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Abstract

We introduce nonlocal minimal surfaces on closed manifolds and establish a far-reaching Yau-type
result: in every closed, n-dimensional Riemannian manifold (without any genericity assumption on the
metric), we construct infinitely many nonlocal s-minimal surfaces. We prove that when s € (0,1) is suffi-
ciently close to 1, the constructed surfaces are smooth for n = 3 and n = 4, while for n > 5, they are smooth
outside of a closed set of dimension n — 5.

Moreover, we prove surprisingly strong regularity and rigidity properties of finite Morse index s-
minimal surfaces, such as a “finite Morse index Bernstein-type result” and the compactness of the class
of finite index s-minimal surfaces in the strongest geometric sense (that is, they are shown to subsequen-
tially converge smoothly and with multiplicity one).

These properties make nonlocal minimal surfaces ideal objects on which to apply min-max variational
methods as well as to approximate classical minimal surfaces. Combined with the recent results in [23],
which proves uniform curvature estimates and optimal sheet separation for stable s-minimal surfaces as
s /1 (i.e. as they converge to classical minimal surfaces), this work sets a new powerful method for the

study of old and new questions on the existence of classical minimal surfaces.
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1 Introduction

1.1 The “classical” Yau conjecture

The existence and regularity of minimal hypersurfaces in closed manifolds is one of the central questions
in Riemannian geometry. Yau’s conjecture (raised in 1982 by S.-T. Yau [69]) is a particularly famous and
archetypal problem. It states that every closed three-dimensional manifold must contain infinitely many
smooth minimal surfaces. This problem exposes the enormous difficulties in applying variational methods
to the area functional defined on the class of “surfaces”.

Yau’s conjecture was recently established by K. Irie, F. C. Marques, and A. Neves [48] (in the case of
generic metrics) and by A. Song [65] (in full generality):

Theorem 1.1 ([48, 65]). Let (M",g) be a closed Riemannian manifold of dimension 3 < n < 7. Then, there exists
an infinite number of smooth, closed, minimal hypersurfaces in M.

To construct an infinite number of minimal surfaces, one must consider non-stable critical points of the
area functional (since in general closed 3-manifolds contain only a finite number of stable minimal surfaces).
These surfaces are naturally constructed using min-max (i.e., mountain-pass type) methods. The use of min-
max methods for the area functional goes back to Almgren [3, 4] and afterward, Pitts [57] in the 1960s.

Several essential difficulties arise when trying to construct minimal surfaces employing a min-max scheme.
The principal underlying issue is that, in the case of the area functional for surfaces, min-max sequences can
be extremely noncompact, unless we work with very weak notions of convergence.

Indeed, suppose we are given a sequence of minimal surfaces with uniformly bounded Morse index.
This is only a best case scenario, as the accumulation points of min-max sequences, if they exist, will
be finite index minimal surfaces. A concrete instance of this best case scenario would be a sequence of
shrinking catenoids that converge to a hyperplane (with multiplicity two). In this example, the sequence
does converge in some weak sense (namely, in the sense of varifolds). However, the limiting object, a “double
hyperplane”, has arguably very few things in common with the catenoids that approximate it (e.g. their



topologies or their total curvatures are completely different!). More generally, it is possible to guarantee
that every sequence of minimal surfaces with uniformly bounded index and area will have convergent
subsequences, provided one chooses a weak enough notion of convergence. However, as in the example
of the catenoid, weak convergence has undesired side effects: different sequences of minimal surfaces with
“interesting topologies” may yield, in the limit, the same object with a loss of topology (with an integer
multiplicity).

We emphasize that, as the example of the catenoid shows, there is no way to avoid the side effects: they
must come with any convergence weak enough to guarantee compactness. Hence, a crucial difficulty in the
proof of Theorem 1.1 is the extraordinary difficulty in ensuring that multiple minimal surfaces, with bigger
and bigger areas, constructed via a min-max method are distinct (and not the same one counted multiple
times). Another very delicate question is the control of the topology of the minimal surfaces constructed
via min-max (e.g. to construct minimal spheres in a given manifold). Such issues have only been solved, in
particular cases, through a huge effort in several outstanding works, including Almgren [2, 3, 4], Pitts [57],
Schoen-Simon [61], Marques-Neves [50, 51, 52, 53], Irie-Marques-Neves [48] and Song [65]; or Simon-Smith
[64], Haslhofer-Ketover [47] and Wang-Zhou [68], to cite a few.

1.2 Purpose of the paper

This work introduces nonlocal minimal (hyper)surfaces —in the spirit of Caffarelli-Roquejoffre-Savin [17]—
on closed Riemannian manifolds and develops their existence and regularity theory. A main purpose of this
paper is to demonstrate that they are an ideal class of objects on which to apply min-max methods (as they
seem to prevent almost every pathology that arises for classical minimal surfaces, such as multiplicity and
loss of topology), as well as to approximate classical minimal surfaces.

On this second point, let us emphasize that nonlocal minimal surfaces approximate classical minimal

surfaces as the fractional parameter s € (0,1) converges to 1. The recent results in [23] show, among
other things, uniform curvature estimates and optimal sheet separation (of order /1 — s) for stable nonlocal
s-minimal surfaces in a three-dimensional Euclidean setting as s * 1, which implies their multisheeted
convergence towards smooth classical minimal surfaces. A forthcoming work [35] will prove a Weyl Law
for the s-minimal surfaces obtained in the present paper, as well as show their convergence (building on
[23]), as s — 1 and for n = 3, to classical minimal surfaces, obtaining a new proof of their density (and in
particular of Theorem 1.1) for three dimensional manifolds with a generic metric.
Therefore, in combination with the present paper, nonlocal minimal surfaces provide a powerful new
method to construct classical minimal surfaces. This method resembles in some ways the Allen-Cahn ap-
proximation in [45, 39, 40, 25], but presents several advantages (some of which are discussed in [23], and
some of which will become evident in this work).

We obtain surprisingly strong estimates for finite Morse index nonlocal minimal surfaces that do not
hold for classical minimal surfaces. These estimates confer finite Morse index nonlocal minimal surfaces
exceptional compactness and regularity properties, thanks to which we establish far-reaching existence and
regularity results, including a nonlocal analog of Theorem 1.1. Let us give a quick selection/highlights of
our results here:

(i) Any closed manifold of dimension n > 3 contains infinitely many nonlocal minimal (hyper)surfaces
(i.e., the nonlocal analog of Yau’s conjecture holds). More precisely, given s € (0,1), for every p € IN
there exists an s-minimal surface with Morse index < p and fractional perimeter comparable to p*/".
These surfaces are smooth in low dimensions and smooth away from a closed lower-dimensional set
in every dimension. We stress that our result holds for every metric and not just generic ones.

(i) Forn € {3,4} and s € (0,1) sufficiently close to 1 (the limit case s = 1 formally corresponds to classical
minimal surfaces), the following holds:

— Any smooth (embedded) s-minimal hypersurface of finite Morse index in IR” must be a hyper-
plane.

- In a closed n-dimensional manifold M", any sequence of smooth s-minimal (hyper)surfaces with
uniformly bounded Morse index automatically satisfies uniform curvature and sheet separation



estimates. As a consequence, any such sequence has a subsequence that converges smoothly and
with multiplicity one to a (smooth) submanifold. In particular, if all the elements of the sequence
are homeomorphic to the same topological space X then the limit is also homeomorphic to X.

Thanks to their exceptional compactness and regularity properties, Morse theory for nonlocal minimal
surfaces is in some sense as “flawless” as finite-dimensional Morse theory, at least from the functional
analysis (i.e. compactness) perspective. It goes without saying that this is in striking contrast with the
situation for classical minimal surfaces for the area functional.

Since we think that the paper can be of interest to readers who do not necessarily have any previous
knowledge on nonlocal elliptic equations, we try to give an accessible and mostly self-contained presen-
tation. For the reader’s convenience, the present paper is complemented by the companion article [21],
which provides greater detail about the definitions introduced in Section 2 and includes the proofs of the
estimates for the kernel K, (p, q) (here stated in Section 2.1.2) and the monotonicity formula given in Section
2.3. Moreover, we have spared no efforts in trying to make our proofs as efficient as possible.

1.3 Nonlocal minimal (hyper)surfaces on a closed Riemannian manifold

Nonlocal minimal (hyper)surfaces in R were first introduced and studied in [17]. In this section, we define
nonlocal minimal (hyper)surfaces on a closed Riemannian manifold, emphasizing the “canonical nature” of
these new geometric objects.

Let (M", g) be an n-dimensional, closed Riemannian manifold, with n > 2. Let us start by giving a canon-
ical definition of the fractional Sobolev seminorm H*/2(M). This can be done in at least three equivalent
ways:

(i) Using the heat kernel' Hy(t, p,q) of M, we can put

o0 dt
Ks(p,q) == /O Hm(p.a.t) 573

We then define
(]2 ) = //MxM(u(P) — u(q))*Ks(p,q) 4V, dVy. (1)

The kernel K;(p, q) will be shown to be comparable to W, and they coincide in the case M = R"

pAa
(up to a constant factor).

(ii) Following a spectral approach, we can set

[u]%{sm(M) = Z A]s(/2<u/ q)k>%2(M) (2)
k>1

where {@;} is an orthonormal basis of eigenfunctions of the Laplace-Beltrami operator (—Ag) and

{Ax}x are the corresponding eigenvalues. For s = 2 this gives the usual [u]?

H1 (M) seminorm.

(iii) Considering a Caffarelli-Silvestre type extension (cf. [19, 8]), namely, a degenerate-harmonic extension
problem in one extra dimension, we can set

[u]%{s/z(M) = inf{/ zlfs\ﬁLI(p,z)Fdedz s.t. U(x,0)= u(x)}.
M><]R+

Here V denotes the Riemannian gradient of the manifold M = M x R, with respect to the natural product
metric § = ¢ + dz ® dz, and the infimum is taken over all U belonging to the weighted Hilbert space H' (M)
(see Definition 2.12 for the precise definition of this space, and we refer to Section 2 in general for all the
basic properties of this extension characterization).

1 As customary, by heat kernel here we mean the fundamental solution of the heat equation 9;u = Au on M, where A denotes the
Laplace-Beltrami operator on M.



It is proved by the three authors in [21] that (i)-(iii) define the same norm (not merely equivalent norms),
up to explicit multiplicative constants. We emphasize that this gives a canonical definition of the H*/?(M)
seminorm on a closed manifold. For the reader’s convenience, we recall here some definitions and results
from [21].

Here and onwards M denotes a closed n-dimensional Riemannian manifold.

Definition 1.2. Given s € (0,1) and a (measurable) set E C M, we define the s-perimeter of E as
1
Pers(E) i= Dxelnq = e~ xe Bz = 2 [ [ Kelp )iV, @)

where x is the characteristic function of E, E¢ := M \ E and [-]?

HE/2 (M) is defined by (1).

From the estimates in [21] for the kernel Ks(p,q), one can see that for every set E C M with smooth
boundary, one has that (1 — s)Pers(E) — Per(E) as s T 1 (up to a multiplicative dimensional constant, see
[11] and also [27, 20, 7] for further details on the computation in the case of IR").

Moreover, it is convenient to define localized or relative versions of the fractional perimeter, somewhat
analogous to the classical relative perimeter.

Definition 1.3. Given a bounded open set (3 C M (with Lipschitz boundary), a relative s-perimeter in () is a
functional denoted by Per;( -, Q) and satisfying the following two properties:

(I) Pers(E,Q)) — Pers(F,Q)) = Pers(E) — Pers(F) for all (measurable) sets E and F that coincide outside Q)
and Per;(F) < oo.

() Pers(E,Q)) < oo if OE is a smooth submanifold in a neighborhood of the compact set Q.

Throughout the paper, we fix a relative s-perimeter defined similarly as in [17] (there for the case of the
Euclidean space IR"). We define the relative s-perimeter of E in () as

per.(£,0) = [[ (XE(p) — Xe(0))2Ks(p, 9) AV, Yy,
(MxM)\(QexQ¥)

where Q) := M\ Q is the complement of (). With this definition, one can easily check that properties (I)
and (II) above hold. Moreover, it follows directly from its definition that the previous notion of relative
s-perimeter satisfies the following properties.

* Pers(E, Q) = Pers(ES, Q) for every (measurable) E C M.

e IfEC QorE° C O then Pers(E, Q) = Pers(E), where Per, (E) is the s -perimeter on the entire manifold
M defined in (3).

e Let Oy, 0y C M with |01 N Q| = 0. Then Perg(E, )y U Q) > Pers(E, (1) + Pers(E, ()y).
e Let Ey, E; C M with |E; N Ep| = 0. Then Pers(E; U Ep, Q)) < Per;(Eq, Q) + Pers(Ep, Q).

Remark 1.4. Notice that there would be other possibilities to define a relative s-perimeter. For example, in
view of the “spectral definition” (2) of the fractional perimeter, we could have defined a different relative
perimeter by Pers(E,Q)) = Y1 )\i/ 2<XE,q)k>%2 Q) It is easy to check that this satisfies properties (I)-(II)
above as well.

In this work we denote by X(U/) the space of smooth vector fields in Y C M, by spt(X) the support of X
and X.(U) the space of smooth vector fields with compact support in I.

Definition 1.5. Let (M, g) be a closed Riemannian manifold. Given s € (0,1), the boundary JE of a set
E C M is said to be an s-minimal surface if Pers(E) < oo and, for every X € X(M), we have

d t _
at t:OPers(lPx(E)) =0,

where ¢}, : M x R — M denotes the flow of X at time t.



The previous definition admits a natural local version.

Definition 1.6. Let (M, g) be a closed Riemannian manifold. Given &/ C M open, the boundary oE of a set
E C M is said to be an s-minimal surface in U if for every Lipschitz domain () with compact closure such that
Q C U we have Pers(E,Q)) < oo, and for every smooth and compactly supported vector field X € X(U)
with spt(X) C Q we have

d

% t:OPers(¢§((E),Q) =0.
Definition 1.7 (Morse index and stability). Let (M, g) be a closed Riemannian manifold and JE be an s-
minimal surface in &/ C M open (as in Definition 1.6). Then, JE is said to have Morse index at most m in
U if for every Lipschitz domain Q) with compact closure such that QO C U, for every (m + 1) vector fields
Xo, -+ Xm € Xc(U) with U" jspt(X;) C O C U there exists some linear combination X = agXo + ...+ auXn
witha%+a%+...+a%n = 1 such that

d2

t
2 tZOPers(le(E),Q) > 0.

In the particular case m = 0, we say that JE is stable in U.

Remark 1.8. This should be read as: there are at most m independent “directions” which decrease the
fractional perimeter. This general formulation of Morse index is well suited for passage to the limit.

Remark 1.9. It follows? from Lemma 2.10 and Lemma 2.11 (which are results from [21]) that, if Per (E,Q) <
oo and X € X(U) is such that spt(X) C Q) then the map t — Pers (¢ (E), Q) is well-defined for all ¢ and of
class C*. Thus, the previous definitions are meaningful.

1.4 Main results

One of the main goals of this paper is to establish the existence of infinitely many s-minimal surfaces on
every closed manifold:

Theorem 1.10 (Fractional Yau-type result). Let (M",g) be an n-dimensional, closed Riemannian manifold, with
n > 2. Fixsy € (0,1) and let s € (so,1). Then, for every natural number p > 1, there exists an s-minimal surface
XP = JEP with Morse index at most p —in the sense of Definition 1.7— and fractional perimeter

C1p*/" < (1 —s)Pers(EP) < Cp*/",

for some C = C(M, so) > 1. In particular, M contains infinitely many s-minimal surfaces. Moreover, these surfaces
are viscosity solutions to the NMS (i.e. Nonlocal Minimal Surface) equation (see Proposition 3.27), and satisfy the
structural properties (9)-(10) in Proposition 1.30.

The regularity of the constructed surfaces depends on the classification of stable s-minimal cones (An
open subset E C IR" is said to be a cone if E is an open set and AE = E for all A > 0).

Definition 1.11. Givens € (0,1), we define the critical dimension n; as the minimum dimension n > 3 such
that there exists a smooth and stable s-minimal cone in R” \ {0} which is not a hyperplane.

By [15] and [23], ny > 5 for all s € (sg, 1], where sp € (0,1) is a universal constant. It is conjectured
that, in fact, ny = 8 for all s sufficiently close to 1. For n = 8, the Simons cone E = {x% + x% + x% + xﬁ <
x% + x% + x% + x%} C R, which is a minimizer in the classical case s = 1, is easily shown to be stable for all

s € (so,1), for some sy < 1 sufficiently close to 1, so that n} < 8 in this case’.

We now state a regularity result for the constructed surfaces, which will be proved in Section 4.5.

ZNotice that for functions taking values in {£1} the potential part of the energy vanishes and the Sobolev part of the energy gives
the fractional perimeter.

3More generally, the natural generalization of the Simons cone to higher (even) n has been shown in [31] to be stable in dimension
n > 14 for any s € (0,1). In particular, n} < 14 for any s € (0,1), and the definition of n} as a minimum is justified.



Theorem 1.12 (Size of the singular set). For n > 3, the surfaces {XP },eN of Theorem 1.10 are smooth submani-
folds outside of a closed set sing(XP) of Hausdorff dimension at most n — n. In particular, sing(XP) = @ if n < n}
(and this holds for n = 3,4 and s close to 1, since n > 5). Moreover, in the case n = n} the set sing(X¥) is discrete.

The surfaces in Theorem 1.10 will be constructed as limits as ¢ — 0" of solutions to the fractional Allen-
Cahn equation on M. We emphasize that —in sharp contrast to the case of classical minimal surfaces— the
Allen-Cahn approximation does not really play a crucial role in our construction. We just use it so that we
are able to apply standard min-max existence results of critical points (like those in the book by Ghossoub
[41]). What really makes our construction easier, in comparison with the classical case s = 1, are the very
strong a priori estimates satisfied by finite Morse index s-minimal surfaces for s < 1, see Remark 1.19.
Corresponding analog estimates are satisfied by Allen-Cahn solutions with bounded index, which allows us
to send & — 0 without problems. In contrast, in the classical case, this passage to the limit is really delicate:
one is forced to use varifold convergence, and then multiplicity and neck-pinching situations need to be
ruled out. This requires generic metric assumptions and has only been done for n = 3 in [25].

Definition 1.13 (Fractional Allen-Cahn energy). Let s € (0,2) and ¢ > 0. Given v : M — R, we define the
fractional Allen-Cahn (abbr. A-C) energy of v on the open set (3 C M as

Ea(v) := EXP(v) + EE*(v), 4)

where

= [ e O O Vi, SR ) = [ Wo)a,

and W(v) = 1(1 —9?)2 is the standard quartic double-well potential with wells at ==1. We will sometimes
denote £n by £ or £ if we want to stress the dependence of the energy from ¢ and/or s.

Note that, with this definition of the Allen-Cahn energy, we have

Ea(XE — Xe) = EXP(XE — Xpe) = Pers(E,Q),
and
gﬂluﬂz (U) S 501 (v) + 802 (U) °

The double-well potential penalizes functions that are not identical to &1, and that is why one expects to
find nonlocal s-minimal surfaces as the limits of critical points of this energy when & — 0.

A function u : M — R is a critical point of £q if and only if it solves the fractional Allen-Cahn equation
(=A)*2u4 W' (1) =0 inQ. (5)
Here (—A)%/? is the fractional Laplacian on (M, g), and it can be represented as (see Section 2 for details)
(=A)"2u(p) = /M(M(P) —u(q))Ks(p,q) dVy.

We also have a definition of Morse index, related to the second variation of the energy.

Proposition 1.14 (Second variation). Let QO C M be an open set. Let u € H%/%(M) be a critical point of Eq. Then,
given & € CH(Q), the second variation of Eq at u is given by

" _ 1 _ 2 —s 1" 2
saoed=g [ RO PG p e [ WS @

Definition 1.15 (Morse index). Let O C M an open set, and let u € H*/?(M) be a critical point of . The
Morse index of u in Q), denoted by mq (1), is defined as the maximum dimension among all linear subspaces
L C CHQ) C H¥2(M) such that £/ (u) is negative definite on £. Moreover, we say that u is stable in Q) if
ma(u) = 0.



For 3 < n < nj, we prove a strong regularity and separation result for s-minimal surfaces which are
limits of Allen-Cahn solutions with bounded index (as in our case), and which will be proved in Section 4.4.

Definition 1.16 (Family of Allen-Cahn limits). A surface ¥ C M is said to belong to the class A, (M) if £ =
oE and there exists a sequence of functions u; : M — (—1,1) which are solutions to the Allen-Cahn equation
(5) on M, with Morse index m(uj) < m for all j, and parameters g — 0, such that uj — up = Xg — X in

LY(M).

Theorem 1.17 (Uniform regularity and separation). Let s € (0,1) and 3 < n < n}. Let (M",g) be an
n-dimensional, closed Riemannian manifold satisfying the flatness assumption FA3z(M, g, p,1, ¢) around p (see Defi-
nition 1.22). Assume that OE € A,,(M) is an Allen-Cahn limit (see Definition 1.16).

Then OE is a C* hypersurface for some o € (0,1), with uniform regularity and separation estimates around p. That
is, there exists a radius R = R(n,s,m) > 0 such that, after a rotation, 9~ 1(dE) N (B&~1(0) x [—R, R]) is the graph
of a single function f : B 1(0) x {0} — [—R, R] inside the chart, and

”fHCL”‘(BI”{lX{O}) < C(TI,S, m)

As an immediate application of Theorem (1.17) and Arzela-Ascoli we obtain:

Corollary 1.18. Let (M",g) be a closed Riemannian manifold, and let s € (0,1) and 3 < n < n}. Then, every
sequence Xy = JE; € A, (M) admits a subsequence converging to some Yo in the strongest possible sense of
convergence for submanifolds. In particular, if all elements Xy of the sequence are homeomorphic to the same topological
space X, then the limit X is also homeomorphic to X.

We now make an important remark.

Remark 1.19. Define the class A, (M) consisting of surfaces ¥. = dE C M such that there exists a sequence
of s-minimal surfaces Z]- = aE]- of class C2, with Morse index at most m for all j, such that E]- — Ein Ll(M).
Then, the result of Theorem 1.17 would also hold for surfaces in A},(M) (and in particular for surfaces
which are a priori known to be C?), with a similar proof but with several technical modifications.

We conclude this section with a technical remark about dimension n = 2, which is excluded from our
statements.

Remark 1.20. In the case n = 2, we cannot expect Theorem 1.17 to hold in general anymore, since Lemma
4.16 (which is where the assumption n > 3 is used) cannot be in general replicated. Indeed, for s close to 1,
we expect a cross {xy > 0} C R?, which is always an s-minimal surface, to be a limit of index one fractional
Allen—Cahn solutions, just like in the classical case s = 1. Nevertheless, the proof of Lemma 4.16 shows that
the only s-minimal cone in R? which is a limit of stable (or almost-stable) Allen—-Cahn solutions is a straight
line: the finite index and n > 3 assumptions are used just to reduce to the almost-stable (see Definition 3.9)
case via a translation. Our analysis would easily show then that, for # = 2 and any s € (0,1), the elements in
A (M) are smooth curves outside of possibly up to m points (where the Morse index of the approximating
Allen—Cahn solutions concentrates).

The former generally matches what happens in the local case. There is, however, a striking improvement
for s close to 0: the recent article [22] shows that the only stable (outside of the origin) s-minimal cones in
R? are straight lines for this range of s. Therefore, 4.16 (which is where n > 3 is used), and thus Theorem
1.17, hold for n = 2 and s close to 0 as well. See [22, Section 1.1] for more details.

1.5 Other highlighted results and overview of the paper
1.5.1 Existence of min-max solutions to Allen-Cahn

In Section 3.1, we exhibit in a simple manner the existence of critical points of the Allen-Cahn energy (4) on
M, employing a min-max theorem as in [39]. Then, we prove lower and upper bounds for the energies of
the constructed solutions. The complete statement of our result is the following.



Theorem 1.21 (Existence of min-max Allen-Cahn solutions). Let (M", g) be an n-dimensional, closed Riemannian
manifold, and fix so € (0,1). Let p > 1 be a natural number (the number of min-max parameters) and s € (s, 1).
Then, there exists e, > 0 (depending on M, s and p) such that for all e € (0,¢y), there exists a solution uy to the
Allen-Cahn equation (5) on M with Morse index m(uy) < p. Moreover, there exists C > 1 depending only on M
and sq such that

CHp/" < (1—5) &7 (tep) < Cp¥/". )

After proving this result, our main goal will be to show that, for fixed p, as ¢ — 0 a subsequence of the
Ug,p converges in a strong sense to a fractional minimal surface X¥ = 0EP C M, meaning in particular that

Pers(EP) = llj% Exp(ugp).
Together with the bound given by (7), we get for every p € IN a fractional minimal surface ¥ = 0EP with
fractional perimeter Pers(EP) ~ p*/". This perimeter growth shows that the family of surfaces {ZF},en
necessarily forms an infinite set, thus proving the fractional Yau’s conjecture.

For this reason, a large portion of the article is devoted to studying the properties of solutions to the
Allen-Cahn equation with a uniform upper bound on their Morse index. We now state and explain the
main results of Sections 3.2 and 3.3.

1.5.2 Estimates for finite Morse index solutions to Allen-Cahn

In Section 3.2, we prove several estimates for finite Morse index solutions to the Allen-Cahn equation.

In order to quantify the dependence of the constants in the estimates on the geometry of the ambient
manifold precisely, the notion of “local flatness assumption” will be very useful (this quantification will be
important when we perform blow-up arguments). Let us introduce it below.

Here, as in the rest of the paper, Bg(0) denotes the Euclidean ball of radius R centered at 0 of R”, and
Br(p) denotes the metric ball on M of radius R and center p.

Definition 1.22 (Local flatness assumption). Let (M",g) be an n-dimensional Riemannian manifold and
p € M. For R > 0, we say that (M, g) satisfies the ¢-th order flatness assumption at scale R around the point p,
with parametrization ¢, abbreviated as FA,(M, g, R, p, ¢), whenever there exists an open neighborhood V of
p and a diffeomorphism

¢ :Br(0) =V, with ¢(0)=p,

such that, letting g;; = ¢ <¢* ( a%i ) @y ( % )) be the representation of the metric g in the coordinates ¢,
we have o
(1— 155)[01* < gij(x)0'0) < (14 1) |[v[* Vo€ R"and Vx € Bg(0), (8)
and ]
0% gii(x
R“l'éizx() < 1 Vamulti-index with 1 < || < ¢, and Vx € Bg(0).

Remark 1.23. Notice that for any smooth closed Riemannian manifold (M, g), given ¢ > 0, there exists
Rg > 0 depending on M for which FA/(M, g, Ro, p, @) is satisfied for all p € M, where ¢, can be chosen to
be the restriction of the exponential map4(of M) at p to the (normal) ball Bg,(0) C T,M = R".

Remark 1.24. The notion of local flatness introduced in Definition 1.22 is fundamental to our analysis. It
guarantees that, once a geodesic ball on M (diffeomorphic to an Euclidean ball, with quantitative control)
is fixed, our estimates are uniform independently on the geometry of M outside this ball. Consequently,
although the equation we consider is nonlocal—meaning it always depends on the global geometry of M—
the estimates we derive depend only on the local geometry of M.

Remark 1.25. Throughout the paper, the following scaling properties will be used several times.

4That is ¢, = (exp, o i)|BR0(0) for any isometric identification of i : R" — TM,,



(a) Given M = (M, g) and r > 0, we can consider the “rescaled manifold” M = (M, r2g). When perform-
ing this rescaling, the new heat kernel H; satisfies

Hyg(p,q.t) =r"Hm(p,q,t/7%).

As a consequence, the “rescaled kernel” K, defining the s-perimeter on M satisfies

Ks(p,q) = ""K (p,q).

(b) Concerning the flatness assumption, it is easy to show that FA,(M, g, R, p, ¢) = FA,(M, g, R',p, ) for
all R” < Rand FA/(M, g, R, p, @) < FA,(M,7r%g,R/7,p, 9(r)).

(c) Similarly, if FA;,(M, g R,p,¢) holds, and g € ¢(Bg(0)) is such that B,(¢~'(q)) C Bg(0), then
FA/(M,r%g,0/1,4, goqoq(q),r) holds, where ¢y, := @(x+p-).

One of the main results in the present work is the following estimate, to be proved in Section 3.2.3.

Theorem 1.26 (BV estimate). Let M be a closed n-dimensional Riemannian manifold for which FAy(M, g, R, p, ¢)
holds —see Definition 1.22. Let s € (0,1) and u : Br(p) — (—1,1) be a solution of the Allen-Cahn equation (5) in
Br(p) C M with parameter €, and with Morse index mp,(,) (1) < m. Then

/ |Vuldx < CR" 1,
Bry2(p)

for some C = C(n,s, m).

Note that the BV estimate above holds uniformly in the Allen-Cahn parameter . The nomenclature of
“BV" is to be read as “bounded variation”.

Remark 1.27. Our proof of Theorem 1.26 gives a control on the behavior of the constant C(n,s,m) as's 1 1.
More precisely, for fixed s, € (0,1) we have C(n,s,m) < C(n,s,,m)/(1—s) forall s € (so,1). In view of the
results from [23], the sharp asymptotic for s close to 1 is expected to be C(n,s,m) < C(n,s,,m)/(1—s)1/2.

Another important result is a bound on the Sobolev and Potential parts of the energies, obtained in
Section 3.2.5:

Theorem 1.28 (Energy estimate). Let u : M — (—1,1) be a solution of (5) in Br(p) C M with parameter € and
Morse index mp ;) () < m. Suppose that FAz(M, g, R, p, ¢) holds —see Definition 1.22. Then

Eap) (4) < CR™,

and there exists ey = €o(n,s,m) such that for e < g

Pot e\h —
EBR/Z(p)(u) < C(ﬁ) R,

where C = C(n,s,m) and B := min (1%5,5) > 0.

Section 3.2.4 will prove the following result, and which will give, among other things, that the level sets
of Allen-Cahn solutions converge to the limit (hyper)surfaces in the Hausdorff distance of sets.

Proposition 1.29 (Density estimates). Let u: M — (—1,1) be a solution of (5) in Br(p) C M with Morse index
mp, (py (1) < m, and suppose that FAy(M, g, R, p, ¢) holds —see Definition 1.22. Then, there exist positive constants
wo, Co and e, depending only on n, s, and m, such that the following holds: whenever ¢ < g9, R > Coe and

R‘”/ 14 u| < wp (respectively, R‘”/ [1T—u| < w()) ,
Br(p) Br(p)

then
(>~} Brap) =2 (respectively, {ue < b} 1 Bryalr) = 2).
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1.5.3 Convergence results

In Section 3.3, the estimates we have just stated are used to show the convergence, as ¢ — 0, of solutions of
(5) to a limit interface.
The complete statement of our convergence result is the following.

Theorem 1.30. (Convergence as ¢ — 0%). Fixs € (0,1). Let ug; be a sequence of solutions of (5) on M with
parameters €j — 0 and Morse index m(usj) < m. Then, there exist a subsequence, still denoted by Ue;, and an
s-minimal surface . = oE with Morse index at most m, such that

Hs/Z
Ue; — Uo = XE — XE°-

In particular E3¢° (ug;) — Pers(E) = Exg® (ug). Moreover, Expt(ue;) — 0 = Epp*(uo).

In addition, up to changing E on a set of measure zero, we have

: i inf LEQBr(P)]

int(E) 2 {p eEM: hrﬂ(l)nf R 1}, 9)
T T [ENB,(p)| _

M\E D {p eM: hnrllsoup AN 0},
Y = {p eM: BBl (51-5] Vre(0r,), forsomer, > o}, (10)

where § = 6(n,s,m) < 1 and ¥ = OE represents the topological boundary of E. Moreover, for all given ¢ € (—1,1)
dy({ue; > c},E) =0, asj— oo,

where dy(X,Y) = inf{p > 0 : X C Uyey Bo(y) and Y C Uyex Bp(x)} denotes the standard Hausdorff distance
between subsets of M.

As explained in Section 1.5.1, this result combined with Theorem 1.21 gives Theorem 1.10.

1.5.4 Regularity in low dimensions

Sections 4.1-4.5 are devoted to proving the uniform regularity and separation estimate in low dimensions
of Theorem 1.17, as well as the result of Theorem 1.12 on the size of the singular set in higher dimensions.

First, Sections 4.1 and 4.2 define and describe the properties of blow-ups of s-minimal surfaces, in partic-
ular when they are the limits of Allen-Cahn solutions with bounded index.

Then, in Section 4.3 it is shown that such blow-ups converge to a single hyperplane in R”, under the
assumption that stable s-minimal cones in R" are flat; that is, when n < n; is less than the critical dimension
of Definition 1.11. This classification result for blow-ups is used in Section 4.4 to prove Theorem 1.17. The
proof is done by a blow-up and contradiction strategy to show that the surfaces are flat at some fixed scale,
and an improvement of flatness theorem® which holds for all nonlocal minimal surfaces which are viscosity
solutions of the zero nonlocal mean curvature equation, a criticality condition much weaker than minimality.

Finally, a dimension-reduction argument combined with the previous strategy allows to prove Theorem
1.12 for all n.

1.5.5 Bernstein and De Giorgi type results

Section 4.6 establishes the validity of the “finite Morse index versions” of the nonlocal De Giorgi and Bern-
stein conjectures, once again under the assumption of the classification of stable cones. This represents a
remarkable departure from the behavior of classical minimal surfaces and of solutions to the classical (local)
Allen-Cahn equation with a bounded index.

5This improvement of flatness theorem was proved on R" in the seminal article [17] which first defined nonlocal minimal surfaces,
and the version of it on manifolds has been recently proved in [55].
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The proof of both results uses the same strategy as the proof, in Section 4.3, of the fact that blow-up
limits of s-minimal surfaces satisfying a certain list of properties, which are in particular satisfied by limits
of Allen-Cahn need to be half-spaces.

The Bernstein conjecture (today theorem) states that graphical complete minimal hypersurfaces must be
hyperplanes in low dimensions. See [2, 10, 24, 30, 38, 58, 63] for related generalizations to the classes of
minimizing and stable hypersurfaces.

In Section 4.6 we establish:

Theorem 1.31 (Finite index nonlocal Bernstein-type result). Let s € (0,1) and 3 < n < n}, where n} is the
critical dimension (see Definition 1.11).

Then, any finite Morse index s-minimal surface in R™ of class C? is a half-space.

Under the assumption of stability (Morse index zero) the previous theorem was established in [14] and
in the case of minimizers if follows from [17].

The De Giorgi conjecture is a famous related statement about certain entire solutions to the Allen-Cahn
equation being one-dimensional or equivalently about their level sets being hyperplanes in low dimensions.
See [1, 6, 33, 43, 60, 14] for related previous results in the minimizing and stable cases. In Section 4.6, we
show:

Theorem 1.32 (Finite index nonlocal De Giorgi-type result). Let s € (0,1) and 3 < n < n}, where n} is the
critical dimension (see Definition 1.11).

Then, every finite Morse index solution u of (—A)*?u + W'(u) = 0 in R" is a 1D layer solution, namely,
u(x) = ¢(e- x) for some e € S" 1 and increasing function ¢ : R — (—1,1).

Under the assumption of stability (Morse index zero), the previous theorem was established in [14], and
for minimizers, it followed from [17, 28].

Remark 1.33. Recall that n} > 5 for s € (sp,1) for some universal constant sy € (0,1). In particular,
Theorems 1.31 and 1.32 hold for n = 3,4 and s € (so, 1).

2 The fractional setting on manifolds

Throughout the paper (M, g) will denote a closed (i.e. compact and without boundary) Riemannian mani-
fold of dimension 7, unless otherwise stated. We refer to [21] for a more detailed introduction to fractional
Sobolev spaces on Riemannian manifolds, including the proofs of all of the results in this section.

2.1 The fractional Laplacian on (M, g)

Taking inspiration from the case of IR” (see [66] for instance), in this section we give several equivalent
definitions for the fractional Laplacian on a closed Riemannian manifold (M, g). It is natural here to define
the fractional powers (—A)*/2 for any s € (0,2). On the other hand, in the rest of the paper we will always
restrict to s € (0,1): the norm H*/?(M) used to define the fractional perimeter is only considered with
s € (0,1) since the H'/2 energy of a characteristic function is infinite.

2.1.1 Spectral and singular integral definitions
The fractional Laplacian (—A)%/? can be defined as the s/2-th power (in the sense of spectral theory) of the
usual Laplace-Beltrami operator on a Riemannian manifold, through Bochner’s subordination.

Given real numbers A > 0 and s € (0, 2), the following numerical formula holds

1 i dt
s/2 __ —At
A ey y /0 ("~ Vi (1)
which can be proved by a simple substitution in the integral on the right-hand side. Formally applying the

above relation to the operator L = (—A) in place of A, one obtains the following definition for the fractional
Laplacian.

12



Definition 2.1 (Spectral definition). Let s € (0,2). The fractional Laplacian (—A)/2 is the operator that acts
on regular functions u by

1 *© dt
(_A)S/Z u = m /O (etAu - u)m . (12)

A4 is to be understood as the solution of the heat equation on M at time ¢ and with

Here, the expression ¢
initial datum u.

Remark 2.2. On a closed Riemannian manifold, a closely related definition of the fractional Laplacian is
available: if {¢}%> , is an L?(M) orthonormal basis of eigenfunctions for (—A) with eigenvalues
0=A1 <A <. < A 2% foo

and u € L?(M) then

(=AY 2u =Y A2, @) p2 (o) P -
=1

Since the solution to the heat equation on M with initial datum an eigenfunction ¢y is given by e/ ¢y =
e~ Mgy, the above definition is easily shown to be identical (for u regular) to (12) by first observing that they
coincide for eigenfunctions (thanks to (11)), and then extending the result by approximation.

The second definition for the fractional Laplacian, closely related to the spectral one, expresses it as a
singular integral. It will be our working definition in a substantial portion of the article.

Definition 2.3 (Singular integral definition). The fractional Laplacian (—A)®/2 of order (of differentiation)
s € (0,2) is the operator that acts on a regular function u by

(—A)2u(p) = /M (u(p) — u(g)Ks(p,q) 4V, 13)

where K;(p,q) : M x M — R is given by®

s/2 e dt
Ks(p.q) = r(1—s,/2)/0 Hy(p.a,t) 7z -

and where Hy; : M X M x (0,00) — R denotes the usual heat kernel on M.

Remark 2.4. If the manifold M is replaced by the Euclidean space R", then (we refer also to [5, Section 9.1]
for the very same computation) we have

B s/2 0 dt s/2 © 1 _lx—yf? dt My s
o) = a7y Jy M0t = e ) <<4> ‘“ )ﬂﬂ/zwx—w

where

B 2T (15%) B 520711 (1)
s = 20 (Zs/2)]  n/2T(1—s/2)

Hence, we recover the usual form of the fractional Laplacian on R”. See also

The equivalence” between the two definitions (12) and (13) is seen by expressing the solution e/*u to the
heat equation in terms of the initial datum u as

(e (p) = /M u(g)Ha(p,q,t) 4V,

using [, Hym(p,q,t) dV; = 1 and changing the order of integration.

6 1 _ s/2
Note that F=s72)] = TAs/2)"
7With our choice of constants, this is an equality and not only an equivalence.
q y y q
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2.1.2 Properties of the kernel

In this section, we recall some important estimates on the singular kernel K;(p,q) taken from [21], which
are proved by means of analogous local estimates for the heat kernel.

In all the sections, we will use the (standard) multi-index notation for derivatives. A multi-index o« =
(a1, a2, ...,a,) will be an n-tuple of nonnegative integers (in other words a« € IN"). We define

|| := a1 +ap + - - - + ap.
For a function f : R” — R of class C’ we shall use the notation

a‘“| a“1+”‘2+"'ﬂ¢nf
! = aaym (g (e

For « = 0, we put %f = f.
Proposition 2.5 ([21]). Let (M, g) be a Riemannian n-manifold, not necessarily closed, s € (0,2) and let p € M.
Assume FAy(M, g, R, p, ) holds and denote K(x,y) := Ks(¢(x), ¢(v)).

Given x € Br(0), let A(x) denote the positive symmetric square root of the matrix (g;;(x)) —g;; being the metric
in coordinates ¢~ '— and, for x,z € Bg»(0), define

k(x,z) = K(x,x+2z) and k(x,z):=k(x,z) — Mé)%.
Then Cns)
~ 41 C(n,s
]k(x,z)‘ <R! e forall x,z € Br,4(0) \ {0}, (14)

and, for every multi-indices a, B with |a| + |B| < ¢, we have

olel glAl

C(n,s, ?)
332 32 %72)

~ W fOI’ ﬂll X,z (S BR/4(O) \ {O}

The constants C(n,s) and C(n,s,1) stay bounded for s away from 0 and 2.
Moreover, for all x € Bg/4(0) and for all g € M\ ¢(Br(0)) we have

C(n,?)

< Rnts 7

|a|
S sloto).0)

and
olal
I

C(n,0)
Rs 7

(15)

/ Kl )]vy <
M\g(Bg(0))

for every multi-index o with |a| < ¢.

Lemma 2.6 ([21]). Let so € (0,2) and s € (sg,2). Let (M, §) be a Riemannian n-manifold and p € M. Assume that
FA1(M, g, p,1, ¢) holds. Then

Ops Xn,s

Ty < Ks(p(x), 9(y)) < BTy’

forall x,y € By/2(0), where cz,cg > 0 depends on n and s.

The next property concerns the behavior of the kernel when the two points p and q are separated from
each other.
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Proposition 2.7 ([21]). Let (M, g) be a Riemannian n-manifold and s € (0,2). Assume that for some p,q € M both
FA,(M,g,1,p, ¢p) and FA¢(M, g, 1,4, ¢4) hold, and suppose that ¢,(B1(0)) N ¢4(B1(0)) = . Put Kpg(x,y) :=
Ks(pp(x), ¢q(y)). Then

olal gl 1 1
WWKM(X"‘/) < C(n,l) forall |x| < 5 and|y| < 3,

whenever |a| + |B] < L.

The next results regards the behavior of the singular kernel Ks; when translating its arguments under the
flow of a vector field.

Proposition 2.8 ([21]). Let (M, g) be a closed n-dimensional Riemannian manifold and s € (0,2). Consider any
smooth vector field X € X (M), and fix points p,q € M. Writing ¢' for the flow of X at time t, then the kernel satisfies

df
ke

KW, 9(0)| < CO+Ke(p).

for some constant C = C(M, s, £, maxg<k<y HkaHLoo(M)). Moreover, given T > 0 we have that, forall 0 <t < T,

dZ

K@ )¢ (@)| < Cr(1+Ks(p.a), (16)

where Cr = Cr(M,s, ¢, T, maXo<j<y HV"XHL«J(M)). Both C and Cr stay bounded for s away from 0 and 2.
We also record a version of Proposition 2.8 which depends only on local quantities:

Proposition 2.9 ([21]). Let (M, g) be a closed n-dimensional Riemannian manifold and s € (0,2). Assume that
the flatness assumption FAy(M, g, R, p, ¢) holds, and let X € X(M) be a smooth vector field supported on ¢(Bgs).
Writing ¢' for the flow of X at time t, then for every x,y € Bg,4(0) with x # y we have

dé
ke

Ks(lPt((P(X)),lPt(fp(y)))‘ < CKs(o(x), 9(y)) < C%r
t=0 v

or some constant C = C(n, s, ¥, || X|| ~¢ . Moreover, given T > 0 we have that, forall0 < t < T,
C!(9(Brya)) 8

df

SR (o), ¥ (90| < ool 9) < Crp 2 (17)

where Ct = Cr(n,s, ¢, T, maXp<k<¢ ||ka||L°°((p(BR/4)))'

Proposition 2.8 is used to bound time derivatives of the energy of “flown objects” by their energy at time
Zero.

Lemma 2.10 ([21]). Let s € (0,2) and v € H%/?(M) be a function with |v| < 1. Let X € X(M) be a smooth vector
field and vy := v o Y, where Y' is the flow of X at time t. Then, for all T > 0 there holds

dZ
—,SM(Z)t)

sup dtf

0<t<T

< C(14Em(v)),

for some constant C = C(M, s, £, T, maxg<k<y ||ka||Loo(M)).
Lemma 2.10 has a local version, which comes from applying local estimates for the kernel instead.

Lemma 2.11 ([21]). Let M satisfy the flatness assumptions FA;(M, g, R, p, ). Let s € (0,1) and v € H*/?>(M) be
a function with |v| < 1. Let X € X(M) be a smooth vector field supported on ¢(Bg ), and put vy := v o 5!, where
Pk is the flow of X at time t. Then, for all T > 0 there holds

d[
sup W&P(BR&) (0r)

<C+¢ (v)),
oorit ( #(Br/2)

for some constant C = C(s, £, T, maXo<k<¢ ||kaHLoo((P(BR/2))).
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2.1.3 Caffarelli-Silvestre type extension
Definition 2.12. We define the weighted Sobolev space

HY(M) = H{(M x (0,00))
as the completion of C°(M x [0,00)) with the norm

U = ITUI 20y + VU2 10 vz (18)

where TU = U(-,0) is the trace of U and VU = (VU, U,) denotes the gradient in M = M x (0, +co)
endowed with the natural product metric. This is a Hilbert space with the natural inner product that

induces the norm above. Moreover, basically by definition, any U € H'(M) leaves a trace in L2(M x {0}).

Remark 2.13. The space H'(M) can be concretely realized as a space of functions U in L2 C(]\71 ) having weak

derivatives VU in the same weighted space. Indeed, by the fundamental theorem of calculus and Hélder’s
inequality (see, for example, the proof of [21, Lemma 3.3]) we have

/ \U]?dvdz < CR/ |TU|2dV—|—CRS/ VU2~ dVdz,
Mx(0,R) M Mx(0,R)

for every U € C°(M X [0,00)) and R > 0. This inequality easily implies that every Cauchy sequence (with
respect to (18)) of smooth functions converges to an actual function in leo (M), and the limit is well-defined
pointwise almost everywhere.

The following essential result from [21], analogous to the classical one for R” in [19], shows that the
fractional power of the Laplacian on M can be realized as a Dirichlet-to-Neumann map via an extension
problem.

Theorem 2.14 ([21]). Let (M",g) be a closed Riemannian manifold, and let s € (0,2) and u € H%/?(M). Consider
the product manifold M = M x (0, +c0) endowed with the natural product metric. Then, there is a unique solution
U: M x (0,00) — R among functions in H' (M) to®

div(z!SVU) =0 in M, 19)
U(p,0) =u(p) for pedM =M.
Moreover, if u is smooth then
ou
: 1-s9Y4 — _ g 1(_A)s/2
Jim 2777 (p,z) = =B (=4)Fulp),
where the fractional Laplacian on the right-hand side is defined by either (12) or (13) and
_2711(s/2)

2.1.4 Modifications of definitions for the Euclidean space and other noncompact manifolds

We observe that (3) can also be used to define the fractional perimeter for any (possibly noncompact)
complete manifold N for which a fractional Hilbert norm H*/?(N) is defined. It will be clear from our
proofs that, in the case of noncompact manifolds for which the equivalence of (i) and (iii) can be established,
s-minimal surfaces will enjoy the same (local) properties as the ones established here in the case of compact
manifolds (e.g. the monotonicity formula), with almost identical proofs. See [21] and [8] for more details
about this equivalence.

8Here div denotes the divergence operator on M.
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2.2 The fractional Sobolev energy

Definition 2.15. We define the fractional Sobolev seminorm [u] /2y for s € (0,2) as

Hs/z //M . u(q))*Ks(p, q) dVpdVy . (21)

Then, the associated functional space H%/2(M) is
H2(M) = {u € L*(M) : [u]l%ls/z(M) < oo},
and is called the fractional Sobolev space of order s /2. This is a Hilbert space with norm given by

HuHH‘/Z(M - ||uHL2(M) + [u]%_]s/Z(M) .
A one-line computation using (13) shows:

Proposition 2.16. For a smooth function, one has that

(I :Z/Mu(—A)s/2udV.

In general, the fractional Sobolev seminorm can also be expressed using spectral or extension approaches:

Proposition 2.17 ([21]). Let u € H¥/?(M). Then, with the notation in the previous sections, the fractional Sobolev
seminorm (21) is equal to

[u]%]s/Z(M) =2 ];1 /\z/2<ur ¢k>%2(M)

and

[u}ﬁw(M> = Egllfm {255 /N |Vol22' = dVdz : v(-,0) = u(-) in Lz(M)}. (22)

Moreover, the infimum in (22) is attained by the unique U € H'(M) given by Theorem 2.14. In particular, we also
have that

[u]%{s/Z(M) = 2,35 /]\\7[ |6u|221—s dVdZ,
where Bs is the constant defined in (20).

We end this section by recalling two related interpolation results. The first one, after a finite covering
argument, it implies in particular that the characteristic function xg of any set of finite perimeter E C M is
in H*/2(M), as long as s € (0,1).

Proposition 2.18. Let s € (0,1), and let u : By C R" — R be a function of bounded variation. Then,

Ju(x) — u(y)|? C(n) .
//5’1><81 |x7 |nts dxdy < (175)5[”]%V(Bl)||”|L1(531)-

Proof. See, for instance, Proposition 4.2 in [12]. O

The second interpolation result comes from relating the first one with the extension problem.

Lemma 2.19 ([21]). Let so € (0,1) and s € (sp,1). Let M satisfy flatness assumptions FA1(M, g,1,p, ¢). Using
the ball notation in (23), let also U : B} (p,0) — (—1,1) be any function solving

div(z!°VU) =0,
and let u be its trace on By(p). Then forall ¢ >0, R > 1, k € Rand q € By /,(p) such that Bro(q) C Bs/a(p),

o "B 1=\ VU?dvdz < — +

~ C C 1-s s
N R << (g—n/ |u+k|dV) (gl-"/ |Vu|dV> ,
B (4.0) R 15 Bro(q) Bro(q)

where the constant C depends only on n and sy, and B is the constant defined in (20).
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2.3 Monotonicity formula for stationary points of semilinear elliptic functionals and
s-minimal surfaces

The following monotonicity formula from [21] applies to any critical point of a semilinear elliptic functional
with a nonnegative potential term, hence including the fractional Allen-Cahn energy and s-minimal surfaces.
For r > 0 and p € M denote

Bi(p)={qeM:dg(qp) <r},
B! (p,0) = {(4,2) € M : dgl(2,2), (p,0)) <1},
B+ — + (23)
9B (p,0) = 3 (B! (p,0))

0B, (p,0) = 3B, (p,0) N {z > 0}.
In the present section, we use V instead of V to denote the gradient in M with respect to the product metric.
Theorem 2.20 ([21]). Let (M",g) be an n-dimensional, closed Riemannian manifold. Let s € (0,2) and

E0) = [0pp) + /M F(v)dV,

where F is any smooth nonnegative function. Let u : M — R be stationary for £ under inner variations, meaning
that £(u) < oo and for any smooth vector field X on M there holds 4| o€ (uo k) = 0, where Y is the flow of X
at time t. For (po,0) € M define

1
®R):=—-— (B /N 2178 |VU(p,2) > dV, dz+/ F(u)dV) ,
RS ( B0 " I
where U is the unique solution given by Theorem 2.14. Then, there exist constants C = C(n) and Rmax =

Rmax(M, po) > 0 with the following property: whenever Ro < Rmax and K is an upper bound for all the sectional
curvatures of M in Br_(p.), then

R — CD(R)eCﬁR is nondecreasing for R < Ro,
and the inequality

S

28 _
®'(R) > —CVK®(R +7/ av + =22 / Z17(vU,vd)*dv
" B+ s Br(po) POV R o+ B (pe.0) | >

holds for all R < Ro, with d(-) = dg((po,0), - ) the distance function on M from the point (po,0).

Moreover, in the particular case where M = R", F =0, s € (0,1), and u = xg — xge where E is an s-minimal
surface, there holds

@'(R) = zfjs/ (VU VA dxdz > 0,
R At B (po,0)

which shows that ® is nondecreasing and that it is constant if and only if E is a cone.

Remark 2.21. It follows from the proof of Theorem 2.20 in [21] that the radius Rmax in Theorem 2.20 can
be taken to be Rmax = inj M(po)/ 4. Moreover, since M is compact Rpnax is uniformly bounded below as
Rmax(M, po) > inj,,/4, for all p, € M.

3 Existence of min-max solutions to Allen-Cahn and convergence to a
limit nonlocal minimal surface

3.1 Existence results — Proof of Theorem 1.21
In what follows, (M",g) will be an arbitrary closed, n-dimensional Riemannian manifold, and sy € (0,1)

will be fixed. Moreover, we will use the notation £,(v) for the Allen-Cahn energy from (4) to make the
parameter ¢ explicit in the notation.
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3.1.1 Min-max procedure

The solutions in Theorem 1.21 are obtained using an equivariant min-max procedure, based on the con-
struction in [39] and the min-max theorems of [41], [42] and [49]. Since the topology of Hs/ 2(M) is trivial,
this is done by exploiting the Z,-symmetry of the functional £5,. Indeed, we consider the family ., of all

sets A C H%/2(M)\{0} which are continuous odd images of p-spheres:

Foi={A=f(S") : feCUS;H/2(M)\{0}) and f(-x) = —f(x) Vx € SP}.

Remark 3.1. This min-max family has been chosen for simplicity and is well known in critical point theory
(see, for example, [29]), but other min-max families can be considered; see the seminal article [49] by Lazer-
Solimini, as well as the discussion in Remark 3.7 of [39]. In particular, one can obtain solutions in Theorem
1.21, which also satisfy lower bounds for their (extended) Morse indices, and such that the corresponding
min-max families come from a topological index. We nevertheless remark that a growth for the (proper!)
index of the solutions is already implied in our case, by combining the lower energy bound in Theorem 1.21
with the upper energy bounds in Theorem 1.28 (which will be proved later).

For fixed ¢, the min-max value of the family F, is defined as

—— 1 €
Cep 1= Algjffp ilelg Epu). (24)

Note that, defining T(u) := max{—1, min{u, +1}} the truncation of u between the values 1, we have that
|T(u)|(x) <1forall x € Mand £y, (T(u)) < Ey,(u). Hence

cep = Inf sup & (u) = inf sup & (u),
AEFp yeA AeFy ucA

where B
Fo={Ae€Fy:|ul <1 forall uec A}.

This shows that we can consider, in the arguments that follow, that the functions in the min-max sets have
absolute values pointwise bounded by one. The proof of Theorem 1.21 relies on the existence result given
by the min-max scheme and the following bound on the min-max values.

Theorem 3.2. Let (M",g) be a compact Riemannian manifold, sy € (0,1) and s € (sp,1). Then, for every p € IN
there exists e, > 0, depending on M, s and p, such that the min-max values (24) satisfy

-1

%ps/" <ep < 1—(_:5]35/”, for all e € (0,¢), (25)

for some constant C = C(M, sp).

Proof. The proof of this is contained in Subsections 3.1.2 and 3.1.3 below, which deal with the lower bound
and upper bound, respectively. O

To apply the existence result, we need the energy £}, to satisfy the Palais-Smale condition along appro-
priately bounded sequences, and this is addressed by the next lemma. We remark that the proofs of the
Palais-Smale property and of the lower bound are quite similar to those of the classical Allen-Cahn equation
in [39].

Lemma 3.3. Let e > 0and s € (0,1). Suppose that (uy ), C H*/?(M) is a sequence of functions satisfying |uy| <1,
£ (ux)| < C, and dE5(uy) — 0 strongly in H*/2(M). Then, there is a subsequence of (uy)y converging strongly
in H/2(M).

Proof. The proof is an adaptation of Proposition 2.25 in [13]. We just prove the statement for ¢ = 1, as exactly
the same proof works for every fixed € > 0. The boundedness of the energies Ey;(uy) gives the convergence

LZ HS/Z
U, — u and upy — u
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of a subsequence, that we do not relabel, to some u € H%/2(M). To upgrade the convergence to be in the
strong sense, we use the particular form of the functional. First, note that given v € H%/2(M) we have

agsi(wle] = 3 [[ (up) = 10)) (0(p) — o0)) Kslp,) dVydVy + [ W'(wpoav
~ lim //(”k(P) —u(q)) (v(p) —v(9)) Ks(p,4) dequ+/W’(uk)vdV

k—oo0 4
= lim d&};(ug)[v] =0,
k—o0

where we used |uy| < 1 to pass to the limit in the term [ W’(uy)v. In other words, u is a critical point of £5,.
From this we deduce that

0 = Jim (A5 1) [y ] — A5, — ]
— £S5 (1 ) + /(W’(uk) — W () (g — ) AV,

and since the second term tends to zero, the first term must do so as well. This proves that u; — u strongly
in H*/2(M) and concludes the proof. O

Theorem 3.4. For every p € IN, there exists e, > 0 such that: for all e € (0,e,) there exists ugy € H/?(M) which
is a critical point of £y, with E5,(ue,p) = Cep and Morse index m(uey) < p (see Definition 1.15).

Proof. Since &}, satisfies the Palais-Smale condition along appropriately bounded sequences (see Lemma 3.3
above) and since dzifvl is a Fredholm operator at critical points, the min-max theorems in [41] will imply
that there exists a critical point u, for £, at energy level c;; and with Morse index m (i) < p. There is
only one detail that we have to address: the min-max theorems in [41] would apply directly to a complete,
connected Banach manifold X on which Z; acted freely; in our case, we want to consider the space H s/ 2(M ),
together with the action x — —x under which F}, is an invariant p-dimensional homotopic family, but which
is not free as it maps the point 0 to itself. This is not an issue in our case: the min-max value ¢, satisfies the
upper bound in (25), as we will prove in Subsection 3.1.3, and this bound holds independently of e. On the
other hand, the Allen-Cahn energy of the zero function tends to infinity as £ ~\, 0, which shows that there
is ¢, > 0 such that, for all ¢ € (0,¢,), every min-max sequence is uniformly separated from 0 € H*/2(M).
Hence, the min-max theorems in [41] hold also in our case, and this concludes the proof of existence. O

Proof. First, note that ]-N'p is an invariant p-dimensional homotopic family without boundary, in the sense
of Section 3 in [42] with B = &. Moreover, for every ¢ > 0, £, satisfies the Palais-Smale condition along
appropriately bounded sequences (see Lemma 3.3 above) and d*£%, is a Fredholm operator on critical points.
Then, [42, Corollary 13] applied with B = & (see also [42, Theorem 4]) implies that there exists a critical
point u , for £, at energy level c¢, and with Morse index m (i) < p.

There is only one detail that we have to address: [42, Corollary 13] would apply directly to a complete
connected Banach manifold X on which Z, acted freely. In our case, we want to consider X = H*/?(M),
together with the action x —» —x under which F,, is an invariant p-dimensional homotopic family, but which
is not free since it maps the point 0 to itself. This is not an issue for the following reason. By the upper
bound for the min-max values (25) (that we will prove in Subsection 3.1.3), we have that c., < C(s,p,n)
for every e € (0,¢p), for some e, = e,(M,s,p) > 0. On the other hand, the Allen-Cahn energy of the zero
function tends to infinity as ¢ \, 0, which shows that there is €, > 0 such that, for all ¢ € (0,¢;), every
min-max sequence is uniformly separated from 0 € H*/2(M). Hence, for a small r > 0 the min-max result
[42, Corollary 13] can be applied to X = H*/2(M) \ {||u|| /2 < r} on which the action x > —x is free. [

Hence, to obtain Theorem 1.21 we are only left with proving the lower and upper bounds in (25). The
analog bounds in the case of min-max families of hypersurfaces and their areas were first proved by Gromov
in [44]. In [46], Guth gave an elegant new proof of the result by Gromov on which the proof of our bounds
is partially based. See also [50] for an adaptation of the proof by Guth to the setting of closed manifolds,
as well as [39] for the adaptation to the classical Allen-Cahn case. Nevertheless, our proof of the bounds is
closer to (and also simpler than) those in [46] or [50], thanks to the fact that sets of finite perimeter embed

20



naturally’ in the same function space H*/2(M) as their fractional Allen-Cahn approximations, as long as
€(0,1).

3.1.2 Lower bound

In the proofs of both the upper and lower bounds, we will make use of the following simple fact.

Lemma 3.5. Let (M",g) be a closed, n-dimensional Riemannian manifold. Then, there exist positive constants
Co, C1, Co depending only on M such that: for every p € N there exist N disjoint balls B,(q1), . .. By (qn) with

Cip<N<(Cyp,

r=_Cy pfl/” ,

and

U B3r ‘11 =

i<N
Proof. Since M is compact, by a comparison argument there exists a constant ¢ = ¢(M) > 1 such that
c " < H"(B,(q)) <cr, forallg e M, r < inj(M). (26)

We claim that, for Cy = inj(M) /3, the statement holds. Indeed, with this choice r = Cop~/" < inj(M)/3 for
all p € N. Consider the cover Ugen Br(9) of M, and let Bx(q1), ..., By(qn) be a maximal disjoint collection.
Then, by maximality ;< Bs,(9;) = M. Moreover, comparing volumes

"N < Y H"(B(g:)) < Vol(M) < Y H"(Bs(q:)) < 3"7"'N,
i<N i<N

which by the choice of r implies

_ Vol(M) <N < cVol(M)

= ancy PENS oo p=ar

The proof of the lower bound, which is based on the one in [46], depends on the next two lemmas.

Lemma 3.6. Let {B,(q;)}_, be a family of p balls on M. Then, given any A € F, there exists some u € A such
that
/ u=0 forall i=1,...,p.
By (4;)

Proof. This is simply a consequence of the Borsuk-Ulam theorem. Indeed, let A be the continuous odd image
of f: 8P — H*/2(M) \ {0}. Define the (odd) function

g:H/?(M) - RP by g(u):= (/ u,...,/ u).
By(q1) B (qp)

Then go f : S» — IRP is an odd, continuous map, and by the Borsuk-Ulam theorem there exists 2 € 5P with
go f(a) = 0. Hence, taking u = f(a) finishes the proof. O

For the next lemma, it will be convenient to define the local part of the Sobolev energy as follows. Recall

EXP(0) = 1//MXM\QCXQC (0(p) (@) *Ks (p, )dV,Vy

//QxQ 0(@))Ks(p, q)dVpdVy + //QXQC 0(q))*Ks(p, 9)dVypd V.

Via functions of the form yg — xc.
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Then, we set
E0la(0)i= g [ (0(p) ~ 0(@)Ke(p. )V,
Q><Q

Moreover, we also denote by
Pers|(E) := £®|a(xE — xEr)
the local part of the nonlocal perimeter.
We stress that Pers|(E) < Pers(E,Q)), with equality iff ENQ =Qor EENQ = Q.

With this notation, let us recall the fractional isoperimetric inequality (which is implied, actually equiva-
lent, to the fractional Sobolev inequality, for example, in [37]).

Let s € (0,1). Then, there exists c;s, = Cjso(11,5) > 0 such that for every E C B

[ |E| |BI\E\'™
> s
Pers|81 (E) = CISO min { |B]|I |Bl| 7 (27)

"'=((n,s) .

Lemma 3.7. Let sy € (0,1). Then, there exists a constant co = co(n,sg) > 0 such that the following holds:

Let g € M, and assume that the flatness hypothesis FA1(M, g,q,2Ro, ¢) holds. Given s € (sp,1), there exists
eo = eo(n,s) > 0 such that: for every r < Ry and e < eqgr, given any u € H¥/?(M) with |u| < 1 and fBr(q) u=0
there holds

and actually if s € (sg, 1) then ¢;5, > 75

£ €0 n-—s
Ep(q) (1) = T

Proof. Let ¢ : B (;) — R" be normal coordinates at g, and let g;; denote the metric in these coordinates. It
is not difficult to show that FA1(M, g, g,2Ro, ¢) implies

éid < (gl-]-)(x) < Cid in Bg,

for some C > 1 depending only on n.
Let v = u o p~!. By assumption we have Is,vV/Igldx =0, and |v| < 1. This implies

—1+1/cs][ v<4+1-1/C.

B,

By Lemma 2.6

2
£S5, () +e° W(u)dv > ( // [o(x) — o) dxdy+r_s(s/r)_s/ W(v) dx). (28)
" B, (q) B, x B, |x —ylrts B,

We claim that the right-hand side of (28) is bounded below by %r”_s, provided e/r < €y(n,s), where c;s,
is the constant in the fractional isoperimetric inequality (27).

To prove this lower bound, by scaling invariance we may assume without loss of generality r = 1. We
argue by contradiction. Suppose there exist sequences ¢; | 0 and vy € H*/?(By) with |v;| < 1, 5, Uk €
[-1+1/C, 1—1/C], but such that

|vk ( )| / Ciso
//leBl |x— s dxdy +¢e.° W(vg) dx < i (29)

In particular, ||vg||2 is uniformly bounded in k and |, 5, W(vk) — 0. Hence, up to subsequences (that

H3/2(By)
we do not relabel), we have that vy — ve weakly in H*/2(B;) and vy — v almost everywhere. Then, by
Fatou’s Lemma, |, B, W(vs) = 0 and therefore |vs| = 1 almost everywhere. Moreover

f Vo € [-1+1/C,1-1/C].
By
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This implies that ve = Xg — xgc for some set E C B; with ﬁ min{|E|,|B1 \ E|} > 2. By the lower-

semicontinuity of the Sobolev seminorm, the fractional isoperimetric inequality (27) and (29) we get

Ciso |Uk ( )| Ciso
B0 <P 71 f dxdy < —=
oC = ers‘lﬁ( fmin //leBl |X* |n+s = 4C’

k—o0

a contradiction.

Going back to (28), we have therefore proved that there exists eg = €o(n,s) > 0 such that, for every e < gor
and every u as in the statement

C;
g, (g () = 757"

Since the constant c;5, = ¢j50(11,s) for the fractional isoperimetric inequality satisfies that c;;, > M for

some ¢’ = ¢’(n,sy) > 0, we conclude the desired result. O
We can now give the proof of the lower bound.

Proof of Theorem 3.2 (part 1). The lower bound in (25) follows, in a simple manner, from the lemmas above:
Given p € N, by Lemma 3.5 find N > Cjp disjoint balls {B,(g;)}Y, in M with radius r = Cop~1/".
Moreover, up to taking C; bigger and Cy smaller, we can also assume that r < Rp, where Ry is such that
FA1(M, g,q,2Rg, ¢) holds for all § € M (see Remark 1.23). Given any A € F,, by Lemma 3.6 there exists

u € A such that
/ u=0 forall i=1,...,N.
By ()
Then, by Lemma 3.7, for € < gyr we have
Ep (u)>c—0r”*s forall i=1,...N
v (i) ~ 1= 4 ’

which by the choice of r implies

Em(u) >

Co _ /
Elp g () 2 Ng—r" = 2 7=,

1=

=1

for some constant C that depends only on M and sp. Since we have found such a u € A given any A € F),
we deduce the desired lower bound. O

3.1.3 Upper bound

While the lower bound required finding a function with high energy inside every admissible set A € F,
the upper bound requires finding a single admissible set A such that all its elements have “low” energy. We
will explicitly construct a continuous odd map f : S¥ — H*/2(M) \ {0} so that all the elements in A = f(SP)
have controlled energy. These functions will be of the form g — xgc, for some set E C M, and our task is
then to bound the fractional perimeter of these sets.

The proof of the upper bound in (25) goes as follows.
Proof of Theorem 3.2 (part 2). By Lemma 3.5 (with p replaced by k), for every k there exist N < Cpk

>1
disjoint balls By(q1), ..., Br(qn) of radius r = Cok~!/" and with U;<n Bs,(q;) = M. Moreover, recalling the
proof of Lemma 3.5, the bounds (26) hold for such an r.

Now, given (ag,ay,...,ap) € SP consider the polynomial P;(z) = a9 +a1z+ ... +apz” and name {ay,...,a/}
its real roots in increasing order, so that £ < p. In R” consider the set

E:=| ) Bs(3r(2i+1),0,...,0);

=

i=1
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these are N aligned balls, tangent to each other, with centers on the xj-axis. Now we split the set E into
two disjoint subsets E = ET UE~. Given the real roots {ay,...,a,}, assign the set EN{x; < a1} to
E*t if P,(z) > 0 for all z € (—o0,a1], and else assign it to E~ if Py(z) < 0 for all z € (—o0,a7]. Then,
analogously assign EN{a; < x1 < ap} to ET if Py(z) > 0 for all z € (ay, 3], and assign it to E~ if
Py(z) < 0 for z € (a1, ap]. Repeat this procedure until E is divided into the two subsets E* and E~. Note
that there are at most p transitions'? between E* and E~, and thus E* has perimeter at most [0ET| <

N|9Bs,| + (6r)"1p. Now, basmally we want to do the same on the balls {Bs,(g;)}, on M identifying
Bs,(g;) with Bs,(3r(2i +1),0,...,0) via the exponential map, that we consider as a map

expy, B3 (3r(2i+1),0,...,0) = Bs,(g;) -
In order to do so, we first have to make the covering {Bs,(¢;)} ", of M disjoint. For this purpose, for all

1 <i < N we consider
Qi = B3 (q:)\ |J Ba(q)),
j<i—1

and note that {Q;}, is a disjoint partition of M with Q; C Bs,(g;). Let us : M — {+1, —1} be defined as

(@) +1 if g€ Q; and (equ,)_l(q) € ET,
Ug = !
1 -1 if g€ Q;and (equi)*l(q) €E.

Set X, := d{u, = 1}. By interpolation (use for example Proposition 2.18 applied to a covering of M with
small enough balls) there exists C = C(M, s¢) so that

£ (11,) = [“aﬁls/Z(M) = Pers({u, = 1})

%H”—l(zu)s Vol({u, =1}) < 1%%”—1(2“)5. (30)

N

Moreover, by (26) we have

HH(Z,) <C(N|azs’3,|+r" 1p)

C(k _’_p;, ) _ C(kl/n +pk71+1/n)’

for all k > 1, with C that depends only on M. Clearly, the optimal value of the right-hand side is attained
for k = p and gives H"~1(Z,) < Cp!/™. This, together with (30) and the fact that £}°t(1,) = 0, implies

Exa(ua) = £ (ua) < =P/, @)
for every a € S and ¢ > 0, with C depending only on M and sj.

From the definition of ET, it is clear that u_,(x) = —u,(x). Hence, to conclude that a ~ u, is an element
of F,, we are left to show that this map is continuous for the strong H*/?(M) topology. This easily follows
by interpolation. Indeed, for every a,b € SP, by Proposition 2.18 (again applied to a finite covering of M
with small balls) we have

[ug — ub]%—[s/Z(M) < 1—s (g — ub]SBV(M) |tta — ub| L1(M)

Cps/

1 -1
< S () H T (5) Tt el < Sl —

where we have used that sup, g, Hr1 (2,) < Cpl/ . From here, continuity follows since a — u, is contin-

uous in L' (M) by construction.
Together with the bound (31), which holds for all a € SP, this concludes the proof.

10This corresponds to the case when P,(z) has p distinct real roots in the interval (0,6rN).
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One should compare the simplicity of this construction, with the one in [39] for the classical Allen-Cahn
equation and the classical perimeter, In that case, to define the p-sweepouts with the correct interface one
has to consider functions that are compositions of:

(i) The solution to the 1-dimensional Allen-Cahn equation with parameter & > 0.

(i)) A “modified” distance function, measuring the distance to hyperplanes {x; < c} (which play a sim-
ilar role to those in our construction) but also accounting for the complex parts of the roots of the
polynomials in order to smooth out the cancellations of the leaves.

Using this composition of functions is necessary in the classical Allen-Cahn case in order to regularize the
construction, as characteristic functions of sets of finite perimeter do not belong to H!(M), while they do
belong to H*/?(M) for s < 1.

Remark 3.8. Notice that, for every fixed p, both the proofs of the lower bound and the upper bound in
(25) rely on the fact that there is the same “critical scale” r = Cp~1/" in the construction. This is given by
dividing M in N ~ p disjoint patches of volume of order ~ 1/p. The lower bound shows that, given any
A € Fy, there is one element of A that has zero average - see Lemma 3.6 - in each of these patches, and
in particular this element has energy uniformly bounded from below of order p*/". On the other hand, the
upper bound shows that this configuration, i.e. making the transitions take place in N ~ p disjoint patches
that cover M, is also (of the order of) the best that one can achieve.

As a consequence of the results above, we deduce our complete existence result.

Proof of Theorem 1.21. The statement follows from combining the existence result of Theorem 3.4 and the
bounds on the min-max values given by Theorem 3.2. O

3.2 Estimates for Allen-Cahn solutions with bounded Morse index
By Theorem 2.14, notice that u is a solution to the Allen-Cahn equation
(=AY ?u+e W' (u) =0 on M,
if and only if the Caffarelli-Silvestre extension U, i.e. the unique solution to (19), solves
div(z!—VU) =0, in M
: 1— -1.— / (32)
lim, g+ z' U, (-,z) = B; e *W'(u(-)), on M.

Recall the definition of finite Morse index solutions of Definition 1.15.

3.2.1 Finite Morse index and almost stability

For critical points of local functionals, it is well known that having Morse index bounded by m implies
stability in one out of every m + 1 disjoint open sets. In the nonlocal case this is not the case anymore, but in
one of the sets we will be able to obtain a weaker, quantitative lower bound on the second derivative which
we will refer to as almost stability.

Definition 3.9 (Almost stability). Let O C M open and u : M — (—1,1) be a critical point of £q. Given
A € R, we say that u is A-almost stable in () if

EW)[E,¢] > —AllElTi ) Y€ CHQ).

Lemma 3.10 (Finite Morse index and almost stability). Let u : M — (—1,1) be a solution of the Allen-Cahn
equation (—A)*/?u+ e SW'(u) = 0 on M with Morse index at most m (see Definition 1.15, with Q = M). Consider
a collection Uy, ..., Up+1 C M of (m + 1) disjoint open sets at positive distance from each other, and set

A :=mmax sup Ks(p,q) < +oo.
17&] Z/{,'XZ/{/'

Then, there is (at least) one set Uy among Uy, . .., Uy,41 such that u is A-almost stable in Uy, that is

E"(W)[E 8] > Al YEECHU.
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Proof. We prove the Lemma just for m = 1 for the sake of clarity, the proof goes on exactly the same for
general m. Let & € CZ®(Uy) and & € CX(U,). Testing the second variation of the Allen-Cahn energy,
explicitly in (6), with linear combinations of §; and &> gives

£ (u) a8y + bl) = a2E" (u)[E1, &1] + V2E" () (€, &) — 2ab // , alpamKs(pa).

Since Ks(p,q) < A for all (p,q) € Uy x Uy, the interaction term can be bounded as

~2ab [ (@Ks(p,4) < 20bA]1E 114 121y
Z/{] ><Z/{2

< N80T gy + VP AlGIT o)

Hence

£"(u)lagy +be2) < a? (€7 W)[E, & + Ala gy )+ (€7 WE Gl + Al ). G3)
=:F1(81) =:F({2)

We want to show that either F;(&1) > 0 for all §; € C®(Uy) or F(¢2) > 0 for all & € C®(Us). Suppose
neither of these two held, then there would exist {1 € C®(Uy), & € CZ®(Uy) such that Fi(&;) < 0 and
F,(&2) < 0. This would imply, however, that (33) is negative for all (a,b) # (0,0), thus contradicting that the
Morse index of u is at most one. O

3.2.2 Control of £F°t by £5°P

For the next results, recall the notation for balls in the extended manifold (23). We begin with an auxiliary
lemma.

Lemma 3.11. Let s € (0,1), (M, g) satisfies the flatness assumption FAy(M, g,2, p, ¢), and let 7 € C2(B3,4(0)) be
a cutoff function with § = 1 in By 2(0). Define 119 = ¢ o 17 and let 1] solve

div(z!=*Vi) =0 in B (p,0),

7=0 on 9*By(p,0),
=10 on By(p) x {0}.
Then, for all g € Bz /4(p) there holds that
B |(— 20 (g07)| <C ana g /~ S Paviz < C, (34)
B1 (p.0)

for some dimensional C = C(n) > 0, where B is the constant defined in (20).

Proof. Let Uy € H'(M x (0,00))—see Definition 2.12—be the unique Caffarelli-Silvestre extension of g
(considered on M extended by zero outside B;(p)), in the sense of Theorem 2.14. Since Uy and 7 are two

different solutions of div(z!=5VU) = 0 with the same trace on B;(p), by Lemma 3.12 in [21] (rescaled) we
have that Bsz' ~5|V(Uy — 77)| < C in B3/4(p) for some dimensional C. Hence in B3/4(p) there holds

Bs

where we have used Theorem 2.14 in the last equality. Now, a dimensional bound for the |(—A
follows, for q € B3,4(p), by writing

(=810 = [ (0() = mKeg Ve + [ olg) = o) Ks(g, ) dV;
Bi(p) M\By(p)

(== 750:) (-, 0°)| < B | (— 210:) (- 0%)] +C = | (=)o 4 C,

s/2;70|

and using Lemma 2.6 and (15) of Proposition 2.5 respectively to bound these two integrals. This concludes
the proof of the first estimate in (34).

The second estimate follows from the first one just integrating by parts and using FA,(M, g, 1,p,¢). O
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Lemma 3.12. Let R € (0,1], and assume M satisfies flatness assumption FAy(M, g,2R, p, ¢). Lete > 0, s € (0,1)
and u : M — (—1,1) be a solution of the Allen-Cahn equation

(=82 + & W' (u) = 0 (35)

in Br(p), that is A-almost stable in Br(p), in the sense of Definition 3.9, for A < Ag/R"™*5. Then, there exists a
positive constant C = C(n, Ag) such that, for all a € (0,1]

e < (G [ SRR e mreg ),
r\P/

where B is the constant defined in (20). In particular, since |u| < 1 for a = 1 we have

RETMER (u) <C SRH/ ZVUP+1 ).
= (per [

Proof. Notice that, as ¢ > 0 is arbitrary, the statement is scaling invariant. Indeed, if u : Bg(p) — (—1,1) isa
A-almost stable solution of (35) with parameter ¢ and A, then, on the rescaled manifold (M, R=2g), u is an
(R™5A)-almost stable solution of (35) with parameter ¢ replaced by ¢/R, and A replaced by R"™A < Ay
since R < 1 by hypothesis. Hence, we can assume R = 1.

In what follows, C denotes a general constant that depends only on n. To compare the potential energies
on M with the Sobolev energies in the extended manifold, we need a well-chosen cutoff function 77 defined
on the extended manifold M. To this aim, let 77 solve

div(z!=*Vij) =0 in B (p,0),
7=0 on 8+§1(p,0),
i7=1o on By(p) x {0},

where 179 = @ oy € C2(By(p)) and 7 is a fixed cutoff function with 7 = 1in B,,3(0) and 7 = 0 outside
Bs,4(0). First, since FA;(M, g,2, p, ¢) holds, by the estimates of Lemma 3.11 we have for all g € B;(p)

Bs

(—z'"%0.7) (q,0+)‘ <C and /ss/N ZS|Vik < C,
B (p0)

for some dimensional constant C = C(n). Note also that |77| < 1. Then

—s —s
gPot :L/ 122 < & 1 42)2,2
B = F g TS T gy 0

1( . . 1
=3 (s / (1 —u?)?nd +¢ / (1- u2)3;7(2)> =: Z(I +J).
Bi(p) Bi(p)

On the one hand by (35) and the divergence theorem
1< [ emPog= [ -y
Bi(p) Bi(p)

= [ wiE (=) (,07)
1

= ,Bs/ div(z! VU U7?)

B (p.0)

= Bs /§+( ) 2 (VU + 27UV - VU)
1P

< Bs /§+( ) z15<(1 + Dy |vui? +au2|€;7|2>
1P

CBs

< —/~ 2178\ VU? + Ca,
a JBf(po)
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where s is the constant defined in (20) (see also Proposition 2.17) and we have used (32) and Young's
inequality in the second to last line.

On the other hand, since W”(u) = 3u? — 1 and u is A-almost stable (recall Definition 3.9 and the form of
the second variation (6) for the Allen-Cahn equation), testing almost stability with & = (1 — u?)#o we have

J= / e (1 —3u® +2u?) ((1 - uz)iyo)z
By(p)
— —8*5/ W (u) (1 - uz)ryo)2 + 2875/ u?(1—u?)?n}
Bi(p) Bi(p)

2
Sgﬁf}’p)((l—uz)no)ﬂ\(/ \(1—u2);70|> oI

Bi(p)
< &/~ 27|V (1= ud)p) [ +C/ (1 —u?)?yd +2I.
4 JBt(po) Bi(p)

=1 =2

Here we have bounded £5°°((1 — u?)) by J; since the former is the infimum of % [ 25|V V|? over all
the extensions V of (1 — u?)y, and (1 — U?)7 is one such extension. Now, since 77 = 0 on 91 B;(p,0) and
div(z! V7)) = 0 we have

j= b / i (SUTURTE + 39 (- 12P) - 9G7) + (1 - U297

P,
.BS ( / 1 suz‘vu‘ / 21—5(1 o ”2)27708277+

B (p0) Bi(p)

[ a-wpdE - [ 0 e

B B (p.0)
. Cﬁs/ 1—su2|€u|2172 _|_/ (1 _ u2)2770 ( _ ﬁszl_sazﬁ) ( . ,0+)
L (p.0) Bi(p)

< Cﬁs/ 2 IVUP + CeERY
By T (p0)

By(p)’

and also

]2=/ (1—u?)’ng < CEERT,)-

By (p) :
Thus
J=h+Ch+20I<C 5s/~ zlfs\ﬁu\2+a+s55§f{p) ,
B (p.0)

for some C = C(n, o). Putting together the estimates above gives the result. O

3.2.3 BV estimate — Proof of Theorem 1.26
The aim of this subsection is to prove Theorem 1.26.

Lemma 3.13. Assume M satisfies the local flatness assumption FAy(M, g,1,p, ¢). Let X be a vector field with
spt X C Bs4(p), and denote by & : B1(0) — R" the pull back & := ¢*X of X via the chart ¢~1. Let ¢ > 0,
€ (0,1) and u : M — (—1,1) be a solution of the Allen-Cahn equation (—A)*/?u +eSW'(u) = 0 in By(p). Then

& (u) [V xu, VXM]<C(ﬁs [ vupsavis | e‘SW(u)dV),
Bs/4(p)

3/4(F7 0)

where C = C(n, ||§||Cz(31)) > 0, U is the extension of u, and Bs is the constant defined in (20).
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Proof. Denote by ¢! the flow of X at time t and u; := u o ¢y, then by vanishing of the first variation

d? . E(ur) +E(u—y) —2&(u)
1 _ —
E"(w)[Vxu, Vxu] = 75 t:OS(”t) lim 2 :

(36)

Let X be any smooth extension of X in B;/ 4(p,0) with support compactly contained in E;I/ 4(p,0), in other

words X vanishes in a neighborhood of 8+§; 14(p,0), and such that X"*1 = 0. This last condition implies,
if ¢! is the flow of X, that ¢ leaves invariant the z-component in the extended manifold M.

To bound the above we split the energy £ in its Sobolev part and potential part. For the Sobolev part, by
the minimality of the extension in the energy space

E5P (uy) = &/ 2178\ V|2 dvdz < &/ 2178\ VU 2 dvidz,
4 /M 4 /M

where f; is the constant in Theorem 2.14. Here i} is the extension of u; and U; := U o @’t . We emphasize
that, with our current notation, U; is not the extension of u;, but instead the translation of U via lpt in the
extended manifold M. Denote

I(t) == /~ S U P2 dvdz.
M

We then have

lim ES (uy) + E5P (u_y) — 2E5°P (u) < Bs (i 1B+ 1(=#) —21(0)
t—0 12 — 4 \t—0 t2
Bs &
=25 1
4 diz|,_,
:BS d2 / Y 2, 1-s
=2 — VUi|*z °dVdz,
4 d4r? =0 §+| |

Now, since M satisfies local flatness assumption FA>(M, g, 1, p, ¢), setting ¢(x,z) = (¢(x),z), Q:= ¢! (E;M(p, 0)),
¢r:=¢ Loglo@ and U := U o §, we have

I(t) Z/E;M(plo)|€(Uo{pv_t)|2zl_stdz:/ﬁgﬁai(ﬁogbt)aj(ljogbt)zl_s\/gdxdz
= /Q F1((@l0) 0 p—1)2ig"  (B1LD) 0 p—1)3y9" 12" Ig| dxdz

= /¢ o) @DEW) (?’fa@ktamlt\/@ opi(pf ) T dg A Adg !

()

= /Q (B (9yU)z" (?’f (29" 19j9" |g|> o ¢t |Dpy| dxdz
Hence

aZFkl
1"(0) :/(aku)(a,u)zH (0,x,2) dxdz,
o ot2

where

(L, ) = (?fa@"taﬂﬂt\/lgfl) ° 91 |Dgy|.

Since ¢ : [0, 00) x O — R™*1 is the flow of (Z,0), together with the flatness assumption, a direct computation
shows that
‘ 92kl

ot < [1Eleaqe,)




Thus
n+1 -
1"(0) < c/N Y (ol 22 dxdz < C/N SUPL vz,
(oY B3, (p.0)

where C = C(n, 1612 Bl)) and we have used the flatness assumption to compare the Euclidean metric on
R™*1 to the one on M.

Similarly, for the potential part of the energy

) SPot(ut) _'_5Pot(u7t) —ZEPOt(u) _ d2 Pot
}E}% tz = ﬁg (Mt) .

Arguing as in the last part of the proof of Lemma 2.10 (the one regarding the potential part of the energy,
with ¢/ = 2) we have

d Pot Pot _ —s
ﬁé’ (up) < C533/4(p)(”) =C B3/4(p)e W(u)dv,

where C > 0 depends only on [[¢]|c2(p,) since by direct computation for the Jacobian

a2
|5 (Visiowl) 0] < clidlons,)-

This, together with (36) and the bound for I”(0), concludes the proof. O

Proposition 3.14 (Almost stability = BV). Let p € M, so € (0,1), s € (so,1) and assume that M satisfies the
flatness assumption FA»(M, g,1,p, ¢). Let u : M — (—1,1) be a solution of (—A)*/?u + e *W’(u) = 0 which is
A-almost stable in B1(p) C M (see Definition 3.9).

Then, there exist constants Ao and C, depending only on n and s, such that: if A < A then

/ |VuldV < L
By/a(p) 1—s

Remark 3.15. We emphasize that in Theorem 3.14 above, C does not depend on .

Remark 3.16. The blow up rate (1 —s)~' ass 1 is not expected to be sharp, but (1 —s)~1/2 is; see Remark
2.3 in [14].

To prove Proposition 3.14 we will need the following lemma.

Lemma 3.17. Let n > 2, p € M, so € (0,1), s € (so,1) and assume that M satisfies the flatness assumption
FA»(M, g, R, p, ¢). Then, there exist Ag and Cy, depending only on n and sy, such that the following property holds.
Let u : M — (—1,1) be a solution of (—A)*/?u + e W' (u) = 0 which is A-almost stable in Bg(p) C M for
A < Ag/R"" (see Definition 3.9). Then, for every 6 > 0

RH/ |Vu|dV < iMRH/ |Vu|dV .
Br/a(p) (1—s) Br(p)

Proof. Since the statement is scaling invariant, as the constant C does not depend on ¢, we can assume R = 1.
See the beginning of the proof of Lemma 3.12 for details on the scaling.

We show that there exists a constant Cy = Cy(n,s9) > 0 such that, for any given § > 0, there holds

C
VUl (s, () < (= +0lIVullapy ) -

In particular, this C does not depend on e.

Let X be a vector field compactly supported in B3,4(p) to be chosen later, and let us denote B := By (p)
during this proof. Let also Vxu := (X, Vu). Since the second variation (6) is continuous with respect to
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the H*/2(M) topology, by density we can test the almost stability inequality with any & € H/?2(M) (and in
particular, for any ¢ Lipschitz). Testing the almost stability inequality with { = |V xu| gives

0 < EF()[|Vxul, [Vxull + Al Vxulf: 5
On the other hand,
E V], [Vacul] = €5 ) [V, V) =4 [ [ (T30 (p)(Tx0)-@)Ks(p, )V;Vy,
thus we find that

4 /B /B (Vxt) 4 (p)(Vctt)  (9)Ks (p, q)AVdVy < ER () xu, V] + Al V]2

Moreover, by Lemma 3.13 and Lemma 3.12 respectively, we have

E(u)[Vxu, Vxu] < C <,Bs / VU2t~ *dVdz + 52 ) (u ))
B,,(p.0)

<ﬁs/ VU [*z' ~%dVdz + 1) ,
(p.0)

for some C = C(n, [I§]lc2(5, (0)), Ao), where &' = X' o ¢ and Ag will be chosen shortly depending only on 7
and sy. Hence

4 [ [ (Fx0) () (V) - (@)Ks(p, ) Vv, < € (ﬁs [ ISP vz + 1) + AVl

Now, since by Lemma 2.6 there holds Ks(p,q) > ¢o > 0 for all (p,q) € B x B, for some constant ¢p =
co(n,sg) > 0, we have

I (Vxa)+ [l gy | (V) [ 11y :/B/B(VXM)Jr(P)(qu)—(Q)dequ

< lo /B /B (V)1 (p) (Vxu)_ (9)K(p, q)dV,dV .

Also
(7300l oy = [(Tx0) -l oy = [ Fxudv = [ (Fu,x)av
_ / div(uX) — udiv(X) dV = / (X, N) do — / udiv(X) dV,
B JB B

where N is the outer unit normal vector field to dB. Then, since |u| <1
1730+l ey = IOV x10)— 1y | < 1K) + v (X) ) < € (s 5100 )
Hence, we get
2
19l = (17 x) 4115y + 10V x10) - 33 )
= (||(VXM)+HL1(B) - H(VXu)*HLl(B))z +4||(VXH)+HL1(B)||(VX11)7HL1(B)

V. A
< Cﬁs/N IVu|2zl_sdvdz+C+ *||VXVH%1(B)
B+ o

31



Thus, for A < % =: /A we obtain
IV xul?, ) < Cﬁs/ |VU[?z'~*dVdz + C.
Moreover, by Lemma 2.19 with R =1, k = 0 we have

/ VU |*z'5dVidz < (1+||Vu||L1 ))-

—1-

Hence, for every 6 > 0 by Young's inequality

1
IVl < C+ Cyf s 1+ [ Fulsge)

S +(5|\Vu||L1(B)

C
(1—s)0

Now let 7 be a smooth cutoff compactly supported in B3,4(p) and with 7 = 1 on By /,(p). Choosing
X = 17 ; above and summing up from i = 1 to i = n, together with (8), gives

C
(1—5)6

for some C = C(n,sp), and this concludes the proof.

IVull s, 500)) < +0lVull g, ()

(B1y2(p

Before giving the proof of Proposition 3.14, we recall a useful covering lemma by L. Simon [62].

Lemma 3.18 ([62]). Let B € R, My > 0, p > 0and S : B — [0, +00) be a nonnegative function defined on the
family B of open balls contained in the Euclidean ball B,(0) C IR" that is subadditive for finite unions, meaning that
whenever B C |J; B; a finite union then S(B) < Y_; S(B;). Then, there exists a constant § = §(n, 6, B) > 0 such that,

if
1"85(69,«(3(0)) < (51"88(By(9€0)) + My whenever By(XQ) C BP(O),
then
S(By/2(0)) < CMy,

for some constant C = C(n, B, p) > 0.
We can now give the proof of Proposition 3.14.

Proof of Proposition 3.14 . Let Ay and Cy be the constants given by Lemma 3.17. Fix any Euclidean ball
B, (x) C Bs;4(0). Consider the subadditive function (defined on the family of Euclidean balls contained in

B3,4(0))
S(B,(x)) = /M Vv

Notice that FAy(M, g,1,p, ¢) implies By, /5(¢(x)) C ¢(By(x)) and ¢(By/5(x)) C B,/5(¢(x)). Hence, by
Lemma 3.17 applied with R = 4r/5, for every § > 0 and B,(x) C Bs,4(0) we have

C

r S (Byyg() < oS (B () + 55

for some C = C(n,s09) > 0. Using Lemma 3.18, taking ¢ the one given by the lemma with p =1—n,p =3/4,

0 = 1/8, we find that
C
SBys() = [ Vuldv < 1=,
¢(Bs/8(0)) S

where C depends only on n and sp. In particular, since By /4(p) C ¢(B3,5(0)) this concludes the proof. [
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Now, we will prove the full BV estimate by iteratively reducing to the almost-stable case thanks to a
covering lemma, which is inspired by the proof of Proposition 2.6 in [34].

In the following lemma we denote by Q,(x) C R" the (hyper)cube of center x and side r.

Lemma 3.19. Letn >1,m > 0,0 € (0,1), Dy > 0and B > 0. Let S : B — [0, +00) be a subadditive'! function
defined on the family B of the (hyper)cubes contained in Q1(0) C R", such that

(i) sup  S(9:(x)) >0 asr—0.
{x:9;(x)eB}

(i) Whenever Q,(xg), Qr(x1), ..., Qr(xm) C Q1(0) are (m + 1) disjoint cubes of the same side at pairwise dis-
tance at least Dyr, then
3ie{0,1,...,m} suchthat S(Qg,(x;)) < rPMjy.

Then
S§(Q1/2(0)) < CMy,

for some C = C(n,6,m, B, Do) > 0.

Proof. Let p = 27K, for a fixed integer k > 1, and consider the regular partition of Qy(0) into 2" cubes of
sidelength 6¢. Let us call §; := {Q}} the family of cubes in this partition. In this way, clearly #3; < p~".
Let xil denote the center of the cube Q} and, for every A > 0 and cube Q of side 7, let AQ be the cube with
the same center and side Ar.

Now, we split the family §; as §1 = &1 U B into the families of good and bad cubes as follows. Start by
considering Q}, if there holds
S(Q1) < Mopf (37)
then it is considered a good cube, we assign it to &; and we remove it from §;. On the other hand, if Q%
does not satisfy (37), then we assign it to the bad cubes 81 and remove it from §;. Moreover, if this happens,
also all the cubes Q € §; such that the distance of %Q from %Q% is less than Dyp are considered bad as well,
so they are assigned to %7 and removed from §;. Importantly, this last rule (of labeling the neighbouring
cubes as also bad) is applied only to the cubes that are still in §;. Once a cube is classified as good and
placed in &y, it is no longer reclassified in later steps.

By a simple count, there are at most (2 + 2Dy + 4+/n/6)" such cubes. We continue this procedure of
splitting §; in good cubes and bad cubes until there are no cubes left.

By property (ii), we may have assigned cubes to the bad set B8, at most at m steps. Since at each of these
steps we removed at most (2 4+ 2Dy + 41/1/6)" cubes, this means that #8; < m(2 + 2Dy +4+/n/6)" =: Np.

Regarding the good set &;, we know it contains at most #§; < p~" cubes since this is just the total

number of cubes in the cover. Moreover, by construction in every Q € &; we have
S(Q) < MypP.
Hence

S(Q(0) < Y S(Q+ Y S(Q <Mpf"+ Y S(Q).

QG@] Qe%l QG%]

The argument continues iteratively under the same scheme, on the union of the at most Ny bad cubes that
are in %B. Consider the partition §, := {Q?} of the cubes in B; obtained splitting each cube into 2kn smaller
cubes of side sz. Notice that #3, < Nop~". Now assign cubes in §; to the good cubes &; or bad cubes B,
as before: starting from O3, assign it to &, if

S(93%) < Mpp*#,

and then remove it from §,. Else, if this is not the case we assign Q% to the bad cubes B, and remove
it, together with all the cubes Q € F, such that %Q is at distance less than Dgp2 from %Q%. Continue the

HMeaning subadditive for finite unions of (hyper)cubes.
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procedure until there are no cubes left in §,. By property (ii) again, exactly the same argument as in the
first part shows that §, contains at most Ny = m(2 + 2Dy + 4+/n/0)" cubes assigned to the bad set, that is
#B, < Np. This produces a partition §, = &, U ‘B, and we get

Y S(Q< Y SQ+ Y S(Q) < NoMep® "+ Y 8(Q).

QeB, Qe®, QeB, QeB,

Iterating this argument, after k steps we have always #B8; < Nj, and in particular by (i) and subadditivity

S(Br) < ), S(Q) —0,
QeBy

since each Q € By has side §pF — 0. Thus, the set of the points belonging to infinitely many bad families is
S-negligible. Hence'?

S(Q0(0)) < MopP ™" + NoMop® ™" + NoMop* ™" + ...

_ - No
< NoMopP Y plf = ——2— M. (38)
]»220 pr(p~P —1)

Now notice that Q1,,(0) can be covered, for some ¢ = ¢, dimensional constant, by &,6~" many cubes of
side 6/10 such that the cube with the same center and side 1/10 still is contained in Q;(0). Since property
(ii) is translation invariant, covering Q7 ,,(0) in such a way gives

G0 "Ny Eub "m(2Dg +3y/n/0)"
P P—1)"" p'(pF 1)

and as this holds for every p = 27, just choosing any fixed k gives the desired estimate.

S(Q1/2(0)) <

My,

O

Theorem 3.20. Suppose that M satisfies the flatness assumption FAy(M, g,1, p, @), in the sense of Definition 1.22.
Let sp € (0,1), s € (so,1) and u : M — (—1,1) be a solution of the Allen-Cahn equation (5) in B1(p) C M with
parameter ¢, and with Morse index mp, (,)(u) < m. Then

/ [Vuldx < c ,
B1/2(p) I—s

for some constant C = C(n, sg, m).

Proof. For a set E C R" denote by AE := {Ay : y € E}. Consider the subadditive function'®
5(0) ::/ VuldV,
o(5

defined on the cubes Q C Q1(0).

Claim. S satisfies properties (i) and (ii) of Lemma 3.19 with My = C/(1—s),f=n—1,0 =1/8, and
Dg depending only on n, sy and m.
Proof of the claim. The first property is clear from the definition of S, since u is smooth. The second property
is a consequence of the Morse index of u being at most m:

Indeed, let Q,(xp), Qr(x1),..., Qr(xm) C Q1(0) be (m + 1) disjoint cubes of the same side at pairwise
distance at least Dyr, and let g; :== ¢(x;). Then, since B, ,»(x;) C Q,(x;) by Lemma 3.10 and Lemma 2.6 for
at least one ¢ € {1,...m}, the inequality

9 Cim
EMNu)(g, ¢l > _WHCH%I(&Q(W))

12Note that we could also have stopped the exhaustion process when the error in the tail of (38) is less than the constant on the
right-hand side, and we would have obtained the estimate with two times this constant.
13The factor ﬁ inside (P(ﬁ Q) is needed to have ﬁ Q C By/,2(0) for @ C Q4(0) in order to apply Lemma 2.6.
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holds for all § € C®(B,/2(q¢)), for some C; = Ci(n,sp). That is, u is a A-almost stable solution (in the

sense of Definition 3.9) in B, ,,(q,) with A = (Dof%

M := (M, (2/r)%g) we have that u is a A(r/2)"*5-almost stable solution of (—A)%/2u 4 (2¢/7)SW'(u) =0
in B1(q¢), and the flatness assumption FA,(M, (2/7)g,1,4s, ¢x,r/2) holds.

Note that, in this case, on the rescaled manifold

Let Ag be the constant given by Proposition 3.14. Then, there exists Dy = Dy(n,sg,m) > 0 so that u is a
A-almost stable solution of the Allen-Cahn equation in By (q,) with A = (Do(rj}% < Ay, for Dy sufficiently

large. Hence, by Proposition 3.14 we get

C

R |Vu|zdV < )
/31/4(571) § T-s

and, since ¢(Q_r_(xy)) C B,,3(qy), scaling back this inequality on M gives
P2 L /8\4q 8 q y g

S(Qr/s(x0)) S/ Vuldv < S 1,
Br/8(qi) 1-

for some C = C(n,sp, m), and this concludes the proof of the claim.

Hence, by Lemma 3.19
C
S(Q12000) = | Vuldv < 7.
#(2_1 () oS
4/n
Now, the fact that the BV estimate holds in By ,,(p) follows by FA;(M, g,1,p, ¢) and a standard covering
argument, and this concludes the proof. O

As a corollary, simply by scaling we immediately get Theorem 1.26.

Proof of Theorem 1.26. Since FAy(M, g, R, p, ¢) holds, then the rescaled manifold M := (M, R~2g) satisfies
FAy(M,R™2g,1,p, ¢o,r ). Hence, Theorem 3.20 gives

/ Vulgd? < S,
B1/2(p) 1—s

for some C = C(n,sp, m). Scaling back this inequality on M gives the result.

3.24 Density estimates — Proof of Proposition 1.29

Proof of Proposition 1.29. Since the statement is scaling-invariant, we prove the result just for R = 1. In what
follows, C,c > 0 denote constants depending only on #,s, and m that can change from line to line, and, in
general, C is big and c is small.

We argue by contradiction, suppose that fBl(p> 11+ ue| < wp and that {u; > —35} N By,2(p) # 2, for
some 1 > Cpe. The constant Cy = Cp(n,s,m) > 0 that will be chosen during the proof.

First, by continuity of u, and by taking wy < |By,2(p)|, there will be a point g € By ,(p) for which

ue(9)] < 75-
Step 1. Density lower bound.
We first show: Claim. There exists « = a(n,s) € (0,1) such that

[Mg]ca(BSB(q)) < Ce™*, foralle <1/10.

Indeed, let 7 € C°(B2(0)) be a cutoff function with xp, ,(0) < 71 < Xp,(0)- Then, the function u(x) :=

ue(p(¢~1(q) + ex))n(x) is well defined on the whole R", since i depends only on the values of u in
o(Ba:(971(q))) C @(By). Now, by the flatness assumption FA;(M, g, 1, p, ¢) we have that i satisfies |Lii| < C
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in B1(0), where the kernel of L satisfies (73) by Proposition 2.5—see in particular inequality (14). Hence, by

Lemma A.1 we have [i]cx(p, ,(0)) < C, thus [ue]cu(p, ,(q)) < Ce™* as desired.

By the claim, for all € sufficiently small (depending on n and s), we have |u,| < 13 in the ball B¢(q). Using

that W(u) = 1(1 — u?)?, we deduce

e et W(ue)dV > ¢, >0
Be(q)

for some dimensional constant cj,.

Let now U be the Caffarelli-Silvestre extension of 1 in M = M x (0,00). The previous lower bound on
the potential energy in B,(g) leads to

2

857”g§+(ll) =" ('BS/N 27| VUPdVdz 4+ ¢7°
‘ B¢ (9,0) Be(q)

W (ue) dV) > cp.
Step 2. Monotonicity and almost-stable annulus.
By the monotonicity formula of Theorem 2.20, for A € (0,1), we deduce that

& (U) &gy u)
pn_s 2 c (Ap)”_s 7 vp 6 (0/ Rm0n>/
where Rpon is the radius given by the monotonicity formula and can be taken to be Rmon = inj,,(g) /4—see
Remark 2.21—and thus by hypothesis is Rmon > 1/8. In particular, subtracting psfnggx (U) in both sides
0

and using Step 1 gives

Egrgr (U) Ex+ (U)
o \B) 1yn_sy B CCn
Tfszc(l—c A )WET, (39)

};rovided e<Ap,p<1/8 and coIyn=s < % Define Ay = min{(c/2)4/(”_s), 411}" in particular, c_l)\(()”fs)/4 <

5-

In other words, we also have a lower density bound on (appropriate) annuli instead of balls. We want to
find an almost stable one: Let £ > 0 be an integer that will be chosen later sufficiently large, depending only
onm,n,and s. Fork € {{,{+1...,¢+ m}, consider the annuli

Ax = B (@) \Byaea(0), and ¢ 1= Bl (9,0)\ By (9,0).

These are (m + 1) disjoint annuli at pairwise distance at least Ag(MMHS. Since u has Morse index at most m

by hypothesis, by Lemma 3.10 there is one of these annuli, say Ay, where u is A-almost stable in A; with

A =mmax sup ——— < C(m, Ag).
l#/ Aixaj d(x’y>n+s

Step 3. Conclusion.

Set py = )%k+3, i.e. the outer radius of Ay. Observe that B,; fag, \ B,12  C Ay. By Lemma 3.12—applied to
0 0

0
a suitable finite cover of B,1/s, \ B, 2,,, by balls— for every a (0,1) we have
0 0

s—n cPot ( s)

E s—n 1-s 2 s —n cPot
Pk B/\(l)/4ﬁk\B)\(1]/2pk u Pk /A;Z |VU["dVdz + Ca+ Ce®p, " E 7" (ue)

IN

Eps*" Z!75|VU 2 dVdz + Ca + Cé.
at™  Jgr
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By (39) applied with A = )Ll /4 and p = Al/ %01, and using that
B+ B+ A+
By, \BAQ]/ 20, © A7
this implies

1/4 s—ng
c< (Ao o) € B (u)

R

< Cpy ™" //X+ 2! |VU dVdz + Cpj "ER! (ute)

; 1/4 \)\1/2
< cp;*"/ zlfslvu|2dde+gpi*”/ 27| VU dVdz + Ca + Ce*
A a A
< s—n 1-s 2 €L c
< Cpj /g;z |VU| dde+4+4,

provided we take a and ¢ sufficiently small (depending only on m, n and s). Hence, absorbing the last two
terms to the left and using Lemma 2.19 with k = 1, we get

S <ch /~ 215\ VU PR dVdz
Bpk

C 1-s s
+C(pk / |1+u5|> (pl_”/ |Vug) ,
Broy (9) Brog (7)

for all r > 1 provided 2rp; < 1/2.

Choosing r = (c/4C)~1/%, we can absorb the first term to the left in the last inequality. After doing so,
here we have to choose ¢ large (depending only on m, n and s) in order to have, with the previous choice of
r, that

rox < r/\%l”’ <1/2.

Cw(l)s(/ Vug) ,
Bi2(q)

and by the BV-estimate of Theorem 1.26 we reach a contradiction if the density wp is too small. This
concludes the proof. O

With these choices

=]
IN

From the proof we can extract an additional auxiliary result.

Proposition 3.21. Let u : M — (—1,1) be a solution of (5) in Br(p) C M with Morse index mp, () (1) < m, and
suppose that M satisfies the flatness assumption FAy(M, g, R, p, ). Then, there exist positive constants Cy and ¢,
depending only on n, s, and m, such that the following holds: whenever ¢ < gy and R > Coe, if for some q € Bg/2(p)
we have |ug(q)| < 1 then

/ |Viue|dV > cgR" 1, (40)
Bry2(q)

for some cy = co(n,s,m). This fact will be useful in the proof of Proposition 3.23 below.

Proof. 1t follows by snngly repeating the proof of Proposition 1.29 above, from when we found a point g €
By 2 (p) with |ue(q) to the very last line, and using that |ue| <1 to estimate the density [; By (q) |14 ue|

from above instead of usmg the bound wy. O
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3.2.5 Decay of £E°! - Proof of Theorem 1.28

Lemma 3.22. Let s € (0,1), p € M, and assume that FAy(M, g, p, R, ¢) holds; recall Definition (1.22). Let
ug : M — (—1,1) be a solution of (5) in Br(p). Then, there exist positive constants C = C(n,s) such that, if ¢ < 1
and 1 — |ug| < &5 in (Br(0)), then

0 <1—lue| <C(e/R)* in ¢(Bg/2(0))-

Proof. Since the statement is scaling-invariant, we assume R = 1. Suppose in addition that 19—0 <u <1lin

¢(B1(0)); the case —1 < u, < — % can be reduced to the previous by the even symmetry of W (i.e., replacing
ue by —u). Then, since u; solves (5) we see that v := 1 — u, satisfies

Lv:= (—A)*%v + ZLgsv <0, in ¢(B1(0)).

Now we simply build a barrier from above for v. Fix a smooth function {, € C*(IR") such that xz 12(0) <
1 =38 < XBy,u(0) and consider the function & := & o ¢! defined on M, considered to be identically 1
outside ¢(B1(0)). Since FA;(M, g, p, 1, ¢) holds, we have that FA;(M, g,4,1/10, ﬁoqu(q),l/lo) holds for every
q € ¢(Bs/4(0)) (see (c) in Remark 1.25). Then, for every g € ¢(B3,4(0)) we have

=8)2¢](0) < [ 18(0) ~ E(p)Kslpr) dV,
M

<C dist(p, q)Ks(p,q) dVy +2/ Ks(p,q)av, < Co,
B /10(q) M\By /10(q)

for some Cy > 0 that depends only on 7 and s. The last estimate follows, respectively, from Lemma 2.6 and
Theorem 2.5 (in particular, from (15)). Then, using that { > 0, we have
1
L(Z+2Coe®) = (—A)*2¢ + 75 (6 +2C0e%) 2 —Co+Co =0, in ¢(B3/4(0)).

Since ¢ 4+ 2Cpe® > 1 > v in M\ ¢(B3,4(0)) we get, by the maximum principle, that v < ¢ 4 2Cpe® in
¢(Bs,4(0)). Hence, using that { = 0 in ¢(B;,,(0)), we have shown that 1 — u, < 2Cye® in ¢(B1,,(0)), as
desired. O

The following proposition shows the quantitative convergence to zero, as € N\, 0, of the potential energy
of finite index solutions to the A-C equation (5). The statement and proof are inspired by the ones of
Proposition 6.2 in [15], which deals with stable solutions of the fractional Allen-Cahn equation in IR”. We
moreover simplify the proof in [15], by using the lower bound (40) on the BV norm that we have obtained
as a byproduct of (the proof of) Proposition 1.29.

Proposition 3.23. Let s € (0,1), p € M, and assume that the flatness assumption FAy(M, g, p, R, ¢) holds. Let
ue : M — (—1,1) be a solution of (5) in Br(p) C M with Morse index mp, ) (tte) < m. Then, there exist constants
C and ¢, depending only on n, s, and m, such that for all ¢ < gg:

e / W(ue) dV < CR™(e/R)F,
Br/2(p)

where B :=min (152,5) > 0.
Proof. Given q € Br»(p), let
rq := max(min (£, Idist(q, {|u| < $5})), Coe),

where Cy > 0 is a large constant, depending only on n and s, to be chosen later.
Observe that, if 1R—6 < Cpe then

(S/R)_S/B » W(ue) dV < (16Co)° (max|_1,)W)[Br/2(p)| < CR" < ch(e/R)ﬁR”.
R/2(P
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Thus, we may (and do) assume that 1R—6 > Coe. In particular, r, € [Coe, %] for all ¢ € Br»(p).
Claim. For some constant ¢ = c(n, s,m) > 0, there holds

/B " [Vue| > c(;’q)”*1 whenever r, < £. 41)
4rg

Indeed, if r; < & then necessarily & > 1dist(q, {|u| < $5}), otherwise we would obtain
r, = max(min (&, Idist(q, {|u| < £5})), Coe) = max(£, Coe) > &,

dist(g, {|u

rg = max(dist(q, {|u| < 35})), Coe) > 3dist(q, {|u| < £ 1))

ul < %}) and

N|—=

which contradicts that rg < 16 Hence 15 >

Thus, since also g € Bg/,(p), there exists ¢’ € {|ue| < £5} N B§+%(p) such that dist(q,q") < 2r;. Then,
choosing ¢y small and Cy big (depending only on #,s and m) according to the constants in Proposition 1.29,

by (40) we have
/ |Vue| > / |Vite| > c(2ry)" 7,
B4rq (17) B2rq (17')

and the claim is proved.

We now produce a covering of Bg,>(p) by some of the balls {B;,(q)},ep, ,(»
let X := {q € Bra(p) : rq € (2R, 2¥"1R]} and let J; be a discrete index set such that {q;-(}jejk forms a
maximal subset of X; with the property that the balls B, gy, 4(q}‘) are pairwise disjoint, where we denote

j

) as follows. Given k < -5,

r(q;‘) =7 e By construction of Xy, it follows that

Xk C U B 6]])
JE€ETk

and that the family of enlarged balls
{B 4r(q q ] ) } j€Tk

has (dimensional) finite overlapping.!* Note also that since R/16 > Coe we have |log,(Coe/R)| < —5 and,
by construction, the union of the sets X; when k runs on {|log,(Coe/R)| < k < —5} covers all of Bg/»(p)-

Now, on the one hand, by the BV-estimate of Theorem 1.26 we have stRm(P) V| < CR" ! and this
yelds
#J, < C27K=D) (42)

for all k < —5. Indeed, this follows using the fact that the balls {B,, @) (q;‘)} have finite overlap and are

je€Tk
all contained in B3 4 (p). Indeed, when k < —5 then r(q;-‘ ) < & and hence all the balls satisfy (41) and are

strictly contained in B34z (p) by construction, while for k = —5 the radius of the balls is at least lR—é so their
number must be bounded.

On the other hand, for any given a € [0,2s], we claim that Lemma 3.22 yields

][ W(ue) dV = Ya—wrav < c(i)“,
Bry (9) By (q) 4 g

4That is, every point q € {B q])}]. i belongs to at most N = N(n) of these balls. This is easy to check: if g belongs to N

of such balls, we would have the ex1stence of N points qj-‘ in By gok1(p) such that the balls By Rzk(q;?) are disjoint and contained in
4

By gok (p)- Then, comparing the volumes and using that FA» (M, g, p, R, ¢) holds gives a dimension bound on N.
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where f{ denotes the integral average. Indeed, note that if r, = Coe the previous estimate is trivial, while if
rq > Coe then r, = ldist(q, {|u| < 7;}) and hence we may apply Lemma 3.22 (recall that r, > Coe > ¢) in
By, (q) to get the desired bound.

9

Therefore, choosing « := min (1#, 2s) € (0,1) we obtain—using (42)—that

-5

R)~® W(u)dv <C R)™® W(ue)dVv
I L

k=|log,(Coe/R) | j€ Tk
=5

<sc Y YEmrT()n
k=|log, (Coe/R)| j€ Tk a5 /
-5 B e «
=C > (¢/R) S(ﬂ) (21R)" (#Tk)
k=|log, (Coe/R)]
—5
<C Z (8/R)zx—sank(n—a)z—k(n—l)
k=log, (Coe/R)

< CRn(E/R)zx—s Z (2k)l—a

k=—o00
< CR"(¢/R)P,
as we wanted to show. O
With the above estimates at hand, the proof of Theorem 1.28 is straightforward.

Proof of Theorem 1.28. The bound on the Sobolev part of the energy is a direct consequence of the BV estimate
of Theorem 1.26 and the interpolation inequality Proposition 2.18, and the bound on the Potential part is
exactly the statement of Proposition 3.23 above. O
3.3 Strong convergence to a limit interface — Proof of Theorem 1.30

With the estimates for Allen-Cahn solutions of Section 3.2 at hand, we can finally prove Theorem 1.30.

Proof of Theorem 1.30. We split the proof according to the different statements in the Theorem.
Step 1. Convergence in H*/2(M).

Since M is compact, there is a small radius R = R(M) > 0 so that the flatness assumption FA;(M, g, R, p, ¢p)
holds for every p € M; see Remark 1.23. We can then apply the BV estimate of Theorem 1.26 to get a bound
on the BV norm [ug;]py (g, ,(y)) independently of p € M. For any o € (0,1), the interpolation result of

Proposition 2.18 together with the comparability between Ky (¢p(x), ¢p(y)) and W (see Lemma 2.6)
gives then the bound

A it (p) — 1e,(9) Ko (p, ) dV dVy < C(n,0),
Bgr/2(p) xBr/2(p)

valid for any p € M. Combining this with (15) of Theorem 2.5 (with « = 0), we see that

//B gl P) () PR @V ¥y < Clo),
R/4(P

which after covering M with finitely many such balls of radius R/4 shows that

HquHHa/Z(M) < C(M,0).
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In particular, we can choose some fixed ¢ > s. Then, the (standard) compactness of the inclusion!®

HY/2(M) < H®/2(M) shows that a subsequence converges strongly in H*/?(M) to a limit function ug €
H*/2(M). Moreover, after extracting a further subsequence (that we do not relabel), we also assume that the
convergence holds almost everywhere on M.

Step 2. Convergence of the Potential energies Sfft(ugl.) to zero and structure of ug.

Again as in Step 1, covering M with a finite number of balls of radius R so that FA, (M, R, p, (pp) holds for
all p € M, applying Proposition 3.23 to each ball of the covering we get (for j large) that

N (ue,) < C(M,s,m)ef,

: (13)

which shows that E']I\)/Ft(ugj) — 0 as j — oo (since then ¢; — 0).

The fact that the limit function is of the form uo = Xt — X for a set E C M follows: since we just proved
that 875 JuW M ue ) = 0as j — oo, of course [, W ue ) — 0 as well. By Fatou’s Lemma, we deduce that
JuW v W(ug) =0, Wthh shows that the limit uy can only take the values +1. Hence 1y = xg — xpc for some
measurable set E C M, which is actually a set of finite perimeter since the u; satisfy uniform BV estimates.
The fact that (9)-(10) hold, after choosing the representative of E for which every point of E with density 1
belongs to its interior and every point of density 0 belongs to its complement, follows from the convergence
in L' (M) and the density estimate of Proposition 1.29.

Step 3. Convergence of the level sets to JE in the Hausdorff distance.

This is a direct consequence of Lemma 3.22 and the density estimate in Proposition 1.29. Fix ¢ € (—1,1).
Arguing by contradiction, assume one could find points p; € {usi > c}and g; € E with d(pj,q;) > r > 0and
B,/2(pj) NE = @, for some small r > 0. By compactness for a subsequence there is p, such that p; — p., and
in particular B,/4(po) C E°. This implies (up to subsequences, that we do not relabel) that lim; e ue; = —1

a.e. in B, /4(po). By the density estimate of Proposition 1.29 then ue; < — 15 in B, g(po) for all j sufficiently

large, and with Lemma 3.22 this implies u;; < —1+C (¢j/r)°. This contradicts ugj(p]-) > ¢ > —1 for j large,
and concludes the proof.

Step 4. The limit set E is stationary for the fractional perimeter.
Claim. Let X be a vector field of class C* on M, and let ¢! := ¢’ denote its flow at time t. Putting
ug; t(p) = te; (¥~"(p)), then

dt dt dt ,
¥ ]%/?b(ug’.,t) — WPers(tpt(E)) and ¥ Z{)/f’t(ugj,t) —0, asj— . (44)

Proof of the Claim. Changing variables with the flow ¢, and denoting its Jacobian at time t as J;, gives that

L e ) = L / e, (971 (p)) = e (9™ () PR, )V, 4V,
4
/ e (p) — 1, (0) jtg [ ()9 (@) ) @) Vi vy, )
and likewise
l
A per,(9(2)) = ] o)~ w0(a) -y [0 0 @) )| vy vy, (46)

The passage of the derivatives under the integral sign in these lines can be justified as follows. For every
p # g, which is a set of full measure in M x M, the derivative 4 i [Ks(tp (p), lpt(q))h(p)]t(q)} exists for all

15The compactness of this inclusion is well known on balls of R". This immediately gives one way of showing it for compact
manifolds as well, after covering them with a finite number of small coordinate balls and using the same estimations for the kernel as
in the present proof.
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t > 0. Moreover, by (16) we see that

4

K@ o @] | < Crke(pa), ¥T >0 @)

sup
te(0,T)

Hence, uniformly for ¢ € (0, T), the integrand in (45) is bounded by (a constant times) |, (p) — u¢; (q) I*’Ks(p, q),

which is a function in L'(M x M) since ue; € H* /2(M). The dominated convergence theorem easily implies
then that we can pass the derivative under the integral sign. The same argument applies to (46).

Now, we can rewrite the first expression as

2[R () 9 @) Je(p) ()]
Ks(p,q)

4t
€ ) = [ g (p) = g (0) PR avyav,.

Since ue; — ug in H*/2(M) by Step 1, we immediately see that
Aj = |ue,(p) — ue; () PKs(p,q) = [uo(p) — uo(q) PKs(p,q) = A, in L'(M x M).

On the other hand, by the bound in (47) the fixed function B := Ks(lp,q) ¥ {Ks(lp (p).¥'(q)) ]t(P)]t(q)}

belongs to L*(M x M). Therefore, A;B — AB in LY (M x M) as well, which gives the first part of the claim.
For the second part of the claim, which regards the derivatives of the potential energy, we change variables
once again with the flow ¥, finding that

de Pot dé

4
S o) = o [ W (v, = [ W) 7 hp)av,.

Bounding the derivatives of the Jacobian (in absolute value) by a constant, we deduce that

dtngOt( )| < Cgf/f’t(v).
Combining this with (43), we conclude that
dt _p .
I M (te,t) =0 asj— oo

as desired. m

Now that we have shown the claim, the fact that E is stationary for the fractional perimeter follows from
considering a vector field X of class C* on M, and applying the claim (with £ = 1 and t = 0) and the
stationarity of u; for the Allen-Cahn energy:

{gSob( )+5P0t( )} —-0.

Step 5. E has Morse index at most m (recall Definition 1.7).

To check this, consider (m + 1) vector fields Xy, ..., X;n of class C® on M. Letting a := (ag,ay,...,am) €
R"™*! and X[a] = agXo + ... + am X, we can define the quadratic form Qe;(a) == % Og(ugj o lp}?fa] ), which
=

we can write as ng(u) = Q’g]l ara; for some coefficients Q’;}l From (44) and the polarization identity for a

quadratic form, it is immediate to see that Q’S‘]’ — QSI as j — oo, where

d2
Qo(a) = 5 t:OPers(gb;([a](E)) = QMaya;.
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Now, since Ue; have Morse index < m (with respect to the standard notion of index in Definition 1.15), by
definition we know that for every j there must exist some a/ € S such that

2

o
jy— 4 -t
Qs (@) = Z |, € ey © ¥xpa) 2 0

Then, the convergence of the coefficients Q’g/l — Q’é’ immediately shows that Qg(a) > 0 for some a € S™ as
well. O

The rest of this section is devoted to proving that the sets constructed as limits of solutions to the Allen-
Cahn equation (and which were shown to be critical points of the fractional perimeter under inner variations)
are actually viscosity solutions to the NMS equation.

Lemma 3.24 (Palatucci-Savin-Valdinoci [56]). There exists a unique increasing function v, : R — (—1,1) with
05(0) = 0 that solves (—A)*(vo) + W' (vo) =0in R.

Remark 3.25. The following fact will be useful: Let A be any symmetric positive definite matrix with
Ajy = bin, 1 < i < n. Defining ve+(x) = vo (e (x4 — 7)) (Where v, is the function of Lemma 3.24) we still
have that

(vm(x)—v”( )) STAT!
“”rS/n Alx —y)|s |A|dy+£ W'(ver) =0,

where | A| denotes the determinant of A. In other words, v, r is also an Allen-Cahn solution “in this new

metric”.

Remark 3.26. We will implicitly use the following fact many times. Let ¢ : B, (0) — M be a diffeomorphism
onto its image with ¢(0) = p, and let F C M be a measurable set. Then, for s € (0,1) the limit

lim (xr — xre)(@)Ks(p,q) dVy
Y M\B,(p)

exists if and only if the limit

lim (xr — xFe)(9)Ks(p, q) dVy
0 JM\g(B,(0))

exists, and if they do exist they coincide. This is not due to cancellations and can be seen as follows: for r
sufficiently small (so that FA;(M, g, p, 7, ¢) holds), by Lemma 2.6 we can estimate

\ [ @k av,- [ (tr — 15) (@) Ke(p, 7) 4V,
M\B,(p) M\¢(B:(0))

: C — 1-s
< C/ o5, o) 4@, @) v, < VOl(Br( )A@(B,(0))) = O(r1%) — 0,

asr — 0%, since Vol(B,(p) A g(B,(0))) = O(r”“) for small 7.

Proposition 3.27. Assume that ue; are solutions to the A-C equation (5) on M, with parameters ej — 0 and Morse
index m(ug;) < m, and that moreover ue; — ug := Xg — Xpe in H*/2(M). Then OE is a viscosity solution of the

NMS equation in the following sense: whenever p € oE, and ¢ : By, (0) — V is a diffeomorphism from B,, to an open
neighborhood V. C M of p satisfying ¢(0) = p and V" := ¢(By.) C E (where we denote B," := B, N {x, > 0}) we
have

lim (xr — xre)(9)Ks(p,q)dV, <0,  for F=VTU(E\V).
rl0 M\BV(P)

Proof. We suppose by contradiction that for some p and ¢ : B,, — V as in the statement of the proposition
we had

lim (xr — xr)(@)Ks(p,q)dVy > 26 >0,  for F=VTU(E\V). (48)
0 M\B:(p)

Our goal is now to obtain a contradiction.
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Let us make the following useful observation that we will use several times throughout the proof. Let
¥ = By — W C V be another diffeomorphism with (0) = p such that ¢(B )W C ¢(B;)). Put

G = ¢(By) U(E\¥(By,)); then,
(xc —xce)(@) > (xr — xre)(q) forallg e M.

Hence, the integral (48) only grows when replacing F by G. In particular, this applies to “restrictions of
domain”, such as ¢ = ¢|, for any ¢ < go.

Step 1. Setting x = (x/, x,,), we claim that we can replace F by
F = ¢({x € By, : 2y > t|X'|’}) U(E\ V)
in (48), for t > 0 sufficiently small, provided that we also replace 2J by 4. In fact, this is a consequence of
f(t) :=lim (Xr — XFf)(’i)KS(P/Q) vy
0 JM\B, (p)

being continuous in f: Since f(0) > 24, for t > 0 sufficiently small, we will still have f(t) > J > 0. We now
prove that f is continuous indeed:

Fix 0 < o < t, ¢ sufficiently small so that FA;(M, g, p,20, ¢) holds (here we use the observation at the
beginning of the proof regarding the domain restriction) and » < ¢. Let

S=FL\FRCV= (p(BQ).
We have

/ (xr, — x£,)(@)Ks(p,q) dVy — / (Xr — X5 )(@)Ks(p, q) dV,
M\B,(p) M\B,(p)

= 2/ xs(@)Ks(p,q)dVy
V\Br(p)

2 Xog1(5)(@Ks(p, 9(2)) || 2
Bq\¢71(3r(P))

X(p*l(S) (Z)

< C |Z|n+s Z

(49)
Bo\B: /2

where we have computed the integral in coordinates ¢! and we have used Lemma 2.6 to estimate the kernel
Ks(p, 9(z)) = Ks(¢(0), ¢(z)). By the very definition of S, for 0 < R < g, it follows that H"~1(¢~1(S) N
0BR) < CR"2.C|t — 0|R? = C|t — ¢|R". Hence, by polar coordinates

Xo-1(5)(2) /e 1 o
T = Hn $) M oBr) dR
/Be\Br/z |z|n+s , /2 R1Fs (= (S) R)
0
§C|t—a|/ Rfst:L\t—(ﬂ(glﬂ_(r/z)ks).
r/2 1—s

Thus, letting r — 07 in (49) gives
f(t) = fo)] < Clt — ol

In particular, f is continuous and this concludes Step 1.

Next, fix t = t, > 0 small and choose “Fermi coordinates” adapted to the hypersurface I' := ¢({x, =
to|x’|?}) around p. More precisely: there exists a diffeomorphism ¢ : B,, — W = ¢(B,,), with ¢(0) = p
and W C V open neighborhood of p, such that for all x € Bgl,

Xn ifx, >0
—x, ifx, <0

d(p(x),T) = {
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and Y(By,) = W N @(By, N {xy > t[x'|*}).
Moreover, since G := (B, ) U (E \ W) contains F; we have

lim (xc — xce)()Ks(p,q) dVy > 6> 0. (50)
0 JM\B,(p)

Also, by construction we have
Y(Bo, N{xn > —c|x'[*}) CE,
where ¢ > 0 depends on t..

Step 2. We now perform a key computation in coordinates. Let us now choose a smooth cutoff function
n:R" — Ry satisfying x5, <7 < x5, and put:

No(x) :=1(x/¢) and fg:=1e09~", (51)
Let K(x,y) = Ks(¢(x), ¢(y)) be the expression in coordinates ¢! of the kernel K;(p, q) for p,q € W, that

is, for x,y € By. Let gjj : By, — R" denote the components of the metric in the coordinates 1. Since ¢!
are Fermi coordinates, we have
8ni = 8&in = ‘Sm‘/ 1<i<mn (52)

This will be crucially used later.
Fix ¢ € (0,01/2) small to be chosen later. By (50), we have for G, := ¢(B, ) U (E\ ¥(B,)) and H :=
{xp, >0} CR"

li — xpe) ()K(O, \/ dy = i — xce)(@)Ks(p,a)7i,(q) AV,
im BZQ\Br(XH xre) (V)K(0,y)10(y) /18] (y) dy im M\Br(p)(;ccg xcg) (@)Ks(p, q)7o(q) dVy
>0— (xe — xe<)(@)Ks(p, q) (1 — 7o) (q) dVj.
M\ (By)

Notice that B,(0) is not the same as ¢! (B,(p)), however as it will become clear from the proof below, the
limits as r | 0 of the corresponding integrals give the same value.

Let us also write
Xp,s

K y)18lW) = Zmm gy V1810 + K y),
where A(x) is the nonnegative definite symmetric square root of the matrix (g;(x)). Notice that, thanks to

(52), we have A,;(x) = Aj,(x) = &, for all 1 < i < n. Also, by Proposition 2.5 the kernel K(x,v) is not
singular, in the sense that

K(x,y)| < COL+|x—y| "),
We thus have

w, ¢ lim (xH — XHC)’?Q (v)

A [ A e V510 = 6 Sy, X8~ X DK ) = ) 0)

(53)
— [ G = xR, 1o() dy

Q1

Let us now recall the assumption that Ue; = Uo = XE — XE<s and let us define for x in a neighbourhood of
0

fi(x) = /MW(BQ) e, (@)K (9 (x),4) (1 = 1770)(9) dVq */B (ue; 0 ) () K (x, y) 1o (y) dy

2¢

fol) = — /M s, OCE ~ XEV DK 91~ 7o) () 4V, — /E (X — xe) ()R (x,y)70(y) dy

20
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Define also

Q)= [, 2

Fixing ¢ > 0 small enough, we will have |I(¢)| < §/4. Then, is not difficult to show (using the kernel
bounds of Proposition 2.5 and of Lemma 2.6) that f;(x) — fe(x) uniformly for all x in a neighborhood of 0,
and that fo is continuous in a neighborhood of 0. As a consequence, we have |fj(x) — feo(0)| < /4 for all
x € By, (0) and j > jo, for some jo.

On the other hand, recall that (—A)*ue; + s]TSW’ (ug;) = 0 in M. Hence, in particular

(xe — xE) (®(¥)K (0, y)1(y) dy — /B (xu — xue) ()K (O, v)1o(y) dy

Q

lrif(f)l M\B, () (”sj(lp(x)) - ”sj(‘i))KS(Prq) dvy + S;SW (uej(lp(x))) =0

for all x € B,,(0). Proceeding similarly the previous equation can be rewritten as

(1,0 ) (x) — (s, © ) (1) 7o) .
s [, A el dy € W e (9 = ). )

Notice also that (53) can be rewritten as

. (xH — XHC)UQ(]/)
Ay s lim
200 Iy, TAWO)(0 = y)+

18100y dy = 5+ £us(0) + I(0).

We now define v¢(x) = vo(e71 (x4 — 7)), where v, : R — (—1,1) is the function from Lemma 3.24. In
view of Remark 3.25, we have for x € B, (0), j large, and | 7| sufficiently small,

. / (vej,0(x) = 0e,,0(y)) 10 (¥)
" s, AR (x -yt

This implies that whenever x € B, , j sufficiently large, and | 7| sufficiently small

)
\/ 18] (x) d]/“‘sfswl(vsj,r) < 1

s [, (”Ef’(,i’zlif gi'ry(il);zg(y) Vsl dy + W' (0g,0) < fi(x) — & 55)

20
In other words, we have shown that (9% is a strict subsolution of (54).

Step 3. We now reach the desired contradiction. Fix now 6 € (0, ﬁ) sufficiently small (to be chosen)

and let
146 ifte[-1,-1+6],

Co(t) =<t ifte[-14+6,1-6],
1-0 ifte[1-6,1]
By the Hausdorff convergence of the level sets of u¢; which we have proved in Step 3 at page 41, for any
t € [-1+06,1— 0] the set {x € By, : (ue; 0 ¢) > t} converges in Hausdorff distance towards pY(E)D{xe
Boy i xn < —clx'|?}.
Hence, for every fixed T > 0 we have, for all j sufficiently large,

Goo Ug; 0P > ggo Ugj, in 8729 (56)

Let us define
7j:=min {7 € R | (56) holds for j } .

Notice that by definition of 7; there is x; € Bay N {lue;| < 1—0}N{[ve,«| < 1—06}. By the previous
Hausdorff convergence property of level sets, it must be x; — 0 and 7; — 0 as j — oco.
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Let us show that, if 0 is chosen sufficiently small, we have
Ug; 0P = Ve N By . (57)
Indeed, thanks to (54)-(55) the difference
W= Ug; © P — Ve, 1

satisfies

(w(x) —w(y))1o(y) 5 , '
/ |A(x)(x — y)\”%rs \/Q@C) dy > 1778 (W' (ve;,7) — W' (e, 0 p)) (x) in By, (58)

Lw(x) 1= a5

%

BQ
Notice that since (56) holds for T = 7; we have w = ve;r; — (ute; © ¢) = —0 in Byg.

Assume now by contradiction that infg,_,, w < 0. Recall (51) and define

My =—0+1tn,,.

and let t. € [0,0) be the supremum of the t > 0 such that w > 7, in By,. By construction there exists
X« € B,, such that
(w—7,)(xx) =0 while w—7, >0 in By,

Now evaluating the integro-differential operator £ (whose kernel is supported in By,; see (58)) at the
point x, we obtain

€O = L7, (x.) = Luo(xs) =+ (W' (0,5) = W/ (e 0 9)) (x2)

7

=1 >
= >

Notice that W” > 0 in the interval [ug; o ¢(xo), Ve, r;(Xo)] because (56) holds for T = 7j, and hence either
Ue; O p(xs) >1—0or (239 (xo) < —1+ 6. Therefore, choosing 6 > 0 sufficiently small so that C8 < §/4 we
reach a contradiction. Hence, we have proved that w > 0 and (57) holds.

Finally, take j large so that x; € B,, /4 (recall that x; — 0 as j — o). Using that w > 0 in B, _/,, w(x;) =0,
and w > —6 in By, \ By, and evaluating Lw at the point x; € B, /4 we obtain, similarly as before

w(y)1o(y) v — Lol
C(rO)H > —&p,s /BQ |A(x])(x] _y)|n+s \/Q(x])dy =L ( ]) >

IR

Choosing 8 > 0 sufficiently small, we obtain a contradiction, and this completes the proof. O

Theorem 1.30 motivates the definition of .A,,(M) given in the introduction, see Definition 1.16.
The “surfaces” X belonging to the class A, (M) enjoy some properties additionally to those already
described in Theorem 1.30 and Proposition 3.27. We record them in the remark below.

Remark 3.28. Every ¥ = oE € A,,(M) also satisfies that if FAy(M, g, R, p, ¢) is satisfied, then the following
hold:

(1) BV and energy estimate. For some C = C(n,s,m) > 0 there holds

Per(E; Br/»(p)) < CR™™' and Pers(E; Bg,,(p)) < CR" 5.

(2) Density estimate. For some positive constant wy, which depends only on 7, s and m, we have that if
R="|E 1 By ()| < wo then |[EN Byya(p)| = 0.

Indeed, by Definition 1.16 of A, (M) we can find a sequence Ue;, made of A-C solutions with Morse

index < m and parameters ¢; — 0, converging to E in LY(M), and also in H*/?(M) thanks to Theorem 1.30.

Then, property (1) follows from the lower semicontinuity of the BV norm under L! convergence and the
convergence of Sobolev energies under strong H*/2 convergence, together with the fact that the u; satisfy

uniform BV and Sobolev estimates themselves by Theorems 1.26 and 1.28. Similarly, property (2) follows
from the L! convergence and the density estimates of Proposition 1.29 satisfied by the ue; themselves.

47



3.4 The Yau conjecture for nonlocal minimal surfaces — Proof of Theorem 1.10

We can now combine the existence and convergence results in the previous sections to prove the Yau con-
jecture for nonlocal minimal surfaces.

Proof of Theorem 1.10. Fix p € IN. Theorem 1.21 gives the existence, for all ¢ € (0,¢p), of a solution ug, to the
fractional Allen-Cahn equation with Morse index m () < p and energy bounds

C /" < (1—5)E5(uep) < Cp*/. (59)

Thanks to the convergence result in Theorem 1.30, we can find a subsequence {¢;}; such that the Uej,p
converge in H*/2(M) to a limit function

Uo,p = XEr — XM\E¥/

where JEP is an s-minimal surface and dE? € A,(M) by definition. Moreover, by (59) and the strong
convergence of the Allen-Cahn energies stated in Theorem 1.30, we deduce that the fractional perimeter of
EP satisfies the bounds

C~1p/" < (1 —s)Pers(EP) < Cp*/™.

In particular, the fractional perimeter of the EP goes to infinity as p — oo, thus we conclude that the family
{EP}pen is infinite. O

Remark 3.29. We emphasise that, unlike in [39] or [50], due to the strong convergence as ¢ — 0 there is no
multiplicity phenomenon. We have used the following in the previous proof: Consider two sets E¥ and E¥
as in the proof of Theorem 1.10 above, corresponding to respective limits of the sequences u., and u,, as
¢ — 0, and assume that

. o € . o € )
lim (1 5) €5 (1) 7 Lim(1 )5 (e

then, they are necessarily distinct sets. Hence, their boundaries correspond to geometrically distinct s-
minimal surfaces. We note that this does not prevent, however, that EP = EP*! for some value of p, since it
could be that (1 — s)Pers(EP) = (1 — s)Pers(EP*1); nevertheless, as p — oo

4 Regularity and rigidity results

4.1 Blow-up procedure

The goal of this subsection is to explicitly show how to perform blow-ups of (sequences of) s-minimal sur-
faces around points with flatness assumptions, proving strong convergence results for the blow-up sequence
to a Euclidean limit surface in a manner similar to Section 3.3.

Definition 4.1 (Blow-up sequence). Let (M; ¢')) be a sequence of closed manifolds of dimension 7, and let

pj € M; be points such that M; satisfies the flatness assumption FA3(M;, g1, pj, ¢;)- Suppose in addition
that g]g)
metric.

For each j, let E; be an s-minimal surface in M;, satisfying uniform BV estimates in the sense that there
is some Cp independent of j such that

(0) = &y, i-e. that the metric of M; with respect to the chart go;l at the point 0 is the Euclidean

Per(q)j_l(Ej);B,(x)) < Cor" ! forall x € Byjpand r € (0,1/4),

where we put ¢]71(Ej) ={y € B1:9¢;(y) € Ej}.
Given r; N\, 0, a sequence of subsets of R" of the form

1 4
F]' = r—](p] (E]) C Bl/rj CR"”
(for some M;, Pj, E]- as above) is called a blow-up sequence.
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Remark 4.2. F; is a blow-up sequence if and only if there exist (A7Ij, gl)), p; € A7Ij, and R; / co such that
* Per(F; By(x)) < Cor"! forallx € B,z and r € (0, R;/4);
o FA3(A7Ij,§(/),Rj, pj, ¢j) holds and §]((j>(0) = Jy;, where §,(<j) = ﬁj)((aj)*(ek), (9j)«(e1)) denotes the met-
ric in coordinates;
e For each j there is an s-minimal surface 9E jin ]\7Ij such that F; = gﬁj_l(Ej).
Proof of the remark. This follows from putting Mj = M;, p; = pj, g = %2 g and Rj = % in Definition 4.1
j
and considering the scaling properties stated in Remark 1.25. O

We record some auxiliary results. The notation K; will be used instead of K; when we want to explicit
j

which manifold the kernel K; is being considered on.

Proposition 4.3. Let F; C R" be a blow-up sequence, with associated (Mj,gﬂ ), Ej - ]\7I]- and R; — oo as in Remark
4.2. The following hold:

(i) The components gA,((/l) of the metric of 1\71]- (using the chart parametrization ;) converge locally uniformly to the
Euclidean ones, in the sense that given Ry > 0,

sup |§,E]l)(x) — O =0 asj— oo
XGBRO

(ii) The kernel K i Converges locally uniformly to the Euclidean one, in the sense that given Rg > 0,

K,\zj(@(x)/ ?i(v)) ,
sup s -1 =0 asj— oo
(x,y)eBRO x B, Ta—y[s

Proof. The first part follows from the definition of the flatness assumptions and the fact that R; — co.

As for part (ii), it is a consequence of Proposition 2.5. Precisely, it follows from putting R = R; and
z =y — x in (14) of Proposition 2.5.

Lemma 4.4. Let F; C R" be a blow-up sequence, with associated (Mj,g(j)), Ej C ]\7I]~ and R; — oo as in Remark 4.2.
Put
Kj(x,y) := Ky (9j(x), 9;(y))
and (for a fixed p < R;/4)
. 1 , .
perl! (F; B,) := 1// |uj(x) — ;(y) PKj(x, )1/ 89 (x)1/ g V) (y) dx dy,
(BRjXBRj)\(BEXBE)

where uj := XF; — XF¢-
]

Given a vector field X € CZ°(By; R"), define X; := (@)X and extend it by zero to a vector field on ]\71]-. The following
hold:

(1) Let 0 < £ < 3. Then

dt i o ' .
‘dtf (Pers J(¢§(j(Ej);¢j(Bp)) _ Perﬁ”(tpé((Fj),-Bp))‘ - R%(
(2) IfXFj — XF in HISO/CZ(RH)/ then for 0 < £ < 2
d' o)t &
berd (W () By) — - Per® (¥ (F); By).
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; : [ PO - t.— —
Proof. We begin by proving (1). Let v = X#’ng(Ej) X#f&j(Ef) and Uj = Xyl (B) ~ Xl (FS):
By splitting the domain of the corresponding integral and then passing to coordinates, we can write

1

Per’ "Wk (E); 9;(Bp)) = 3 [0j(p) = (@) Ky, (p,9) AV, AV,
4

//(f?j(BRj) *9j(Br;)\(@;(Bo) < §;(B,)°)

1
s [l )~ o) K () v,
</";'(l3’p)X(Pj(BR]-)C
1// t N2 j '
=7 | (x) — uj(y)PK;(x, )/ 8V (x))1/ 8V () dx dy
4 Nisepmenmsxsy) T V v

1// t t 2
+ 5 [vi(p) —v;(q)|” Kg.(p,q) dV, dV,
2 1) g;(Bo)xgy(Bry) ! , e

1
= Perl) (BB +3 [ Jelp) = o) P Ky () aViaVy.
2 #i(Bp) x9;(Br.)*

From this computation, changing variables with the flow as in (45) and then passing to coordinates in the
first variable we can compute

‘;; (Pers (lpx( ) 9i(Bo)) — Pers (‘Px( ); B ))‘ _
‘dtf// (514755, '(P)—v§(q)l2KMj(p,q)dv,,dvq
‘//% (5% 915, [0j(p) —oj(@)” ;:/[ Ky, (9, (p),0) Jo(p)| dV, Vg

<c
B‘gX(p] BR

Bounding the derivatives in time of the Jacobian J;(p) by a constant, and using (15) with R = R; to bound
the integral in g, we conclude the result in (1).

dxdVy.

o [Ka @0k, ) 1)

To see (2), let R > p and put f;(t) := Pers (le( 7); Bp). Changing variables with the flow (as above) and
splitting the domain of the integral, for R < R; we can write

1 ,dt , :
-3 e ey ) 10 g (K ), W) /80 (e () D (9 ) () ()] ey

1 _ d’ ‘
+5 . R R Ll o (K (@ (), ) 20 (9 () 1) dx 2V

Let 0 < ¢ < 3. Thanks to the flatness assumptions and (15) of Proposition 2.5, we can bound

wilx) —u:(o ! Zd () (9t (x x)|dx
\ //lgpx(@(BRj>\@(BR))| (@) — (9" () dte{ i, @50, )V 20 k(0 1 (x)| A

IA
@

dxdVy

IA
=lle!

(60)
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On the other hand, by the flatness assumptions and (17) in Proposition 2.9 we have that, for t € (=T, T)
and j large enough so that R < R;/4,

4
% [w&(x),wé((y))@ (50 50 e o)) R v)]

J i) = 15 (0)? dxdy
(BrxBr)\(B;xBj)
1
<cC // uj( Sy d
! BRXBR | | | |l’l+S y
<Cr,

where in the last line we combined the fact that F; has bounded classical perimeter in BR]. s4 with the
interpolation result in Proposition 2.18.
This shows that the functions ;T[f fi(t) are locally uniformly bounded for 0 < ¢ < 3; in particular, for

0 < ¢ < 2 we deduce that the ;—; f](t) are locally uniformly bounded and moreover have a uniform modulus
of continuity, thus by Arzela-Ascoli they subsequentially converge locally uniformly. By standard single-
variable calculus, to conclude our desired result it then suffices to show that f;(t) converges pointwise to

g(t) := PerX" (% (F); By), since then the first two derivatives of the limit function g(t) will be the limits of
the derivatives of the f;(t). We shall now prove the pointwise convergence result.

Denote uf := Xyt (F) — Xy, (Fe)- We can then write

g(t) = Per® (4 (F); B,)

. 2 Ky s
1 /BRXBR IN(BSBS) |1/l(x) - M(y)| |1P§((X) — 1/J§<(y)|”+5]t(x)]t(y) dXdy
2 fns
/‘/B XBC M(y)| |¢7§(<X) _y|n+s]t(.X) d.X'dy

Clearly

«
u(x) —u(y) ——2——Ji(x)dxdy — 0 as R — o,
Doy 0 =00 o)

since the integrand is absolutely integrable by (15) in Proposition 2.5. Together with (60), given € > 0, we
deduce that there exists an R > p (depending only on p and ¢) such that the aforementioned terms are both
smaller than ¢/2 for all j large enough. From this fact and a simple triangle inequality, we find that

Perl!) (i (F); By) — Per®" (9 (F); By)

1// 2
< - luj(x) —uj(y)|~
4 J) (ByxBr)\(Box55) !

K (e (), W (1) /89 (9 ()1 30 (9 (v) — RE AT

1 “n,s
+4] //( . (1) = ;)2 = |u(x) = u(y) ) G = gy @) dx ay|
+e.

Je(x)]e(y) dx dy
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Regarding the first term, thanks to Proposition 4.3 and (17) in Proposition 2.9 it can be bounded as follows:

J i) = 1) -
(Br>xBr)\(BjxBp)

K (9 (6), e () 80 (9 ()20 (e () — e _“’;;%(Wﬂ

Je(x)Je(y) dx dy

_ U . 2 Xn,s ]
_//<BRxBR>\<Bsxss>| 10 =4 o e = T
Ki(h (x), 9 (1))1/50 (0/s9 ()

Kn,s

[k (x) =k (y) [+
< o0;(1 // ui(x) —u; 2 fns dxd
IO Py 1)~ O fr Gy = gty 4

<0;(1)C // ui(x) —u; Zded,
]() T BRXBR| ]( ) ](y)| [x — y|ns Y

-1

Ji(x)Je(y) dx dy

where 0;(1) — 0 as j — co. This implies that the whole expression goes to zero since the factor ], By x By [147(X) —
i) s
]

R < R;j/4, the F; satisfy uniform perimeter estimates in Bg by assumption (see Remark 4.2), and thus also
uniform fractional energy estimates by interpolation (see Proposition 2.18).

dxdy can be bounded by a constant independent of j: indeed, for j large enough so that

As for the second term, we can write
wi(x) —u;i(y) > = |u(x) — uly)]? s Je(x)] dxd’:
\//(BMR)\(B;X@ (1453) =W = () = w)P) g o M) dxdy

= ui(x) — ui(y) > = |u(x) —u 2) _fms .
| //waBR)\(s;xB;) (1) = i) = ux) = () 2) 22
W‘WMXW(W

X5
‘x_y‘nJrS

dx dy’ . (61)

Since uj — u in Hlso/ Cz(]R”) by assumption, one immediately sees that

o .
At y) = (Juy(0) = w5 0) P = () () P) =40 50 in L.
On the other hand,

N
%]t(x)]t(]/)
B(x,y) = 9 (x) ¢§<(y()xln:

|x,y‘n+s

1
loc’

is a fixed function in L{5_ by (17) in Proposition 2.9. Thus A;B — 0 in L
0 as j — oo as well.

and this means that (61) goes to

Putting everything together, we deduce that

lim sup Peréj)(lpg((Fj);Bp) - Per;Rn(l/)%(F);Bp) <eg;

J—

since € was arbitrary, we conclude that

Fi(t) = Perl (9l (F); By) — Per®' (9l (F); By) = g(1).

As explained before, this gives the desired result. O
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The main result of this section is the following;:

Theorem 4.5 (Convergence to a limit). Let F; C R" be a blow-up sequence. Then, there exists a Euclidean s-
minimal surface F C IR" such that a subsequence of the vj := Xr, — X(Rr\Fj) converges to v := XF — X(R"\F) in

HS/2(R™).

loc
Proof. We divide the proof in two steps.
Step 1. Convergence to a limit set F.

Fix a radius R. For j large enough so that R < R;/4, the F; satisfy a uniform BV estimate in B, as indicated
in the third bullet of Proposition 4.3. As in Step 1 of the proof of Theorem 1.30 (see page 40), a bound
on the BV norm implies that a subsequence of the v; = xr, — xp¢ converges strongly in H*/?(Bg) norm.

Iterating the same reasoning on increasingly large balls and using a diagonal selection argument, we can
find a subsequence (still denoted by ZJ]') converging in each of the norms H* / 2(Bk), k € IN, to a limit function

U= XF — XFe-
Step 2. Proof that F is stationary for the fractional perimeter.

Fix an arbitrary Euclidean vector field X € C®(1,), for some p > 0, and let ¢} denote its flow at time .

Since the F; are a blow-up sequence, let Ej - Z\7I]- and R; — oo be those given by Remark 4.2. For j large
enough so that p < R;, define X; = (9;).(X); extending it by 0, we obtain a vector field X; defined on all of

~

N - ~ M, Iy .
M;. Since OE; is an s-minimal surface in M;, % ]t:OPerS ](1,02(]_ (Ej); 9;(Bp)) = 0. Lemma 4.4 gives then that

Pergj)(i,bg((Fj);Bp) < lim Cx =0

li d
= 1mm |-

S
=0 ]—0 R]

j—roo d

Per" (' (F); Bo)
t=0

E
as desired. O

We will next prove that the convergence in the theorem also holds in the Hausdorff distance sense. First,
we show that the assumptions in Definition 4.1 imply uniform density estimates.

Lemma 4.6. Let (M, g) be a closed manifold of dimension n, satisfying the flatness assumption FA3(M, g, R, p, ¢).

Suppose in addition that g,((]l) (0) = &y, i.e. the metric of M with respect to the chart ¢~ at the point 0 is the Euclidean
metric. Let E be an s-minimal surface in M, satisfying a uniform BV estimate in the sense that there is some Cy such
that

Per(¢ Y(E); By(x)) < Cor"™ ! forall x € Bgpandr € (0,R/4).

Then there exists a positive constant wy = wo(n,s, Cy) such that if
r"ENB(q)| < wp
for some g € ¢(Br/2) and r € (0,R/8), then
[EN B, /2(q)] =0.

Proof. Notice that since the statement is scaling-invariant, it suffices to prove it for R = 1. We also recall
that the stationarity of E implies that it satisfies the monotonicity formula of Theorem 2.20 (with potential
F = 0). Observe also that up to modifying E on a set of measure zero we can assume that its topological
boundary coincides with its essential boundary. We then proceed as follows:

Step 1. Positive density of the extended energy at every boundary point.

Since ¢~ !(E) is a set of finite perimeter in B 5, De Giorgi’s structure theorem for sets of finite perimeter

gives that if x € d¢~1(E) N By, is in the reduced boundary, given rj — 0 the sequence of sets H; =
1 1

r—j((p’l(E) — x) converges in L; _

(R") to a half-space H passing through 0.

For a fixed x as above, defining M; = M, E; = E, p; = ¢(x), 1; = %, and ¢;(y) = ¢(x + A(x)y), where
A(x) is a matrix chosen so that the metric of M is the identity at 0 in the coordinates given by ¢;, the
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associated Fj := rljgoj*l (E) C R" are a blow-up sequence (in the sense of Definition 4.1). Thus, by Theorem
4.5 they converge in L _ to a limit F. On the other hand, F; = A(x)_l%_((p_l(E) —x) = A(x)"'Hj, so that in
fact F = A(x)"'H and thus it is also a hyperplane passing through 0.

Let N; denote the rescaled manifold (M, %2 ¢), and write uj = XE — XE¢/ viewed as a function on N;. Write

]
U; for its Caffarelli-Silvestre extension to N; x IR, and V for the Caffarelli-Silvestre extension of xr — X to
R" x R4. By the lower semicontinuity of the extended Sobolev energy under a blow-up, seen for example
arguing as in Step 2 in the proof of Lemma 4.16,

liminf [ Wuj(]o,zﬂ2 dvy Z175dz > /~ DV (x,2)[?dxz' ~*dz = c(n,s) > 0. (62)
J7ree Blj(pj/o) By

If U denotes the Caffarelli-Silvestre extension of u = xg — xgc (viewed as a function on M) to M x Ry, by
scaling (recall that N; is just (M, %2 ¢)) the inequality (62) can be written as
j

liminf ! S /~ \VU(p,z)[?dV, z'~*dz > c(n,s) > 0.
B (¢(x),0)

n—
— r.
J—ee j

In words, we have found that E has extended energy density uniformly bounded from below by a constant
c(n,s) at p = ¢(x), for every reduced boundary point p as above. On the other hand, the reduced boundary
is dense in the essential boundary, as one can see, for example, by the isoperimetric inequality. Then, since
we have shown that the above lower bound holds at all reduced boundary points p € JE, by the upper
semicontinuity of the extended energy density (proved as in case of classical minimal surfaces, using the
monotonicity formula of Theorem 2.20) it actually holds at every p € JE.

Step 2. Conclusion.

Assume that there are g € ¢(B;,,) and r € (0,1/8) such that ¥ "|EN B,(q)| < wp but [EN B, /»(q)| > 0; if
wy is small enough, then automatically also |E° N B, »(q)| > 0. By the isoperimetric inequality, this implies
that 0E N B, »(q) # @ as well.

Let p € 0EN B,/2(q); we can now argue as in the proof of Proposition 1.29, which showed density
estimates in the case of solutions of the Allen-Cahn equation. First, a uniform lower bound on the density
holds in our case for all 0 < p < Rpmon, thanks to combining Step 1 and the monotonicity formula. We
then apply the interpolation Lemma 2.19, after which the BV estimate assumption allows us to conclude the
argument as in the proof of Proposition 1.29. O

Proposition 4.7. In the conclusions of Theorem 4.5, the convergence also holds locally in the Hausdorff distance sense.

Proof. Let E; be as in Remark 4.2, so that F; = (ﬁ;l (Ej). Applying Lemma 4.6 and the flatness assumption
on the metric we find that the F; satisfy density estimates in BR], /16, With R; — oco. The local convergence in

the Hausdorff distance follows then arguing by contradiction, simply due to local L! convergence to F and
the density estimates. O

4.2 Properties of blow-ups of Allen-Cahn limits
We define the class of all surfaces which are blow-up limits of sets in A, (recall Definitions 1.16 and 4.1).

Definition 4.8. A set oF C IR" is said to be in the class A,ilow_up if it is a blow-up limit of sets in A,,. This

means that there exist ¥; = oE; € A, (M;) and r; — 0 such that the associated F; = rj_lgoj_l(Ej) are a blow-
up sequence converging to F in Llloc(]R") as j — oo (by Theorem 4.5 and Proposition 4.7, the convergence

can then be upgraded to be in Hj, O/Cz(]R") and locally in the Hausdorff distance sense).

Remark 4.9. Since JE; € Ay(M;), the assumption in Definition 4.1 that the sets F; satisfy the classical
perimeter estimates is automatically satisfied if the rest of assumptions are, thanks to (1) in Remark 3.28.
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Blow—up

We now prove a precise almost-stability inequality for sets in 4,, , which will be used in the next

section. We begin by showing its counterpart for Allen-Cahn solutions.

Lemma 4.10. Assume that M satisfies the flatness assumptions FA1(M, g, 1, p, ¢), and let ue : M — R be a solution
to the Allen-Cahn equation in ¢(B,) with Morse index at most m. Let Ay, ..., A1 C ¢(Bi/2) be (m 4+ 1) open sets,
with pairwise distances denoted by Djj := dist(A;, A;), and for every 1 < i < j < m + 1 choose any positive weights
Aij > 0. Then, in at least one of the A; there holds that

" (ue)[5,¢] = —ClElF a,) (Z - ~(rts) Y AiiDy n+5)> VEeCHA),
<t j>i
for some C = C(n,s, m).

Proof. The statement is a more precise version of Lemma 3.10, and the proof proceeds similarly. Using (6),
we compute the second variation at u, for linear combinations of m + 1 test functions ¢;, supported each in
the corresponding A;, getting

" (ue) a1 + 1280 + ...+ 181, @181+ a282 + . A a1y
= a3 (u )[51,51] +. Jrﬂm+15 () [Emt1s ]
+2611112//A » (G1(p) — C1(q))(C2(p) — ¢2(9))Ks(p, q) AV, dV,

+...
+ 201841 //A s (Cm(p) = Cm(9))(Cmr1(p) — Cmr1(9))Ks(p, 9) dVydVy.

Thanks to the flatness assumptions and Lemma 2.6, we have that Ks(¢(x), ¢(y)) < for some C =

c
C(n,s) and for (¢(x), ¢(y)) € A; X A;. Recall that the supports of §; and ¢; are the disjoint subsets A;, A; C
@j(B1/2). Then, the term containing the double integral over A; x A; with i < j can be bounded as follows:

Zaiaj//A_M_(ﬁi(P) = Gi(9))(&j(p) = &j(9))Ks(p,q) dVypdVy

= —2a; a]// )K(p,q)dVv,dV,

+
< 2|ﬂiﬂj\CD-- ") ||§i|\L1 allgillicay

C
< Ayt gl A—ZD "ig i1

where we have applied Young’s inequality in the last line. Substituting this into the second variation ex-
pression gives

g’/(u)[alél + 0262 + ...+ a1ﬂ+1§m+1/al§1 + a2§2 + ...+ am+1€m+ﬂ
m+1
<Y &l +Clial <2A ) |y a7 m))}

j<i j>i

The condition that the Morse index is at most m implies that the expression cannot be < 0 for all
(a1,...,am11) # 0. Hence, we find that there must exist some i such that

£ (W& &l = —Cll&lh 4, (Z/\ () +Y AiDy ”*”)

1<i ]>1

holds for all & € C!(A;), and this concludes the proof. O
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From this, we will obtain the desired almost-stability inequality for blow-up sets.

Lemma 4.11. Let F € AE]"“"”’” . Let X1, Xy, ..., X;n11 be smooth vector fields on R" with disjoint compact supports
Ay, Ay, ..., Ay, and denote Dy := dist(Ay, Ay). For 1 <i < ¢ < m+ 1, choose positive weights A;y > 0. Then,
for at least one of the i (depending on F) we have that

e .
23| Pers(y, (F);4) = —C|[Xi|}diam(A (ZM ”*S)+2Aisz(”+s)>, (63)

t=0 0<i 0>i
where C = C(n,s, m).

Proof. Since F € ABIOWTHP from the definition and proceeding as in Remark 4.2 there exist (1\7Ij,§(j ), p; €
]\7Ij, and R; /" oo satisfying the assumptions in the Remark and E € Au(M ;) such that the associated
F = g’o\]’l(fj) converge to F in the appropriate sense. Fix one such j; since E € An(M ;), by definition
there exists a sequence {uy }xcn of solutions to Allen-Cahn on M with parameters e — 0, converging to

XE, XEE in Ll(M ) as k — oo. By Lemma 4.10, given k we can f1nd an index i(k), 1 < i(k) < m+1, such

that the 1r1equahty in the Lemma is true for u; on @;(A;)) C Mj. We select an index i so that the inequality
is valid for a whole subsequence of the uj (which we do not relabel), so that

g//(uk)[gi/‘:i] > —C\|§i||%1(@(Ai)) <Z )%D —(n+s) i Z)\ D (n—i—s))

0<i 0>i

forall &; € Cl(q)]( i) and k € N. Here D;y = dist(9;(A;), 9j(A¢))-

Put X;; := (¢;)«X;, and extend it by zero outside its domain of definition to a vector field on all of 1\71]-.
Selecting ¢; = V X, Uk, We arrive at

dZ _ ”
a2 t:OS(uk oy, ) = € () [V, e, Vi ]

(64)
> _CHsz‘,jukH%l( <Z b, —(n-+s) + Z/\MDM n+s)>

(<i 0>i
Thanks to the BV estimate of Theorem 1.26 and the flatness assumption on the metric, we can bound
193,117 g, a) < ClIXilITediam(g;(4:)*" D < C||X; [Fdiam(4;) 2",
and also R
D;; = dist(9;(A;), 9;(A;)) < Cdist(A;, Aj) = CD;; .
Substituting this into (64), and using that by (44) there holds
d2
dt?|,_

2

d
5(”k01/);_(:j)—>ﬁ Pers (1[JX( i) 9i(A;)) ask— oo,
0 ’ t=0

we obtain that
dZ

D Perll(h (B 91(40) = ~ClIX;l fudiam( 4,2 <2A D, ") + Y Ay, ”*“)
(<i 0>i

t=0
On the other hand, by Lemma 4.4 we have that

2

R (ot d >
Per, (gbxi(F); )—hmﬁ

d? () d
el [Pers] (lpg(i(Fj);Ai)} = hmd 5

t=0

which then proves (63).
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4.3 Classification of blow-up limits
The main result of this section is the following classification result:

Theorem 4.12 (Classification result). Let s € (0,1) and 3 < n < n}. Let F be any family of sets of R" satisfying
the following properties:

(1) Stationarity. Every set E € F is an s-minimal surface, in the sense of Definition 1.5.

(2) BV estimate. There is C, such that for every E € F, x € R", and R > 0 we have

Per(E; Br(x)) < CoR" 1.

(3) Viscosity solution of the NMS'® equation. If xo € OF and E admits an interior (resp. exterior) tangent ball
at xo, then [ %d}/ <0 (resp. > 0).

(4) Almost-stability in one out of (m + 1) disjoint sets. There exists some (fixed) m € N such that the
following holds. Let X1, X2, ..., X;u+1 be smooth vector fields with disjoint compact supports Ay, A, ..., Ay41, and
denote Dy := dist(Ag, Aj). For 1 <i <1 < m+ 1, choose positive weights A;; > 0. Then, given E € F, for at least
one of the i (depending on E) we have that

2
O], Pers(h (B); A1) > —CIxilFediam A2V (LD 4 ¥ a0, ), (e

20, N, il
dt? = 4<i)‘€l >i

where C = C(F).

(5) Completeness under scalings and L\ _(R") limits. If E € F, then any translation, dilation and rotation of
E is in F as well. Moreover, if E; is a sequence of elements of F and E; — Eeo in L} (R"), then Ee € F as well.

(6) Cones with n — 2 translation-invariant directions are half-spaces. If E € F is a cone and there is a linear
(n — 2)-dimensional subspace L C R" such that E + x = E for all x € L, then OE must be a hyperplane.

Then, every E € F which is not equal (up to null sets) to R" or & must be a half-space.
An important property follows from (1) and (2) above:

Lemma 4.13. Let F be a family of sets of R" satisfying properties (1) and (2) in Theorem 4.12. Then, any set E € F
also satisfies density estimates, meaning that there exists a positive constant wy = wo(n, s, Co) such that if

R™|ENBgr(q)| < wo
for some q € ¢(By,,) and R € (0,1/8), then
|[EN Bg2(q)] = 0.
Moreover, if E; € F and E; — Eeo in L] (IR"), then they also converge to E locally in the Hausdorff distance sense.

Proof. Same as for Lemma 4.6 and Proposition 4.7. O

We will need the following result, which is obtained by combining the C* improvement of flatness
theorem in [17] and the C1#*-to-C® bootstrap result for nonlocal minimal graphs in [9].

Theorem 4.14 ([9, 17]). Let s € (0,1). Then, there exists o > 0, depending on n and s, such that the following holds:
let E C R" and x € oE, and assume that

(i) The set E is a viscosity solution of the NMS equation in B,(x), in the sense of Proposition 3.27.
(ii) The boundary OE is included in a o-flat cylinder in B, (x), that is
JENB(x) C{yeR":|e-(y—x)| <or},

for some direction e € S"~ 1,

6Meaning “nonlocal minimal surface”.

57



Then OE is a C* graph in the direction e in B, /5(x), with uniform estimates. In particular, its second fundamental
form 1lyE satisfies

C
sup  |e|(y) < —, (66)
YEIENB, /5(x) r

with C = C(n,s).

We will also need the following intuitive lemma, to be read as “cones with finite Morse index are stable
outside the origin”, and which will be proved after Theorem 4.12.

Lemma 4.15. Let E C R" be a cone with Pers(E; B1(0)) < 4o00. Assume that E is stationary for the s-perimeter,
in the sense of Definition 1.5, and that it satisfies property (4) in the statement of Theorem 4.12. Then E is stable in

R\ {0}.

We will now prove Theorem 4.12.

Proof of Theorem 4.12. Let E« be a blow-down limit of E, i.e., a limit of a sequence E; = %E, with r; = oo (by
property (5), such a limit exists, and it is also a member of F). Then Es is a cone: Let U, U, and U; denote
the Caffarelli-Silvestre extensions of u := Xg — Xre, Ueo := XE, — Xgg, and u; 1= Xg, — XES respectively.

Using the notation ®y (r) := 7" |, B7(00) z175|VV(x,z)|?dx dz, by convergence of the extended energies!”

and scaling we have that
Py, (r) = lim @y, (r) = im Py (rr;) -
1 1

By the monotonicity of ®g, which we know since E is an s-minimal surface by property (1) and thus satisfies
Theorem 2.20, the limit limg_,o, Py (R) exists, and by property (2) and the interpolation result in Lemma
2.19 it is a finite constant. The equality above then shows that ®;;_(r) is equal to this constant independently
of r. Since E is also an s-minimal surface (by properties (1) and (5)), the last paragraph in Theorem 2.20
gives that E« is a cone.

We will now prove that Ee is in fact a hyperplane; by the local Hausdorff convergence of the E; = 1 -E to

E. (see Lemma 4.13 above), E then satisfies the hypotheses of Theorem 4.14 for every r > 0, and therefore
by (66) E then needs to be a hyperplane as well (since IIjg vanishes).

First, Lemma 4.15 states that Es is stable outside the origin. If it also were smooth outside the origin, the

assumption that 3 < n < n} would imply that dE is a hyperplane and we would finish the proof.
If, arguing by contradiction, there is instead some point x; 7 0 where E« is not smooth, we need to apply
a dimension reduction argument: blowing up around x;, we obtain a new cone E; € F which is now
translation invariant along some direction; after a rotation, we can write E; = El x R, and this is allowed
by property (5).

We claim that E; cannot be smooth outside the origin. First, if that were the case, E; would be a hyper-
plane, since 3 < n < n}. Now, the blow-up rescalings of E, around x; converge locally in the Hausdorff
distance sense to E; by Lemma 4.13, and they are viscosity solutions of the NMS equation by property (3).
If E; were indeed a hyperplane, the assumption in the improvement of flatness Theorem 4.14 would be
satisfied for the blow-up rescalings of E. around x; (for large enough indices in the sequence). Thus Ee
would be smooth in a neighborhood of x1, a contradiction.

Now that we know that E; is not smooth outside the origin, we can iterate the argument with this new
cone: Since E; = E; X R is not smooth outside the origin, there is some point x, € R"~1\ {0} where E is
not smooth. Hence, we can blow up again around (x3,0) and obtain a new cone E;, which is now translation
invariant with respect to two orthogonal directions. After a rotation, E; = E; x R2. Moreover, E, cannot be
smooth outside the origin, by the same improvement of flatness argument we applied to E;.

Iterating this reasoning n — 2 times, we end up with a cone that is translation invariant in n — 2 orthogonal
directions, i.e., of the form E x R"~2 after a rotation, and which is not smooth outside the origin. This is not
possible by property (6), and therefore we reach a contradiction. O

We now give the proof of Lemma 4.15.

7Follows easily from convergence in Hfo/ CZ(IR”). The latter is proved, thanks to property (2), as in Step 1 in the proof of Theorem 4.5.
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Proof of Lemma 4.15. Consider an annular region of the form Ay = By \ Bg, with 0 < Ry < 1, centered at the
origin. It suffices to show that E is stable in A, by the arbitrariness of Ry and the dilation invariance of E.

The strategy is the following. Let X be a vector field supported on the annulus Ag. Let Ay, ..., Ay 41 be
(m + 1) rescaled copies of Ag of the form A; = RA; 1 = R'Ap, with R > 0 sufficiently large so that they
are disjoint. Likewise, consider the (1 4 1) rescaled vector fields X; := R'X(x/R’), which are supported in
the respective A;. Since E satisfies property (4) in the statement of Theorem 4.12, we know that the almost-
stability inequality (65) will hold in at least one of the A;. Moreover, since E is dilation invariant, we will be
able to translate this information back into Ag, and taking R arbitrarily large we will find that E is actually
stable on Ay and conclude the proof.

Define u := xg — xgc, and let ¢} denote the flow of the vector field X at time . Observe that u! :=
th&i(E) - X‘P&f(E)C is the composition of u = xg — xgc with the flow of X; = R'X(x/R’), which is given by

lp§(i = Ritp%(x/ RY). By the dilation-invariance of the cone E, and hence of 1, we have that
uj(x) = u(R'pk (x/R")) = u(yi (x/R)) = u'(x/R");
the scaling property of the fractional Sobolev energy then gives
Pers (Y, (E); Aj) = €5 (uf) = €57 (u! (x/RY)) = RUTIELP (u') = R IPer (9§ (E); Ao),
so that in particular

2 d2
| Pera(Wk (E); A)) = R 25| Pery (¢ (E); Ay). (67)
t=0

Now, by assumption, we know that the almost-stability inequality (65) will be satisfied in one of the A;.
Combined with (67), we obtain that

t=0

. 42
RIS) 2| Pery (v (E); Ag) > —C||X;?wdiam (A Z

n+s) —(n+s)
dr? +3 AieDy ),
t=0 0<i

0>i

)\21
where A;; are positive weights and D;; = dist(A;, A;). We can bound
1 £ diam (A4;)2" 7D = || X]|fe (R)* (R diam (A49))*" 1) < Cy g R

We also observe that ‘ ‘
D;; = dist(R'Ag, R'Ag) > cRm>{i1}
for some small ¢, for all R sufficiently large depending on Ay.

Substituting into the inequality we obtained and dividing both sides by R!("%), we get

2
o] Per(h(E); Ag) > ~Cooa R (L LLRT0H) 1 37 R1049)
=0 (<i M £>i
1 o
:_CXer(Zf"‘Z)\iZR (¢=i)(n+s))y
(<i >

Now, choosing the positive weights as A;; = R"Z" for every pair i < j, we obtain

2

a2 Pers (¢ (E); Ag) > —Cx,a,( ZR’* +ZR )(n+s)),

+=0 (<i 0>i

so that all the powers of R become strictly negative. Letting R — co, we deduce that
2

e Per; (& (E); Ag) >0
t=0

as desired. 0
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We will, in particular, apply Theorem 4.12 to the class A,ilow*”p. The next lemma proves that property
(6) in the assumptions holds for this class. This is the (nonlocal and finite index) analogue of a result of
Schoen-Simon [61, p. 785-787]; see also [67, Proposition 3.2].

Lemma 4.16. Let n > 3. Assume that some nontrivial cone E C R" belongs to .A,ilow_up and is of the form E x R" 2
for some cone E C R2. Then, 9 is a hyperplane.

Proof. We divide the proof into two steps.

Step 1. Let us show the following claim: assume that FA1(M, g,1,p,¢) holds, and u : M — (—1,1) is
a solution of Allen-Cahn with parameter ¢ € (0,1) in By (p) (equivalently a critical point of g, (,) that is

A-almost stable in By (p) (see Definition 3.9). Let U : M x R+ — (—1, 1) be the Caffarelli-Silvestre extension
of u. Then, for some constant C = C(n,s, A) > 0 we have:

/N AX(U)dvz'—dz < C,
B{/(p.0)

where
A2(U) = (|V2UP = [VIVUIR) x w0y = (172U = V2U (198, 24 ) ) xvus0) = 0

Here V2U denotes the “horizontal” Hessian of U(+,z) —i.e. for z fixed— with respect to g.

Indeed since u is A-almost stable, for all & € C'(B{ (p,0)) with support contained in E;/ 4(p,0) and trace
¢o on z = 0, we have

EWEE = ps [ IVERaVaz+e [ WG av

1

> &4, (w)[g0, o] = — Al

where B]” and By are brief notations for B, (p,0) and By (p).

Thus, testing the above almost stability inequality with a test function that is product ¢ = ¢y we obtain
(with a simple integration by parts similar to [16, Proof of Theorem 1.3])

[ B 00e(,0%) — W) av
By

_ — _ 2
< Bs /~+ (c2,2'1_s|V17|2 - cdiv(zl_SVc)iyz)dde+A(/ |c17\dV) : (68)
B By

1

Taking the horizontal gradient V of Bs(z'~%9,)U(-,0%) — e W'(u) = 0 at z = 0, and computing the
scalar product with Vu, we obtain

Bs (21759, |, (VU) - Vu — e W (u)|Vul?> = 0.

Using Bs(z'7%9;)|,—0+ (VU) - Vu = %(zl’saz)|z:0+|VU|2 = %\VU\(‘Bszl’saz)\Z:0+\VU\ we obtain that
¢ = |VU| makes the left hand side of (68) vanish. Hence, for this choice of ¢ we obtain

- —~ ~ 2
0 < Bs /E1+ (22! 5| Vy|? — ediv(z! *Ve)p?)dVd + A(/B1 \cq\dV) . (69)
Notice that
cdiv(z!7*Ve) = 21 7ScAc + 001 (21 50.¢) = (3A(?) — |Ve[?)) 278 + a2 (2! 0sc) .
Now, since ¢ = | VU], the Bochner identity —applied to each “horizontal slice” M x {z} of M— yields

IA(?) = VU - V(AU) + |V2U|? + Rie(Vu, Vi) .
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Since, by the equation defining the extension, Z1=5AU = —az(zlfsazu), we obtain
ZI7SVU - V(AU) = —VU - 9,(z1 %9, VU) .

But explicit computation shows that

1—sa 1 vUu 2
|VUl9,(z!%9,|VU|) = VU0 (ZZ(Z||)>

vu|

= VU, (259, VU)) 421 (|azvu|2 - (az|vu|)2)

> VU -9,(z 9, VU).
Hence, estimating Ric(VU, VU) > —C|VU|?, we deduce that

cdiv(z! ~*Ve) > 2! 75 (|V2U? — |V|VUI]* = CIVU?) X {|9u[>0) -

Inserting this in (69), we reach
/‘g; 25 A2 (u)2dVdz < B /E; IVUPZ (|9 + C2)dVdz +A(/B1 |Vu||17|dV>2.
From this we conclude the claim in Step 1, fixing a cutoff satisfying X5, <5< XBs, and using the

estimates for B f§+/ z!=$|VU[?dVdz and me |Vu|dV proved in Section 3.2.3. In particular, Lemma 2.19
3/4
with R = 1,k = 0 and the fact that A-almost stability implies a uniform BV estimates, that is Proposition

3.14.
Step 2. Recall now that, as recorded in Remark 4.2, if E belongs to .A,ilow_up we have sequences of:

* closed manifolds (M; §M);

* points p; € M; and scales R; 1 co for which FAg(M]‘,gMj,R]', pj, ¢;) holds and g,?gj (0) = bxs-

* solutions of Allen-Cahn u; : M; — (—1,1) with parameters ¢; | 0 and Morse index bounded by m
such that (uj 0 ¢;) — 1o := xg — xge in Li_(R").

loc

Let U; : ]\71]- — (—1,1) be the extensions of the u; and and observe that U; — U, in weakly in L} (R%H),

loc
where U, is the (unique, bounded) Caffarelli-Silvestre extension of u. to IR’}FH. Actually, thanks to Theorem

4.5, one could prove local strong convergence in the weighted Hilbert space HL _(R'{™'; |z|'~*dxdz), although

loc
(much rougher) weak Lll0 . will suffice here.

M:
Notice also that in the local coordinates go;l we will have g,/ — & in Cf_(IR")), since R; — co. Hence

2
loc

by standard elliptic estimates U; o ¢; — Us in C
(pj(x),2).

Now, for all j >> 1 sufficiently large, take the m + 1 balls {B1(¢;(3ie3))}i<u, i = 0,1,...,m. By property
(4) —i.e. almost stability in one out of (m + 1) disjoint sets— U; will be almost stable in one of them. We
may assume without loss of generality (up to translation and subsequence) that it actually is By (¢1(0)), and
then Step 1 gives

(R" x (0,+00)) (up to subsequence), where ¢;(x,z) =

/ AX(U;)dViz' Sz < C.

After passing to the limit (using that U; o ¢; — Us in C%..) we obtain, for every § > 0:

DU, |? — DU, ( RYe., DU dxz'7%dz < C. (70)
/B N{z>5} (‘ | (IDUol \Duol))X{lDUol>5} =

+
1/2—-6



On the other hand, if E = E x R"2 for some nontrivial cone E C R?, then the associated extension U,
of uo = xg — xec depends only on the first two variables and is 0-homogeneous. This implies that A(U.,) is
homogeneous of degree —2, leading (since also .A(U,) is not indentically zero as E is not flat) to a blow-up
of the integral

/AZ(UO) dxz'~Sdz
around the origin. This would contradict (70) and thus E is flat. O

The properties proved so far for the family F = .Ailow_up (see Definition 4.8) show that it satisfies the
hypotheses of Theorem 4.12, whence we deduce

Corollary 4.17 (Blow-ups of limit surfaces of Allen-Cahn are hyperplanes). Let s € (0,1) and 3 < n < n}.

Then, any nonempty oF in .Ailow_up is a hyperplane.

Proof. It follows from applying Theorem 4.12 to the class F = Afjow_"p . Properties (1) and (5) in the

assumptions of Theorem 4.12 follow immediately from (the proof of) Theorem 4.5. Property (2) follows from
(1) in Remark 3.28 and the lower semicontinuity of the BV seminorm under Ll—convergence. Properties (4)
and (6) have been proved, respectively, in Lemma 4.11 and Lemma 4.16. Finally, property (3) —namely that
blow-ups are viscosity solutions of the NMS equation in R"— follows easily from Proposition 3.27 and the
convergence of boundaries in Hausdorff distance under a blow-up (Proposition 4.7), using the convergence
of the kernels in Proposition 4.3 part (ii). See [17] and [18]. O

4.4 Uniform regularity and separation in low dimensions — Proof of Theorem 1.17

In this section we will prove Theorem 1.17, which stated that sets in A,,(M), i.e. the limits of Allen-Cahn
solutions on M with index at most m, are smooth with uniform regularity and separation estimates in low
dimensions.

We will need the following improvement of flatness theorem for sets which are viscosity solutions of
the NMS equation in a Riemannian manifold, proved in [55] more generally assuming boundedness of
the nonlocal mean curvature, and which extends the result in [17] to the setting of ambient Riemannian
manifolds.

Theorem 4.18 ([55]). Let s € (0,1) and 0 < a < s. Then, there exists ¢ > 0, depending on n,s and «, such that
the following holds. Let (M, g) be an n-dimensional Riemannian manifold. Take p € M, and assume that the flatness
assumption FA1(M, g,t, p, ¢) holds. Let E C M with p € 9E, and assume that

(i) The set E is a viscosity solution of the NMS equation in ¢(B,(0)), in the sense of Proposition 3.27.
(ii) The boundary ¢~ (9E) is included in a o-flat cylinder in B,(0), that is
¢ Y(OE) N B,(0) C {|e- x| < o7},
for some direction e € S 1.
Then ¢~ (E) is a single C\* graph in the direction e in B, 5(0), with uniform estimates.

Proof of Theorem 1.17. We will first show that E is trapped (in the coordinates given by ¢~ !) in a very flat
cylinder, as recorded in the next claim:

Claim. Let ¢ > 0. Then there exists a uniform constant R, = Ry (m, s,0) and a unit vector e € 8"~1 guch
that
—0R, <y-e<oR, forallye ¢*1(8E) N Bg, . (71)

Proof of the Claim: Fix ¢ > 0; the proof will be by contradiction and blow-up. Let R; = 1/j. If the Claim
were false, then for every j € IN there would exist closed manifolds M; satisfying the flatness assumptions
FA3(M;,g,1,pj, ¢;), and some sets E; € Ay (M;) so that p; € JE; but such that (71) is not satisfied for any
unit vector (with E;, R; and ¢; in place of E, R, and ¢).
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Consider, then, the blow-up sequence F; = Rijq)j*l(Ej). By Proposition 4.7, a subsequence of the F;

converges (in particular) locally in the Hausdorff distance sense to a limit set F € Ailow*up . Moreover, since
0 € Fj, we see that 0 € F as well.

Now, from the classification result of Corollary 4.17, we know that dF is, in fact, a hyperplane passing
through the origin. The local Hausdorff convergence of the JF; = Rijgoj’l(an) to the hyperplane oF implies

then that the condition
—0<y-e<o foralyce R%,(p]-_l(an) N By

will be satisfied for all j large enough in the subsequence and for e the normal vector to the limit hyperplane.
Rescaling this condition by a factor R;, we obtain exactly that (for j large) the E; satisfy (71) with E;, R; and
¢;j, contradiction. This finishes the proof of the claim. O

Now that the claim is known to be true, choosing ¢ in it to be the constant in Theorem 4.18 (recall that sets
in A;;(M) are viscosity solutions of the NMS equation by Proposition 3.27, and that our notion of viscosity
solution in Proposition 3.27 is equivalent to the one used in [55] to obtain Theorem 4.18), we obtain that
@ 1(9E) N By, > is a single graph with uniform C1* estimates. O

4,5 Dimension reduction — Proof of Theorem 1.12

This section proves Theorem 1.12. We will call singular points those points x € JE where dE cannot be
described as a C'* graph around x, and we will denote by sing(dE) or sing(E) the (closed) set of all the
singular points of dE. We state here a more general result about regularity for s-minimal surfaces, which
are limits of Allen-Cahn, and immediately show how it proves Theorem 1.12.

Theorem 4.19. Let s € (0,1). Let (M, g) be a closed Riemannian manifold of dimension n > 3, and let 0E € A, (M).
Then:

* Ifn < nj, then oE is a C* hypersurface.

* Ifn =ny, OE is a C* hypersurface outside of a discrete set.

e Ifn > ng, then oE is a C* hypersurface outside of a closed set of Hausdorff dimension at most n — nj.
We readily deduce:

Proof of Theorem 1.12. The surfaces ¥ = 0EP in Theorem 1.10 belong to A (M) by construction (see Section
3.4 for the proof of Theorem 1.10). Therefore, Theorem 4.19 applies to them, which gives Theorem 1.12. [

Theorem 4.19 will be proved after two preliminary lemmas.
Lemma 4.20. Let OE € Ai’ow*up and let x € sing(dE). Choose rj — 0; then, the blow-up sequence %(E —x)
converges in LllOC and locally in the Hausdorff distance sense to a singular cone Coo € Afjow*up which is stable in
R™ \ {0}. If, moreover, x is an accumulation point of sing(9E), then r; can be chosen so that Coo has a singular point

on 9By (thus an entire line of singular points).

Proof. Recall that A,ljllow_”p satisfies the properties in the statement of Theorem 4.12, see the proof of Corol-

lary 4.17. The convergence of the F; := %(E — x) to a cone C in the appropriate sense follows then as in

the beginning of the proof of Theorem 4.12, and Lemma 4.15 gives the stability of C outside the origin.

If Co were non-singular (i.e. if Coo were a half-space), then the Hausdorff convergence of the F; =

%(E — x) to Ce on By would imply that the assumption of the improvement of flatness result of Theorem

4.14 is satisfied by E on a small ball centered at x. Hence 0F would be a C'"* hypersurface around x, and this
would contradict the assumption that x is a singular point. Moreover, in case x is a limit point of a sequence
xj € sing(dE), choosing r; := dist(x, x;) the F; = %(E — x) have singular points at 0 and at rl]_(x]- —x) € dBy.
Selecting a subsequence ji such that the x; converge to a limit point x" € dB;, the improvement of flatness
argument above shows that the limit cone of the F; must have a singular point at x’ € 9B;. O
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Lemma 4.21. Let C C R" be a cone in Aﬁlow*up, with n > n¥. Then H'(sing(C)) = 0 for all t > n — n}.
Moreover, in the case n = n}, C is smooth outside the origin.

Proof. Fix t > n — n}, and assume for contradiction that H!(sing(C)) > 0 (or that C is not smooth outside
the origin in the case n = n}).

Claim. If n > n}, there exists x € sing(C) N dB; such that, blowing up around x, we find a cone of the
form C x R (up to a rotation) with H!~!(sing(C)) > 0.

Proof of the claim. Since we are assuming that H!(sing(C)) > 0, there must exist some point x € sing(C) N
9B, of positive 1! -density, in the sense that (with the appropriate constant normalization) there exists
a sequence r; — 0 such that H%,(sing(C) N By, (x)) = r; for all j. Consider the blow-up sequence C; =
%(C — x); by Lemma 4.20, a subsequence will converge locally in the Hausdorff distance sense to a limit
cone Co which (since C is itself already a cone) is of the form Ce = Coo X R, up to performing a rotation.
Assume by contradiction that H!~1(sing(Ce)) = 0, or equivalently that #!(sing(Ce)) = 0.

Now, given any fixed finite cover by open sets of sing(Ce) N By, for j large enough the sing(C;) N By are
also contained in the cover: otherwise, we would have a subsequence y; € sing(C;) converging to some
¥ € (Cw \ sing(Ce)) N By, so that by Hausdorff convergence the C; would be contained (for j large enough)
in an arbitrarily flat piece of slab around the y; (thanks to the regularity of Ce at y); by the improvement of
flatness result of Theorem 4.14, the y; would be regular points as well, a contradiction. By arbitrariness of

the finite open cover of sing(C) N By, the assumption that #!(sing(Ce)) = 0 and the definition of #?, lead
us to deduce that #%,(sing(C;) N By) converges to zero. Scaling back (recall that C; = %(C — x)), we find

that for some j large enough H/, (sing(C) N By, (x)) < %r}?, a contradiction with how x was chosen. O

With the claim at hand, the proof now continues as follows.

In the case n > nj, since we assumed t > n — n}, the claim can be easily further iterated up to (n — n)

times. This leads to the existence, in the class A,ilow_up , of a cone of the form C x R" " with C C R*™ and

H!= (=75 (sing(C)) > 0. In particular, C is not smooth outside the origin.

In the case n = n}, we are already assuming by contradiction that C := C C IR’* is not smooth outside the
origin.

The rest of the proof is now common for both cases. Let y € R be such that y € sing(C) NdB;. Blowing
up around (y,0) € R", we obtain a new cone that is translation invariant with respect to an additional
orthogonal direction. Moreover, this new cone will not be smooth outside the origin either, since otherwise
the definition of n; would imply that it is a half-space, and then the Hausdorff convergence and the im-

provement of flatness result in Theorem 4.14 would give that C is smooth around y. Iterating this argument,
Blow—up

we obtain in the end a cone in A, which is translation invariant with respect to n — 2 directions and
which is not a half-space by the improvement of flatness argument we have repeatedly been using. Lemma
4.16 then gives a contradiction, concluding the proof. O

Proof of Theorem 4.19. Let oE € A,,(M), with M of dimension n > 3. We distinguish between the three cases
depending on n;:

e Assume n} > n. Atevery p € JE, the flatness assumptions FA3(M, g, Ro, p, ¢p) will be satisfied for
some Rg > 0 (recall (d) in Remark 1.25), so that we can apply Theorem 1.17 after scaling and conclude
the C1* regularity (in fact, with quantitative estimates) of dF around p.

¢ Assume n{ < n. Fix any t > n — n}; by Theorem 4.5 and the arguments in Lemma 4.20, given any
q € sing(E) we can blow up around g and find a cone C;. Applying Lemma 4.21, we deduce that
H!(sing(Cy)) = 0.
Now, assume for contradiction that #!(sing(E)) > 0. We can then apply the same argument as in the
Claim in the proof of Lemma 4.21, but with sing(E) instead of sing(C) N dB;; this shows the existence
of a point g € sing(E) such that, blowing-up around g, we would find a cone with H!(sing(C;)) > 0,
thus reaching a contradiction.
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e Assume n; = n. Suppose that ¢ € sing(E) is an accumulation point. By Theorem 4.5 and the
arguments in Lemma 4.20, we can blow up around q and find a cone C; which is not smooth outside
the origin. Lemma 4.21 then gives a contradiction.

This proves that E is C* outside of a set of the desired size. The fact that C'* s-minimal surfaces are
smooth (C*) is proved in [36]. O

4.6 The De Giorgi and Bernstein conjectures in the finite Morse index case — proof of
Theorems 1.32 and 1.31

We will now first prove Theorem 1.32. We will need the following result, which is a consequence of an
improvement of flatness theory for phase transitions in the “genuinely nonlocal” regime, meaning that the
order s of the operator is strictly less than 1.

Theorem 4.22 (Theorem 1.2 in [28]). Let n > 2,5 € (0,1), and W(u) = (1 —u?)% Letu : R" — (—1,1) bea
solution of (—A)*?u + W'(u) = 0 in R".

Assume that there exists a function a : (1,00) — (0,1] such that a(R) — 0 as R — o0 and such that, for all
R > 0, we have

{er - x < —a(R)R}c {u< -2} c{u< i} C{er-x<a(R)R} inBg, (72)

for some eg € S"~ which may depend on R.
Then, u(x) = ¢(e - x) for some direction e € S"~1 and an increasing function ¢ : R — (—1,1).

Proof of Theorem 1.32. Let u : R" — (—1,1) be a finite Morse index solution of the Allen-Cahn equation with
parameter ¢ = 1. For every R > 0 we introduce the blow-down rescalings

ug(x) := u(Rx).

These are solutions of the Allen-Cahn equation with parameter ¢ = 1/R and the same Morse index as u.

By the strong convergence result of Theorem 1.30 (whose proof on IR" is identical to the closed-manifold
case, plus a diagonal argument to get convergence in each of the balls By for k € IN), there exists a sequence
Rj — o0 and an s-minimal surface E C R" such that

uR/. — UE ‘= XE — XE¢ in Llloc(IRn).

In particular, E belongs to the class A;,(R") (see Definition 1.16). The properties in the hypotheses of
Theorem 4.12 can be proved for the class A, (R"), exactly as they were proved for the class A,I;low_up as
recorded in Corollary 4.17. In fact, all necessary results have been stated with local assumptions, other than
the use of the kernel K;(x,y), which becomes ay,s|x —y| "% on R”, and in fact, several proofs could be
simplified due to working on IR".

Applying Theorem 4.12 to the class A, (R") we deduce that E must be a half-space. Moreover, the local
convergence in the Hausdorff distance of the level sets of ug; to dE—see Theorem 1.30—shows that both
{ug, < —4/5} and {ug, < 4/5} converge (in Hausdorff distance) in B; to a half-plane. Rescaling back
to u gives that (72) is eventually satisfied in BR].. Then, Theorem 4.22 gives that u is a one-dimensional

solution. O

We turn now to the proof of Theorem 1.31, the finite Morse index analog for s-minimal surfaces of class
C? of the Bernstein conjecture. We recall that this result is false for classical minimal surfaces since for
example, the catenoid in R3is a complete minimal surface with Morse index 1, and that even under the
assumption of stability, this result is only known up to dimension 4 despite stable classical minimal cones
being known to be hyperplanes up to dimension 7. See the Introduction for more details.

To prove Theorem 1.31, we will again apply the classification result of Theorem 4.12. For that reason, we
introduce the following definition.

Definition 4.23. We say that a set E C R" belongs to the class Aj,(R") if there exists a sequence of sets
E; C R" with E; — E in L} _(IR") such that:
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(i) the boundaries JE; are (n — 1)-dimensional manifolds of class c?;

(ii) Ej are critical sets for the s-perimeter in R” with Morse index < m in the weak sense.
Proposition 4.24. Let n > 3. Then the family A, (R") satisfies the properties in the hypotheses of Theorem 4.12.
Proof. For E an s-minimal surface of class C2 and Morse index at most m in R":

* A uniform BV estimate holds, which one can see by considering the proof for stable s-minimal surfaces
in [26] and adapting it to the finite Morse index case using the ideas in the present paper, or by directly
interpreting the arguments in the present paper for s-minimal surfaces of class C? and Morse index at
most m in IR" instead of for solutions of the Allen-Cahn equation. More precisely, the C? assumption
allows one to use the geometric formula on R" for the second variation of the fractional perimeter (see
Theorem 6.1 and Remark 6.2 in [32]) instead of the second-variation formula for the Allen-Cahn energy,
with which one first proves an almost-stability inequality like the one in Lemma 3.10. Afterwards, one
shows the BV estimate arguing as in Section 3.2.3. See [35, Theorem 5.4] for a full proof.

e The surface E is a viscosity solution of the NMS equation, since it is stationary and of class C? (in
particular, its nonlocal mean curvature is well defined and equal to 0 at every boundary point).

¢ The almost-stability inequality (4) is proved exactly like the one in Lemma 4.10 considering the formula
for the second variation of the fractional perimeter and test functions ¢; = X; - v3¢ instead, where v,
denotes the outer normal vector.

If we then consider E to be any element of A}, (R"), not necessarily of class C2, by definition we can
approximate it with E; satisfying the above. This readily shows that E inherits the properties of the E;,
which proves (1)-(5) for the class A}, (R"). Regarding property (6), concerning the classification of cones
in A}, (R") with n — 2 directions of translation invariance, it is proved as in Lemma 7.7 in [14], the latter
dealing with limits of Allen-Cahn solutions in the stable case and in IR”. Instead of the inequality (7.17)
in [14], which is stated for solutions of Allen-Cahn, one considers the second variation formula for the
fractional perimeter. The almost-stability inequality (4) together with the assumption of having at least one
direction of translation invariance (recall that we are assuming n > 3) then results in an inequality analogous
to (7.17) in [14], with an additional term coming from the assumption of almost-stability (instead of stability)
but which is immediately seen to be bounded thanks to the BV estimate. O

Proof of Theorem 1.31. Thanks to Proposition 4.24, we can apply Theorem 4.12 to the family A, (R") and
conclude the result. O

A Holder estimates for nonlocal equations

Lemma A.1. Let v : R" — R be Lipschitz function with ||v||regrn) < Co satisfying [Lv(x)| < Co for every
x € B1(0), where L is an integro-differential operator of order s € (0,1) of the integral form

Lu(x) = [ (u(x) = u(y))K(x,y) dvdy,

and K is a nonnegative kernel comparable to the one of the fractional s-Laplacian, that is satisfying

c

W < K(x,x

C
-y) < TGS Vx,yeR", (73)

for some constants ¢,C > 0. Then

[v]ce(B, (0)) < C(n,5)Co, (74)
for some small positive x = w(n,s).

Proof. The result is a standard consequence of [59, Theorem 5.1]. Let us point out that Theorem 5.1 in [59]
would seem to require assumption [59, (2.2)] to hold for all r > 0. However, it is clear from its (very short)
proof that (74) only requires assumption [59, (2.2)] to be verified at “small” scales r € (0,1) (and in our
setting this can be easily verified using (73)). O
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