GEOMETRY OF QUASIMINIMAL PHASE TRANSITIONS

ALBERTO FARINA AND ENRICO VALDINOCI

ABSTRACT. We consider the quasiminima of the energy functional
/ Az, Vu) + F(z,u)dx,
Q

where A(z,Vu) ~ |VulP and F is a double-well potential. We show that the Lipschitz
quasiminima, which satisfy an equipartition of energy condition, possess density estimates
of Caffarelli-Cordoba-type, that is, roughly speaking, the complement of their interfaces
occupies a positive density portion of balls of large radii.

From this, it follows that the level sets of the rescaled quasiminima approach locally
uniformly hypersurfaces of quasiminimal perimeter.

If the quasiminimum is also a solution of the associated PDE, the limit hypersurface is
shown to have zero mean curvature and a quantitative viscosity bound on the mean curvature
of the level sets is given. In such a case, some Harnack-type inequalities for level sets are
obtained and then, if the limit surface if flat, so are the level sets of the solution.
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1. INTRODUCTION

In [CC95], some fine measure estimates on the area of the sublevels of the minimizers of a
non-convex variational problem were given. Such estimates played a crucial role in proving
the uniform convergence of the level sets and they have been applied, for instance, in the
construction of suitable solutions with “almost planar” level sets (see [Val04]) and, very
remarkably, in the proof of a delicate rigidity result connected with a famous conjecture
of De Giorgi (see [Sav03]). Recently, these estimates have been extended to minimizers of
problems driven by the p-Laplacian operator (see [PV05a, [PV05b]), by the Kohn Laplacian
(see [BVO07]), and in functionals penalized by a volume term (see [NV07]).

The main purpose of this paper is to extend these estimates to the quasiminima of a quite gen-
eral class of functionals (including, for instance, the case of singular and degenerate ellipticity
of p-Laplacian-type), thus providing a generalization from the minimal to the quasiminimal
setting.

From the measure estimates developed here, we will derive some geometric consequences
related to quasiminimal perimeter and zero mean curvature hypersurfaces, which will, in
turn, lead us to some Harnack-type inequality and rigidity results for level sets. These results
are extensions to the quasiminimal setting of analogous ones proven in [Sav03), [SV05, [VSS06]
for the minimizers.

Let us now give further details and motivations on the functional we deal with. This functional
is related to the Ginzburg-Landau-Allen-Cahn equation and it is the sum of two terms: a
double-well potential and a kinetic part. The kinetic part will lead to a (possibly degenerate
or singular) elliptic equation, while the effect of the potential is to drive the system towards
the two minimal states.

We will prove that all the Lipschitz quasiminima (in the terminology of [GG84]) of our
functional, which satisfy a suitable equipartition of energy condition (namely, condition
below), enjoy suitable density estimates, which, grosso modo, say that the interfaces behave
“like codimension 1 sets in a measure theoretic fashion”. This result will be stated in full
detail in Theorem [1| below. This result may be seen as the extension to the quasiminimal
framework of analogous estimates proved in [CC95| [Val04, [PV05al, PVO05b].

From such density estimates, we will derive several connections between the level sets of
quasiminima and surfaces of quasiminimal perimeter, or of zero mean curvature. Flatness
and symmetry results will also be obtained. These results, extending the work of [Sav03l
SVO05l [VSS06] from the minimal to to the quasiminimal setting, will be stated in detail in
Corollaries Glossing over some details, we may say here that these results are geometric
in nature and they have the following interpretation. First of all (see Corollary , level sets
of rescaled quasiminima approach locally uniformly hypersurfaces of quasiminimal perimeter.
Furthermore, if the functional is homogeneous and if the quasiminimum solves the associated
Euler equation, then the above hypersurface has also zero mean curvature (see Corollary ,
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and, in fact, the rescaled level sets of the quasiminimum enjoy a suitable weak zero mean
curvature equation even before attaining the limit (see Corollary . In this case, if the level
sets are trapped inside a suitably flat rectangle, then they are trapped in an even flatter
rectangle in the inside: these estimates, which may be seen as Harnack inequalities for level
sets, are stated in details in Corollaries [5] and [6]

Finally, if the limit hypersurface is a hyperplane, then the quasiminimal solution depends
only on one variable (see Corollary (7| below).

A precise description of the system will be given in § 2] and our result will be described in
detail in §[3]

We would like to recall that functionals as the one we consider here have also some physical rel-
evance, since they arise in the theory of superconductor and superfluids (see [GP58 [Lan67]),
in the study of interfaces in both gasses and solids (see [Row79, [ACT9]), in questions of fluid
dynamics (possibly, with non-Newtonian phenomena, see [Lad67, [AC81]) and in cosmology
(see [Car95]).

In the purely mathematical setting, functionals as the ones we study here have been the
paradigmatic examples for several celebrated I'-convergence results (see, e.g., [DGF75, Mod87,
Ste88, [(Owe88, Bou90, [OS91]) and they are related to a famous conjecture of De Giorgi
(see [DGTI)).

2. SET-UP

Given a domain 2 C R", we consider the energy functional
Fa(u) = / Az, Vu) + F(z,u)dx .
Q

Here above, A(z,n) is supposed to be of the order of |n|P, with p € (1,+0c0), and F is a
double-well potential.
Concrete examples are provided by

(1) Folu) = /Q VUl + K(2) (1) (1) da
and
) Falu) = /Q Vup + K(2) (1 — u?)P de,

with K positive and bounded from 0 and +oo, and p € (1, +00), but more general cases will
also be considered here.
More precisely, we make the following assumptions. We assume that A € C*(Q x R") and
that

CL(.%, 77) = DWA(xa 77)
is in C(Q x R*) N CHQ x R® — {0}). We require that

(3) A(z,0) =0, a(z,0)=0,

for every x € Q and that there exists A > 0 and p € (1,+00) in such a way that
(4) ¢-Dpa(z,m)¢ = AP P,

(5) |Dya(z,n)] < An[P=2,

(6) |Dea(z,m)] < AP,

(7) and 7-a(z,n) > A7yl
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for every x € (2, n € R™ and ( € R™.

Note, in particular, that A(z,n) is bounded from above and below by |n[?, due to (3),
and .

We assume that F': Q x R 5 (z,u) — R is a Carathéodory function, i.e., continuous in u
for a.e. z € 2 and measurable in x for every u € R. We require that

for every 0 < 6 < 1, where (f) and M are positive constants. Here and below, all the
structural inequalities on F' are assumed to be uniform for a.e. x € . Further, we assume
that the partial derivative Fy,(z, u) exists for every u € (—1,1) and for a.e. x € Q, and that F'
is uniformly Lipschitz in u € (—1, 1), that is

9) sup |Fy(z,u)] <A.
Jul<1

The techniques exploited here would also allow to deal with less regular potentials F', but we
will not push ahead with such generality.

We assume the following growth condition near © = +1: we suppose that either condition
holds or that conditions , and hold (see here below). That is, we consider two
cases. The first case (which will be dubbed case x, since it contains the case in which the
potential is just a characteristic function) is the one in which we assume that

(10) F(x,7) >

==

for any 7 € (—1,1) and a.e. x € Q.

In the second case (which will be called case W, since it is the case in which the potential is a
W-shaped function), we take the following assumptions. We suppose that there exists sp > 0
and 0 < d < p such that

gd—1 51
(11) Fu(xa_l'{'s)) A’ Fu($,1—8)<— A
for every s € (0, sp), that
(12) F(z,—14s)+ F(z,1 —s) < As?

for any s € [0, s), for a suitable d’ > 0, and that
(13) F,, is monotone increasing in u for u € (—1, -1+ s¢) and u € (1 — s, 1).

The functionals in and are paradigmatic examples for the cases xy and W, respectively.
We will consider here the quasiminima of F. For this, we recall the following definition (see,
e.g., [GG84]). Given Q > 1, we say that a function u € WP(Q) is a quasiminimum with
constant @ (for short: a Q-minimum) of F in Q if Fq(u) < +o0 and

Fa(u) < QFalu+¢),

for any ¢ € C5°(Q).
The n-dimensional Lebesgue measure will be denoted by £".
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3. THE MAIN RESULT AND SOME CONSEQUENCES
The main result we prove is the following:

Theorem 1. Fiz 6 € (0,1). Let |u| < 1 be a Q-minimum for F in any subdomain of a
domain Q. Assume that

(14) |Vu(z)| < My,
for a.e. x € Q, and that
(15) Az, Vu(z)) < My F(z,u(x)),

for a.e. x € QN {|u| < 1}, for a suitable My > 0.
Suppose that there exist two positive real numbers p1 and po in such a way that By, (x) C
and

(16) cr (B,“ ()N {u > e}) > s

Then, there exist positive rg and c, which depend only on n, Q, 0, w1, p2, My and on the
structural constants of the functional F, in such a way that

£”<Br(x) N{u > 9}) >cr”,
for any r > ro, provided that B,(x) C €.

We remark that an analogous result holds with the signs changed, that is: if
£ (By(2) 0 {u < 0}) > oo,

then
E”(BT(x) N{u < 9}) >cr”,

for any r > r¢ provided that B,(z) C Q.

We also point out that conditions and are quite natural, since they correspond, re-
spectively, to a Lipschitz condition and to a phenomenon known in the literature as “equipar-
tition of energy”. In particular, conditions and are satisfied if u is an entire solution
of the associated PDE (see, e.g., Theorem 1 of [Tol84] and page 1459 of [CGS94]). Also, (14
obviously implies if holds (i.e., if we are in case x).

Note that the domain 2 in Theorem [I| needs not be compact, nor with smooth boundary.
As a consequence of Theorem |1} we will show that the (sub)level sets of rescaled @-minima

approach locally uniformly hypersurfaces of ()-minimal weighted perimeter. To this extent,
we define the appropriate concept of perimeter by following § 3 of [Bou90|, that is, we set

W) = /1 |:inf<A(aZ,t77)+F(x,T)>:| 0

-1 t>0 t

and

Per (E,; F) = / h(z,vp(z)) dH" ().

O*ENQ

Here above, E C R" is supposed to be a Caccioppoli set with exterior normal vg and re-
duced boundary 0*E, and H* is the k-dimensional Hausdorff measure (see, e.g., [Giu84] for
definitions and basic properties). Note that the above definition of Per (E, Q; F) generalizes
the standard notion of perimeter of the set E in €, which will be denoted by Per (E, ).
With this notation, we derive the following result from Theorem [I}
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Corollary 2. Assume that

Fo(a,€)]
17 —_—
(a7) i | (P, ) P

Consider an infinitesimal sequence of €’s. Let u. be a sequence of Q-minima in any subdomain
of Q for the functional

< +00.

Fo(u) = i/ﬁA(m,aVu) + F(x,u)dz.
Suppose that
(18) el < 1,
that
(19) [Vue ()| < Mo/e,
for a.e. x € Q, that
(20) A(z,eVue(z)) < My F(z,u:(z)),

for a.e. x € QN {|ue| < 1}, for some My > 0, and that
(21) sup 75 (us) < +o0o.
>

Then, there exists E C £ in such a way that, up to subsequences, u. converges in LllOC to a
step function up = Xg — XQO—E-
Also, given any 0 € (0,1) the set {|uc| < 0} approaches OF locally uniformly.

In case of the spatially homogeneous scaling u.(z) := u(x/e), we remark that assumption
holds true thanks to Lemma [I0] below.

If w is also a solution of the associated PDE, the result of Corollary [2| may be sharpened, by
obtaining that the limit interface OF has zero mean curvature in the viscosity sense. This
fact is indeed a consequence of the density estimates performed here and of the fine viscosity
methods invented in [Sav03|, as developed in [SV05]. As an example, we provide the following
result:

Corollary 3. Let A(z,n) := |n|P/p, F(z,7) := (1 — 72)P. Let

(22) u € VV;?(R”) be a Q-minimum for F in any domain of R™.
Suppose that |u| < 1 and

(23) Apu = div (|[VulP?Vu) = —2pu(l — u?)P~!

in R™.

Let ue(x) := u(xz/e), for an infinitesimal sequence of €’s.

Then, the claims of Corollary[4 hold true and, if E is as in Corollary [, we have that OE
satisfies the zero mean curvature equation in the viscosity sense.

More precisely, let x* € OF be so that, for any r > 0

cr (Br(x*) N (R™ — E)) >0 and L" (BT(:C*) N E) >0,

and assume that OF admits a tangent hyperplane at x*. Then, if a paraboloid with vertex in x*
touches OE by below (resp., above) at x*, then its mean curvature at x* must be non-positive
(resp., non-negative).
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In particular, OF satisfies the zero mean curvature equation in the classical sense at any point
where it is a C? hypersurface.

The connection between (Q-minima and solutions of PDEs is a classical topic in the calculus of
variations. For instance, solutions of quite general PDEs are known to be Q-minima of suitable
functionals (see, e.g., § 6.2 of [Giu94]). On the other hand, the meaning of conditions
and is that the PDE solved by u turns out to be the Euler-Lagrange equation of a
functional of the type “kinetic part plus double-well potential”, for which u is a Q-minimum.
In particular, the lack of convexity of the potential makes the technique of § 6.2 of [Giu94]
not applicable to our case.

In Corollary [3 here above, a quantitative estimate on the mean curvature of the level sets of
the solution may also be obtained, as given by the following result, which is related to similar
ones in [Sav03| [SV05]:

Corollary 4. Let the assumptions of C’omllary@ hold. Let ¢, 0,6 >0, & € R* and M €
Mat((n — 1) x (n — 1)).
Suppose that u(0) = 0 and u(z) < 0 for any x = (z',x,) € [-£, ) so that
0 , 0
n< ' Mo+ 22
Ty < 52 x + g§ x
Then, there exist a universal constant 9 > 0 and a function o : (0,1) — (0,1), so that, if
0 1

b€ (0.0, <0, e (0.00)], 1M < .

then trM < 6.

1
d <77
and 1] < 5

Roughly speaking, Corollary [4] here above states that if the zero level set of u is touched by
below by a paraboloid, then the mean curvature (or, equivalently, the trace of the Hessian)
of such a paraboloid cannot be too large (and so, the level sets are close to have zero mean
curvature, in a weak, quantitative, viscosity sense).

From the results above, some Harnack-type inequalities for level sets of quasiminima follow.
Roughly speaking, such results say that, once the zero level set of u is trapped in a rectangle
whose height is small enough, then, in a smaller neighborhood, it can be trapped in a rectangle
with even smaller height. Accordingly, once such a level set is trapped inside a suitably flat
cylinder, then, possibly changing coordinates, it is trapped in an even flatter cylinder in the
interior (pictures of these facts are given on pages 3-4 of [VSS06]).

To this extent, we will assume the ()-minimal property for ) close to one, say @ := 1+ &
and k > 0 small.

Corollary 5. Let £, 0 > 0. Let u, A and F be as in Corollary[3, with Q :== 1+ k. Assume
that w(0) = 0 and that

{fu=0}n{(z,2,) ER" I xR : |2| < ¥, |zn] <€} C {(2,2,) ER"IXR : |2,] <6}.
Then, there exist universal constants ¢, ko € (0,1) so that, for any 6y > 0, there ex-

ists €0(6p) > 0 such that, if

k € [0,kKp), < €0(bo) and 0> 0,

S

then
{u=0}n{l2'| <cl} C {|lzn] < (1 —c)0}.
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Corollary 6. Let ¢, 0 > 0. Let u, A and F be as in Corollary[3, with Q =1+ k.
Assume that u(0) = 0 and that

{fu=0}n{(x,2,) ER" I xR : |2/| < ¥, |zn] <€} C {(2',2,) ER"IXR : |x,] <6}.

Then, there exist universal constants kg, 11, m2 > 0, with 0 < my < 2 < 1, such that, for
any 0p > 0, there exists €1(6p) > 0 such that, if

0
K€ [O,KJQ), Z < 81(90) and 0 > 6y,

then
fu=0pn ({Imeal < mt} x {|(@- )| < mt}) €

C ({Imeal < mat} x {I(z - )] < m6})
for some unit vector &.

Corollaries [5] and [6] are extensions of analogous Harnack-type inequalities for level sets of
minimizers, which have been obtained in [Sav03l, [VSS06].

In the spirit of a famous conjecture by De Giorgi (see [DGT9)]), we now point out a symmetry
feature which extends some results by [BCN97, [GGIS8| [Far99, [AC00, [Sav03, VSS06] to the
quasiminima:

Corollary 7. Let the assumptions and the notations of Corollary[3 hold, with Q := 1+ k.
Assume that OF is a flat hyperplane, with unit normal vector &.

Then, there exists a suitable constant ko > 0 such that if k € [0, ko) then the level sets of u
are flat hyperplanes too.

The proof of Theorem [I]is the core of the rest of the paper. It is performed in §[5] and it uses
some auxiliary results proven in § 4l The proof of Corollaries and [4] will then be dealt
with in §[6] and [7]] We then devote § [§] and [J] to the proofs of Corollaries [5 and [] Finally,
Corollary [7] will be proven in §

An appendix will also discuss some I'-convergence-type results for quasiminima.

Some results of [GG84, [Tol84l Bou90, [CGS94, [Val04, [PV05a, [PVO5bL [SV05, [VSS06] will be
used in the course of the proofs and some ideas from [Mod87, [CC95, [Sav03] will also be
borrowed.

4. TOOLBOX

We perform here some technical computations, which will turn out to be useful in the proof
of the main result.

Lemma 8. Let
(24) i := inf

Then, i € (0,400).
Proof. Let
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Then,
1 1

I —lm —2 = lm = .
S @) = i e ey = i AT g

This and the fact that f is continuous and positive in [1,+00) imply the desired result. [

The result to come is a complicated version of an iterative scheme given on page 10 of [CC95]
(in our case, the complication will arise from the fact that we deal with quasiminima, instead
of minima as in [CC95|, thus obtaining additional terms in the computations).

Lemma 9. Let i be as in (24). Fiz C > 0 and let o € (0,1) in such a way that
am=1/n 1
l—a  20Un°

Let L and T be positive real numbers and define

1 4C2T€7L n/(n—1)
-y

(25)

(26)

a\ l—etl

Suppose that

2 <
(27) : ;
and that
1 i \"
2 < mi nl :
(28) 7 mm{CT"’ « <2CT) }
Let ap, and Ay be two sequences of non-negative real numbers, for k =1,2,..., and suppose
that
(29) a) = 1/0
and that
(30) ap < CT"E" 1 for any k > 1.
Assume also that the following recursion holds:
& (n=1)/n et |
(B1) A+ (D ay ek 4+ O | Ay — A+ Y e HEIIg,
j=1 j=1
Then,
k
(32) A + Zaj > yT"k"™ for any k > 1.
j=1

Proof. The proof is by induction. If kK = 1, then holds, thanks to , and the fact
that Ay is non-negative.

We now suppose that holds for k£ and we prove it for £ 4 1. In this argument, we may
also suppose that

(33) CyT"(k+1)" > 1,
otherwise holds for £+ 1, due to and the fact that both Ay and a; are non-negative.
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Note that and yield that

AT > fyl/nTgH & 2 gcll/n - ain_li:n ’
and so
(34) (1 —a)yT"k" > (ay)D/mnpr=lpn=1
We now prove that
N (n—1)/n
(35) A+ 1D ay > (ay) - D/npr=tpn=1
j=1

Indeed, if

k
Zaj > ayT"E",
j=1

then follows since Ay is non-negative. Therefore, we may suppose that

k
Zaj < ayT™E™.
j=1

Then, since ([32)) is assumed to hold for k, we have that

Ay,

WV

k
~NT"E™ — Z a;
j=1

> (1— )Tk
> (ary)(n—l)/nTn—lkn—l’

thanks to , thus proving .
Moreover, by using and , one obtains that

k+1 k
Z e Lk+1=) g sy + CT " Z o~ Lk+1-7)
j=1 J=1
G_L
1—e L
a,}/)(n—l)/n
4C

The latter estimate, , and imply that

N

N

a1 + CTE™ 1

= Qg1+ Tt

()0

Tn—l n—1 )
2C K

A1 — A +ap1 2
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Since holds for k, we thus deduce that
k+1

.Ak+1 + Z a;

J=1

k
= Api —Ak—i-akﬂ—i-Ak—i-Zaj

j=1
()"

2 Tn—lkn—l TN

2C +7
The latter term is bounded from below by vT™(k + 1), thanks to and , and this
gives for k + 1, as desired. O

The result to come is a preliminary energy estimate, which says that the energy in balls of
radius 7 is controlled by 7!, as it may be easily heuristically guessed by looking at the
energy of “codimension 1 interfaces”.

Lemma 10. Let r > 1. Let u be as in the statement of Theorem[1. Then,
fBr(u) < é?‘nfl,

for a suitable C > 0, which only depends on n, Q, My and on the structural constants of F,
as long as B, C Q.

Proof. The proof is a variation of analogous estimates performed in [CC95, [AACOI, BLO3,
PVO05al [PV0O5b]. We provide full details for the facility of the reader. Let h be a smooth
function so that h = —1 in B,_; and h = 1 outside B,, with |h| <1 and |Vh| < 2.

Let v* := min{u, h} Then, since u is Q-minimal,

Fp(u) < QFp,(u”)
< CoQ / |Vul|P + |Vh|P + F(x,u) + F(x,h)dx

Br—Br_1
< G,
for suitable structural constants Cy, C7 > 0, due to . O

5. PROOF OF THEOREM [l

The proof of Theorem 1| will use the technique invented in [CC95], as developed in [Val04]
PV05a, PV05b]. The arguments performed in the proof will be very technical, and several
precise computations will be needed to investigate the compensation of the different quantities
involved.

In what follows, we will consider # and u as in the statement of Theorem [I With no loss of
generality, the point x in the statement of Theorem [I| will be taken to be the origin.

First of all, we point out that it is enough to prove Theorem [I| for 6 close to —1:

Lemma 11. Let us suppose that Theorem holds true for some 0, € (—1,1). Then, it holds
true for any 0 € (04,1).

Proof. If L™ (B, N{u > 0}) > po, then, obviously, L™ (B,, N{u > 0.}) > peo, and so, since
the claim of Theorem (1| holds for 6, we have that L™ (B, N {u > 0,}) > cr", as long as r is
large enough.
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Accordingly, making use of and Lemma we conclude that

L" (B, N{u > 6})
> L"(ByNn{u>0}) — LM (B, N{0 <u<0})

> er — O > 5

if r is sufficiently big. U

In the light of Lemma we will suppose in what follows that 6 is close to —1: in particular,
we will suppose that 146 € (0, so), where sq is the structural constant introduced before .
For the proof of Theorem (I} it is convenient to introduce the following quantities:

(36) v, = L"({u > G}HBT) and A, = /F(x,u) dz |
B

As remarked in [CCO5], the above quantities play the role of volume and area terms, respec-
tively, in the minimal surface analogous.

The idea of the proof will then be to obtain iterative relations of some quantities that are
somewhat reminiscent of similar differential inequalities holding in the minimal surface theory
(see again [CC95| for very interesting heuristics on this).

We will take R > r and use a barrier function h € C?(Bg — {0}) N CY1(Bg) such that |h| <
1, h = 1 outside Bgr and

(37) [Vh| < C,

where C' > 1 denotes (here, and in what follows) a suitable constant (which may depend
on n, Q, 0, u1, pe, My and on the structural constants of the functional F and which may
be different at different steps of the computation).

We will set ¢ := max{p, 2} and, as customary, the conjugated exponent of ¢ will be denoted

by ¢ :=q/(q—1).
We also set € := (14 0)/2 and we define v* = min{u, h} and f = min{u — u*, €}.
The barrier h will be constructed in such a way that

(38) h(z) < —1+¢€ for any z € B,.

As a consequence,

(39) (u—u*)(z) > € for any z € B, N {u > 6},
and therefore

1
—V,.

Q

(40) / B/ (1) > / B/ (1)

We will also make use of a free parameter K that will be chosen conveniently in the sequel
(the choice of K will be performed after (47))).
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We use , the Sobolev inequality applied to 89 and then the Young inequality, to conclude

that
‘/T(nfl)/n < C(/‘ﬁ|qn/(n1)>(n—l)/n
Br
< ¢ [l
Br
(1) —c [ e
BrN{u—u*<e}
<

C K1 / |V (u—u*)?
Br

C
K7
Brn{u—u*<e}

+ (u—u*)?.

If p > 2, we use the following formula (which is proven on page 1062 of [PV05a]):

SIE —€P < A, €) - A@,6) — alw, ) - (€ - €),

for every £, € R™ and z € Q. In particular, taking £ := Vu* and ¢ := Vu, since ¢ = p
if p > 2, we obtain that

(42) % IV(u—u")|? < Az, Vu) — A(z, Vu*) — a(z, Vu™) - V(u — u™)

if p>2.
On the other hand, if p € (1,2), we use the following formula (for the proof of which, see
again page 1062 of [PV05a]): given M > 0, there exist Cps > 1 such that

MP—2

C ’§/_£‘2 <A(x,gl)—A(x,g)—a(x,g)-({’—f),
M

for every £,&' € R™ with |£]+|¢'| < M and = € Q. Since Vu and Vu* are uniformly bounded
(because of and (37))), we use the above formula with £ := Vu* and ¢’ := Vu to deduce
that holds when p € (1, 2) too.

Then, by and ,

VT(n—l)/" < C K1 / Az, Vu) — Az, Vu*) dz

Br
(43) —CKq/a(x,Vu*)'V(u—u*)d:p
Br
C
— —ut)e
+Kq, (u—u*)dz.

Brn{u—u*<e}
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We integrate by parts in , to get that

Vr(n—l)/n < C K1 / Az, Vu) — A(z, Vu*) dz

Br
—I—C’Kq/ diva(z, Vh) (u — u*) dx
Br
C
~ — ut)e
—|—Kq, / (u—u")dz.

Brn{u—u*<e}

Thus, we use the Q-minimality of u to obtain that

r

yr-D/n < oQ K4 / A(x,Vu*) + F(x,u") dx

Br
—C'Kq/F(:c,u)dx
(44 BR
+C'Kq/ diva(z, Vh) (u — u*) dx
Br
C
— —uf)e
+Kq, / (u—u*)dz.

Brn{u—u*<e}

We now notice that
diva(z,Vh) < C|Vh[P~2(|Vh|+ |D?h]),

thanks to and ((6)).
Such an estimate, (44) and give that

T

yin=D/n < 0Q K1 / |Vh|P + F(z,h)dx

BRﬁ{hgu}
+CQ K1 / F(z,u)dz
BRﬁ{u<h}
—CKQ/F(a:,u)d:v
Br
+CKq/|Vh|p_2(|Vh] + |D?h]) (u — u*) dz
Br
C
- — )
+ "7 / (u—u*)dz.

Brn{u—u*<e}
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This and imply that

T

y(n=1)/n <CQK? / ‘Vh’p + F(J:, h) dx

Brn{h<u}
+CQ K1 / F(z,u)dz
Brn{u<h}
—CKq/F(x,u)da:
(45) o
+ KT / (VRIP2(|Vh| + |D2h]) (u — u*) da
Br
C
— _ )
+ 7 (u—u*)dx
(Br—Br)N{u—u*<e}n{u>0}
C g
Brn{u—u*<en{u<b}
We now observe that
(46) CF(z,u) = (u—u")?

if u < 6. Indeed, if ( . ) holds (that is, if we are in case X), then (46)) is obvious; when, on
the other hand, we are in case W (i.e., if conditions . ) and (| D hold), we note that,
if u <80,

u+1
F(z,u) :/0 Fu(z,—1+s)ds > =(u+1)%,

1
e
thanks to , and so follows from the fact that d < p < q.
Therefore, we gather from and that

A, + Vb < oQ K1 / |VA[P + F(x,h) dx

r

BrN{h<u}
+CQK1? / F(z,u)dz
(47) Brn{u<h}
+C K1 / |Vh|P~2(|Vh| + | D) (u — u*) dx
Br
+C / (u—u*)dz,

(BrR—Br)N{u—u*<e}n{u>06}

as long as K is chosen to be suitably large with respect to the structural constants. Such
a K will then be fixed once and for all, and it will be absorbed into the constants C from
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now on. The same will be done for the constant (). Therefore, we obtain
A+ VD <O (VR - V)
e / VHIP + F(z, h) da
BRﬂ{hSu}
(48) +C / F(z,u)dz
BRﬂ{u<h}
+C / |Vh|P=2(|Vh| + |D?Ah]) (u — u*) dx .
Br

We now need to distinguish the cases xy and W in order to properly choose the barrier h.
That is, we need to distinguish the case in which condition holds from the case in which

conditions , and hold.

5.1. The case x. In this case, we are assuming condition , which implies that

1
Ary1 — Ay = / F(z,u)dr > c E”((BTH — By) N {Ju| < 1})
Br+lfBr

and therefore

n _ . < . n . —
w - ((B,ﬂ+1 By) N {u> 1}) <O(Apr — AN+ L ((B,n+1 B,) N {u 1})
SC(Ar1 —A)+ Vi1 = V2).
We now choose r := k € N, R := r + 1 and h to be smooth and so that h(x) = —1 for

any x € B,. In particular, h fulfills and .
Then, we gather from and that

(50) Ay + Vk(n_l)/n < C(Vigr + Agrr — Vi — Ag).
Also, if kg is the smallest integer greater than i, it follows from that
(51) Agg + Vig = 2.

We now exploit Lemma 2.1 of [PV05a] (used here with o := 0, vy := Viig,—1 and ap =
Aktko—1), to deduce from and that Viirko—1 + Aktro—1 = YK" for any k € N, for a
suitable v > 0. Thence, by Lemma

Vieh1 2 7K" = CK" 1 > Tk,
as long as k > 2C /7. Consequently,
e (fu>0ynB,) > o

on+1 LA

for any r > rg := 2kg + 2@/7, which ends the proof of Theorem [1|in case x. O
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5.2. The case W. This case is the one in which we assume conditions , and .
By possibly replacing d with max{d,p} in (L1]), we may suppose that d = p. Then, from (11}),

(52) CF(x,7) = (t+1)?

if 7 € [-1,0).

We let © > 0 be suitably small (with respect to the structural constants) and 7' (and, in
fact, ©T) suitably large (possibly in dependence of § and ©). Given k € N, we take R :=
(k+1)T, r :== kT and then we choose h as done before (13.33) on page 183 of [Val04]. Such
a barrier satisfies

(53) (h+1) + |Vh| + |D*h] < C(h +1) < Ce O+
in Bjr — B(j_1r, and
(54) [Vh| +|D?h| < CO(h + 1)

in B(jy1)r. Then, the assumptions on i taken here on page (12| and, in particular , are
satisfied provided that ©T' is conveniently large.
Notice also that, since h > —1,

(55) u—h < (u—h)+(h+1) =u+1.
We now estimate the contribution of the terms in when u < 6. That is, we use ,
6. [@. 6. (@ snd ) to gather

(]Vh\p + F(x, h)) + / F(z,u)
BrynyrN{h<uin{u<o} Bgp+1yrM{u<h}n{u<o}
+ / (Vh[P=2(1VR] + |D?A) (u — )
Bg+1yrM{u<8}

<C [ / F(z,u)

(Bet1)r—Brr)N{u<}

(56) + / F(l‘, h) + / (h + 1)p—1(u _ h)}
Brrn{u<} Big1yr{h<u<o}
k
¢ {A(Hl)T — Apr + kT Z o—cOT (k+1-j)
j=1

+ / (u+1)]
(Bk+1y7—Brr)N{h<u<8}

<C [A(k—i—l)T — Agr + kn_lTne_ceT} ;

where ¢ := min{d’,p — 1} > 0 and d' is the quantity introduced in (12)).
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We now estimate the contribution of the terms in (48|) when u > 6. More precisely, we

use , , and to obtain that
(\Vh|p + F(x, h)) + / F(z,u)

Bg+nyrM{h<u}n{u>0} Br1yrN{u<h}in{u>0}

+ / \vmp-?(yvm + yp?m)(u — )

B(k+1)Tm{u>9}
k+1 ‘
<C Z e—c@T(k+1—])(‘/jT _ ‘/(j—l)T) )
j=1

By collecting the results in , and , we see that
A4 VI

(58) 1 or = OT (k+1—j
< C |Apyyr — Aoy + K" T"e™ +Z€_C E+1=9) (Vg — Vii—vr) |

J=1

that is, holds, by choosing Ay := Agr, ar = Vir — Vig_1)7, € 1= CT" e OT and L :=
cOT. The constant C in is now fixed once and for all (and the quantity C in the
statement of Lemma |§| is assumed to agree with it). Of course, without loss of generality we
may suppose that

(57)

(59) C > max {:2 9n3 (L”(Bl) + 1)} ,

where pg is the quantity introduced in ((16)).
Note that is satisfied, thanks to (26| and to the assumption that 7' is suitably large.
The facts that e >0, C > 1 and yield . Also,

ap = L" ({u > 0} N (BkT - B(k—l)T)) < L" (BkT - B(k—l)T) < CTnk‘n_l s

due to , thus yielding . Also, is a consequence of and , by taking T > 1.
Consequently, by Lemmata [9] and

~NT"E™ < F(z,u)dz+ L" ({u >0} N BkT>
Bir
< éTn_lkn_l + E"({u > 9} N BkT) ,
for a suitable v > 0. Thus, if kT > 2@'/7,
n T
> .
c ({u>«9}ﬂBkT) > Lk

Consequently, if r > rg :=1T + 2@'/7,

E”({u>9}ﬂBr>> T n

= 27’L+1r b

thus completing the proof of Theorem [1| in case W. O
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5.3. An alternative proof of Theorem (1, Following [Sav07], we would like to outline here
a different proof of Theorem

Such proof uses the isoperimetric instead of the Sobolev inequality and does not use in-
tegration by parts (the latter fact makes it possible to weaken the regularity assumptions
on A).

To this end, we point out the following modification of Lemma [9}

Lemma 12. Let Ap and Vi be two sequences of non-negative real numbers, for k =1,2,...,
and suppose that there exist positive quantities C' and € in such a way that

(60> Vi > 1/0
and
(61) V&Il)/n + Ap41 < C<<Vk+1 = Vi) + (Agy1 — Ap) + €kn_1)

forany k=1,2,.... Let

1

(62) ¢ 1= min l, —
¢ (2C(n + 1)!)

Suppose that

c O/ (2 1)
< min{ — .
© S {40’ 2C

Then,
(63) A + Vi = k™
for any k > 4C(n + 1)L
Proof. We adapt the argument on page 8 of [CC95]. The proof is by induction. First, we
set ko := 4C(n + 1)! and we note that
Ako + Vo 2 Vigy = é Zc,

due to and (62)).
Then, we assume (63]) to hold for some k > ko and we prove it for k + 1.

For this scope, we set

N ) ko 1
:==min<{ —, ———
4C" 2Cct/n

and we observe that A > (n 4 1)! by construction, thus

n—1
(E+1)" <k"+ Y nlkl
j=0

(64)
k" + (n+ 1) k"1

<
K"+ A"

In order to prove for k£ + 1, we observe that the inductive hypothesis implies that
either Ay > (¢/2)k™ or Vi, > (¢/2)k™.
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In the first case, gives that
A1+ Vi = k" + C g gt

2C
C 13
> _ n
= <c+2 k())k
C
> _ n
z <c+4c>k

> K"+ MY

Then, for k + 1 follows in this case from .
We now deal with the case in which Vi > (¢/2)k™. We use to obtain that

1 (n=1)/n
A1 +Viy1 = k™ + —= (E> Ert — ekt

C \2
(n—1)/n
c
> LT 7143”71
ck” + 20
> c(k™ + k")
Thence, the use of gives for k£ + 1 in this case too. O

We are now ready for the alternative proof of Theorem [} For this proof, we will make the
further assumption that

(65) A YT+ 1P < Fz, 1) < AT+ 1)P

when 7 € [—1, 6], provided that 6 is sufficiently close to —1.
Note that such assumption is compatible, but slightly strongeIH than or .
We also denote

F(7):= inf F(x,7) and F(7):=sup F(xz,7).

zcf zeQ)
We set
S(r) = min{(r+1)?, 1}, for any 7 € R and
vg(x) = 2el#=R+DT _ 1 for any x € Binr CQ, kEN

and we deduce from that

Vo ()P =(2¢lI=0HDT)

(66) — (oh(a) + 1)
< const S(vi(x)),
that
(67) F(1) < const S(7)
for any 7 € R, and that

(68) F(7) = const (1 4+ 1) = const S(7)

L For instance,
F(z,7) :=cos’ (1 —7°)* + (1 — cos” z)(1 — [Tx(=1,1)(T)
fulfills the assumptions of case W with p := d := 2 and d’ := 1 but it does not satisfy .
It is also worth to point out that our first proof of Theorem |Ijonly uses the @Q-minimality on balls (namely,
a spherical @Q-minimality: see Lemma and ), while this alternative proof exploits the (-minimality on
a larger family of sets, which includes balls and the level sets of u (see )
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when 7 € [-1,0].
By (7). and (67), since u is @-minimal in {u > v}, we have

/ A(z,Vu) + F(u) dx
{u>vi}
< / Az, Vu) 4+ F(z,u)dx
{u>v}
(69) <Q A(z,Vug) + F(z,vg) dz

{u>vi}

< const / |Vog|P + F(vy,) dz
{u>vi}

< const/ S(vg) dx .
{u>vi}

Moreover, given any Lipschitz function w on a measurable set U C R" with image in [—1, 1],
we have

/ A(z,Vw) + F(w) dx > const / |\Vw|P + F(w) dx
U U

(»-1)/
(70) > const/ |Vw|<£(w)) RGP
U

= const /1 (E(T)) (pil)/pH"_l (U N{w = 7‘}) dr,

-1

due to @, Young inequality and coarea formula.
Also,

BrrN{u > 60} C{x € Bir s.t. u(x) > 7 > vg(x)}

for any 7 € [(f — 1)/2,0] as long as the free parameter T is chosen large enough.
We now employ the latter formula and the isoperimetric inequality to obtain

n-1)/n ><n—1>/n

(E”(BkT N{u> 9}))(

< const (H"_l({u > oy N {u=71)+H"{u> )0 {vy = T})) )

< <£"({u > >l

for any 7 € [(0 —1)/2,0].
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Accordingly, making use of , , @ and ,

(B s o)

0 —1 (n—1)/n
< const / (E(T))(p i dr (E”(BkT N{u > 0}))
(6-1)/2

< const /1 (E(T))(p_l)/p (Hn_l({u > v N{u=r"1})

-1
+H" Y {u = v} 0 {o, = T})) dr

< const (/ Az, Vu) + F(u) dz + / Az, Vo) + E(vg) dx)
{uzvi} {uzvg}

< const/ S(vk) dx
{uzvy}
We now set

0 = (k) ::/B S(uvy) da

and 62 = Eg(k‘) S(’Uk) dx .

/{U>vk}ﬁ(3(k+1)TBkT)
Then, becomes

(72) (L"(BkT N{u> 9}))("7”/ " < const (6 + £s) .

Moreover, fixed a small € > 0, we have
/= / (Uk + 1)p dx
By
kT
< const / pr=lep(r=(k+1T) g
0

kT
< const (k:T)”lep(kH)T/ e’ dr
0

= const (kT)"te PT

< Ek,n—l ,

provided that T is sufficiently large, possibly in dependence of .
Furthermore, since S is increasing near —1 and bounded,

by = / S('Uk) dx +/ S(’Uk) dx

(74) {0Z2u2ve N (B (k17— Ber) {u>0}{u>v }N(B(k+1)7—Brer)

< / S(u)dx + L" ({u >0} N (B(k+1)T — BkT)) .
{02u>v N (B (k1 1yr—Bkr)
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Analogously, using also and , we get

/ S(u) dx </ S(u) dx—i—/ S(vk) dx
Brrn{u<8} Brrn{0>2u>vy} Brrn{u<vg}

< const/ F(u)dz + S(vk) dx
{u>vi}

(75) Bt

< const / S(vk) dx + S(vk) dx
{u>vk} Byr

< const (£1 + 42) .
We now take V,. as in and we define

A, = / S(u)dx .
Brn{u<6}

By collecting the estimates in , , and , we conclude that
Apr + Vk(;_l)/n < const (¢ + £2)

< const [/ S(u) dx
{0>u>vi N (B 1)r—Bkr)

< const ((V(kJrl)T — Vier) + (A(k+1)T - «’ZlkT) + Eknil) .

Therefore, by Lemma B
Agr + Vier > const T"k"
as long as k is large enough.

Since, by and Lemma

A, < const / F(z,u)dr < constr™*
Brn{u<b}

for any r > 1, we conclude that V. > const r™ for any r suitably large, as desired. O
6. PROOF OF COROLLARY

We will need the following auxiliary result, the proof of which follows from Theorem
Lemma |10} and the argument on pages 1066-1067 of [PV05al:

Corollary 13. Fiz 6 € (0,1). Let u be a Q-minimum for F in Q. Suppose that |u| < 1 and

(76) [Vu(z)| < My,
for a.e. x € Q, that
(77) A(z,Vu(z)) < My F(z,u(x)),

for a.e. v € QN {|u| < 1}, for some My > 0. Let z € {—0 <u <0} and y € Q. Then, there
exist positive rg, ¢ and C, depending only on n, @, 8, My and the structural constants, such
that:

Lr (Br(x) N{u > 6}) >cr’, Lr (BT(.I') N{u < —9}) >cr’

L”(Br(x) A {Ju| < e}) > el and L”(Br(y) N {Ju| < 9}) <ol
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for any r > rg, provided that B,(x), B,(y) C Q.

We now focus on the proof of Corollary First of all, we deal with the Llloc—convergence
of u.. The argument we perform for this is, up to now, quite standard (see, e.g., [Mod87]).

For 7 € [—1,1], we define
T 1/p'
wro) = [ (P.g) " ae.

where p’ := p/(p — 1) is the conjugated exponent of p. Then, for any fixed z € €, the
map [—1,1] 3 7 — ®(7,z) is strictly increasing, because of (8), and so we denote by ¥(-,z)
its inverse function.

We define v (z) := ®(us(z), z). Then,

1/p'
(78) lve| < 2| sup  F(z,§) < o0,
z€eQ, [§]<1
thanks to and . Moreover, by the Young inequality, and , given a ball B C ),

we have that
(79) / V.| do < / (F (2, u)) 7 |V dz + CL™(B) < F5(u) + CLY(B) < 400,
B B

for a suitable C' > 0.
The estimates in and , together with the Rellich-Kondrashov Theorem, imply that v,
converges, up to subsequences, in LllOC and so a.e., to a suitable vg.
We let up(x) := ¥(vg(x),z) and we consider a ball B C Q. Note that u.(z) := ¥(v.(x),x)
converges a.e. to vg. Thus, we use and the Dominated Convergence Theorem to deduce
that

lim [ |ue —up|dx =0,

e—0 Jp
which gives the Llloc—convergence of u,.
We now show that the limit function ug is a step function, i.e., that it takes only the values 1
and —1. Indeed, by the Fatou’s Lemma and ,

/ F(x,up) dzr < lim inf/ F(z,u;)dr < liminfeFg(u:) =0.
Q e—0 Q e—0

Accordingly, F(x,up) = 0 and so |ug| = 1, as desired.

The locally uniform convergence of the (sub)level sets of u. follows now by a standard ar-
gument (see, e.g., page 69 of [PV05b]), which we repeat here for the reader’s convenience.
If the locally uniform convergence of the (sub)level sets of u. were false, there would exist
some d > 0, an infinitesimal sequence €, and a sequence of points xj contained in a compact
subset of Q such that |uc, (z1)| < 6 and in such a way that Bg(xy) is always contained either
in £ on in Q — E. Say, for definiteness, that By(xx) C E. Then,

(80) uo(z) =1 for any z € By(xg).
We set we(x) := u.(ex). Note that and for w. hold because of and (20)), and

that |we, (zx/cr)| < 6. Also, by a direct computation, one sees that w, is a @Q-minimum of
the functional

Gaye(w) = A(ex, Vw) + F(ex,w) dz ,
Qe
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where Q/e := {x/e, v € Q}. We remark that the structural constants of G° agree with the
ones of F, since conditions (3)—(13|) are uniform in z.
Accordingly, by Corollary

ept < L' (Bp(xk/sk) N{we, < —9})

— kS L <B€kp(xk) N {ue, < _9}) ’

n
€k
for some ¢ > 0, as long as p > rg, and therefore

cr (Bd(xk) N {u., < —9}) > ed”,

if e, is small enough.
Consequently, using also ,

/ |up — ug, | = / |up — ug, | = cd™ (1 +6)
Bd(xk) Bd(xk)ﬂ{u5k<—9}

in contradiction with the Llloc—convergence of u,.
This ends the proof of Corollary O

7. PROOF OF COROLLARIES 3] AND [4]

Conditions and in“{ Corollary [2| hold true under the hypotheses of Corollaries
and |4 Conditions and (20]) are assured by and the results in [Tol84] and [CGS94],

respectively. A scaling argument and Lemma [10|imply . Therefore, we are able to apply
Corollary

Moreover, one easily sees that condition (2.1) in [SV05] is satisfied by u, thanks to Corollary
(full details on how to check such a condition are also given in the proof of Corollary 9.2
of [SV05]). Then, the claim of Corollary [3| (resp., Corollary 4] follows from Corollary [2| here
and from Theorem 2.1 in [SV05] (resp., Lemma 6.6 in [SV05]). O

2Self-contained proofs of Corollaries would be extremely lengthy, since they rely on results and tech-
niques of [Sav03] [SV05], [VSS06]. Therefore, we will prove Corollaries by referring to the existing literature
when possible, and by giving explicit reference on where and how the proofs already available need to be
modified.

Flushing out many details, we may say that Corollaries [3] and [ follow by contradiction, assuming that a
level set of a solution is touched, say, from below by a “too convex” paraboloid and then constructing suitable
supersolutions which end up touching the solution from above (indeed, a “rotational” supersolution takes
care of the “sides” of the solution, while a “one-dimensional” supersolution controls the “main body” of the
solutions: we refer to [Sav03| [SV05] for full details).

Roughly speaking, Corollary [5] is a consequence of the following heuristics. If we touch our solution with
a “suitably flat” barrier at “many” points (some delicate measure estimates on the contact points would be
needed to make the argument work!), then, by elliptic estimates, we see that our solution and the barrier
are “quite often” close to each other. Therefore if, arguing by contradiction, a level set oscillated too much,
say, in the “vertical” direction, such a level set would overlap a lot also in its “horizontal” direction. These
overlapping would give a “too large” contribution to the area of the limiting surface (see [Sav03| [VSS06] for
full details).

Then, Corollary [f] follows by compactness from Corollaries [3] and [5] Finally, Corollary [7] follows by a
blow-up argument based on Corollary @
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8. PrROOF OF COROLLARY [H

The proof is a modification of the one of Theorem 1.1 in [VSS06], according to the following
observations. First of all, Lemma 2.23 of [VSS06], which is stated there for minimizers, does
hold for quasiminima (indeed, one just uses Corollary of the present paper instead of
Theorem 1.1 of [PV05a] to go through the proof of Lemma 2.23 of [VSS06]).

Consequently, Corollary 2.24 of [VSS06] also holds for quasiminima.

Moreover, Lemma 5.1 of [VSS06] holds for quasiminima too (indeed, its proof uses Lemma 2.23
of [VSS06], which we have just shown to hold for quasiminima).

As a consequence, Proposition 5.2 of [VSS06] holds for quasiminima.

The proof of Corollary |5| here is now the same as the one of Theorem 1.1 of [VSS06] (as given
on pages 61-67 there). Indeed, the proof of Theorem 1.1 of [VSS06] uses Lemma 5.1, Propo-
sition 5.2 and Corollary 2.24 there (which have just been shown to hold for quasiminima) and
the results of [Bou90l, PV05a] (which are combined with Corollary (13| here: see Remark
below for further details).

We recall indeed that the convergence of u, is warranted here by Corollary[2] The constant g
here is then proportional to the constant c3 in [VSS06]. O

Remark 14. In the proof of Corollary [ that we have outlined a somewhat delicate point is
to check an upper boundﬁ on the energy analogous to (6.16) of [VSS06].

Though the arguments involved are basically the same as in [Sav03l, [VSS06], we provide here
further details for the reader’s facility.

If the thesis of Corollary [5] is satisfied, we are done. If not, there must esist 6y > 0 and
sequences u®), ¢(%) and %) fulfilling the assumptions of Corollary [5| but not its thesis.
Note that the assumptions of Corollary || say that ¢*) — 400, 0 k)/é(k) — 0, 0%) > g,
and that

(81) {u® =0}y n{ja’| < €®), Jwn| < (W} C {Jz,| < 6V}

Also, from Corollary there exists a universal r( in such a way that, if u(®(z) € (-1/2,1/2)
then both By, (Z) N {u > 1/2} and B, () N {u < —1/2} have positive measure.

We let ¢ := 2/05) and uy,(x) := u® (2/®). Then, uy, is (1 + x)-minimal for fé(k) in any
domain 2 C R".

Thus, we denote by E the set obtained, up to subsequences, from wu via Corollary
Hence, we can suppose that

(82) lim  wug(z) = xp(z) — xcu—E(x)

k— o0
in L}(Cy) and for a.e. x € Cy, where we denote
Cr={|2| <, |z <7}
We now show that, for any fixed k,

1 n
(83) if (2, 2n) € C1, |xp| >0 and e < min{ —, ol , then |ug (2, z,,)| = 1/2.
ro’ OK) 4+ 7

3 As mentioned above, the energy lower bound, corresponding to (6.15) in [VSS06], is obtained here from
the density estimate of Corollary [T3]

The bounds obtained in this way are uniform in @, once we fix, say, @ < 100. In particular, the constant c3
of [VSS06] does not depend on « in our context.
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Indeed, take a point Z € C; such that |Z,| > 0 and |ux(Z)| < 1/2, and suppose ¢¥) < 1/r.
Then, |u®)(7)| < 1/2, where 3 := Z/¢®) and so, by our assumption on 7o, there must be a
point & € B,,(7) such that u® (&) = 0.

But then
i 1 2
/ —/ _ | - A (k)
<15l +ro = ’5(16) o< gyt < gy =t
and analogously |&,] < ¢,
So, by (81),
T

0 > feal > 1l =0 = | 75| ~ 0.

As a consequence, e®) > |z,,| /(1o + %)), proving (83).
Observe that, fixed any |z,| > 0, we have that e < |z,|/(8%®) 4 () as soon as k is large

enough, possibly in dependence of |z,|, because of our assumptions on ?%) and 9k,
Thus, from and , if z € Cy and |x,| > 0, we have that

IxE(2) = xor-5(2)] > 1/2,

that is

IXE(x) = X0 -p(2) = 1.
Consequently,
(84) OEN{|2'| <1, |zn] <1} C {z,, = 0}.

Moreover, by Proposition possibly taking subsequences, we have that

1 -1
kitﬂoofé(lk)(uk) < (1+k)Per (E,Ch) /1 (1)61(1_72)1)>(p )/pdT-i-CﬁR,

for a suitable universal Cy > 0.

Then, yields

1
. (k) n—1 P 9y (P=1/P
< — (1 — p
i hrﬂ Fe, (ur) < L (By) /1 (p : (1—7°) ) dr + Cyk,

for an appropriate universal constant Cy > 0.

This is the estimate needed here in the proof of Corollary [5| in lieu of (6.16) of [VSS06].
Indeed, when & is small, the constant c3 in [VSS06] dominates the term Cyk, leading to the
desired contradiction.

9. PROOF OF COROLLARY

The proof is the same as the one of Theorem 1.2 of [VSS06], as given on pages 69-73 there.
The only difference is that the use of Theorem 1.1 of [VSS06] (resp., Lemma 9.3 of [SV05])
is replaced by the use of Corollary [5| (resp., Corollary [3)) here. O

10. PROOF OF COROLLARY

We note that Lemma 8.1 of [VSS06] holds for quasiminima, since its proof uses Theorem 1.2
of [VSS06] which may be replaced by Corollary |§| here. Then, the desired result follows by
repeating verbatim the argument on page 77 of [VSS06]. O
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APPENDIX A. A BIT OF '-CONVERGENCE FOR QUASIMINIMA

The scope of this appendix is to highlight some features of the quasiminima that are employed
in Remark The observations presented here are modifications of standard I'-convergence
techniques.

In this appendix, we set F(7) := (1 — 72)? (more general double-well potential could be
treated analogously).

Here, ¢, will always be an infinitesimal sequence and u; a Q-minimum (with @ > 1) for the
functionall]

et 1
FoF (u) :/ k| VulP + —F(u)da
Q P €k
in any subdomain of the bounded domain 2, with
supsup |ux| <1 and supsup(eg|Vug|) < +o00.
k  Q k. Q
In the light of Corollary possibly replacing Q with a slightly smaller domain, we will
suppose here that u, converges in L'(Q) and a.e. in Q to the step function xg — xYo_&.

The main scope of this appendix will be to relate the limiting functional with the perimeter

of E (see Proposition [17| below).
We denote

(85) " /_11 <pf1F(7-))(p_l)/p .

and, given a set S C R™ and p > 0,
3,(8) i={xeR"st. o€ Sst. |x—0o| <p}.

In the course of the proofs, we will make use of the signed distance function dgg from 95,
for the regularity property of which we refer to Appendix B in [Giu84]. Our sign convention
will be that dgg < 0 in S.

First, we point out an extension result:

Lemma 15. Let B€C €A be bounded open subsets of R", oy, € LY(A,[-1,1]), B €
LY(C,[-1,1]) such that

(86) ay — B — 0 in L'(C — B).

Suppose that

(87) Sllip (fék_B(ak) + féf“_B(ﬁk)> < +00.

Then, fized any § > 0, there exists a sequence vy, € L'(A) such that yi(z) = ag(x) for
any x € A—C, v(x) = Bx(x) for any x € B and

(88) T () < Faplaw) + F(Be) + 0,

as long as k is large enough.

Proof. By , there exists C' > 0 such that
Fetplar) + Fg(B) < C.

AThe case @ =1 is known, but may be also recovered by a limit argument from the results we present.
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In view of , we also consider the infinitesimal sequence

€ = / log, — Bl dx .
c-B

By our assumption, there exists p > 0 in such a way that
3,(B)CC.

We take ¢ € (0, p) and we take k so large that e < ¢/2.
We now fix k and for any integer i € [0, ¢/(2e)] we set

B = {;1: € As.t. dgp(x) € (ieg, (1 + 1)5k]} )

By construction,

SO
Biykg{daB>0}ﬂCgC*B.
Therefore,
> <€k (fg:’k(ak) + fé’;k(ﬁk)) + / | — B dw)
0<i<ce/(2¢e) Bk
S (-7:8'23(0%) +-7:ék73(/8k)> +/ |y, — By | da
C-B
< é&‘k + € .

Consequently, there must exist an integer ig € [0, ¢/(2¢x)] such that

de,(Cep + €
(89) ex(Fit (o) + i (80)) + / o — | da < 2CERFE)
‘0 ‘0 Bio,k ¢
We now take n, € C°(A), with 0 < n < 1, ng(z) = 1 for any x € Dy = {dop < ioer},
ne(z) = 0 for any x € Dy := {dpp > (ip + 1)ex}, and |Vng| < 2/ek.
We observe that

(90) BC{dpp <0} C D1 CS,(B)CC

and

(91) A—CCA—-S,(B)CDyC{dop >0} CA—B.
We define

Vi = (1 — mi)ag + Bk -

By construction, v (x) = B, (z) for any = € Dy, thus, a fortiori, recalling ([90), for any x € B.
Analogously, v () = ay(z) for any 2 € Dy and so, a fortiori, recalling , forany x € A—C.
Thus, in order to prove Lemma it only remains to check .

To this end, we observe that, since F' is Lipschitz,

F(w) < Flow) + Clag — Bl
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for a suitable universal C' > 0. Also,
2 p
IVl” < (’Vak’ + [V Bk| + 5|04k - ﬁk!)
1
< & (IVaup + (960 + Slow - 4up
k

1
< 16 (IVauP + 196 + plow — )
k

Therefore, if C' := (C + 16P)p,

1
Fg (w) < C (fgjok(ak)-i-fgiok(ﬁk)-l- 5k/

ig,k

oy, — B dﬂ?) ~

ig,k

As a consequence, recalling and ,
Filw) = Fplw)+Fp (w) +F5, ()
= Fp (Br)+ Fp () + Fg, | (W)
Fer (Br) + Fiplan) +

N

1
+C’ (]'-159’c k(ak) + fgﬁ k(ﬁk) + / | — G| dx) .
i, W0, ex JB

0.k
The latter estimate and imply . O
Lemma 16. Let U be open, U € Q. Then, there exists C(U,QY) such that

lim sup FiF(ug) < QC(U,Q).

k— 00
Proof. By construction, there exists an open domain D with smooth boundary such that
UeDeN.

We define
F(7) := max{F (1), F(£1/2)} x(-1,1)(7)
and, for any s € [—1, 1],

. s 1
H(s) ::/0 (F)l/pdT.

Since H is invertible, we may invert it and extend its inverse function, according to the
following definition:

1 if t > H(1),
g(t) == H-Y(t) if H(-1) <t < H(1),
~1 if t < H(—1)
Note that
(92) (70)" = Fa)

for any t & {H(—1), H(1)}.
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We now define vg(x) := g(dop(x)/er). Then, implies that

p—1
1 -~
Sk VulP = = F(v),
p €k

that is

p—1

€% » i~ B 2 ~ (p—1)/p
(93) H Vol + —F(o) = (Few)" v

Moreover, for any s € (—1,1),

{vp > s} = {dop > exH(s)}.
Therefore, since D has a smooth boundary,
(94) Per ({vx > s},Q) < Per (D, Q) + &g

with £ infinitesimal.
We now use , the coarea formula and to conclude that

P -
Fw) < [ vl + - Fouw)da
— [ 5 (Fa) " @
1 _
= / 2 (F(s))(p 1)/pPelr({vk > s}, Q)ds

(F(S))(p—l)/p s |

Therefore, the claim of Lemma, [16|is proved if we show that
(95) Fi (ur) < QFgf (vi) -

For this, we observe that vy = —1 in U and v = 1 near 0, if k is large, thence the Q-
minimality of u yields that

Fof(un) < Fi ooy (un) S QFL 1 (k) < Q Fgf (ve) -
This proves and thus Lemma O

1

< (Per(D,Q)—i—ék)/ W
1

Next result extends to the ()-minimal setting a well known feature of the case @ = 1.

Proposition 17. Suppose that E has smooth boundary. Let ' be an open set with Lipschitz
boundary, with Q' €. Then, there exists C(2,Q) such that

(96) lim sup Fo (ug) < Qi Per (E, Q)+ (Q —1)QC(Q,Q),

k—s 400
where ¢, s as defined in .
Proof. We take a subsequence, still denoted by wu; for simplicity, such that
(97) Fo (ug) converges to the limsup in as k — +oo.
Let 2 be an open set with smooth boundary such that

Veen.
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In the course of this proof, Q" is fixed now, independently on k, therefore

0 constants depending on " may be seen as
(98) depending only on Q' and Q.
We now make the following observation: if 2 is a sequence of open sets with smooth boundary
decreasing towards ', using that OF is smooth and standard limit properties of the measures
(see, e.g., Theorem (3.26.ii) in [WZT7T7]), we have that

lim Per(E,Q,) = 1 "LOENQ,
i PerlB) = Qi HEOE N0
= H" Y OENQ)
= Per(E, ).

Whereupon, we may fix an open set Q" with smooth boundary such that
Q/ e QII IS Q///

and take Q" so close to € that

Q-1

Cx

(99) Per (E,Q") < Per (E,Q) +

Notice that
Dee"en.

From the I'-convergence of F¢ (see [Bou90]), we know that there exists a sequence v €
LY (€Y") such that

(100) vy, converges to xp — xar—p in LH(Q"),
and
(101) lim Foyd (v,) = ¢ Per (E,Q).
J—too ‘

Observe that and (101)) yield

. €k,
(102) jiriloo Foil (v;) < ¢ Per (E,Q) +(Q —1).
We now take A := Q" B := Q" and C := Q". Then, by (100), up, — v, is infinitesimal
in L'(C — B).
Also,

Ek . Ek .
sup (fglff (ug;) + F, ¢ (vkj)) < +00,
J

due to Lemma |16/ and ((101)).
Then, fixed

(103) §:=Q—1>0,

we can apply Lemma [15| and obtain a sequence 7y, that agrees with wu, in Q" — Q" and
with vy, in €', and satisfying, for large j, that

Ek Ek

(104) f‘Q//j/ (F}/k]) < FQ//J;_Q/(ukj) + fslj/] (’Ukj) + d.

Since g, and uy; agree on 9Q", we also have that

k. €k Ek . Ek -
FQ//J/,Q/ (’U,kj) —+ ]:Q/J (’U,k]) = ‘}-Q”j’ (U[g]) < Q]:Q//j/ (’ij) 3
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and so
El . Elk . Ek..

(105) Fo (wry) < QF gy (y) = Foyir g () -
By collecting the estimates in (104)) and (105]), we get that

Ek . Elk . Ek . Ek .

fQIj] (uk]) < Q(fglfljl_ﬂ/ (Uk]) + Fﬂlj/j (Ukj) + 5) - fQIj/J/_Q/ (uk])
El . Ek..
= QFqi (i) + (Q — V)Feyir_ o (ug;) + Q3.
Therefore, from Lemma,
Elk . €k .
For (ur;) < QFgl (v;) +(Q = 1) QC(Q",2) + Q5.

By sending j — 400 and recalling ((102)) and (103]), we thus conclude that

lim  Fop (ug,) < Qs Per (B,2) + (Q - 1) Q (C(Q’”, Q) + 1) .

j—too
The desired claim then follows from and . O
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