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Abstract: We investigate the rigidity of global minimizers u > O of the Alt-Phillips functional involving
negative power potentials
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when the exponent y is close to the extremes of the admissible values. In particular, we show that global
minimizers in R" are one-dimensional if y is close to 2 and n < 7, or if y is close to 0 and n < 4.
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1 Introduction

In this work, we investigate minimizers of an energy functional of the type

T, Q) = jwwz + Wdx,
Q

for a special class of homogenous potentials W : R — [0, co). We are interested in the classification of
global minimizers in low dimensions, a question that is intimately connected to the regularity of the free
boundaries associated to these minimizers.

This problem has been extensively studied in the literature for some particular potentials W. An
important example is the double-well potential

W) =1 -2y,

and the corresponding Allen-Cahn equation that appears in the theory of phase-transitions and minimal
surfaces, see [1,6,18,20].

To David, a teacher and a friend.

* Corresponding author: Daniela De Silva, Department of Mathematics, Barnard College, Columbia University, NY 10027,
New York, United States, e-mail: desilva@math.columbia.edu

Ovidiu Savin: Department of Mathematics, Columbia University, NY 10027, New York, United States,

e-mail: savin@math.columbia.edu

8 Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0
International License.


https://doi.org/10.1515/ans-2022-0055
mailto:desilva@math.columbia.edu
mailto:savin@math.columbia.edu

2 —— Daniela De Silva and Ovidiu Savin DE GRUYTER

On the other hand, free boundary problems occur when the potential W is not of class C? near one of its
minimum points, and minimizers can develop constant patches. Two such potentials were investigated in
greater detail. The first one is the Lipschitz potential

W(t) = ¢+,

which corresponds to the classical obstacle problem, and we refer the reader to the book of Petrosyan et al.
[19] for an introduction to this subject. The second one is the discontinuous potential

W(t) = Xit>0}»

with its associated Alt-Caffarelli energy, which is known as the Bernoulli free boundary problem or the two-
phase problem [2,3]. We refer to the book of Caffarelli and Salsa [8] for an account of the basic free
boundary theory in this setting. These two examples are part of a continuous family of Alt-Phillips
potentials:

W(t) = (t+)ﬁ’ ﬁ € [O’ 2)'
Nonnegative minimizers u > 0 of J for these power potentials, together with their free boundaries
F(u) = o{u > 0},

were studied by Alt and Phillips in [4].
Recently, in [14,15], we investigated properties of nonnegative minimizers and their free boundaries for
Alt-Phillips potentials of negative powers

W(t) = tin{t>0}’ Y € (O’ 2)-

These potentials are relevant in liquid models with large cohesive internal forces in regions of low density.
The upper bound y < 2 is necessary for the finiteness of the energy. Asy — 2, the energy concentrates more
and more near the free boundary, and heuristically, the free boundary should minimize the surface area in
the limit.

In [14,15], we showed that minimizers u > O of the Alt-Phillips functional involving negative power
potentials

&,u, Q) = .[(|Vu|2 FUo)dX, Y €(0,2), QCR @1
Q

have optimal C* Holder continuity. The behavior of u near the free boundary
F(u) = o{u > 0}

is characterized by an expansion of the type

U =cd®+o(d*?), a:= 2 , Q€ (l, 1),
2+y 2
where d denotes the distance to F(u) and c,d® represents the explicit 1D homogenous solution. Furthermore,
by using a monotonicity formula and dimension reduction, we showed that F(u) is a hypersurface of class C1-9
up to a closed singular set of dimension at most n — k(y), where k(y) > 3 is the first dimension in which a
nontrivial a-homogenous minimizer exists. We also established the Gamma-convergence of a suitable mul-
tiple of the &, to the perimeter of the positivity set Pero({u > 0}) asy — 2.

The classification of a-homogenous minimizers in low dimensions, i.e., finding a nontrivial lower
bound for k(y), seems to be a difficult question. In this article, we establish such a bound in the case
when y is sufficiently close to 2 or to 0. This is achieved by compactness, and the fact that the limiting
problems are better understood. In particular, if y is close to 2, then we inherit the properties of minimal
surfaces and find k(y) > 8, and when y is close to 0, then we inherit the properties of the Alt-Caffarelli
minimizers and obtain k(y) > 5. For the regularity theory of minimal surfaces, we refer the reader to Giusti’s
book [16]. The regularity of minimizers of the Alt-Caffarelli functional:
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Eol) = [[(AVuP + xy0)br
Q

was established in dimension n = 2 by Alt and Caffarelli [2], in dimension n = 3 by Caffarelli et al. [7], and
finally in dimension n = 4 by Jerison and Savin [17]. In view of the singular minimizing solution exhibited
by De Silva and Jerison in [12], regularity fails in dimension n > 7, hence, 5 < k(0) < 7.

As a consequence, we have the following full regularity result for F(u).

Theorem 1.1. Let u > O be a minimizer of (1.1). Then F(u) is of class C9 if
eithern<7andy € (2-n,2), orn<4andy < (0,n),

where 8, 1 > 0 are small constants.

The proof of Theorem 1.1 is straightforward when y is close to 0; however, it is much more involved
when y is close to 2. The reason is that the estimates for the minimizers do not remain uniform asy — 2,
even though the one-dimensional model solutions c,[(x,)*]* do converge to a multiple of [(x,,)*]*/2. This can
be seen from a simple example where we solve the problem in the exterior domain Q = R"\B; with
boundary data u = 1 on 0B;. Then the minimizer is radial, and it turns out that

F(u) =0By,, with p—0asy—2

which shows that ||ucx — co asy — 2.

In [15], we developed uniform estimates in y as y — 2, but to achieve this, we had to rescale the
potential term in the functional &, in a suitable way (see (2.4) in Section 2). We further established the
Gamma-convergence of these rescaled functionals to the Dirichlet-perimeter functional

Fu) = I|Vu|2dx + Perg({u = 0}),
Q

which was studied by Athanasopoulous et al. in [5]. The results in [15] imply the flatness of the free
boundary for global minimizers of &, up to dimension n = 7, if y is close to 2.

In this article, we achieve the desired classification of global minimizers after establishing uniform
improvement of flatness estimates, which we make precise below (see Theorem 2.5 in Section 2).

Uniform estimates in other contexts were obtained, for example, by Caffarelli and Valdinoci for the
s-minimal surface equation as s — 1 [11], and by Caffarelli and Silvestre for integro-differential equations as
the order 0 — 2 [10].

This article is organized as follows. In Section 2, we set notation, recall previous results, and state our
main theorems. In the following section, Section 3, we provide uniform estimates for solutions to the
linearized problem associated to our free boundary problem. Section 4 is devoted to the proof of the uniform
improvement of flatness, which is the key tool in our strategy. In Section 5, we characterize global mini-
mizers of ¥ in low dimensions and deduce the flatness property of global minimizers of &, for y — 2,
yielding the proof of Theorem 2.3 on the basis of the uniform improvement of flatness. We also prove
compactness for y — 0, completing the proof of Theorem 2.3.

2 Main results

We collect here our main results. We start by introducing some notation and recalling previous results.
Let Q be a bounded domain in R" with Lipschitz boundary. We consider the functional

&/ = [(AVuP + wpyeg)dx ¥ € (0,2, @)
Q
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which acts on functions
u:Q->R, ueHY(Q), u=0.

The Euler-Lagrange equation associated with the minimization problem reads

Au = —Xu‘y‘l,
2
and we let uy denote its one-dimensional solution
2
2\r2
Uo(t) = Gt @= —2—) o= (_V + ) ’ 2.2)
2+y 2
More precisely, we proved in [14] that minimizers of &, are viscosity solutions to the following degenerate
one-phase free boundary problem:

AU = _gu—(yﬂ) in {u>0}nQ,

(2.3)
u(xg + tv) = ct® + o(t>%)  on F(u) = d{u >0} n Q,

with t > 0, v the unit normal to F(u) at xo pointing toward {u > 0}, and a, ¢,, y as above.
We recall the notion of viscosity solution to (2.3). As usual, we say that a continuous function u touches
a continuous function ¢ by above (resp. below) at a point x if

u=>¢ (resp. u < ¢) inaneighborhood of xq, u(xp) = P(xo).
Typically, if the inequality is strict (except at xo), we say that u touches ¢ strictly by above (resp. below). In
our context, with ¢ > 0, when we say that u touches ¢ strictly by above at x5, we mean that u > ¢ in a

neighborhood B of xy and u > ¢ (except at xp) in B N {¢p > 0} (and similarly by below, we require the

inequality to be strict in a neighborhood of x, intersected {u > 0}).

We now consider the class C* of continuous functions ¢ vanishing on the boundary of a ball B := Bg(z)
and positive in B, such that ¢(x) = ¢(|x — zo|) in B and ¢ is extended to be zero outside B. We denote by
d(x) = dist(x, oB) for x in B and 0 otherwise. Similarly we can define the class C~, with ¢ being zero in the
ball and positive outside, and d(x) := dist(x, dB) for x € B¢ and 0 otherwise.

Definition 2.1. We say that a nonnegative continuous function u satisfies (2.3) in the viscosity sense, if
(1) in the set where u > 0, u is C* and satisfies the equation in a classical sense;
(2) if xp € F(u) = ofu > 0} n Q, then u cannot touch P € C* (resp. C~) by above (resp. below) at x,, with

P(x) = cd0)* + pd(x0)*,

a, Cy asin (2.2) and u > O (resp u < 0).

Now, let J, be a rescaling of &, defined as follows:

Ty, Q) = j VuP + W,uwdx, 2.4)
Q

where
. 1
W) = cqu Xy,  With ¢, = " 2-y)2, ve(0,2), (2.5)

and let us introduce the Dirichlet-perimeter functional ¥ investigated by Athanasopoulous et al. in [5]. It
acts on the space of admissible pairs (u, E) consisting of functions u > 0 and measurable sets E ¢ Q, which
have the property that u = 0 a.e. on E,

AWQ) ={(u,E)] ueHY(Q), E Caccioppoliset, u>0 in Q, u=0 a.e.in E}.
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The functional ¥ is given by the Dirichlet-perimeter energy

Folu, E) = jwwzdx + Po(E),
Q

where Po(E) represents the perimeter of E in Q

Py(E) = I|VXE| = sup IXEdivgdx with ge C°(Q), |g] <1
Q Q

In [15], we established the Gamma-convergence of J, to ¥, asy — 2. Precisely, we proved the following
theorem.

Theorem 2.2. Let Q be a bounded domain with Lipschitz boundary, y, — 2-, and uy a sequence of functions
with uniform bounded energies

"uk||L2(Q) + ]yk(uks Q) <M,
for some M > 0. Then, after passing to a subsequence, we can find (u, E) € A(Q) such that
w —u in I¥(Q), X0y = Xge N LVQ).

Moreover, if uy are minimizers of ], , then the limit (u, E) is a minimizer of . The convergence of uy to u and,
respectively, of the free boundaries o{uy > 0} to OF is uniform on compact sets (in the Hausdorff distance
sense).

Here, we exploit this fact to obtain our main theorem in the subtle case when y — 2. The following is
our main result, from which Theorem 1.1 follows as discussed in Section 1.

Theorem 2.3. Let u be a global minimizer of &, and assume that
eithern<7andye(2-n1n,2), orn<4andy € (0,n),

for some n = n(n) > 0 small. Then up to rotations u = uy(x,).

The key ingredient in the proof of Theorem 2.3 is a uniform (independent of y) “improvement of
flatness’ result for viscosity solutions. We start by giving the definition of e-flatness, € > 0.

Definition 2.4. We say that
ueS(,e)

if 0 € ofu > 0} and for any ball Bi(y) c B, centered on the free boundary y € o{u > 0}, u is e-flat in B¢(y), i.e.,
there exists a unit direction v depending on t, y, such that

Ugx-v—et) <uly + x) <upx-v+et) if x| <t.

Our uniform improvement of flatness theorem then reads as follows.

Theorem 2.5. Let u be a viscosity solution to (2.3) in By. There exists 9(n) > 0 such that if 0 < € < &g, then
ueS(,e) = ue S(p, g),
for some p(n) > 0.

The proof of this theorem relies on a compactness argument, which linearizes the problem into a fixed-
boundary degenerate linear problem with a “Neumann” boundary condition, whose property we analyze in
the next section.
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3 Uniform estimates for the linearized equation

Here, we discuss the linearized problem associated to our free boundary problem. We refer to some of our
previous results in [13], where we studied the regularity of the free boundary for a class of degenerate
problems.

For s € (-1, 1), we consider solutions of

Av+s -0 in B/, (3.1
Xn

which satisfy the “Neumann” boundary condition:

dy-v=0 on {x, =0}, (3.2)

in the viscosity sense. This means that v cannot be touched by below (above) locally by the family of
comparison functions:

1-s

p(x') + tx, with ¢ >0 (or t < 0) and p(x") quadratic,

at points on {x,, = 0}. There is a unique solution to the Dirichlet problem that assigns continuous data on
0B N {x,, > 0}, and in the case of sufficiently regular data, the solution is the minimizer of the energy

J |V xsdx,.

B

Problem (3.1) in R™* is the extension problem of Caffarelli and Silvestre [9], with the Dirichlet to
Neumann operator representing A2'v on {x, = 0}. This is a well-known problem, yet here we are interested
in its local version, which appears in connection with a variety of degenerate free boundary problems. In
[13], we studied a version of (3.1) for more general linear operators that do not necessarily have a variational
structure. We make some remarks on the range of s in equation (3.1). When s € (-1, 1), both the Dirichlet
and the Neumann boundary conditions can be imposed on x,, = 0. However, when s > 1, only the Neumann
condition can be imposed, and it simply requires the function to be bounded. When s < -1, the Dirichlet
condition is meaningful, but the Neumann condition in the sense defined earlier cannot be imposed.

Now, we start by obtaining uniform (independent on s) C1* estimates for solutions to this Neumann
problem.

Proposition 3.1. (Uniform C* estimates) Let s € (-1, 0], and let v be a solution to the Neumann problem
(3.1)-(3.2). Then

[v - v(0) - a'- x'| < Clx|"*¥||v|f~, for some a' € R*, (3.3)

with C, a > 0 depending only on n (but not on s).

Proof. In [13], we obtained the estimate given earlier for constants C and a that depend on s. The proof in
[13] does not fully apply here as the constants in the main Harnack estimate (Lemma 7.4) deteriorate
ass — -1

We recall briefly the key steps from [13], which imply the Proposition in the case when we restrict s to a
compact interval of (-1, 0], and then we explain how to modify the argument when s is close to —1.

In Proposition 7.5 of [13], we showed that the difference of two viscosity solutions is a viscosity solution.
Then the conclusion follows by iterating a Harnack estimate of the type

oscgv < (1 - moscgrv, p,n >0, (3.4)

for discrete differences in the x' direction. The Harnack estimate (3.4) was achieved by writing the interior
estimate in a ball B;,4(e, /2) and then extending it to the flat boundary with the aid of explicit barriers of the

type
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1
-IX'P? + 1—)(,% + ex)l s,
+5

These barriers degenerate as s — -1, and so do the constants n and p.

Below we show by a different argument that the estimate (3.4) holds with constants p and r that depend
only on the dimension n when s is near to -1.

Let us assume

0<v<1l in B,
and we claim that
either v>n orv<1-n7in B}, (3.5)
for small constants n and p to be specified below.

The limit

lim vx; =0

Xp— 0"
exists in the classical sense, and hence, v is also a weak solution, i.e.,
IVV -Vwxidx = 0,
B/
for any C! function w that vanishes near 0B;. By taking w = ¢?v with ¢ a cutoff function, which is 1in By,

and O near 0B;, we find the Caccioppoli inequality:

I |VvPxidx < CI vax3dx
+ Bl+

By

with C independent of s. We iterate this m = m(n) times by taking derivatives in the x’ direction, and obtain

m. . 124S 2y S

j IDIvixsdx < C(m) I VaiSdx. 56
Bym B/
Let a > 0 be given by
a1+s ,

so that

a 1

S 1 S
'[Xn n= EIXnan.
0 0

Notice that a — 0 as s — —1, which means that the weight x; concentrates its mass near x, = 0 when s is
close to —1. Since v < 1, (3.6) implies that there exists t € (0, a] such that

f IDIvRAX < C(m).

thmn{xn:t}

We choose m sufficiently large so that the Sobolev embedding gives

[Vevl < C  on By N {xn = t}.
Assume that at te,, the value of v is closer to 1 than to 0, i.e.,

1
V(ten) > 5 .
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Then, the Lipschitz bound in x’ implies
v(xX', t) = co — Colx'P?, (3.7)

for constants cq small, and C, large that depend only on n.
In the cylinder,

Cl = Bll/z X [O, t],
we use as lower barrier
C 1
@x) = =2 + Co(—lx’l2 +—x2+ x,}‘s).
2 1+s

Notice that gq; satisfies equation (3.1) and is a strict subsolution for the Neumann condition on {x, = 0}.
Moreover, on x, = t, we use that t < a to find

_ 1
X2+x < —a+ad> -0 ass— -1,
1+s 1+s

hence, g; < v by (3.7). The aforementioned inequality shows that g¢; < 0 < v on the lateral boundary of C;
and by the maximum principle, we find

Vzq in C;.
In the cylinder,

1
Cz = Bll/z X [t, E:l,

we use as lower barrier

1 _
@00 = co + co(—|x'|2 - S)).

+S

Notice that as s — -1,

= S(x,f - X,7%) = X7 108X, (3.8)

uniformly in [0, 1], hence, g¢; < 0 < v on dG;\ {x,, = t}. On the remaining part of the boundary g, < v by (3.7).
In conclusion,

v=gq, in Cs.

The claim (3.5) is proved since both g; and g, are greater than 1 := ¢y /3 in a sufficiently small ball B; of fixed
radius.
We can iterate the claim (3.5) and obtain that solutions to (3.1) and (3.2), which are normalized so that

IVlir~@y =1,
satisfy
lv(x) - v(0)| < ClxI,
for some fixed 8 > 0, and for all s sufficiently close to —1. By using scaling and interior estimates, we find
Vlicss;;,) < C.
This estimate can be iterated for discrete differences in the x’ direction, and we obtain
ID{VIcs s, < Clm). (3.9)
After subtracting a linear function in the x’ variable, we may assume further that

v(x', 0)] < CIX'P,
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for some C large. Now we bound v in the remaining x, direction by trapping it between the barriers (3.8)

1 _
ic(|x'|2 - Lo -x S)).

We obtain the desired conclusion
vl < CIxP/2,
since

1 _ _
TS 2 = X475 < x5 [10gxql. O

Next we show that the limiting equation to (3.1) and (3.2) as s — -1 is

av-" -0 in B, (3.10)
Xn

with boundary data on {x,, = 0} which is harmonic

Av(x', 0) = 0. (3.11)

Lemma 3.2. Let v, be a sequence of solutions to (3.1) and (3.2) for s,, — -1, with |[Vyllz>@;) < 1. Then there
exists a subsequence that converges uniformly on compact sets to a solution of (3.10) and (3.11).

Conversely, any continuous solution of (3.10) and (3.11) is the limit of a sequence of solutions vy, to (3.1)
and (3.2) with s, — -1.

Corollary 3.3. A continuous solution to (3.10) and (3.11) satisfies the C1* estimate (3.3) in Proposition 3.1.

Proof of Lemma 3.2. By (3.9), we find that, after passing to a subsequence, we can extract a subsequence
Sm — —1 such that

Vim — v uniformly in B; n {x, > 0},

with v a Holder continuous function. Clearly, v satisfies (3.10).
We show that v satisfies (3.11) in the viscosity sense. Assume by contradiction that on x,, = 0, we can
touch v strictly by below in B, say at 0, with a quadratic polynomial p(x’) with

Ayp =t > 0.

Then, we choose M sufficiently large such that
v>p(x') - Mx? + %xﬁllog Xa| on 0Bsn {x, > 0}
The uniform convergence of the v;,,’s to v and (3.8) imply that v, can be touched by below in Bs N {x,, > 0} by

p(x') — Mx? + m(xﬁ’sm - x,f) + const.
It is straightforward to check that this function is a strict subsolution to (3.1) and (3.2) for all large m, and we
reached a contradiction.

For the second part, let ¢ be a continuous function on 0B; and let v; be the solution to the Neumann
problem (3.1) and (3.2) with prescribed data ¢ on 0B;. Then, it suffices to show that as s — -1, v, converges
uniformly in B; to the solution of (3.10) and (3.11) with boundary data ¢.

The convergence in the interior region B; N {x, > 0} was proved earlier. On the boundary 0B; N {x,, > 0},
this follows from standard barrier arguments. Indeed, at the points on 0B; N {x,, = 0}, the linear functions in
x' variables act as barriers for all vs, while at the remaining points on 0B; N {x,, > 0}, the limiting equation is
nondegenerate. O
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4 Proof of Theorem 2.5

In this section, we provide the proof of our main uniform improvement of flatness Theorem 2.5.
After a change of variables, we rewrite the equation in (2.3) in the following form

Aw = BsCw)
w
Precisely, we denote
W= c{;%u%’ (4.1)

so that u = c,w“. The equation for w is

CawtwhAw + (a — 1)|Vw]?) = —%c,;(y”)w‘“(y"l),

and by using (2.2), we find
2 _
Aw =(1 - a)|Vw|71.

We write this as

_ h(Tw) _ h(Tw)
Cow T w

4.2)
with
h(Vw) = %(1 _IVWP), s = 2a—1) € (-1, 0).

Here, h is the radial quadratic function that vanishes on 0B, is negative in B; and positive outside B;, and
Vh(w) = -w, if w € 0B;. (4.3)
Notice that (4.2) remains invariant under the rescaling

w(x) = M

In view of the viscosity definition for u, we find that w satisfies (4.2) with the following free boundary
condition on o{w > 0}:

Definition 4.1. We say that w : Q — R* satisfies (4.2) in the viscosity sense, if w is C* and satisfies equation
in the set {w > 0} n Q and, if xo € F(w) := o{fw > 0} n Q, then w cannot touch ¥ € C* (resp. C~) by above
(resp. below) at xq, with

P = d) + pd(x)'>,

a as in (2.2) and p > O (resp. u < 0).

Similarly, we keep the same notation as in Definition 2.4 for the corresponding solutions w to (4.2).
Precisely,

Definition 4.2. We say that
we S, e¢)

if 0 € o{w > 0} and for any ball B;(y) c B, centered on the free boundary y € o{w > 0}, w is e-flat in B,(y) i.e.
there exists a unit direction v depending on t, y, such that
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x-v-etYr <wy+x)<(x-v+et) if [x|] <t.

We state the main result of this section from which Theorem 2.5 easily follows.

Proposition 4.3. Assume that w is a viscosity solution of (4.2) in By, and
w e S, ¢),
for some 0 < € < gy(n) small. Then, there exists p > O depending on n such that
e\ e\
(X-V—Ep) sws(x~v+§p) in By,

for some unit direction v, |v| = 1.

— 11

We remark that the Proposition 4.3 can be applied for all balls B¢(y) c B; centered on the free boundary.

Then the conclusion implies that

w e S(p, %)

which is precisely the statement of Theorem 2.5.

In Proposition 6.1 of [13], we proved Proposition 4.3 for constants €5 and p that depend on s. Below we

show that this dependence can be dropped.
After a rotation, we may assume that

p—&)r<w<(x,+&)*t in By
As in [13], we consider the rescaled function

W — Xy
£

w =

and show that is well approximated by a viscosity solution of the linearized equation:

?

Ap + s =0, in By,
Xn
0,15 =0 on {x, = 0}.

First, we need a preliminary lemma.

Lemma 4.4. Assume that
0<xy<w< (X, +a) inB(xp),
for some a > 0. Then
either (x, + ca)* <w or w < (x, + (1 - ¢c)a)* in B, (o),

for some constant ¢ > 0 independent of y.

(4.4)

(4.5)

(4.6)

Proof. It is convenient to prove this result working directly with the solution u before applying the change

of variables (4.1). Then, our assumption reads:
0 < up(xy) < u < up(xy + a) in By(xg).

After a dilation, we may assume that xo = e, and r < 1/2. Assume for simplicity that

u(ey) = uo(l + %)
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Then g :== u — up > O satisfies
|Ag| < Cg in By(ey).

and by Harnack inequality, we find
a .
g=>cgley) = c(uo(l + E) - uo(l)) in By a(en).

The conclusion follows since

a , 1 3

clugll + = — ug(D) | = up(xn + c'a) — up(x,) Vxpe|=,=|,

2 2 2

provided that ¢’ is chosen sufficiently small. O

Proof of Proposition 4.3. Assume that for a sequence of g — 0, s € (-1, 0) and
Wy € S(l, Sk), (4.7)
which satisfy (4.2)-(4.4), the conclusion does not hold for some p small, depending only on n, to be made

precise later.
By passing to a subsequence, we may assume that

sy — § € [-1,0].
Claim 1: Up to a subsequence, the graphs of

- Wi — X
Wy = —k
€k

defined in {wy > 0}, converge uniformly on compact sets to the graph of a Hélder limiting function w defined
in B; N {x, > 0}, and

wj <1 w(0)=0.

Toward this, we notice that (4.7) implies that the oscillation of wy decays geometrically in dyadic balls of
radius r,, = 27™, which are centered on the free boundary, m > 1. Indeed, if, for example, we focus at the
origin, the unit directions v,’,i of the linear functions which approximate wy in the balls B, satisfy

vk —vk | <Ce = VK- el < Cmey.
Then the inequalities
(x- v,’,‘l — &)t <we < (x - v,’,‘l + &Im)* in By,
imply
(Xq — (Cm + Dggrm)™ < Wi < (X + (Cm + Dggy)* in By,
which gives
oscwy < C'mry, in B, n {wy > O}

On the other hand, for dyadic balls included in {wy > 0}, we can apply Lemma 4.4 and conclude that the
oscillation of Wy decays geometrically as well. By combining these estimates, we find that Wy has a uniform
Holder modulus of continuity when restricted to compact sets of B;, and the claim follows from Arzela-
Ascoli theorem.

Claim 2: w solves (4.6) in the viscosity sense, with s = S.

If 5§ = -1, then the boundary condition is understood as in (3.11).

The function Wy solves the equation
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1 Sk * h(en + EkVWk) ~ ~
Awy = — . = 8(&ks Sk» Xn» Wi» VWi)
Ex Xn + ExWk

and
g(£k5 Sk Xrb Z, p) - §M = _5& as k — Q.
Xn Xn
This shows that w solves the linear equation
AW+ 52 - 0 in By, (4.8)
Xn

in the viscosity sense.

It remains to show that w satisfies the boundary condition of (4.6) on {x, = 0}.

Toward this aim, we construct explicit barriers. Let p(x’) be a given quadratic polynomial and let d
denote the distance to the graph

Xn = —ep(x").
We restrict our computations to the region
By n {x, > —ep(x')},

and we have

d =x, + ep(x') + O(e?),
Ad = ek + 0(g%), k= Ayp.

We let
® =d + f(d), (4.9)

for some one-dimensional Lipschitz function f to be specified below, with f(0) = 0, and compute
AD = gf"(d) + (1 + &f'(d)Ad = e(f"(d) + x + O(¢)),

and

h(VO) _ s ~2¢f'(d) + eX(f'(d)*) _ —ssf,(d)(l + fo(lf’l + Iil)
) 2 d + ef(d) d \ d))

The corresponding function ® (4.5) has the following form:
® = p(X) + f(x) + O(e). (4.10)

We distinguish two cases, § € (-1, 0] and § = -1.
Case 1: § € (-1, 0].
Assume by contradiction that, say for simplicity, w is touched strictly by below at 0 by

qx) = —alx'? + t 5,

for some constants a, t > 0. Then we pick p(x’) = —§|X'|2 and in (4.9), we make the choice
t t
d) = —d'Sx + —d'=%x + Md?,
fi(d) 4 4

for some large M > 0.
Then @y is a strict viscosity subsolution since the free boundary condition in Definition 4.1 is clearly
satisfied by the choice of f, and the computations given earlier imply that

h (VO

ADy -
k oy

= sk(ilskl(l =25 + 0(g)d %% + 2M(1 + s) — (n = Da + O(ek)) >0,

for all large k’s.
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From (4.10), we obtain the uniform convergence
& — Ipp + Las ¢ Lo pae,
2 4 4

and the limit function, in a small neighborhood of 0, touches g, and therefore, w strictly by below at the
origin. This means that a translation of the graph of @ in {®; > 0} touches the graph of wy in {w; > 0} at an
interior point and we reached a contradiction.
Case 2: 5§ = -1.
Assume that we can touch w on {x, = 0} by a quadratic polynomial p(x’) strictly by below at 0, with a
quadratic polynomial p(x") with
Ayp =t >0.

Then, we can touch w strictly by below at 0 in By with
— ! i 2 1 -M 2
q(x) = p(x') + 4an 0gxn| — Mxz,

for some M sufficiently large. This follows from the fact that g is a subsolution of equation (4.8) with § = —1.
We choose
_1

t
d)=—- di=s — d?) — Md?,
fid) = - 1+sk( )

and the corresponding function @ is a viscosity subsolution since
hy (VD) _

k

ADy - Sk(_é —2MA +s) +t+ O(sk)dflfzsk) >0,
for all large k’s. Notice that ®; — g uniformly in B; and we reach a contradiction as in Step 1. With this,
Claim 2 is proved.

Next we apply Proposition 3.1 and Corollary 3.3 to w and conclude that

W —a'- x| <Pin B,,
8

for some p > O universal depending only on n. This implies

+ +
(x,, + sk(al. ¥ - %)) <w < (xn + ek(al. X + %)) in B,

holds for large k’s. Then the conclusion is satisfied for wy with vy = %, and we reached a contra-
n k

diction. O

5 Proof of Theorem 2.3

In this final section, we provide the proof of our main result, Theorem 2.3. For the case when y — 2, it will
follow from the characterization of global minimizers of the Dirichlet-perimeter functional ¥ introduced in
Section 2, combined with the compactness Theorem 2.2, and the uniform improvement of flatness result in
the previous section.

Here, we need to characterize the global minimizers of ¥ and deduce the flatness of global minimizers
of &,. We start with an important tool, that is, a monotonicity formula for the Dirichlet-perimeter func-
tional 7.
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Proposition 5.1. (Monotonicity formula) Let (u, E) be a minimizing pair for ¥ in Q. Then
O(r) = r'"Fp(u, E) - %r‘” J u’do
3B,

is monotone increasing in r as long as B, c Q.
Moreover, @ is constant if and only if (u, E) is a cone, i.e., u is homogenous of degree 1/2 and E is
homogenous of degree 0.

Proof. We compute for a.e. r

n

) 17 , 1w -1 1u)? vt -
@'(r) =rin [Voul? + Z—zda - Fp(u, E) + u, — 37 do + (sin@)y 'dH 2|,
r r r
3B, 3B, AENB,

where 6 is the angle between the normal v to oE and the radial direction x /|x|.

Let (i1, E) be the extension of the boundary data of (u, E) on B, to R", with ii homogenous of degree 1/2,
and E homogeneous of degree 0.

Denote by ® the corresponding expression for the pair (i, E). The homogeneity of the pair implies that
® is constant in its argument and the aforementioned computation shows that

n-1
r

~ ~2 ~ ~
&(r) = rin j Vol + %u—zdo M=l @, B) + HRE 0 9By |.
r

3B,
Now the conclusion
O'(r)>d'(r)=0
follows since (u, E) and (&, E) coincide on 9B, and
Fa,(d, E) = Fp(u, E)

by minimality of (u, E). O

We can now easily deduce the following result.
Proposition 5.2. If (u, E) is a cone, then u = 0 and E is a minimizing cone for the perimeter.
Proof. In Theorem 4.1 of [5], it was shown that u is Lipschitz in the interior of the domain for a minimizing
pair (u, E). Since u is homogenous of degree 1/2, this means that u = 0 and E is a minimal cone for the

perimeter. O

Next, we can characterize global minimizers to ¥ in low dimensions, on the basis of the classical
regularity theory for minimal surfaces [16].

Proposition 5.3. Assumen < 7 and (u, E) is a global minimizer for ¥ with O € oE. Thenu = 0 and E is a half-
space.

Proof. If n < 7 then, by Proposition 5.2 and Simons theorem for minimal surfaces, there is only one cone up
to rotations, i.e., u = 0 and E is a half-space. This means that the tangent cone at infinity and the tangent

cone at O for the pair (u, E) have the same @ value. This means that ® is constant and (u, E) isa cone. [

We deduce the following flatness property for the free boundaries of global minimizers of J,, asy — 2.
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Proposition 5.4. Assumen < 7. Given € > 0, there exist R large and 6 > 0 small depending on € and n, such
that if u is a minimizer of J, in B, and 0 € ofu > 0}, y = 2 — 8, then, up to rotations,

X, >2€e}nByc{u>0}nB;cix,>-¢h

Proof. This follows easily by compactness from Theorem 2.2. Indeed, for a sequence of y,, — 2~ and mini-
mizers u,, defined in B,, for &, , we can extract a subsequence so that the free boundaries dofu, > 0}
converges uniformly on compact sets to oE for some global minimizing pair (u, E) of ¥ . Proposition 4.3
implies that uy,, satisfies the conclusion for all large m’s. O

Finally, we also obtain the flatness of global minimizers of &,, asy — 2.

Lemma 5.5. Assume n < 7, and that u is a global minimizer of €,, y > 2 — 8, with § as in Proposition 5.4.
Then,

1 - Ceup(d(x)) < ulx) < (1 + Ce)up(d(x)),

with C depending only on n, and d(x) = dist(x, F(u)).

Proposition 5.4 and Lemma 5.5 imply that global minimizers u of &,, for y — 2, satisfy the flatness
assumption u € S(r, Ce) for all r’s. Then the conclusion of Theorem 2.3 follows by applying Theorem 2.3
indefinitely. We are left with the proof of Lemma 5.5.

Before proving Lemma 5.5, we need the following preliminary result. Notice that, the multiples of the
one-dimensional solution

aup(x,), a> o0,

are supersolutions for the Euler-Lagrange equation when a > 1 and subsolutions when a < 1. Next we show
that if a solution u is trapped between two such multiples, then the bounds can be improved in a linear
fashion in the interior.

Lemma 5.6. Assume that y € [1, 2) and u satisfies

Au = W'(u) in Byjx(en)

and
< <ag,
uo(Xy) "
for some
O<a <1<a,.
Then
(1-ca_ +c< U < (1 - c)a, + ¢ in Byjylen),
Uo(Xn)

for some constant ¢ > 0 depending only on n.

We require for y to be bounded away from 0 in order to have an inequality
[W'(uo)l 2 ¢ in Byjx(en),

with ¢ universal.

Proof. Let v := auo(x,) and notice that in By,»(en)
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ay+2

Av = aW'(ugy) = a’*W'(v) = W'(v) + ayj - W'(ug) < W'(v) - c(a - 1),

with ¢ independent of y. Then, by using the uniform Lipschitz bound of W', we find that w=v -u >0
satisfies

Aw < Cw - c(a - 1) in By y(ey).
Now we can use comparison with explicit quadratic polynomials of the type
H(1 = Clx = xol*),  Xo € Bi/a(en)
and obtain
w>c'(a-1)>c"(a-Duy in Byulen),
which gives the upper bound.
The lower bound follows in a similar fashion. O
Proof of Lemma 5.5. We show that
u(x) < amuo(d(x)) (5.1)

for successive constants a,, that decrease to1 + C's.

In [13], we showed that (5.1) holds for some a, large depending on y. Suppose that (5.1) is satisfied for
some constant a,,, and since the statement remains invariant under the rescaling of the equation, we may
assume that Bi(e,) ¢ {u > 0} is tangent to the free boundary at 0. By Proposition 5.4, we know that
o{u > 0} n B, is trapped in the strip {|x,| < 4€}. Then, (5.1) gives

U(x) < amUo(X, + 4€) < an(1 + Ceup(x,) in Byy(e,),
with C independent of y. We apply Lemma 5.6 to obtain
u(en) < amstlo(en)s Ame = am(1 + Ce)(1 - ¢) + ¢,
and, after rescaling, we find that the constant a,, can be replaced by a,,,;, and the claim easily follows.

The lower bound can be proved in a similar way. O

We are now left with the proof of Theorem 2.3, in the case y — 0. The only missing ingredient is the
following compactness result showing that the limit of minimizers of &, with exponents tending to 0 is a
minimizer for &g as well. Recall that &, is the Alt-Caffarelli functional:

Eo) = [[(VuP + xy0)r
Q

for which regularity in low dimension was established in [2,7,17].

Proposition 5.7. (Compactness for y — 0) Assume that
Ye = 0, w — U in [(Q),
and uy are minimizers of &y,. Then u is a minimizer for & in Q.
A version of this proposition for a fixed exponent y was proved in [13]. It relies on a construction that

interpolates between two functions, which are L? close in an annulus, without increasing too much the &y
energy.

Lemma 5.8. Let uy, vi be sequences in HY(B;) and § > 0 small. Assume thatuy — vy, — 0in L*(By_s,,\B1_5), as
k — oo, and that uy, vk have uniformly (in k) bounded energy in By_s 2. Then, there exists wy € H'(B;) with
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Vi in Bl_5
Wy = . _
U in Bi\Bi_s)2

such that
&,(W, By) < E(uk, Bi_s)2) + &,(Vi, B1\Bi_s) + 0(1),
with o(1) — 0 as k — oo.
An inspection of the proof in [13] shows that the result is valid for a sequence of exponents y, that
remain bounded away from 2. The reason is that the dependence of the constants on y is uniform as long as

y is restricted to a compact set of [0, 2).
We sketch the proof of Proposition 5.7 in this more general setting of variable exponents.

Proof of Proposition 5.7. Assume for simplicity that Q = B;, and let V be a competitor for & in B; with v = @
in B;\B,_s for 6 > 0 small, and with
Eo(V, By) + |IVlr=e,) < co.
First, we construct a sequence of truncations
V= -t)" with L > 0
such that
&y (i, B1) — Eo(V, By). (5.2)

Notice that for any n > 0, there exists t € [0, n7] such that

J-ori<eo, (53)

B,

which follows from

I[(v — O bdxdt < Cptl2.

By

O —

By Lebesgue dominated convergence theorem, (5.3) implies
EN@ - 1), B) — Eo((V - £)*,By) as y — 0,
and the claim (5.2) follows since
Eo((V — t)*, By) = &(V,By) as t — 0.
The lower semicontinuity property for subdomains D ¢ By,
liminf&,, (vi, D) = Eo(V, D),

implies that the convergence in (5.2) holds also for subdomains D ¢ B;.
We use Lemma 5.8, and call w; the interpolation of v, and u; such that

Wy = Vi in Bl,g’ Wi = Uy in Bl\Bl,ga.
The hypotheses of Lemma 5.8 apply since
U — vk — 0 in L*(B;\Bi_s),

and &y, (ux, Bi_52) is uniformly bounded by Lemma 3.4 in [13]. Then, by the minimality of u; and Lemma
5.8, we obtain
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&y (Ui, By) < &y, (Wi, By) < 8, (Vi, Bi_52) + &y, (ux, B1\Bi_s) + 0(1),

with o(1) — 0 as k — oo. Subtract &, (uy, B;\Bi_s) from both sides, and obtain

Ey(ux, Bi_s) < &y, (v, B1_5/2) + 0o(D).

The lower semi-continuity of &, and the convergence of the energies for the v;’s gives

Eo(lt, Bi_g) < Eo(V, Bi_5/2).

We obtain the conclusion by letting § — 0. O
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