the
anisotropy is smooth and elliptic. Indeed, anisotropic energies that fail to be either smooth or
elliptic (or both) are of great interest in applications, and the anisotropic isoperimetric problem
is totally unaffected by the lack of smoothness or of ellipticity (recall that Wulff shapes are the
unique isoperimetric sets of every convex integrand). Therefore one conjectures that Alexandrov’s
theorem should hold, in some proper formulation, for every anisotropic energy. This conjecture
seems open in ambient space dimension 7+ 1 > 3. A result of Morgan [Mor94|, which proves that
Waulff shapes are the only anisotropic critical immersion of a curve in the plane, is an indication
in favor of this conjecture. Of course, there is a substantial difference between the planar case
and higher dimensions, because in the planar case criticality implies convexity of the connected
components.

With this premise in mind, we now discuss a generalization of Theorem 1.1, namely Theorem
1.4 below, which serves as a sort of weak version of Alexandrov’s theorem wvalid for arbitrary convex
integrands.

Theorem 1.4 (Weak anisotropic Alexandrov theorem). Let {Fj}nen be a sequence of smooth
elliptic integrands that converges pointwise to a limit function F, and assume that, for some positive
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constants m, M, X\, and A, (m and M independent of h)
m<F,<M on S™,

9 N (1.24)

A Id < V2F,(v) < ApId onv—, Vv eS".

Then the following holds: If {Qn}nen is a sequence of bounded open sets with smooth boundary,
Fy\0

normalized so that HQh = n with
Hg: > kn on 0, sup diam(€2) < oo, sup th(Qh) <L+o (1.25)
heN neN Fr(Kr,)
for some k >0, L € N and o € (0,1), and if
lim max {i M} 15, () + 05, () = 0 (1.26)
h—o0 )\}21 ’ )\h h h ’

then there exists an open set 2, which is the disjoint union of at most L-many translations of Kp
such that, up to translations and up to extracting subsequences,

Jim | Fn () — F(Q)| + 12,40 = 0. (1.27)
—00

Remark 1.5. The assumption (1.26) is implied by max{1/\2, A, /An} 05, () — 0 because np <
dr/k (see Lemma 3.6 below). In particular, Theorem 1.1 is a corollary of Theorem 1.4 if one takes
F to be smooth and elliptic and F}, = F.

The interpretation of Theorem 1.4 as a weak version of Alexandrov’s theorem for general convex
integrands is the following. Clearly, every convex integrand F' can be approximated by smooth
elliptic integrands F}, as in (1.24), as the ratio max{1/A?, A\s/Ay} is allowed to vanish in the
limit as A — oo. Theorem 1.4 thus asserts that (unions of) Wulff shapes of F' are the only
possible accumulation points of sequences of almost-critical points of the approximating F5 with
anisotropic Heintze-Karcher deficit vanishing faster than the rate of degeneracy of the ellipticity
constants. This fast convergence assumption may be purely technical in nature. In our argument,
it arises exactly in the derivation of (1.18) from (1.17), as previously explained.

Theorem 1.4 immediately leads to the following delicate question: given a convex integrand F' and
a bounded open set €2 with Lipschitz boundary that is a critical point for the volume-constrained
anisotropic energy JF, is it possible to construct a sequence of smooth elliptic integrands F}, and
smooth open sets Qj, such that F}, converges to F' as in (1.24) and Qj, satisfies (1.25), (1.26) and
|2, AQ| — 07 Whenever this is possible, of course, Theorem 1.4 implies that finite unions of Wulff
shapes are the only critical points for the convex integrand F.

Acknowledgments. RN supported by the NSF Graduate Research Fellowship under Grant DGE-
1110007. FM, RN, and CM supported by the NSF Grants DMS-1565354 and DMS-1361122.

2. BASIC FACTS ON INTEGRANDS

We recall without proof some standard facts about convex integrands and their gauge functions.
By convex integrand we refer to a positive function F' on S™ with a convex one-homogeneous
extension to R"*1. The gauge function of F is defined by

F.(z) =sup{z-v:F(v) <1} z € R (2.1)
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and is itself a convex integrand. By convexity of F, one has (Fy). = F. Moreover, the Fenchel
inequality holds:

x-v < Fi(z) F(v) Vo, v € R"H, (2.2)
If we denote the minimum and the maximum values of F' on S" by
mp = nglin F, Mp = IréaxF, (2.3)
then we have
whenever I is differentiable at v (that is to say, at almost every v € R"*!), and moreover
1 1
= — Mp, = —. 2.5
me =3 L (2.5)

By (1.5), (2.1) and since (Fy), = F,
Kp={F, <1} Kp, ={F < 1}. (2.6)
Recall that the subdifferential of F' at v € R"*! is defined by
OF (v) = {x eR"™ . F(w)>F)+z-(w—-v) Ywe R”H} ,
so OF (v) = {VF(v)} if F is differentiable at v. We immediately see from (1.5) that
Kp = 0F(0), Kp, = 0F,(0)
and hence, by one-homogeneity of F
OKp={F.=1}=|J0F(v), 0Kp ={F=1}=|]J0F.(z). (2.7)
v#0 x#0
(Notice that we use the same symbol 0 both for topological boundaries and for subdifferentials.)
If F € CY(S") and is strictly convex, then F, € C1(S") and is strictly convex, and therefore
OF(v) = {VF(v)} and 0F,(z) = {VFi(z)} for every v,z # 0. Under these assumptions, using
(2.7), one deduces the useful properties
F(VFE.(x)) =1, F.(z)VF(VF.(z)) == Vo #0,

F(VFW) =1, F@VE(VFW)=v Y40, (28)

A short explanation of the vector identities in (2.8) is as follows. By {Fi < 1}, the normal to Kp
at VF(v) € 0Kp (for v # 0) is parallel to VF,(VF(v)). At the same time, by exploiting (1.5) and
the one-homogeneity of F', we see that the normal to Kp at VF(v) is parallel to v itself. Thus
VFE,(VF(v)) = av and then one finds a = 1/F(v) thanks to F(VFy(z)) =1 for z # 0.
We conclude with some remarks about the functions F?/2 and F2/2. First, an important
consequence of (2.8) is that
V(F2/2) = [V(F2/2)]70 on R™1\ {0} (2.9)
Indeed, for every z € R"*1,
V(F2/2)(V(F?/2)(2)) = F.(F(2)VF(2)) VE(F(2)VF(2))

= F(z2)F«(VF(2))VF.(VF(z)) = F(z)
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Moreover, (2.9) holds for generic convex integrands in the sense that
2 € O(F%/2)(x) <= z € d(F?/2)(2). (2.10)

When F' € C*°(S") is an elliptic integrand (so that (1.7) holds with constants A and A), one has
that F2/2 € CLYR™L) 0N C®(R* L\ {0}) with

F(v)VEF(v ifr#0
V(F?/2)(v) = {0,( IVE®), ifyié(): (2.11)
V3(F?)2)(v) = VF()®VF(v)+ F(v)V2F(v) ifv#0,
and
A Id < V3(F?/2)(v) < A Id on R™1\ {0} (2.12)
for positive constants A, and A,.. By (2.11), we see that we can take
A = mp min{\, mp} Ay =2Mpmax{Mp,A}.
We have the identity
V2(F?/2)(v) o V3(F2/2)(VF(v)) =1d Vv e S". (2.13)
To conclude this section, we note that will sometimes use the shorthand
Vreu(z) = V(F?/2)(Vu(z)) (2.14)

3. PROOF OF THE MAIN THEOREM

This section contains the proof of Theorem 1.4. Section 3.1 and Section 3.2 serve to introduce,
the anisotropic signed distance function and the anisotropic torsion potential on a smooth bounded
open set respectively. In Section 3.3 we prove an anisotropic version of Reilly’s identity, while in
Section 3.4 we obtain a Lipschitz estimate on the anisotropic torsion potential that is interestingly
independent of ellipticity. In Section 3.5 we exploit the torsion potential to give a proof of the
anisotropic Heintze-Karcher inequality of [HLMGO09] in the spirit of Ros’ argument. The key
result is identity (3.23), which relates the gap in the anisotropic Heintze-Karcher inequality to the
properties of the torsion potential. Together with the Lipschitz estimate, this is a key fact to obtain
compactness. This is finally done in Section 3.6, where we prove Theorem 1.4.

3.1. The anisotropic signed distance function. In the next proposition we collect some useful
facts on the anisotropic signed distance function from a bounded open smooth set.

Proposition 3.1. Let F' be an elliptic integrand, let Q be a bounded open smooth set, and define
the F-anisotropic signed distance function of Q) by

v(z) =inf {Fy(z —y):y € Q} —inf {F(y —2) : y € Q°}, r e R, (3.1)

Then there exists an open neighborhood N of OS2 such that v is smooth in N and

VA(y) = F(”Sf;;)) Yy € 09 (3.2)
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VE(va(y))

FIGURE 1. The uniformly convex sets K1 = {F.(- — z,) < r} and Ky = {Fi(z, — ) < r}
touch 2 at y, respectively, from inside and from outside. The point y lies on the segment
joining centers x, and z,, which is parallel to VF (vq(y)).

Proof. Note that v < 0 in Q, v > 0 in Q¢ Since 2 has smooth boundary, it satisfies uniform
exterior and interior balls conditions. Since F' is a smooth elliptic integrand, the Wulff shape
Kp = {F, < 1} is uniformly convex, and K5 = {z € R""! : F,(—z) < 1} is uniformly convex as
well. Combining these facts, we see that there exists r > 0 with the following property: for every
y € 011, there exist x, € 2 and z, € Q1° such that

{weR"™ B (w—my) <r}CQ, Fy—zy)=r, (3.3)
{weR™  F(-(w-2%) <r}cQ,  F(-y—z)=r;

see Figure 1. We claim that y —z, and z, —y are parallel to VF' (vq(y)). Indeed, by (3.3), VF,(y—
zy) = avg(y) with a > 0; applying F' to both sides and exploiting (2.8), we find o F(vq(y)) =1
and so

vo(y)
An analogous argument shows that —VF.(z, —y) = —fBvq(y) for some 8 > 0, which satisfies

B =1/F(vq(y)) thanks again to (2.8). Thus

va(y)
Y) = =
)= Flnw)
Applying VF to both sides of (3.5) and (3.1) and taking (2.8) into account, we find

VF(zy —

Yy—Ty y _ vy
s = VF ) = (3.

as claimed. Now consider the projection map p : R"*! — 9 defined by

{{yeBQ:F*(y—m):—fy(x)} if z € Q,

{yed: Pz —y)=1(x)} ifzeQr. (37)

p(z) =

Fix y € 02. By the first claim, if € [z,,y] or € [y, 2], then p(x) = {y}.So there exists a
constant ¢ > 0, depending only on mp, Mr and the C? norm of F, such that

c< min{‘xy_y|>|zy_y|}'



L2-BUBBLING INTO WULFF SHAPES 13

Hence there exists rg such that if we set

N = U {y—l—tVF(VQ(y)) st < ’I“o}
yeoN)
then for every x € N there exists a unique y € 99 such that p(z) = {y}, with
z =y +7(@)VE(ay)).

Exploiting the implicit function theorem as in [GT83, Lemma 14.16], we find that v is smooth on
N. Now, if g € €2, then

V(z) = —Fi(p(zo) —x) Vo€, Y(z0) = —Fu(p(0) — 20) ,
so that Vy(zg) = VFi(p(xo) — o) for every xg € 2. By (3.5),

va(p(xo))
F(va(p(z0)))
Letting zo — y € 012, we obtain (3.2). O

Vy(zo) =

3.2. The anisotropic torsion potential. Let F' be an elliptic functional and 2 a bounded open
set with smooth boundary. The F'-anisotropic torsion potential of ) is the unique minimizer
u € H}(Q) of the strictly convex functional

/ F(Vu)
Q

2

The Euler-Lagrange equation

[vE e Vo=~ [ ¢ wecko) (3.8)
Q Q

holds, that is to say, u is a distributional solution of
Apu=1, on )
{ u=0, on 0f).

Here, we have introduced the Finslerian Laplace operator
Apu = div (V(F?/2)(Vu)) .
Notice that the Finslerian Laplace operator satisfies the classical comparison principle:

V1, V9 € H&(Q)
—Apv1 > —Apvg on € = v > vg on . (3.9)
V1 > U9 on 0f?

Indeed, setting w = max{ve —v1,0} we find

0

v

/w(—AFvg—i-Apvl) :/Vw- (V(F2/2)(Von) — V(F?/2)(Voy))
Q Q

)\*/ (Vg — V|2
{va>v1}

v
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thanks to (2.12). Based on classical regularity arguments, one can prove that u € Ch*(2) N H?(Q2)
for some a € (0,1), see, e.g. [CS09, Proposition 2.3]. The critical set

C={zeQ:Vu(z)=0}

is thus closed in Q and, since F?/2 € C®°(R"*!\ {0}), u is smooth in a neighborhood of each
x € Q\ C. The following proposition collects some further properties of u.

Proposition 3.2. The critical set C of the anisotropic torsion potential has Lebesgue measure
zero. The torsion potential u is negative in 0 with positive outer normal derivative along 0. In
particular, u is smooth in a neighborhood of OS).

Proof. Step one: The function f : R"** — R**! defined by f(v) = V(F?/2)(v) is Lipschitz with
f(0) = 0. Setting v = Vu € HY(Q;R"*1), we have fov € H'(Q;R*"1). In particular, (3.8) implies
that

tr(V(fov)) =1 a.e. on ). (3.10)
Let us denote by L, the affine n-dimensional space L, = v(z)+ Vv(z)[R""!]. By the Sobolev chain

rule for vector valued Lipschitz functions [ADM90] (see also [LMO07, Theorem 1.1]), for almost every
x € Q we have that (f ov)|, is differentiable at v(x), with

V(fov)(z) =V((fov)lL,)(v(x)) o Vu(z).

Since Vv = 0 almost everywhere on €, we conclude that V(f o v) = 0 almost everywhere on C.
This fact, combined with (3.10), implies that |C| = 0.

Step two: We show that
Fy(z)?
h = ———
(z) 2(n+1)
satisfies Aph = 1 on R"*!. Indeed Vh(z) = F,(x)VF.(z)/(n + 1), so, by one-homogeneity of F
and by (2.8), we have

1
xz e R,

F(F.(z)VF.(z)) F.(z) F,(z)
F = = F F* _ .
(Vh()) n+1 w1l VEE) =27
At the same time, by zero-homogeneity of VF and again by (2.8),
T
VF(Vh(z)) = VE(VF(x)) = F.() Vx #£0.

Thus V(F?/2)(Vh(z)) = z/(n+ 1) for € R*"1\ {0}, and the desired result follows.

Step three: We use translations of h as barriers to prove Hopf’s lemma and the negativity of u in
Q. As seen in Proposition 3.1, for every yy € 02 we can find zg € 2 such that

| e oy = o)
jof Fuy—20) = Fuo—a0),  VE(0—0) = o o0

Corresponding to this choice of zy, we have that

B = inf {h(y —x) 1y € QC} = h(yo — x0) , Vh(yo — o) - va(yo) > 0.
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If we set v(x) = h(z — o) — 5 for € Q, then v > 0 on 92, and Apv =1 in Q. By the comparison
principle (3.9), we find v > u in 2, and since v(yg) = u(yo) = 0 with Vou(yo) - va(yo) > 0 we
conclude that

<0.

—vo(yo) - Vulyo) = )j%i u(yo — tuﬂ(iJo)) — u(yo) < tg%ﬁ v(yo — tyQ(tyO)) — (yo)

This proves that vo-Vu > 0 on 99Q. Since 92 = {u = 0}, we have that |Vu| > 0 on 9. Therefore,
because v € C1¥(Q), we find dist(C,9Q) > 0. Since u is smooth on Q\ €, we conclude that u
is smooth in a neighborhood of 9€2. Thus, u is strictly negative in a neighborhood of 92, and
therefore on the rest of 2 by the comparison principle. O

3.3. The anisotropic Reilly’s identity. The goal of this section is to prove an anisotropic
variant of Reilly’s identity. Let us recall that if {2 is an open set with smooth boundary and F' is
an elliptic integrand, then the F-anisotropic mean curvature of {2 (with respect to the outer unit
normal vq) is defined as

HE = div?®(VF(vq)) on 09).

The anisotropic mean curvature shares many basic properties of its isotropic counterpart. Of
particular importance to us will be the anisotropic variant of the classical identity

Au — V?ulvg, vo] = |Vu| Hg on 092,

which holds when 9 is the level set of a smooth function v with non-vanishing gradient on 9f2.
The anisotropic counterpart of this formula involves the Finslerian Laplace operator and takes the
form

Aru — V*u[VF(Vu), VF(Vu)] = F(Vu) HS  on 0Q. (3.11)

This formula is derived, under different conventions, in [WX11, Theorem 3]. For the sake of clarity
we recall the short proof. First, we claim that

HE = div (VF(Vu)). (3.12)
Indeed by vq = Vu/|Vu| and the zero-homogeneity of VF', we have
HE = div?(VF(1q)) = div?(VF(Vu)) = div (VEF(Vu)),
provided that
Vu - V(VF(Vu))[Vu] = 0.

To prove this last identity, we denote by superscripts components and by subscripts partial deriva-
tives, and compute

(V(VE(Vu))? = (Fe,(V))a, = Y Feje, (V) thya,
k

(V(VEV) V) = 3 Fe (Tu)ttgye, i,
ik
Z Feje, (VU)kaziuxiuxj
ijk

= Z Uz, U Z Feie,(Vu)ug, .
ik j

Vu - V(VF(Vu))[Vul
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The last sum over j is equal to zero because V2F(v)[v] = 0 for every v € S". Indeed, F, (tv) =
Fe, (v) for every t > 0 and v € S". This proves (3.12). Then,

Apu = div(F(Vu)VF(Vu)) =Y (F(Vu)F,(Vu)),
= Zng(Vu)ng(Vu)uzj% + F(Vu) Fee,(Vu)ug o,
ij
= V2u[VF(Vu), VF(Vu)] + F(Vu)div (VF(Vu)),
and thus (3.11) holds thanks to (3.12). We now exploit (3.11) in the proof of the following

anisotropic version of Reilly’s identity.

Proposition 3.3 (Anisotropic Reilly’s identity). If Q2 is a bounded open set with smooth boundary,
F is an elliptic integrand and w is the F-anisotropic torsion potential of €2, then

/Q @Arw = (V(Trw)?) = [ 15 PTuPF)ai, (3.13)

In (3.13) we use notation introduced in (2.14). Notice there are no regularity issues in (3.13) as
u € H%(Q) and is smooth in a neighborhood of 9 (Proposition 3.2). We first prove the following
lemma:

Lemma 3.4. If V. € HY(;R™) is such that divV = co, then S = (divV)V — VV[V] €
LY (R ) with div S € LY(Q) given by

div S = (div V)% — tr((VV)?). (3.14)

Proof of Lemma 3.4. Since div V is constant we immediately find div ((div V)V') = (div V)2. First,
we assume that V' is smooth. If ¢ € C°(Q2), then

[v-ve =% [Vivie, =% [viwien - [ puevd),
ij ij

where

S [ v = =3 [ Viie, =Y [ Vi,
= COZ/S)(VjSO)xj =0

as VJp = 0 on 0). This proves that if V€ H'(Q) N C*(Q2), and div V is constant, then
/VV[V] V= —/ ptr(VV)2), Ve Co(Q). (3.15)
Q Q

Now let V € H(Q2) with divV = ¢p. Fix ¢ € C°(Q) and consider an e-regularization V. = V % p.
of V', so that V; is smooth on Q. = {x € Q : dist(x,9Q) > e}. Since div V; = (div V)% p, is constant
on €., we can apply (3.15) to V% if ¢ is small enough to have spty CC €. Since V. — V in H'
on an open neighborhood of spty, we can pass to the limit as € — 0 and deduce that (3.15) holds
without the smoothness assumption on V. ]
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Proof of Proposition 3.3. Since u € H?(Q), we apply Lemma 3.4 with V = Vru to find
/ (Apu)? — tr ((V(VFU))Q) = / div (ApuV pu — V(Vpu)[Vru)) .
Q Q

Since u is smooth in a neighborhood of 02 with vq = Vu/|Vu| we can apply the divergence
theorem to get

Vu
/(AFU)2 —tr ((V(Vpu))2) = / (V(Vru)[Veu] — ApuVpu) - .
Q 19) |Vul
By V%z(Vu) -Vu = F(Vu)? and (3.11), we have
F 2
— | ApuVpu- Vu HE F(Vu)?F(vq) — V2u[VF(Vu), VF(Vu)) Fu)”
o9 Vul — Jo [V
Thus, in order to complete the proof, it suffices to show that
V(Vru)[Vru] - Vu = F(Vu)? V2u[VF(Vu), VF(Vu)] . (3.16)

We have that

[V(VFU)]ij = (F(VU)F& (Vu))m] = Z F(VU)F&&@ (Vu) Ugpz; + F, (VU)F& (vu)uivgl“k :
k
Hence
V(Vru)[Veu] - Vu = > (V(Vpu)[Veu]) us,
= F(Vu)) [V(Vru)7Fe, (Vu)u,,
ij

= F(Vu)? Z Fe,(Vu)ug,o; Z Fe,e, (Vu) ug,

kj i
+F(Vu) Z Fe,, (Vu)Fe,(Vu) ug o, Z Fe,(Vu) ug, .
kj p

Again, VF(v)[v] = 0 by homogeneity, so
Z Fee, (Vu) ug, = V2F(Vu)[Vu,ex] = 0.

At the same time, ), F¢,(Vu) uy, = VF(Vu) - Vu = F(Vu), so (3.16) is proven. O

3.4. Universal Lipschitz estimate. We now turn to the proof of the following gradient bound
for u, which is notably independent of the ellipticity constants of F'.

Proposition 3.5. If F' is an elliptic integrand, ) is a bounded open smooth set with Hg >0 on
0Q and u is the F-anisotropic torsion potential of 2, then

sup |Vu| < (3.17)
Q

F
mp Hﬂ,inf

where H£7inf denotes the infimum of Hg over Of).
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Proof. Recall from Proposition 3.1 that the F-anisotropic signed distance function « of €2, defined
in (3.1), is smooth in a neighborhood of 92 with v < 0 in 2 and

V(y) = m Yy € 09).

Hence, F(V~) =1 on 012, and so
Apy = div (F(Vy)VF (V7)) = div(VF(vq)) = Hy  on 0Q
by the zero-homogeneity of VF and (3.12).

Step one: We show that + satisfies Apy > Hg of 0 the viscosity sense in €. Indeed, let P denote
a second order polynomial touching + from above at some x € 2, i.e., for some r > 0, P > ~ on
B, (z) € Q with P(z) = y(x). We want to prove that

AFP(‘T) > HS};inf :

Let y € p(x), where p is the projection map as defined in (3.7), and note that x; = z+¢(y—z) € Q
for all t € (0,1). In particular, let r, € (0,7) be such that By, (z:) C 2. We claim that the second
order polynomial Q); defined by
Qi(z2) =Pz — 21+ )+ Fu(zy — ), z e R
is such that
Qi(we) = (1) , Qi(2) 2(2)  Vz € B (). (3.18)
Indeed,

Qu(w) = P(z) + Fu(zy —2) = v(2) + 1 Fi(y —2) = (1 = )y(2) = v(21),
while if z € B, (x¢) then z — 2; + x € B, (x) C ©, and thus
Qu(z) > Y(z—z+z)+ Fe—2)=—inf {F(w— (2 -2+ ) : we QY + Fu(z — x)
> —inf{Fi(w—2):we Q) — Fu(z — ) + Fu(zy — ) = 7(2)

as z € (). Now, if ¢ is close enough to 1, then z; lies in the neighborhood N of 92 in which ~ is
smooth. Hence, for ¢ close enough to 1, (3.18) implies that

ApP(x) = ApQi(mt) > Apy(zt)
Letting ¢t — 17, we find ApP(z) > Apy(y) = H(y) > Hﬁinf, as required.

Step two: We claim that
v(z) < Hg,inf u(z) Vo e Q. (3.19)
Both functions are equal to zero on 9€) and are strictly negative in {2, so the claim follows by
showing that, for every a > 0,
0(@) = (HE g — aJu(@) = 2(2) 20 Vo€ Q.

In turn, since v is continuous in Q and v = 0 on 91, it suffices to show that v has no interior
minimum points in €.

Arguing by contradiction, let g €  be a local minimum point of v in Q. If Vu(zg) # 0, then
u is smooth nearby xg. Moreover, since xg is a local minimum of v, we have that

(Hyine — 0)u — [(He jup — @)u(zo) — (o))
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touches v from above at z, and thus, by Step one,
Hg,inf < AF[(ll:IS};,inf - a)“](xo) = (Hg,inf - Oé) AFU($0) = Hg,inf -,

a contradiction to o > 0. This implies that Vu(xzo) = 0. Hence v cannot be differentiable at xo:
otherwise Vv(xzp) = 0 would imply V~v(zo) = 0, whereas Vy = (vq o p)/F(vq o p) # 0 at every
differentiability point of ~.

We are thus left to consider the possibility of a local minimum point zg € Q of v, where
Vu(zp) = 0 and ~ is not differentiable at xy. By local minimality, for every v € S™ and ¢ > 0 small
enough, we have

u(zo +tv) —u(xog)  y(xo +tv) — v(x0)

(H s — ) t - t >0,

So Vu(zg) = 0 implies
t —
lim inf YE0F 1Y) =7(@0)
t—0+ t
Since v is not differentiable at g, there exists vy € S™ such that

lim inf 7(@o + to) = (o) <0
t—0+ t ’
which in turn implies
t —t —2
lim inf 70 T E20) (@0 — o) = 2v(z0) _ _ (3.20)

t—0+ t2
We will now obtain a contradiction to (3.20) by proving that for every x € Q) there exists a second
order polynomial P touching v from below at z.
Indeed, since v is smooth in a neighborhood N of 02, there exists C' > 0 such that for every
z € N there exists a second order polynomial P, with the properties

P.(z) =~(2), ViP, > -CId, v(w) > P,(w) for every w near z.

Choose = € 2 with B,(x) C Q, let y € p(z), and set z; = x + t(y — x). For ¢ sufficiently close to 1,
x¢ € N and we can find r; € (0,7) such that B, (z:) C 2 and, setting P, = P,

Py(y) = (), VP > -C1d, Y(w) = Py(w) for every w € By, (x¢) .
Set
P(w) = Bi(w — (2 — 1)) +7(2) = (1) -
Clearly P(z) = y(z). If w € By, (x) C Q, then w — (z — ) € By, (2¢) and thus
P(w) < y(w = (& = x¢)) + v(x) — v(2)
=v(w—(z —a)) —ty(z) =v(w — (. —2)) =t Fu(y — z).
Now, since w — (z — x¢) € By, (x¢) C Q, by definition of v there exists w € 9 such that
Y(w—(x—z1)) = —Fu(0 — (w— (2 — 21)))
so that, by the subadditivity of Fi,
Pw) < =Fu(0 — (w = (z —z))) — Fu(t(y — z))
= —Fi(w — (w+t(y —x))) — Fult(y — )
< —Fu(w —w) <v(w),
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again by definition of v in 2, and thanks to w € . This completes the proof of step two.

Step three: We claim that if u is the F-anisotropic torsion potential of €2, then

1
sup |Vu| < ———. 3.21
VS 20
First, let us pick x € Q and y € 9. By (3.19), —u(z) < —y(x)/HE, ;. thus
u(@) —u@)| _ —ul@) 1 ()
|z —y| o=yl = Hf e le—yl’
so, first using |z — y|/mp > Fi(y — x) = —y(z) and then letting x — y, we have proven
1
sup |Vu| £ ——— 3.22
up [Vu| < HE (3.22)

We now prove that |Vu| (which is a Holder continuous function on ) achieves its maximum on
0. Recall that u is smooth and solves 1 = Apu pointwise on 2\ €, with

Apu=3" (F(vu) Fre, (V) + ng(Vu)ng(Vu)) Ui, -
ij
Since the operator Ap is smooth on ©\ €, by [GT83, Theorem 15.1], the maximum of |Vu]| is
attained on 9(2\ €). Then, since |Vu| =0 on €,
1

—.
mp H Q,inf

sup |Vu| < sup |Vu| <
Q onN

0

3.5. The anisotropic Heintze-Karcher and bounds on the torsion potential. In this sec-
tion we give a proof of the anisotropic Heintze-Karcher inequality (1.15) that uses the properties of
the anisotropic torsion potential, in the spirit of Ros’” argument [Ros87]; see Proposition 3.7 below.
We recall from the introduction the definitions, for an open set with smooth boundary €2,
B (n+1)|Q]

Joo (W F(va)/HE)

51 = (i) [l [ 7o)

where Hg’o =nF(Q)/(n+1)|Q. We have the following relation between ng and dp :

() = 1 if HY >0,

Lemma 3.6. If k > 0 and Q is a smooth bounded open set with Hg > /@Hg’o on 0X), then

W) < e [ )Iﬁgo 1| Fwa).

In particular,
nr(Q) < or(Q)/k.
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Proof. Since (n+1)|Q| = [;,n F(vq)/HS’, we find

B 1 nF(q) [ nF(v)
&) = faQ(”F(VQ)/HgI;) (/BQ Hg /E)Q Hg’o >

HE N\ F(vg)
T o(F ig )/HE )/ (1_H§0> H§

: _HE gy,
T RHYY [0 (F(v)/HE) /m)l Hg,o‘F( Q)
(n+1)|Q 1 L
Joq(n F(v)/HE) £ F(Q2) /89 ‘1 Hg,o’F( )

where the first factor is less than 1 exactly by the anisotropic Heintze-Karcher inequality. The
proposition now follows from Hoélder’s inequality. O

Proposition 3.7. If FF € C*°(S") is an elliptic integrand, Q is a bounded open smooth set with
Hg > 0, and u is the F'-torsion potential of 2, then

nF(v U u)2
(- wenm) = [ B[ ew@an - CEE) e
F(va)

+

2
o H mHgF(Vu)QF(z/Q)—( 69F(W)F(m)) .

Moreover:

(a) The right-hand side of (3.23) is non-negative, so (3.23) implies the anisotropic Heintze-
Karcher inequality (1.15);

(b) If the right-hand side is equal to zero and Q) is connected, then Q@ = x + r Kp for some

r>0;
(¢) We have
o(n)%mmF(Q) > /}v (Vi) —i : (3.24)
C(n Ff 2)(VF(Vu)) |2
A(Q)ym p(Q) > /Q’v?u— i /n>4(r1 ( ))’ , (3.25)

and, if Sp(2) < 1/2 and HE > HHS};’O for some k> 0 on OS2, then

C(n) |Q|+2)/(+1) () (n/HY") 2
—_— > R : :
Kk |Kp|l/(n+) {UF(Q) + K } - /89 ’ n+1 F(VU)‘ Flva) (3.26)

Proof. Step one: We prove (3.23), following Ros’ argument in [Ros87]. By the divergence theorem,
since vg = Vu/|Vu| on 02, we have

o = ([ sr) = ([ Fvowrenm)’ = ([ FEE < ([ pew pon)

F(vq)
< HE F(Vu)? F(v
o 10 (Vu)® F(vq) oo HE
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By the anisotropic Reilly’s identity,
HE P(VU)2F (o) dH" = / (Apu)® — tr (V(Vru)?)
Q

- " /(AFU)2+/ (Bruf (V(VFu))?)
QO Q

o0

n—+1 n+1

n n|2
n+1 /Q(AFU)Q B n‘+|1 ’
where the last inequality follows from the following linear algebra consideration. Set A = V2(F?/2)(Vu)
and B = V?u, so V(Vpu) = AB and therefore
tr((V(Vru))?) = tr((AB)?).
Since A is positive definite and symmetric on Q \ €, A2 and A~1/2 exist and
AV2ZBAYV? = A-1/2(AB)AM?

is symmetric. Hence, there exist an orthogonal matrix O and a diagonal matrix L such that

IN

AYV2BAY? = 071LO. (3.27)

So,
AB = AY207'LoA™Y?2 . (AB)? = AY207'L20A7/? (3.28)

and
B— A"l = A7207Y(L - 1d)0A~Y/2. (3.29)

Because the trace operator is invariant under conjugation,
tr(AB) = tr(L), tr((AB)?) = tr(L?).
By Holder’s inequality, (n + 1) tr(L?) > tr(L)? so that
(Apu)? (trL)?
n+1 n+1

We have now shown the anisotropic Heintze-Karcher inequality and the identity (3.23) for the
anisotropic torsion potential .

Step two: We prove (3.24), (3.25), and (3.26). Let us first notice that if v and w belong to a Hilbert
space with norm | - | and v - w > 0 then

tr((V(Vpu))?) — = tr(L?) — >0,

2
20012 — (1. a2 > Ry :|UHU}| M_ M
ol = - w)® 2 Jolful (Jolhel = (0 w)) = =52 |y =y [ge
[of? [Jl, I
2 |’ (3.30)

Given (X;)Y; such that Y, \; = 1, we can apply (3.30) to w =Y, \;e; and v =), e; to obtain

N (32,292 2

NZ)‘?_(Z)W)Q > Eszei—Z)\i@
N . N DA 2 N 1 2
> et = 5 (S o) =5 X m M)

)
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Thanks to (2.12),

1
A2 < S+ DA, ATV < ”; .
By (3.28), if we set N =n + 1 and denote by \; the eigenvalues of L, then
Id |2 A, Id |2
_ " | < ol
V(Vru)— | <Oyt | n+1‘
A, 1 2 A, tr(L)?
< — -\ < = (tr(L? .
_C(n))\*zi:(n—l—l )\) C())\ <tr( ) - n+1)
Hence, by (3.23),
n|Qf / 2y (Apu)? /
>
e 1O 2 [ (V) - S 2 1 | 9V

This proves (3.24). In the same way, using (3.29) and recalling (2.13) to express A‘l, we have
V2(F2/2)(VF(Vu)) ‘2 < C(n) ‘ o Id 2
n+1 - A2 n+1

<O () S - 1),

Viu —

So, again by (3.23),

n|Qf
n+1

(Apu)? _ A2 V2(F2/2)(VF(Vu) 2
nj—l ZC’ /‘V2u— n+1

0 (Q) > /Q r((V(V pu))?)

proving (3.25).
Similarly, (3.23) implies

19 n F(vq)
nr(Q) = = o [w]* = (v-w)?
n+1 onN HQ

where v = (HE)™Y/2 and w = (HE)Y2F(Vu) are seen as vectors of L?(F(vq)H" 09). Writing
down (3.30) we find

2] R Y 12 o
—_— Q > — — — (H F(V F .
a1 Joo THE 23 oo HE oo o gy eIV £ 00
After simplifying we have,
jw| 1 2 F
C(n)|Q2 QZ/— Vu)| Hg F(v
) Qne(@) = || |0~ F(Vu)] H Fe)
and hence
W/l L2 [ 2
=L S — > —_ .
O {1921ne(@) + 1o ’Hgvo AR A N 70~ F(V)| HE F()



24 DELGADINO, MAGGI, MTHAILA, AND NEUMAYER
Thanks to (3.13) we have |w|? < |Q], so that by 1/HE < 1/kHEY,

ot [ 1L 9 HE P F(n)
Wl LRy < 2
W Joo | ze ) 0 To Foa)/HE oo 70 Y| "HE

]

e T Foy g PO < L ntor?
9]

where in the last step we have used the anisotropic Heintze-Karcher inequality. Thus,

2 w
om0 {nr@)+ O} > [t pwuf” 5 Fon).
Q

Exploiting again Hg > /-@Hg’o

jw] 1 2 P Fo .

—— — (Vu)’ Hi F(vg) > kHe inf ‘
/asz [v] Hg’o ¢ ek Joq

By the divergence theorem, the optimal c is given by the average

S FV0F(va) _ JoAru 19 _ (n/H)")
Joo Fva) FQ) ~FQ) n+l
Thus by combining (3.31), (3.32), and the last identity, we have

0o A2 ey + PO 5 [T g ren),

’ 2

c—F(Vu)| F(vq).

K HO K n+1
where by the Wulff inequality (1.6),
]Q| |Q]2 |Q’(n+2)/(n+1)
< < _
ng < C(n) f(Q) S C(n) |KF‘1/(n+1)

We thus conclude the proof of (3.26).

/ ’Hg 1)2F (
KHYY [0 Fva)/HE Joo | HY®

(3.31)

(3.32)

(3.33)

Step three: We finally notice that if the right-hand side of (3.23) is equal to zero and €2 is connected,

then Q = & + r Kp for some x € R"™! and r > 0. Indeed, in this case, (3.24) gives

1d
-4 0
V(Vru) e on
so that, for some g € R**,
Veu(z) = ——20  vpeQ
u(z) = x )
E n+1

Since Vpu(x) = V(F?2/2)(Vu), by (2.9)

z—z0\ _ V(Fo)*(x —z0)
=V(F?/2 = Q.
Vau(z) = V( */><n—|—1> 2(n+1) Ve
In particular, for some ¢ € R we have
F.(x — x0)?
u(:L‘):c+M Vo € Q,

2(n+1)
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so that w = 0 on 99 implies that 0 is a level set of Fi(- — x¢), as claimed. O
3.6. Proof of Theorem 1.4. Step one: We first recall our setting. We consider a convex integrand
F that is the pointwise limit of a sequence {F}, }ren of smooth elliptic integrands with
m< F, <M on S™,
2 1 (334)
M Id < V2FL(v) < ApId onv-,VveS",

where m, M, A\, and A, are positive constants (m and M independent of h). Notice that, by
convexity,

Fy, — F uniformly on compact subsets of R*!. (3.35)

We also consider a sequence {Q, }ren of bounded open sets with smooth boundary with

Hg:’o =n, Hg: >kn on 0 (3.36)
and
sup diam(Qh) < 00, fh(Qh) < (L + 0') ]:h(KFh) (3.37)
heN
for some k > 0, L € N and o € (0,1). Moreover, we assume that

. Ay,
lim max

1
i {)\7 )Th} 1, () + 07, (8) = 0. (3.38)
o h

We want to prove the existence of an open set 2, which is the disjoint union of at most L-many
translations of Kz, such that, up to translations and up to extracting subsequences,

Jim | Fn () — F(Q)| + 12,40 = 0. (3.39)
—00

colorblueWe now turn to the proof of (3.39).
Step two: Next colorForestGreen

Step two: We now turn to the proof of (3.39). Next we obtain some immediate compactness
properties for the sets €. Since (3.34) implies F(E) > mP(E) for any set of finite perimeter E,
(3.37) implies

sup || + P(Qp) < 0. (3.40)
heN

By (3.37), up to translations, we may assume €, C Bp for some R > 0, and since supjcn P(2p,) <
00, the compactness theorem for sets of finite perimeter implies that, up to subsequences, there
exists a bounded set of finite perimeter Q such that [Q,AQ| — 0 as h — 0.

Step three: We show that, if uy, : R*™! — (—oc0,0] denotes the Fj-torsion potential of Q extended
by zero outside of €2, then, up to extracting further subsequences,

up, — w uniformly on R?*!

where [{u < 0} \ Q| =0 and

Fy(x —x; 2 _ 2
u(z) = Zmin{ (2 ) ) j,O} r € R (3.41)

(n+1
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where J is an at most countable set, x; € R""! and s; > 0. Indeed, by (3.24), (3.26) and (3.38)

we have that
V(V u)—i =0 (342)
Fn™h n+1 ’ '

lim
h—o0 Q,

. 1
lim ‘
h—o0 o0y, n + 1

_ Fh(Vuh)‘Q Fu(vg,) =0, (3.43)

2((Fn)«/2)%(VFE 2
h—o0 Q n + 1
By the universal Lipschitz estimate of Proposition 3.5 and by (3.36),
1
Lip(up) < < C(n,m, k). (3.45)
mlig, s

Since {uy, > 0} = Qy C Bg, it follows that u; — u uniformly on R"*! for a non-positive Lipschitz
function u. We notice that

[{u<0}\Q|=0. (3.46)
Indeed, by uniform convergence, for every ¢ > 0 we have {u < —e} C Q, if h is large enough.
This last fact, combined with (3.42), implies that {V(V g, up)}hen is bounded in L?({u < 0}). In
addition, |V, up| < C on R"! thanks to (2.4), (3.34), and (3.45). Since {u < —¢} is bounded
and € > 0 is arbitrary, we find that

Veu, —v  in L2({u < 0}) (3.47)

for some v € H'({u < 0};R"*1). Now, f(M) = |M —1d|? is a convex function on R"*! @ R"*1 5o
that

/A f(Vaw) < liminf /A F(Twn)

h—o0

whenever A C R"*! is open and wy;, — w in L'(A4;R"*!) for some w € WhHi(A;R"*1). Applying
this to wy, = Vg, up, and thanks to (3.42), we find that

2
/ vy 4 ‘ —0  Ve>0,
{u<—e} n+1
and thus
Vo= 14 {u <0}
U—n+1 on\u .

Therefore, if {A;},cs are the connected components of the open set {u < 0} (here J is an at most
countable set), then there exists x; € R"™! such that

x—xj

v(x) = o Vo e Aj. (3.48)
We now need to translate (3.48) in terms of u. To this end, we claim that
v(z) € O(F?/2)(Vu(z)) for a.e. x € R*H1. (3.49)

Indeed, by the convexity of F? and since 2 Vp, up(z) = V(F2)(Vuy(x)), we have that
Fy(2)? > Fp(Vup(2))? + 2 Vg,up(z) - (2 — Vug(z)) Vz e R*HL, (3.50)
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By (3.35), (3.47) and the uniform Lipschitz bound on the potentials uy, (3.50) implies that, for
almost every x € R™*! and for every z € R**1,

F(2)? > F(Vuy(x))* + 2v(z) - (z = Vup(z)) + o(1) as h — oo (3.51)
where o(1) — 0 as h — oo. Handling Vuy, is more delicate, because we only have Vu, — Vu in
L?(R™*1). However, by Mazur’s lemma, for every h € N there exist N, > h and {a;’}{i”h C [0,1]
with Zl]ihh aft = 1 such that

Np,
Z AV — Vu  in L*(R™*1) and a.e. on R**1. (3.52)
I=h

In particular, thanks to (3.52), this implies that by convexity of F? and by (3.51), for almost every
z € R*! and for every z € R"*! we have

Ny, Ny, Ny
F(2)? = Z Al F(z)? > Z Al F(Vuy (z))? + 2 Z alv(z) - (z — Vuy(x)) + O(1)
I=h I=h I=h

Ny, 9 Np
> F(Z ozfquh(:L‘)> +2v(x) - (z - Z a;‘Vuh(x)) +0(1)
I=h I=h

= F(Vu(z))? 4+ 2v(z) - (2 — Vu(z)).
This proves (3.49). Inverting (3.49) using (2.10), we have that
Vu(z) € O(F2/2)(v(z)) for a.e. x € R*H1.
By (3.48), and since F, is differentiable almost everywhere on R"*!, this implies that
Vu(z) = V(F2/2)(z — x;) for a.e. x € Aj.
We thus conclude that there exist ¢; € R such that
Fi(x — x5)°
2(n+1)

Since u < 0 in A; and v = 0 on 0A;, we deduce that ¢; > 0 and A; = z; + s; K. Hence (3.41)
follows.

u(z) = + ¢ for a.e. z € Aj.

Step four: The next few steps of the argument are devoted to showing that s; = 1 for every j € J.
To begin, we prove that

h—o0 Q

lim Fr,(Vup)? = / F(Vu)?. (3.53)
{u<0}
First note that by the convergence of F} to F' (3.35) and the Lipschitz bound on uy, (3.45), we have
/ Fr,(Vup)? = / F(Vup)>+o(1)  ash— oo (3.54)
Qp Qp

where o(1) denotes a vanishing sequence. Since {u < —e¢} C Qy, for h large enough, by Vu;, — Vuy,
in L? and the convexity of F, for every £ > 0 we have

liminf/ F(Vup)? > liminf/ F(Vup)? 2/ F(Vu)?.
Qh {’LL<—E}

h—o00 h—o00 {u<—e}
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Letting ¢ — 0 we see that, by (3.54),

liminf [ Fj,(Vuy)? > / F(Vu)?. (3.55)
{u<0}

h— 00 Qs

To prove the opposite inequality, we recall that wy, is the unique minimizer of [, F,(Vv)? among
NS Wol’Q(Qh). Setting

ep=— inf wu, vn = (u+ep) € WH(Q ,
n= ity = (u+en) 0" ()

we find that

/Q P < /Q (T = /Q F(90) +ol1) = /{ L P en (@50

where in the first identity we have used the convergence of F}, to F' (3.35). Combining (3.56) with
(3.55), we prove (3.53).

Step five: We show that
im [ F(Vuy)® = / F(Vu)® Va0, (3.57)
h—oo Jq, {u<0}

Notice that this would be obvious if we had the strong convergence of Vuy to Vu, and that in that

case, one could actually assert (3.57) with any non-negative locally bounded function H replacing

F“. However, we only have that Vu, = Vu in L>(R*!). To obtain (3.57), we will exploit the
strict convexity of ¢ € (—1,00) + F((1 + t)v)? through the theory of Young measures.

Let us recall that, by the uniform Lipschitz bound (3.45) and since spt u, C Bp for R independent
of h, we can apply the fundamental theorem of Young measures [Eva90, Chapter 1, Theorem 11]
to find a measurable family of probability measures {v;},cgn+1 such that

/ (@) (T () dz — r) / BE) due(€) Vg € LL(Br), b € COR™Y).
R+ R+

In particular, we easily deduce that

Rn+1

Vu(z) = /IR"+1 Edv(§) for a.e. x € R"t1. (3.58)

By (3.53) and by convexity of F2, if p denotes a measurable selection of 9F?(Vu) on R"*! (that
is, p : R"™! — R"* is a measurable map with p(z) € dF?(Vu(z)) for almost every x € R"*1),
then

/ F(Vu)? = lim F(Vuyp) dx—/ d:c/ )2 dvg (€)
Rn+1 h—oo Jrn+1 Br Rn+1

> [ de [ FTU@P ) - (€ Tu) dvafo

_ _ 2
= Rn+lF (Vu)? /BR dx/RnH (€ = Vu(z)) dv,(€) /Rn+1 F(Vu)*,

where in the last identity we have used (3.58). Hence, for every measurable selection p of F?(Vu),
almost every = € R"*!, and v,-almost every & € R”H we have

F(&)* = F(Vu(z))? + p(x) - (Vu(z) — &) for a.e. z € R"*! and .
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Ast — F(v+t2)? is strictly convex and increasing on ¢ > 0 whenever z is an outer normal direction
to {F < F(v)} at v, this in turn implies that for almost every z € R"+!

spt(vz) C {F = F(Vu(x))}.

Consequently, for any g € C°(R*™!) with g(0) = 0, we have

hlirgo - g(Vuy) dx = /RnH dx /RnJrl g(&) dv, (&) = /BR g(Vu).

Recalling that
/ Fn(Vup)* = / F(Vup)® + o(1) as h — oo
Br Br

and setting g = F'%, the claim follows.

Step siz: We prove that if a > 0, then

n+1+a«a
(n+41)2

_n—|—2+a

F O F otl .
/R R =2 /R RV (3.59)

Indeed, let us consider the vector field
Oa. = Frn(Vup)* Vi, up .
Recalling that Vg, up, = Fj,(Vup)VEL(Vuy), we have
V(En(Vup)*™) - (Veun) = (a+ 1) Fp(Vup) T N 2u, [V E, (Vay), VEL(Vug)]
so that div (Vg up) = 1 yields
divOui1n = Fn(Vup)®™ 4 (@ + 1) Fy(Vup)* T V2un [V ER(Vug), VL (V)]

1
— (1—1—:—1_ >Fh(Vuh)a+1

+1
V2[(Fi)« /21> (VR (Vuy,))
n+1

—i—(a + 1) Fh(Vuh)o‘“ <V2uh — ) [VFh(Vuh), VFh(Vuh)],

where we have used the identity
VH?)2)(V)[v,v] =1  with H = (Fy)« and v = VE,(Vuy,) .
By (3.44), and taking into account the Lipschitz bound (3.45), we find

2
/ div Ogp1 = ”++O‘/ Fr(Vup)*™ +0(1)  as h — . (3.60)
Qp n+1l Jg,



30 DELGADINO, MAGGI, MIHAILA, AND NEUMAYER

At the same time, by the divergence theorem, the Lipschitz bound, and (3.43), we find

/ div 6a+1,h = / Fh(Vu)aHVFhu - VQy,
Qp oy,

T n —11- 1 /89h Fp(Vu)*Vg,u-vg,

o (Fu(T0) = ) PV Vs v,
- i 1 /BQ Fu(Vu)*V g, - v, + o1)
= nil/ﬂhdiVH%h—ko(l), as h — 0.

By using (3.60) with a and a + 1 we thus conclude that

n+24+a«a n+1l4+a
_— F aH_/ F @ 1 h 3.61
1 /Q MV =T fo, V)T o) ek oo (361

which implies (3.59) thanks to (3.57) if & > 0. Notice that (3.61) holds also when o = 0 and that,
in this case, it implies

n+ 2 F(Vu) = | > {u < 0}]
n+1 Jget1 n+1 n+1
where the limit on the left-hand side is computed by (3.57), the limit on the right-hand side follows
by |2, AQ| — 0, and the inequality is a consequence of (3.46).

: (3.62)

Step seven: We finally complete the proof. We recall from (3.41) that {u < 0} is decomposed
in at most countably many open connected components A; = z; + s; K, j € J, with u(z) =
(Fu(z — xj)* — s?)/Q(n +1) for € A;. Hence, by (2.8),

F(F(z— ) VE(z — 1) _ Fu(x—a)

F(Vu(z)) = 1 i Ve € Aj,

and by scaling, we have that

1
F(Vu)® = — 1§ gntita / Fe (3.63)
Rn+1 (n+ 1)« =’ K

Moreover, thanks to Kp = {F, < 1}, the coarea formula, and the zero-homogeneity of VF,

1 1
dH™ dH" C
Ff‘z/ t“dt/ i :/ t”*o‘dt/ LA K
Kp 0 (Fo=t} [VFy| 0 oxy [VF|  n+l+a
provided we set
dH™
Cre = / .

Ck
F a@— ntlte .64
/Rnﬂ V) = et it a) oy % (364)

Hence, (3.63) becomes
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Combining (3.59) with (3.64), we find that

C 1 2
7K2 gntlta _ "’""""20‘/ F(Vu)® = ntrato F(Vu)ot
(n+ 1)at i J (n+1) Rn+1 n+1 Rn+1
_ CK n+2+a
T nt 1)tz 2% ’

jeJ
that is
Z s?+1+°‘ = Z s;?+2+°‘ Ya > 0.
jeJ jeJ
In particular, by the arbitrariness of «,

Z 8?—0—3—0—& _ Z S?+2+a _ Z S}H-H_a : Va >0,
Jj€J jeJ jeJ

and thus
S?+l+a(5j _ 1)2 _ Z S;}+3+o¢ + S;H—l-i—a _9 s;b+2+a —0.

J€J jeJ
This implies that s; = 1 for every j € J. Using (3.62), we get
C 2 Q 0 C
K n+2 _ n+ F(Vu) = €] > [{u < 0}| _ K an—&-l’ (3.65)
Rn+1 J

- S —
2 J = 2
(n+1) < n+1 n+1 n+1 (n+1) =

which, combined with s; = 1 for every j € J, implies the finiteness of J as well as |Q| = [{u < 0}|.
In particular, (3.46) implies

Q= {u<0}
up to modifying 2 in a set of Lebesgue measure zero, which proves the conclusion that |2, AQ| — 0
for an open set ) consisting of a union of finitely many disjoint translations of K. In turn, from
this last property, we have (n+1)|Q = F(Q), so (n+ 1)|Q| = Fi(Q,) implies Fp(25) — F(2) as
h — oo. Finally, F,(Q,) < (L + o) Fr(KF,) gives

#JIJF(Kp)=FQ) < (L+0)F(Kp)
so # .J < L. This completes the proof of Theorem 1.4.

4. PROOF OF THEOREM 1.3

We start by recalling our assumptions. We consider a smooth elliptic integrand F' and a smooth
potential g. We let M > 0 and consider an open connected set with smooth boundary €2 such that

F(Q)ntt diam(§2)

In case (i) we assume that €2 is a volume-constrained critical point of £, so that, by smoothness
and by the area formula, there exists a constant ¢ such that

HY +g=¢ onoQ. (4.2)

Then a first variation argument allows one to compute that

—gho 71 iv(g(x) x) dx
(= nf +(n+1)’m/9d (9(z) 2) dx, (43)
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see e.g. [FM11, Appendix A.1]. Let us now set

HF,O
O =1tQ, t=—2 — F(Q) .
n (n+ 1)

By (4.1) we easily find
HEO=n,  F@) <M,  diam(@Q) < MO/,
By the Wulff inequality (1.6),

1 (n+1)|Q] 1
S= < F) QY+ 4.4
[T Eo YDl (4.4)
so that  C By, (4.2) and (4.3) imply
Hg 1/(n+1
HHg,O 1| ooy < OO0 B (Igllcningy + M IVgllcnisyy ) 10104, (45)

and thus
5p(Q) = 6p(Q) < C(n, F, M, g) |QV/("T1).

By Theorem 1.1, for every ¢ > 0 there exists v. depending on n, F, g, M, and ¢, such that if
1| < v, then

L
’Q*A U(x,—l—KF)‘ <eg, (4.6)
i=1
for some L > 1 (bounded from above in terms of F' and M) and {x;}£ ; C R"*! such that the sets
{x; + Kp}L | are mutually disjoint. This proves statement (i).
We now assume that € is a volume-constrained rg-local minimizer of £, that is

E(Q) <E(A) whenever [A| =[] and QAA CC I, qp/emin) (0) . (4.7)

We shall apply statement (i) with a choice of ¢ depending on rg, n, F, g and M, and then we shall
assume || < vy for a suitable vy depending on rg, n, F'; g and M. We now divide the argument
into steps.

Step one: We claim that there exist constants py (depending on n, F, g, M and r9) and S
(depending on n, F, and M) such that Q* is a (S, pg)-minimizer of F in R"*!, that is,
F(Q) < F(G) + S|GAQ"| whenever diam(GAQ*) < po . (4.8)

(This will be used in the next step to get density estimates, see (4.16) below.) In proving (4.8) we
can assume without loss of generality that

F(G) < F(QF), GAQ* CC By, (xo) for some z¢ € 00" . (4.9)
We first show that, if we let

_ <|Q*‘)1/(n+l)
e

then we have

|Q*AG]|

=1 <C(n) —5;
|€2+]

and lu—1] < C(n, F)pgtt. (4.10)
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Indeed, by (4.6) and provided e < |Kp|/2, we have

1
(L= 3)IKr| <1971 < (L+ 1) |Kxl. (4.11)
So, if po is small enough to have |B,,| < |Kp|/4, then (4.9) implies
3 o Kp| 3
G219 = (Bl = (L= 2) (et = 2L ana oo+ B < 2jor,
1 8 1 =2
hence | | | ‘
OAG VAG
lu—1] < C(n) <Cn) —57>
G| €]

that is, the first estimate in (4.10). The second estimate immediately follows by combining the
first one with (4.11) and |Q*AG| < |B,,|. Now we set, for zg € 9Q* as in (4.9),
R A
A" = p (G —z0) + w0, AZTa

and claim that A is admissible in (4.7). By definition of p we have |A*| = |Q*|, so that Q* = ¢Q
implies |A| = [2|. We thus need to check that

QAACCI,, |Q|1/(n+1)(89) .

r

We first claim that
VAA* CC I, (0) . (4.12)

The argument is entirely elementary, but we include it for the sake of clarity. Let us first pick
y e A"\ Q* and let z € G be such that y = pu(z — z9) + 0. If z € B,y (x0), then

dist(y, 0Q%) < |y — zo| < p|z — x| < ppo < 2po,

where we have used the second inequality in (4.10) and have assumed py small enough to get p < 2.
On the other hand, if z € B, (x¢), then G\ B, (zo) = Q* \ By, (zo) implies that z € Q*, so that a
point on the segment joining y and z lies on 9Q2*, and

dist(y,00Q") < |z —y| = | — 1] |z — @o| < diam(Q") |u — 1| < po,
where we have used again the second inequality in (4.10) and the smallness of pg. This proves that
dist(A* \ Q*,00%) < po .

Now let us pick y € Q*\ A*. If y € G, then, by (4.9), y € B,,(x0) and thus dist(y, 02*) < po.
Otherwise, y € G\ A*, which means that the point z defined by y = u(z — z¢) + z¢ cannot lie in
G. Thus the segment joining z and y meets a point in the boundary of G, so that, again by (4.10),

‘ \y—x0|

dist(y,0G) < ly—z| = |p—1[ |z =] = [p—1 < 2[p—1||y—=zo| < 2diam(Q2%) [p—1] < po

provided pg is small enough. By 0G C I,,(0€2*) we get
dist(y, 00*) < po + dist(y, 0G) ,

and thus dist(Q* \ A*, Q") < 2pg. The proof of (4.12) is complete.
By || = |A*|, (4.12), Q* =t and A* =t A we obtain that

Q] = |A]  QAACC I, 4(09). (4.13)
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By (4.4), if pp is small enough with respect to rg, n, M and F, then (4.13) implies that A is
admissible in (4.7). By £(Q) < £(A), and assuming without loss of generality that ro < M, we
deduce that

F(Q) < F(A) + llgllcom,u 1AA] (4.14)
Multiplying by ¢", this becomes

l9llco(Byn

FO@) < FAY)+ LAY < FA®) + C(n, F) llglcogsy, o’ ) 107 A47)

< F(AY) + [QUFAAY

where we have used first (4.4), and then the smallness of vg. Now, F(A*) = u" F(G) so that by
the first estimate in (4.10) and by F(2*) = (n + 1) |Q2*|, we obtain

F(A%) < (1 +C(n, F, M) |Q|;A*|G|)}“(G) < F(G) + C(n, F, M) féﬁ? I0*AG
< F(G)+C(n, F, M) |0 AG) . (4.15)

Similarly, by F(G) < F(€*) < M and by [Magl2, Lemma 17.9],
(GAA®| < C(n, M) |u— 1| P(G) < Cn, F, M) | — 1| F(G) < Cln, F, M) |2* AG]

so [QUFAA*| < C(n, F, M) |2 AG| by triangular inequality. Combining this last estimate with (4.4),
(4.14) and (4.15) we conclude that (4.8) holds.

Step two: We show that L = 1in (4.6). Starting from (4.8), and assuming without loss of generality
that pg < 1/, a standard argument shows the existence of k € (0,1) depending on F' and n only
such that
K1By(2)] < 10° 0 By(a) < (1= 0)|By@)l, Vo€, p<po. (4.16)
(See, e.g., [Magl2, Theorem 21.11] for the case when F is the classical perimeter and use the
constants mp and Mp bounding the anisotropy to adapt the proof to the anisotropic case.)
Let us introduce the shorthand Ky = Ule(xi + Kp), and let z € 99Q* be such that

ho = dist(z,0Ko) = sup dist(z,0K)y).

z2€00*
If x € K§, then by the lower density estimate in (4.16) and (4.6),
K |Bmin{h0,po}(x)‘ < ’Q* N Bmin{ho,po}(xﬂ < ‘Q* \ KO’ <e.

If instead = € Kj, then the analogous argument using the upper density estimate in (4.16) shows
that & |Biingne,po}(7)| < € in this case as well. Taking e small enough with respect to pg and &,
and therefore with respect to g, n, F, g and M, we find that hg < pg and in particular that

hptt < C(n,F)e.
Furthermore, up to possibly decreasing vy, we find that

Ayt = sup dist(z,0Q) < C(n, F)e
z€0Ky

as well. Indeed, otherwise, we could find r > 0, a sequence {{2;,} converging to Kg in L' and = € Kq
such that B, (z)N08Y, is empty for h sufficiently large. Clearly, K satisfies a lower perimeter density
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estimate. Pairing this estimate with the ellipticity of F' and the lower semi-continuity of F implies
that
e’ < F(Ko; Br(z)) < lihminf}“(Qh;Br(x)) =0,
—00

yielding a contradiction. We conclude that
h = hd(8Q*, 0Ky) < C(n, F) /(1) (4.17)

Since Q is connected, so is Q* € JZ, I(z; + Kr). Hence, if L > 2, then (up to relabeling the
x;s) we have
Ih(l'l + KF) N Ih(:EQ +KF) 75 0.
In particular, if z; € 21+ 0K and 23 € 29+ 0K are such that |21 — 29| = dist(x1 + Kp, 22+ Kp),
then |21 — 22| < 2h < C(n, F)e/*D. Moreover, by (4.17) there exists z € 9Q* such that
|z1—z| < C(n, F) el/(n+1) " Thus there exist w; and ws such that wy +(z1+ Kr) and wa+ (22 + KF)
are disjoint, with a common boundary point at = and
max{|wi |, |wa|} < C(n, F)e'/+1) (4.18)

By the upper estimate in (4.16), we find that for every p < pg
FIBya(@)| < |Bpya(a) \ Q] < [Byya(@) \ Ko| +

IN

Bu@)\ (w1 + Ki) U (22 + Ki) | + ¢

IN

‘Bm(x) \ (w1 + 21 + Kp) U (w2 + 22 + KF)) ‘ +C(n, F) e/ | (4.19)
where in the last step we have used (4.18). By definition of w; and wy and by smoothness of Kp,

li_r}réJr pal_”’BPO/g(JL‘) \ ((w1 + a1+ Kp) U (wg + x2 + KF))’ =0.
Po

Hence if € is small enough with respect to pp, (4.19) leads to a contradiction. This shows that
L = 1. As a consequence, Ky = x1 + K satisfies upper and lower volume density estimates, so
arguing as above, we find that

< 1/(n+1) o '
<C(n,F)e S TACNG)] (4.20)

where the last inequality is obtained by further decreasing ¢ in terms of 7o, n and F', with Cy(n, F)
as in (4.4), that is to say, by taking t~! < Ci(n, F) ||+ In this way, we obtain

b (90 21 + 0KF) < On, F) [0 Ay + k)|

hd (00 K 0 T/ () 4
+ < < .
( »P1 ( F/t)) =20.(n,F)t = 2 € ) (4.21)

where p; = x1/t. This fact will be used in the next step.

Step three: We now prove (1.21) and (1.22) by comparing Q* with a scaling of the Wulff shape of
the same volume. To this end, we introduce the scale invariant Wulff deficit of Q C R™*1, defined
by

F ()

(n+ 1)’KF‘1/(n+l)‘Q’n/(n+1) -1

ow (€2) =

We first claim that
ow(Q) <C(n, F)|QUA(x1 + Kp)| <C(n,F)e. (4.22)
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Indeed, F(KFr) = (n+ 1)|KF| and F(2*) = (n + 1)|Q*| (as Hg;o =n), so that
IF(Q) = F(Kp)| < (n+1)|1Q°] = |KFl] < (n+ 1) |Q*A(z1 + Kp)],
while
| F(Kp) = (n+ 1) Kp|" D)0/ ()]
O(n, F) ||Kp| - o™
C(n,F)|Q*A(z1 + Kr)|,

VANVANR VAN

C(’I’L,F) “KF|n/(n+1) _ ’Q*|n/(n+1)’

thanks also to (4.11). Again using (4.11) and the scaling invariance of oy (§2), we deduce (4.22).

This said, let s = (|Kp|/|Q))Y/™D. By (4.21),
1

T 1
hd (09, 1+ 0(Kr/5)) < 22 |0/0+0 4 C(n, F) |

where by (4.4) and (4.22) and provided we take ¢ small enough in terms of rg,
1 1 Q
L = ) om0 sy )
t s t

< To |Q’1/(n+1) .

2
We have thus shown that
hd (asz, p1+ a(KF/s)) < 7o | QYD)

(4.23)

and since |p; + (Kr/s)| = |9, this implies that A = p; + (Kp/s) is an admissible competitor in

(4.7).

We can thus obtain (1.21) by the quantitative Wulff inequality of [FMP10] by direct comparison
with the Wulff shape, as in the case of global minimizers [FM11]. We repeat the simple argument

for the convenience of the reader. By (4.7), we get & (Q) < &(KF/s), which in turn implies

__F®
ow(Q) = F(Kr/s) KF/S ‘/ /p1+ KF/S
= W ”g”CO(BQJ\/I) |QA(p1 + (KF/S))‘ .

Notice that 21 = t p; could have actually been chosen so to satisfy

QA( + (Kp/s) = min, [2A(+ (Kr/s)

Correspondingly, by the quantitative Wulff inequality of [FMP10],

o () 2 efn) (PSP

so that

(19801 Ue/DIY? _ o, p g ag) 19800 K/ gy

1]
and (1.21) follows. Returning to (4.20) we have

9]

1/(n+1)
hd (00, p1 + O(Kr/1)) < C(n, F) |04+ Ke/p)]

(4.24)

(4.25)
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while by (4.23),(4.24), and (1.21),
1 1

t S

IN

C(n, F) sw(Q) ||/ "+

QA(p1 + (KF/s))
1]

< C(n,F,g,M)

| ‘9’2/(714-1) < C(n,F,g,M) ’9‘3/(71-5—1)

By (4.4) and [Magl2, Lemma 17.9]

1971 1
|1+ Kp /)M + K /t)] < C(F) - |5 = =] < Cln, Fg, M) @/ 04D |40

while
1 1

hd (p1 + O(Kr/t), 1+ 0(Kr/9)) < O(F) |} = <| < Cln. Frg, M) |04,

By (4.25), we conclude

hd (aﬂ, P+ a(KF/s)) hd (aﬂ, p1+ (K /t)) hd (p1 +O(Kp/t),p1 + (K /s))
Q[0 D) = Q0D + Q[0 D)

[2A(p1 + KF/t)|>1/("+1)
1]
where in the last inequality we have used (1.21). This proves (1.22).

|Q‘3/(n+1)
|Q‘l/(n+l)

< O(n,F) ( +C(n,F,g, M)
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