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Abstract

For any smooth Riemannian metric on an (n + 1)-dimensional compact manifold
with boundary (M, 0M) where 3 < (n 4+ 1) < 7, we establish general upper bounds
for the Morse index of free boundary minimal hypersurfaces produced by min—max
theory in the Almgren—Pitts setting. We apply our Morse index estimates to prove
that for almost every (in the C* Baire sense) Riemannan metric, the union of all
compact, properly embedded free boundary minimal hypersurfaces is dense in M. If
oM is further assumed to have a strictly mean convex point, we show the existence
of infinitely many compact, properly embedded free boundary minimal hypersurfaces
whose boundaries are non-empty. Our results prove a conjecture of Yau for generic
metrics in the free boundary setting.
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1396 Q. Guang

1 Introduction

In his celebrated 1982 Problem Section, S.-T. Yau raised the following question:

Question 1.1 ([33]) Does every closed three-dimensional Riemannian manifold
(M3, g) contain infinitely many (immersed) minimal surfaces?

Back in 1960s, Almgren [1,2] initiated an ambitious program to find minimal
varieties, in arbitrary dimensions and codimensions, inside any compact Rieman-
nian manifold (with or without boundary) using variational methods. He proved that
weak solutions, in the sense of stationary varifolds, always exist. The interior regular-
ity theory for codimension one hypersurfaces was developed about 20 years later by
Pitts [24] and Schoen-Simon [25]. As a consequence, they showed that in any closed
manifold (M"*1, g) there exists at least one embedded closed minimal hypersurface,
which is smooth except possibly along a singular set of Hausdorff codimension at
least 7. These fascinating results partly motivated Question 1.1 asked by Yau. In a
very recent work [13], the second and the last author developed a version of min—max
theory for manifolds with boundary and proved up-to-the-boundary regularity for the
free boundary minimal hypersurfaces produced by their theory, hence completing the
program set out by Almgren in the hypersurface case.

The foundational work of Almgren and Pitts left open an important (and very
difficult) question of determining the Morse index of such minimal hypersurfaces
produced by min—max methods. According to finite dimensional Morse theory, one
expects the Morse index of the critical point produced using k-parameter families
should be at most k. There had been no progress to this question for almost 30 years
until the recent striking advances led by Marques and Neves. For instance, a precise
control of the Morse index plays a significant role in their remarkable solution to the
Willmore conjecture [16]. Later in [17], they established the general Morse index upper
bounds for minimal hypersurfaces produced by Almgren—Pitts theory for compact
manifolds without boundary (the one-parameter case was studied earlier in the works
of Marques—Neves [15] and the last author [34,35]). In [19], they raised the question
where similar index bounds hold in other min—max constructions as e.g. in [4-6,21,37].

In this paper, we prove general Morse index upper bounds analogous to the ones
in [17] arising from the min—max theory developed in [13] for compact manifolds
with boundary in the Almgren—Pitts setting. Our main result can be stated roughly as
follow:

Theorem 1.2 (General index upper bound, simplified version) If X is the min—max free
boundary minimal hypersurface in a compact Riemannian manifold with boundary
produced by min—max over a k-dimensional homotopy class, then

index(spt (X)) < k.

Here, the Morse index of the support of ¥ = m1 X1 + - - - + my Xy, is defined to be the
sum of the indices of its components

index(spt (X)) := index(X1) + - - - + index(Xk).
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A more precise statement can be found in Theorem 2.1 in Sect. 2. We will explain
the technical aspects of our main result later towards the end of this section. Before
that, we present a few applications of our general Morse index upper bounds.

A. Song'’s proof of Yau’s conjecture for closed Riemannian manifolds

In the last few years, we have witnessed substantial progress towards Yau’s conjecture
Question 1.1 leading to a complete solution by Song [28] for closed Riemannian
manifolds. Marques and Neves [18] made the first progress by settling Yau’s conjec-
ture for closed manifolds with positive Ricci curvature, or more generally, for closed
manifolds satisfying the “Embedded Frankel Property”. Song was able to localize
the arguments in [18] to produce infinitely many minimal hypersurfaces inside any
domain 2 bounded by stable minimal hypersurfaces. The minimal hypersurfaces he
constructed are limits of free boundary minimal hypersurfaces obtained from the min—
max theory developed in [13]. As pointed out in [28, Sect. 2.3], it was not known at that
time whether the p-width @, (M, g) of a compact manifold with non-empty bound-
ary is achieved by an integral varifold since the free-boundary analogue of the index
bounds in [17] was not yet available in the literature. Our general Morse index upper
bounds together with the compactness theorem in [11] provides the missing piece (see
Proposition 7.3), hence simplifying some of the arguments in [28].

Denseness of free boundary minimal hypersurfaces for generic metrics

Using the Weyl Law for the volume spectrum [14], Irie, Marques and Neves [12]
proved Yau’s conjecture for generic metrics. In fact, they proved a stronger property
that the union of all closed, smoothly embedded minimal hypersurfaces is dense in
any closed manifold M with a generic (in the C*° Baire sense) Riemannian metric g.
As an application of our main index estimates, we prove the same result for compact
manifolds with boundary.

Theorem 1.3 (Denseness of minimal hypersurfaces) Let (M"*!, M) be a compact
manifold with boundary and 3 < (n + 1) < 7. Then for a C*°-generic Riemannian
metric g on M, the union of all compact, properly embedded, free boundary minimal
hypersurfaces is dense.

In particular, this provides an affirmative answer in the generic case to Yau’s con-
jecture Question 1.1 for compact manifolds with boundary. In fact, we will prove a
much stronger property (Proposition 7.8) that there are infinitely many compact, prop-
erly embedded, free boundary minimal hypersurfaces intersecting any given relatively
open set in M. Note that with the genericity assumption, we are even able to prove the
denseness results within the smaller class of properly embedded free boundary mini-
mal hypersurfaces instead of the almost properly embedded ones (see [13, Definition
2.6] for the definitions). This is achieved by a perturbation argument in Proposition
7.1.
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1398 Q. Guang

Existence of minimal hypersurfaces with non-empty free boundary

Our last application addresses a major problem in many of the constructions of free
boundary minimal surfaces, as for example in [8,13], that the minimal surface produced
may in fact be closed (i.e. without boundary). In [13], the second and the last author
proved that there exist infinitely many properly embedded free boundary minimal
hypersurfaces, provided that the ambient manifold is compact with nonnegative Ricci
curvature and strictly convex boundary (note that no closed minimal hypersurfaces
exist in such manifolds by [9, Lemma 2.2]). Without any topological or curvature
assumptions, it is in general very difficult to prevent the free boundary components
from degenerating through the limit process (see e.g. [3] and [11,29]). Making use of
our strong denseness result (Proposition 7.8), we are able to prove the same result by
merely assuming strict mean convexity at one point of the boundary d M for a generic
metric.

Theorem 1.4 (Non-trivial free boundary) Let (M"*!, dM) be a compact manifold
with non-empty boundary and 3 < (n + 1) < 7, equipped with a generic Riemannian
metric g as in Theorem 1.3. Suppose that dM has a strictly mean convex point x,
i.e. H(x) > 0. Then there exist infinitely many distinct compact, smooth, properly
embedded minimal hypersurfaces in M with non-empty free boundary.

Proof We prove by contradiction. Assuming on the contrary that there are only finitely
many distinct compact, smooth, properly embedded minimal hypersurfaces in M with
non-empty free boundary, we can always take a point p € M and r > 0 so that
H(p) > 0 and no such hypersurface intersects B,.(p), where B, (p) is the geodesic
ball in M with center p and radius r.

Since H(p) > 0, the maximum principle of White ([31, Theorem 1]) implies that
there exists an € > 0 (we may assume € < r) such that any minimal hypersurface ¥
having no boundary inside B, (p) must satisfy dist(p, ¥) > €. By Theorem 1.3, we
know that there exists a properly embedded free boundary minimal hypersurface I'
with ' B¢ (p) # . By the choice of €, it follows that I" has non-empty free boundary
in B.(p). However, this contradicts our choices of p and r. O

Remark 1.5 From the proof of Theorem 1.4 we see that the union of the boundary of
all compact, properly embedded, free boundary minimal hypersurfaces is also dense
(as a subset of d M) in the strictly mean convex portion of d M. In particular, if M is
strictly mean convex everywhere, then the union of their free boundaries is dense as a
subset of 0 M.

Main ideas of the proof

We now explain the major ideas in proving the general index upper bounds in Theorem
2.1. While our arguments follow the basic strategy of [17], the presence of a boundary,
however, poses additional difficulties that have to be overcome.

First of all, the notion of Morse index for a free boundary minimal hypersurface X in
M is a subtle issue when X is improper (in other words, the touching set (X NoM)\o X
is non-empty). Although it was shown in [13] that the hypersurface X is smooth and
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minimal even across the touching set, a-priori it is not clear whether one should
consider second variations moving the touching set. Motivated by the compactness
result in [11], we argue that the appropriate notion of Morse index should only count
the negative second variations supported away from the touching set. This is natural
already at the level of first variation as the stationarity of a varifold in M are taken
with respect to the diffeomorphisms of M generated by vector fields rangent to 9 M.
As X is necessarily tangent to d M along the touching set, any normal variations on X
should vanish on the touching set.

Second, the min—max theory for compact manifolds with boundary developed in
[13] is formulated in terms of the space of (equivalence classes) of relative cycles
consisting of integer-rectifiable currents; while the Weyl Law for the volume spectrum
estabilshed in [14] was formulated using the space of relative cycles consisting of
integral currents. The first formulation has the advantage that the regularity result of
Griiter [10] can be readily deployed (the boundary regularity was irrelevant in the
work of [14]) and the second formulation follows the original setup in Almgren’s
isomorphism theorem [1]. Since we need both results in this paper, we give a rigorous
proof of the equivalence of two formulations in Sect. 3.

Third, the min—max theory in [13] is formulated in terms of sequences of maps
defined on the vertices of finer and finer grids measured with respect to the mass
topology. While this is essential for the regularity theory, for applications it is more
useful to formulate a continuous min—max theory where maps are defined on the full
parameter space and are continuous with respect to the F-topology. In Sect. 4, we
explain how to use the original discretized setting to obtain a min—max theory for
maps that are continuous in the F-topology as above. A similar construction for the
mass topology was done by the second and the last author in [13]. We prove the Min-
Max Theorem (Theorem 4.5) and Deformation Theorem (Theorem 5.8) as in [17] in
the continuous setting.

Finally, another crucial ingredient in proving the general Morse index bounds in
[17] is Sharp’s generic finiteness result [26] for minimal hypersurfaces with bounded
index and area. Such a generic finiteness result was very difficult to establish for free
boundary minimal hypersurfaces (see [11,29]) due to boundary degenerations and
multiplicities. For our purpose of this paper, we only need the countability of free
boundary minimal hypersurfaces with bounded index and area in any compact man-
ifold with boundary equipped with a bumpy metric. We give a more direct inductive
proof of this weaker result in Sect. 5.1. Combining the Deformation Theorem with the
generic countability result, we argue as in [17] to prove the desired index bounds.

The organization of this paper is as follows. In Sect. 2, we set up some basic notations
for the rest of the article and give a precise statement of our general Morse index
bounds. In Sect. 3, we recall the two formulations of min—max theory for manifolds
with boundary and prove their equivalence. In Sect. 4, we describe the min—max
theory in a continuous setting using the F-topology and prove the Min-max theorem
(Theorem 4.5). In Sect. 5, we prove the generic countability result (Proposition 5.3)
and the Deformation Theorem (Theorem 5.8), which is similar to [17, Deformation
Theorem A] with slightly modifications. Using results in earlier sections, we prove
our general Morse index upper bounds in Sect. 6. Finally in Sect. 7, we give the proof
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1400 Q. Guang

of the denseness theorem (Theorem 1.3) as a corollary. In the appendix, we recall a
construction for the logarithmic cut-off trick used in this paper.

2 Definitions and main results

We now give a more precise statement of our general Morse index upper bounds in this
section. Let (M"T!, oM, g) be an (n+ 1)-dimensional compact Riemannian manifold
with boundary and 3 < (n + 1) < 7. Denote G to be either the group Z or Z,. Let
X be a simplicial complex of dimension k and ® : X — Z, (M”+1, oM; F; G) be
a continuous map. Here, Z, (M, dM; G) is the space of integer rectifiable n-currents
T in M with coefficients in G and 37 C dM, modulo an equivalence relation (see
Sect. 3.1). The notation Z,,(M, dM; F; G) indicates that the space Z,(M, dM; G) is
endowed with the F-topology, to be defined later in Sect. 3.1. Basically, continuity in
F-topology means that continuity in both the flat and the varifold topologies.

Let IT denote the set of all continuous maps ¥ : X — Z,(M, dM; F; G) such that
® and W are homotopic to each other in the flat topology. The width of IT is defined
to be the min—max invariant:

LD := ql,réfn jlelg{M(‘I/(x))},

where M(7) denotes the mass of the equivalence class t = [T] € Z,(M,dM; G),
which is equal to the n-dimensional area of the canonical representative of t
(see Sect. 3.1). Given a sequence {®;};eny C IT of continuous maps from X into
Z,(M,oM;F; G), we set

L{®;}ien) := lim sup sup M(D; (x)).

i—oo xeX

When L({®;};cn) = L(IT), we say {®;}icn is a min—max sequence in the homotopy
class TI.

Our main result below (Theorem 2.1) says that the width L(IT) can be realized
by an integral varifold V which is stationary in M with free boundary (see [13,
Definition 2.1]) and supported on a finite union U?’:lE j of smooth, almost prop-
erly embedded, free boundary minimal hypersurfaces X ; whose sum of indices is at
most k, the dimension of the parameter space X. Recall from [13, Definition 2.6] that
(X,0%) C (M, dM) is an almost properly embedded hypersurface if ¥ is an embed-
ded hypersurface in M whose 0¥ is contained in d M. Such a hypersurface is called
a free boundary minimal hypersurface (FBMH) if the mean curvature of ¥ vanishes
and X meets d M orthogonally along d X. Given an almost properly embedded FBMH
% in M, there are several notions of Morse indices (see [11]) on X. The quadratic
form of ¥ associated to the second variation formula is defined as

0500 i= [ (V40P = Ricwv,v) = [AZPIoP) dps — [ 470, v) dass.
P X
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where v is a section of the normal bundle of X, Ricyy is the Ricci curvature of M, A~
and A are the second fundamental forms of the hypersurface £ and d M, respectively.
Note that we do not need to assume X to be two-sided. Denoting the touching set of
¥ in M by

Touch(T) 1= (T NIM)\IX,

we define the Morse index of X, denoted by index(X), as the maximal dimen-
sion of a linear subspace of sections of normal bundle N¥ compactly supported
in X \Touch(X) such that the quadratic form Qy (v, v) is negative definite on this
subspace. (Note that this is the same notion as the Morse index of X on the proper
subset defined in [11].)

With the definitions above (and the notions regarding varifolds in Sect. 3), we can
now state our main theorem on the general Morse index upper bounds for the min—max
minimal hypersurfaces with free boundary.

Theorem 2.1 (General index upper bounds) Let (Mt g) be a smooth compact (n +
1)-dimensional Riemannian manifold with boundary and3 < (n+1) < 7. Let X be a
simplicial complex of dimensionalk and ® : X — Z,(M, dM; F; G) be a continuous
map. Denote T as the associated homotopy class of ® with respect to the flat topology.
Then there exists an integral varifold V € V,(M) such that
@ IVII(M) = L(II);
@i1) V is stationary in M with free boundary;
(iii) there exist N € Nand m; € N, 1 < i < N, such that V = ZIN=1 m;| %],
where each ¥ is a smooth, compact, connected, almost properly embedded free
boundary minimal hypersurface in M. Moreover,

N
Zindex(Ei) <k.

i=1

We will separate the proof of Theorem 2.1 into two parts. The first part (Theorem
4.5) handles the regularity theory for the min—max theory in a continuous setting. The
second part (Theorem 6.3) gives the required index bounds.

3 Equivalence of two formulations

In this section, we describe the two different formulations of min—max theory for
manifolds with boundary introduced in [13] and [14]. The goal is to show that the two
formulations are equivalent. The arguments are simple but a bit tedious. Readers can
skip this section and refer back to the definitions later if necessary.

Let (M"*! g) be a smooth compact connected Riemannian manifold with
nonempty boundary d M. Without loss of generality, we can regard M as a compact
domain of a closed Riemannian manifold M of the same dimension, which is isomet-
rically embedded into R” for some L large enough. We recall some basic notations in
geometric measure theory essentially following [13].
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1402 Q. Guang

We use Vi (M) to denote the closure of the space of k-dimensional rectifiable
varifolds in RY with support contained in M. Let G be either the group Z or Z,.
Let Rx(M; G) (resp. Rx(0M; G)) be the space of k-dimensional rectifiable currents
in RY with coefficients in G which are supported in M (resp. in dM). Denote by
spt T the support of T € Ry (M; G). Given any T € Ry (M; G), denote by |T| and
T the integer rectifiable varifold and the Radon measure in M associated with T,
respectively. The mass norm and the flat metric on Ry (M; G) are denoted by M and
JF respectively; see [7]. As we can regard any T € Ry (M; Z) as an element in
Ri(M; Z), we use spt> T and spt’ T to denote the support of T when regarded as
an elements in Ry (M; Z>) and Ry (M; Z) respectively. Similarly, we use M2(T) and
MO(T) to denote their respective mass norms.

3.1 Formulation using integer rectifiable currents

We now recall the formulation in [13] using equivalence classes of integer rectifiable
currents. Let

Zy(M,0M; G) :={T € Rk(M; G) :spt (0T) C OM}. 3.1

We say that two elements 7,5 € Zip(M,dM; G) are equivalent if T — § €
Rx(OM; G). We use Zi(M,dM; G) to denote the space of all such equivalence
classes. For any t € Z(M,0M; G), we can find a unique 7 € t such that
T oM = 0. We call such T the canonical representative of t as in [13]. For any
T € Z (M, dM; G), its mass and flat norms are defined by

M(t) :=inf(M(T): T €t} and F(tr):=inf{F(T):T € t}.

The support of T € Z, (M, 9M; G) is defined by

spt (7) := ﬂ spt (T).

Tet

By [13, Lemma 3.3], we know that for any 7 € Z;(M, dM; G), we have M(T) =
M(7) and spt (t) = spt (T'), where T is the canonical representative of 7.

Recall that the varifold distance function F on Vi (M) is defined in [24, 2.1 (19)],
which induces the varifold weak topology on the set Vi (M) N {V : |[V|(M) < c}
for any c. We also need the F-metric on Z; (M, dM; G) defined as follows: for any
1,0 € Z (M, dM; G) with canonical representatives T € tand S € o, the F-distance
between t and o is

F(z,0) := F(r — o) + F(IT|, |SD),
where F on the right hand side denotes the varifold distance on Vj (M).
Foranyt € Zy (M, 0M; G),wedefine |t|tobe |T |, where T is the unique canonical

representative of v and |T| is the rectifiable varifold corresponding to 7'.
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We assume that Z; (M, dM; G) have the flat topology induced by the flat met-
ric. With the topology of mass norm or the F-metric, the space will be denoted by
Zr(M,0M;M; G)or Zr(M,oM;F; G).

3.2 Formulation using integral currents

We now recall the formulation in [14] using equivalence classes of integral cycles.
For k > 1, let Ix,(M; Z;) denote those elements of Ry (M; Z>) whose boundary lies
in Ry_1(M; Z»). The space I (0 M; Z») is defined similarly with M replaced by 0 M.
We also consider the space

Ziret(M,0M; Z) := {T € (M Zs) : spt> 3T C dM}, (3.2)

endowed with the flat topology. We say that two elements 7', S € Zy o1 (M, 0M; Z2)
are equivalent if 7 — § € Ix(0M; Z,) and the space of such equivalence classes is
denoted by Z .;(M, dM; Z;). The mass norm and the flat metric on this space are
defined respectively as follows:

M(7) :=inf(M(T): T €t} and F(r):=inf{F(T):T € t},
where v € Zy (M, 0M; Z2).

3.3 Equivalence of two formulations

We now prove that the spaces Z,(M, dM; Z,) and Z, o (M, dM; Z) defined in
(3.1) and (3.2) are isomorphic to each other. We begin by stating a preliminary lemma,
which was proven in [13] for Z coefficients. The same proof actually works for Z;
coefficients as well (c.f. [14, Theorem 2.3]).

Lemma 3.1 (¢f. [13, Lemma 3.8]) Given T € Zi(M, dM; Z), there exists a sequence
T, € Zkret(M,0M; Zo) suchthat T; — T € Ry (0M; Z2) andlim; oo M(T; —=T) =0
(and thus lim; oo F(T; — T) = 0).

Now we prove the main result of this section.

Proposition 3.2 The spaces Z,(M, 0M; Z3) and Z,, yei(M, 0M; Z3), endowed with
the flat topology, are homeomorphic. In fact, they are isometric with respect to F and

M.

Proof Step I: Construction of amap: from 2, .., (M, dM; Z>) to Z,(M, dM; Z5).
Lett € 2, ra1(M,0M; Zy) and T € t. Then T is an element in Z,(M, dM; Z3).
Moreover, if T/ and T are equivalent in Z,, ,.;(M, dM; Z;), they are also equiva-
lentin Z,,(M, dM; Z,). Thus we get a well-defined map ¢ : Z, yo; (M, 0M; Zp) —
Z,(M,0M; 7).
Step II: Construction of a map 1 from Z,(M,dM; Zs)to 2, o1 (M, 0M; Z).
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1404 Q. Guang

Let « € Z,(M,0M; 7Z,), Lemma 3.1 gives an element S € « such that 95 €
Rn-1(0M; Z). Hence S € Z, re1 (M, dM; Z3) by definition in Sect. 3.2. Denote by
s the equivalence class of S in 2, ,..;(M, 0 M; Zy). Define the map

n: Zn(M, aM; ZZ) - Zn,rel(Mv 8M; ZZ)

by n(k) := t5. We now prove that 7 is well-defined. Suppose we have another S’ € «
satisfying 08" € R,_1(0M; Z,), then we have S — S’ € I,(M; 7Z;). Recall that
S, S” € k implies that spt (S — §’) C M. Hence S — S’ € 1,(0M; Z,), which means
that S and S’ are equivalent in Z,, ,o; (M, dM; Z5). Thus 7 is well-defined.

Step III: Check that : and »n are inverses to each other.

Indeed, take v € Z, o (M,0M;Z>) and T € t. Note that T € 1,(M; Z3). By
definition, we have T = t7 = n(«(t)). Hence, n o ¢ = id. To prove that t o n = id,
we take k € Z,(M,0M; Z,) and S € k such that 0§ € R,,_1(0M; Z,). Note that
S € tg. Therefore, t(n(k)) = t(ts) = k.

Step I'V: Show that  and », are isometries with respect to 7 and M.

It is clear from the definitions that both ¢ and 5 are linear maps. Let v = F or
M. Taking © € 2, ;o/(M,dM; Z>) and T; € 1 so that v(T;) — v(t), we observe
that v(T;) > v(u(t)) since T; € (7). It follows that v(¢(t)) < v(z). On the other
hand, taking k¥ € Z,(M, dM; Z>) and S; € k so that v(S;) — v(«), by Lemma 3.1
there exists a sequence S} € Zn.ret(M,dM; Z3) so that S;. —Sj € Ry(0M; Z) and
M(S;. — §;j) < 1/j. From the definition of 7, we have S} € n(x). Thus,

v(n(k)) < lim v(S}) = lim v(S;) = v(k).
Jj—>00 j—>00

Together with n ot = id and ¢ o n = id, we conclude that v(x) = v(n(x)) and
v(t) = v(t(r)). O

4 Min-max theory in continuous setting

In this section, we describe the min—max theory for manifolds with boundary in con-
tinuous setting. Recall that in [13] the Almgren-Pitts min—max theory for compact
manifolds with boundary deals with discrete families of elements in Z; (M, dM; G).
The essential tools connecting the discrete and continuous settings are the discretiza-
tion theorem (see [ 13, Theorem 4.12]) and the interpolation theorem (see [ 13, Theorem
4.14]).

Let I = [0, 1] denote the m-dimensional cube. Suppose that X is a subcomplex
of dimension k of /™. We adopt the notations for cell complex as in Definition 4.1
of [13]. In particular, the cube complex X (j) denotes the set of all cells of I (m, j)
whose support is contained in some cell of X, and X (), denotes the set of all p-cells
in X(j).

Supposethat ® : X — Z,(M, dM; F; G) is acontinuous map with respect to the F-
metric. We use IT to denote the set of all continuous maps ¥ : X — Z,(M, oM; F; G)
such that @ and W are homotopic to each other in the flat topology.
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Definition 4.1 (Width and min—-max sequences) The width of T1 is defined by

L) = <11>Ie1fr1 sup M(P(x)).

xeX

Asequence {®;};en C Iis called amin—max sequence if L(®;) = sup, .y M(®; (x))
satisfies

L({®i}ien) = lim sup L(®;) = L(IT).

i—00
Definition 4.2 (Critical set) The image set of {®;};cn is defined by

A({Pi}ien) = {V € V(M) : 3 sequences {ij} — 00, x;; € X
such that  lim F(|®;; (x;;)[, V) = 0}.
J—>00

Let {®;};cn be a min—max sequence in IT such that L = L({®;};cn). The critical set
of {®;};en is defined by

C{®@i}ien) ={V € A({®@i}ien) : V(M) = L}.

Note that for any min—max sequence {®;};en C I1, by the tightening construction
(see [13, Proposition 4.17]), we can find another min—max sequence { CD;}Z'EN cn
such that C({®’};en) C C({®P;}ien) and each V € C({®}};en) is stationary in M
with free boundary (see [13, Defintion 2.1]).

Lemmad3 If® : X — Z,(M,oM;F; G) is a continuous map with respect to the
F-metric, then ® has no concentration of mass.

Proof This lemma follows from the definition directly (c.f. [17, p.472]). O

The next theorem tells us that we can construct a continuous map in the M-norm
out of a discrete map with small fineness.

Theorem 4.4 (Interpolation Theorem; [13, Theorem 4.14], [14, Theorem 2.11]) Let
M"™ 1 be a compact Riemannian manifold with boundary and m € N. Then there exist
Co > 0and &y > 0depending only on M and m such that if X is a cubical subcomplex
of I(m, 1) and

¢:Xo—> Z,(M,0M; G)
has tvi (@) < 8o [13, Definition 4.2], then there exists a map

. X —> Z,(M,0M; G)

which is continuous in the M-topology and satisfying

(1) ©(x) =@ (x) forall x € Xp;
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(i) for any p-cell a in X, ®|y depends only on the restriction of ¢ on the vertices
of o and

max{M(®(x) — ®(y)) : x, y € a} < Cofm(¢).

We remark that in the above theorem, the map & is called the Almgren extension of ¢.
Next, we will formulate the min—max theory for manifolds with boundary in con-
tinuous setting (cf. [17, Theorem 3.8]).

Theorem 4.5 (Min-max Theorem) Let 3 < n + 1 < 7. Suppose that L(I1) > 0 and
{®;}ieny C I is a min—max sequence. Then there exists a varifold V € C({®;};en)
such that

@ VM) =LID);
(1) V is stationary in M with free boundary;
(iii) V is supported on a smooth, compact, almost properly embedded free boundary
minimal hypersurface.

Proof The proof is parallel to the one in [17, Theorem 3.8]. Here, we adapt the argu-
ments in the proof of [17, Theorem 3.8] and make necessary modifications. By the
tightening construction, we may assume that every element of C({®;};) is stationary
with free boundary.

Step one: The discretization process. For any ®; : X — Z,(M, oM; F; G), by
Lemma 4.3, we know that ®; has no concentration of mass. By the Discretization

Theorem, [13, Theorem 4.12] (see also [14, Theorem 2.10]), there is a sequence of
maps

¢! X(Ki)o — Z,(M,IM; G)

with k’j < k} 41 and a sequence of positive constants 8; — 00 as j — oo such that
) §; = {4){}]-61\; is an (X, M)-homotopy sequence of mappings into Z,,(M, aM; G)
with fineness fiyg (¢>ij) < 8t
@)
SUp{F(¢] (x) — @;(x)) : x € X(k})o} < 8%;
3)
sup{M(@ (x)) : x € X(k})o} < sup{M(®; (x)) : x € X} + 57
(4) there exists a sequence l; — oo as j — oo such that forany y € X (k;)o,

M(®] () = sup(M(®;(x)) : @ € X(I}), %, y € @} + 5.
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Since ®; is continuous with respect to the F-metric, we have that x € X +—
M(®; (x)) is continuous. Then property (4) implies that there exists n’l. — 0asj — oo

such that for any y € X (k})o,

M(@! () < M(®; () + 7). @1

By [13, Lemma 3.13], for any 7, 7y € Z,(M,0M; G), k € N, then F(r, tz) — 0 if
and only if F(t, 1) — 0and M(t;) — M(7) as k — oo. This together with property
(2), (4.1) and a standard compactness argument gives that

sup{F(q‘)ij(x), d;(x)):x € X(kj.)o} — 0 as j— oo. “4.2)

Step two: The diagonal argument. Now combining properties (1)-(4) and (4.2),
for each i, we can choose j(i) — oo asi — oo such that the diagonal sequence

o = 8] XK )0 — Z4(M.OM: G)

satisfies

o sup{F(g; (x), ®;(x)) : x € X(K';))o} < @ with limioca; = 0;

o sup{F(®;(x), ®i(y)) : x.y € 0, € X(K)j;))} < ai;

e the fineness fiy(¢;) tends to zero as i — oo.
Moreover, using the interpolation result (Theorem 4.4), we can approximate ¢; by
a continuous map \I/i](’) : X — Z,(M,dM;M,; G), which is called the Almgren
extension of ¢;. By property (2) and [14, Proposition 2.12], we can also require that
\Ill./ @ i homotopic to ®; in the flat topology.

Now we consider the sequence S = {¢;};en and we have

L(S) = lim sup max{M(g;(x)) : x € X(kﬁ-(i))o}.

i— 00

By (4.1), we have L(S) < L({®;};) = L(IT). Since the Almgren extension \lJl.j(i) is
homotopic to ®;, we have W/® € 1. This implies that L({®;};) = L(IT) < L(S).
Hence,

L(S) = L({®;};) = L(D).

We can also prove that C(S) = C({®;};). By the choice of C({®;};), we know that
every element of C(S) is stationary with free boundary.

Next, we claim that there exists an element V € C(S) such that V is almost
minimizing in small annuli with free boundary (see [13, Definition 4.19]). Otherwise,
we can deform S homotopically to another sequence S asin the proof of [13, Theorem
4.21] such that L(§) < L(S), which is a contradiction.

Finally, the conclusion follows directly from the regularity results in [13, Theorem
5.2] (when G = Z) and Theorem 4.6 (when G = Z;). This completes the proof. O
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Based on the work of Pitts [24], Schoen-Simon [25] and Griiter [10], the second and
the last author [13] proved the regularity for stationary varifolds which is Z-almost
minimizing in small annuli with free boundary. As we explain below, the arguments
also extend to Zj-coefficients.

Theorem 4.6 (Regularity of Z;-almost minimizing varifolds) Let 2 < n < 6. Suppose
V € V, (M) is a varifold which is

e stationary in M with free boundary and
e 7-almost minimizing in small annuli with free boundary,

then there exist N € Nandn; e N,i =1, ..., N, such that

N
V= Znilzil,
i=1

where each (X;, 0%;) C (M, dM) is a smooth, compact, connected, almost properly
embedded free boundary minimal hypersurface.

Proof The interior regularity of V follows from [18, Theorem 2.11]. The regularity
of V on the boundary follows from a similar procedure as the proof in [13]. The only
difference is to show the regularity of replacements (see [13, Proposition 5.3] for def-
inition) for a Z;-almost minimizing varifold with free boundary. The last statement
follows from [13, Lemma 5.5] (where regularity of replacements for Z-almost mini-
mizing varifold with free boundary was proved) by replacing [23, Regularity Theorem
2.4] with Theorem 4.7. O

Finally, we establish the regularity for locally area-minimizers with respect to Z»
coefficients. A similar result was obtained earlier by Griiter [10] for Z coefficients.

Theorem 4.7 (Regularity of Z,-minimizers) Let S C R"*! be an n-dimensional sub-
manifold of class C* and let U be an open set such that 9S N U = @. Suppose
T € Ry(R"™ ' Zy) with spt> T € U and spt? T N U C S such that

M3, (T) < M, (T + X) 4.3)
forall open W cC U and X € R,(U; Zo) with spt> X C W and spt> X NU C S.

Then we have

e sing(T)=0if2 <n <6;
e sing(T) is discrete if n =7;
e dim(sing(T)) <n—"Tifn > 1.

In case x € SNreg(T) we know that S and T intersect orthogonally in a neighborhood

of x.

Proof 1t suffices to consider the regularity for p € SNspt> T. Denote by B, = B, (p).
Take r small enough so that B, (p) N S is a n-ball and separates B, into B,+ and B, .

@ Springer



Min-max theory for free boundary minimal... 1409

Without loss of generality, we can assume that spt> 7' N B, = @ (see [10, Sect. 3] for
more details).

For x € B,, denote by o the reflection across S (see [10, Remark 3.1]). We have
02 = id and set

T=T—0y4T.
Then spt? T C V, and spt287~c dV,, where V. = B;" U (SN B,) Uo(B).
Furthermore, B,;3 C V, and M2(T) < 00. Then by Slicing Lemma [27, §28], we can
take o € (1/4, 1/3) so that
T/ = TI_Bar (S] In(Bar; Zz).

Recall that T1 € R, (Bqyr; Z) is a representative modulo 2 (see [22, Page 227]) of
T’ if Ty is of multiplicity one such that 71 = T’ (mod 2) and M(T7) = M>(T").

Now since 3 By, is simply connected and " (spt> 7") = 0, applying [22, Lemma

4.2] (letting X1 = T’ and X, be half of 3 B, separated by spt?> 37" therein), 7’ has a
representative modulo two, denoted as 77, so that spt’ 977 = spt? 97" Set

R := T\ B},

We now prove that R is a Z-area minimizer, and hence the regularity follows from
[10, Theorem 4.7]. To prove this, let W CC By, be an open set and X € R,,(Bg; Z)
with spt X C W and sptdX N U C S. Then by the definition of M?, we have

MY, (R + X) = M3, (R + X) = M3, (X + RLB]).
Aswecansee R =T'LB}, = T\_B;{Fr = T By, (mod 2), the inequality becomes
MY, (R + X) = M3, (X + TLByy,). (4.4)
Note that (4.3) gives that

M3, (X + TLByr) > M3, (TLBy) = MY (R).

Together with (4.4), we conclude that R is area minimizing in the sense of [10] and
we are done. O

5 Deformation theorem

Our goal in this section is to prove the Deformation Theorem (Theorem 5.8) which is
a crucial ingredient in the proof of the Morse index estimates in the next section. We
also establish a few preliminary results including the generic countability of FBMHs
with bounded index and area and the notion of instability in the context of varifolds.
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5.1 Generic countability

As remarked in the introduction, the generic finiteness result for FBMH was proved
in [11,29]. The construction of Jacobi fields in the aforementioned papers is rather
technical and complicated, especially for the higher multiplicity case in [29]. For the
purpose of this paper, we only need generic countability instead of finiteness. We now
give a more direct proof of this weaker result based on the work of [11]. (Recall Sect.
2 for our definition of index(X) for almost properly embedded FBMH X in M.)

Definition 5.1 For any A > 0 and I € N, we let M (A, I) be the collection of
all smooth, almost properly embedded FBMH ¥ in M with Area(¥X) < A and
index(X) < I.

First, we show that a sequence of FBMHs in M(A, I) with the same index would
converge, after passing to a subsequence, to a limiting FBMH in M(A, I) which is
either degenerate or has strictly lower index.

Proposition 5.2 Let {¥;} jen be a sequence of FBMHs in M(A, I) withindex(X ;) =
I for all j. Then after passing to a subsequence, % j will converge away from finitely
many points locally smoothly (with multiplicity) to some ¥ € M(A, I). Moreover,
either index(X) < I — 1 or X is degenerate, i.e. ¥ admits a non-trivial Jacobi field.

Proof If ¥ ; smoothly converges globally to ¥ with multiplicity one, then ¥ admits a
non-trivial Jacobi field by the arguments in [11].

Itremains to consider the case that X ; does not globally smoothly converge to X. We
assume thatindex(X) = k. Since the convergence is not smooth, there exists p € X so
thatforany r > 0, B, (p)NX; does not smoothly converge to B, (p)NX. We now prove
thatindex(X;) > k+1forsome j large, whichimplies thatk < index(X;)—1=1-1.

Let X1, ..., Xi be k linearly independent normal vector fields on ¥ so that they
span a linear subspace on which Qy is negative-definite. By normalization, we can
assume fz |X;|> = 1for 1 <i < k. Since X, vanishes along the touching set of %;,
we can extend each X; to a smooth vector field on M which is tangential to 0 M. Let
us still denote the extended vector field by X;.

By shrinking the radius  if necessary, we can assume that { X; |5\ 5, () };‘:1 is linearly
independent. Let & be a logarithmic cut-off function (see Appendix A) satisfying
0 <& <1land&lp(p =0and [5|VE|> - Oand & — 1asr — 0. A direct
computation yields that for 1 <i <k,

05(6:Xi.&:X) = 0z (X, X)) +C [ 961
s
Since Ox(X;, X;) < 0, for r small enough we have for 1 <i <k

Ox(ér- X, 6 X;) <0.

Recall that 82 (&, X;, & X;) — mQx(6-X;, & X;) as j — oo, where m € N is the
multiplicity. Then for sufficiently large j, we have

8% (& X, X)) <0 forl <i<k (5.1
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On the other hand, since X; N B,-(p) does not smoothly converge to ¥ N B,(p),
X ; cannot be stable away from touching set in B, (p) for some j by the compactness
theorem in [11, Theorem 1.4]. Hence for this j, we can find a normal vector field of
X (vanishing on touching set, so it can be extended to all of M and tangential to 9 M)
such that spt X C B,(p) and

8% (X, X) < 0. (5.2)
Therefore, (5.1) and (5.2) together imply that index(X;) > k + 1. This finishes the
proof. O

We can now use an inductive argument to prove the generic countability result.
Recall that a Riemannian metric g on the compact manifolds M with non-empty
boundary is said to be bumpy if no almost properly embedded FBMH in M admits a
non-trivial Jacobi field.

Proposition 5.3 (Generic countability) Let (M,9dM) be a compact manifold with
boundary equipped with a bumpy metric g. Then M(A, I) is at most countable for
any fixed A, I > 0.

Proof We prove it by induction. It follows from Proposition 5.2 and the bumpiness of
g that M(A, 0) is finite. To establish the induction hypothesis, suppose that M (A, I)

is countable for some / > 0. Then for any r > 0, M(A, I + 1)\ Usecm(a.n EE(E)
is finite by Proposition 5.2. Since

M= Ma 0y U BLm),

k=1 SeM(A,I)

we conclude that M (A, I 4 1) is countable. This completes the proof by induction. O

Remark 5.4 The proof of Proposition 5.3 can also be used to obtain countability of
WFKH1 in the proof of [36, Theorem 3.6] without assuming that every ¥ € P" is
properly embedded in the definition of good pair in [36, Section 3.3].

5.2 Unstable varifolds

To prove the Deformation Theorem, one needs to generalize the concept of Morse
index for almost properly embedded FBMHs to the context of varifolds. In what

follows, we use B¥ to denote the open unit ball (centered at origin) in R* and Ef(V)
to denote the closed ball of radius » > 0 centered at V € V,,(M) with respect to the
F-metric. A bar above it would denote its closure (in the corresponding metric).

Definition 5.5 (cf. [17, Definition 4.1]) Let & € V,, (M) be stationary in M with free
boundary and € > 0. We say that X is k-unstable in an e-neighborhood if there exist
0 < ¢p < 1 and a smooth k-parameter family {FU}UGEk c Diff(M) with Fy = Id,

F ,=F ~lforallv e Ek such that, for any V € EF (%), the smooth function
v Yy ¢
—k
AV B —[0,00), AY(v)=[(F)sVI(M)
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satisfies:

e AV hasa unique maximum at m(V) € Bk
o

JV/10°

e ~11d< DAV (W) < —coldforallu € B,
Here (Fy)# denotes the push-forward operation. Also, because X is stationary in M
with free boundary, we necessarily have m(X) = 0.

We say that X is k-unstable if it is stationary and k-unstable in an e-neighborhood
for some € > 0.

Remark 5.6 If X is a smooth, almost properly embedded FBMH with index(X) > &,
then X is k-unstable in the sense of Definition 5.5 (c.f. [17, Proposition 4.3]). However,
the converse may not be true in general (e.g. when the touching set of ¥ has a positive
‘H-measure).

Lemma5.7 Forany§ < 1/4, there exists T =T (5, €, &, {F,}, co) > 0 such that for
any V € EEE(E) andv € Ek with |[v — m(V)| > §, we have

A @@ Ty <AV -7 and 19V w.T) > 7.

Here {¢" (-, t)};>0 is the one-parameter diffeomorphisms ofEk generated by the vector
field

ws —(1 = uP)VvAY @), ucB.
Proof The proof is the same as that of [17, Lemma 4.5]. O

5.3 Deformation theorem

We now prove the key Deformation Theorem. Suppose that X is a cubical com-
plex of dimension k. Let {®;};cn be a sequence of continuous maps from X into
Z,(M,0M;F; G). Set

L = L({®;};er) := lim sup sup M(®; (x)).

i—oo xeX

We will adapt the Deformation Theorem A in [17] to our setting. Basically, the defor-
mation theorem can produce another sequence which is homotopic to {®;};cn such
that the new sequence avoids free boundary minimal hypersurfaces with large index.

Theorem 5.8 (Deformation Theorem) Suppose that

(1) X € V,,(M) is stationary in M with free boundary and (k + 1)-unstable;

(2) K C Vy(M) is a subset such that F(X, K) > 0 and F(|®;|(X), K) > 0 for all
i > 1o,

3) IZI(M) = L.
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Then there exist € > 0, jo € N, and another sequence {V;};cN of maps from X into
Z,(M,oM; F; G) so that

(1) ; is homotopic to ®; in the F-topology for alli € N;

(1) L{Wi}ien) SFL;
(i) F(|W;[(X), Bz (Z)UK) > 0foralli > jo.

Remark 5.9 Note that the subset K may not be compact in our applications.

Proof of Theorem 5.8 Since the strategy of the proof follows from those of [17, The-
orem 5.1], we will only sketch the main steps and point out necessary modifications
for the free boundary setting.

Letd = F(2, K) > 0. By assumption (1), there exists a constant € > 0 such that
Y is (k + 1)-unstable in an e-neighborhood. Suppose that { F;, } B and ¢ are given
as in Definition 5.5. Since F(Z K) > 0, by possibly changlng {e {Fy}, co}, we may

assume that for any V € BZG(Z),

m1n F((F )4V, K) > g (5.3)

vEB

For each fixed i € N, since ®; : X — Z,(M, 0M; F; G) is continuous, we may
assume that X (k;) is a sufficiently fine subdivision of X such that

F(|®; ()], [Pi ()] < &

for any x, y belonging to the same cell in X (k;) with §; = min{2~C+k+2) ¢ /4} Recall
that fort € Z,(M,0M; F; G), |t| is defined to be |T| where T € Z,(M,oM; G) is
the unique canonical representative of 7.

Notethat A" : Bk—H — [0, 0o) is asmooth function forany V € Ege (X),sowe can
assume that for any x, y belonging to the same cell in X (k;) with F(|®; (x)], ¥) < 2¢
and F(|®; (y)|, ¥) < 2¢, we have

Im(|®; (X)) — m(|P; (VD] < 8.

For any n > 0, we use U; ; to denote the union of all cells 0 € X (k;) so that
F(|®;(x)|,X) < n for all x € o. Then U, ; is a subcomplex of X (k;). If a cell
B ¢ Ui . then there exists some point x’ € B such that F(|®;(x")|, ) > n. Hence,
for any y € 8, we have

F(®; (0], ) =n— 4. (5.4)

In the following, for any x € Uj; 2, we will use the notation
AF = AP i (x) = m(|9; (0)]) and ¢f = ¢/,

Following the construction in [17, Theorem 5.1], we can construct a continuous homo-
topy

H; : Ui e x [0, 1] > BSYE1(0) so that Hj(x,0) =0 ¥x € Ui s,
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and
inf  |m;(x) — f],-(x, | >n; >0 forsomen; > 0. (5.5)

x€Uj 2¢

The key idea is that the subspaces
A={,0)eXxB " xe Ui o) and
B; = {(x,m;(x)) € X x By € Ui e}

have both dimension at most k and are contained in a space of dimension 2k + 1. So
it is possible to perturb A; slightly such that A; N B; = @ which gives (5.5).

Letc : [0, c0) — [0, 1] be a cutoff function which is non-increasing, and c is equal
to 1 in a neighborhood of [0, 3¢/2], and 0 in a neighborhood of [7¢ /4, c0). By (5.4),
if y & Ui ze, then F(|®; ()|, ¥) > 2e — §; > Te/4, since §; < €/4. Therefore,

c(F(|®i(y)]. £)) =0 forany y ¢ Ui o.

k+1
2—i

We now consider amap H; : X x [0, 1] = B;~; (0) given by
Hi(x, 1) = Hi(x, cF(D;(0)], EN) i x € Uj e
and
Hi(x,t) =0 if x € X\U, 2.

Then H; is continuous.

Now we are ready to construct the new sequence {W;} of maps from X into
Z,(M,0M; F; G). With n; given by (5.5), let T; = T;(n;, €, X, {F}}, co) be given
by Lemma 5.7. Set D; : X — EHI such that

Di(x) = ¢ (Hi(x, 1), c(F(|®; (x)|, £NT;) if x € Uy 2e

and
Di(x) =0 ifx € X\U, 2.

Then D; is continuous. Now we define

Vit X — Z,(M,0M; F; G), Wi(x) = (Fp,x)#(Pi(x)).
In particular, we have

Wi(x) = ®;(x), if x € X\Ui 2.
Since the map D; is homotopic to the zero map in §k+], we obtain that W; is

homotopic to ®; in the F-topology for all i € N. Following the steps in [17, Theorem
5.1], one can check W is the desired map. O
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6 Index estimates

In this section, we will use the deformation theorem (Theorem 5.8) to prove the
index estimates. We will first prove such estimates for manifolds with bumpy metrics.
Recall that a metric is bumpy if every smooth almost properly embedded FBMH is
non-degenerate, i.e. admits no non-trivial Jacobi field (which can be non-zero on the
touching set). It was proved by White (see [30,32]) and Ambrozio—Carlotto—Sharp [3]
(in the free boundary setting) that bumpy metrics are generic in the Baire sense.

Theorem 6.1 (Index estimates for bumpy metrics) Let (M"*1 M) be a compact
manifold with boundary equipped with a bumpy metric g and3 < (n+1) <7. Let X
be a k-dimensional cubical complexand ® : X — Z,(M, 0M; F; G) be a continuous
map. Let T1 be the class of all continuous maps ® : X — Z,(M,dM; F; G) such
that ® and &' are homotopic to each other in the flat topology. Suppose that {®;};en
is a min—max sequence in Il such that

L =L{®;}ien) = L(I) > 0.

Then there is ¥ € C({®;};en) with support a smooth, compact, almost properly
embedded, free boundary minimal hypersurface such that

L(ID) = |Z(M) and index(sptX) < k.

Proof By the compactness result [11, Theorem 1.1] for free boundary minimal hyper-
surfaces, it suffices to show that for any » > 0, there exists a varifold T e V(M)
which is stationary in M with free boundary and whose support is a smooth compact
embedded minimal hypersurface such that F(f) C{®; },-eN)) <r,

L) = |Z|(M), and index(spt%) < k.

Once we have this, we can choose f)j € V,,(M) such that F(i, C({CD,-})) < j'and
thus the varifold limit & of $; satisfies & € C({®;}).

Let W be the set of all stationary varifolds V in M with free boundary such that
IVII(M) = L and the support of V is a smooth compact embedded free boundary
minimal hypersurface. Now we fix r > 0 and set

W) :={V e W:F(V,C({®;};)) = r}.

We can easily argue by contradiction to obtain the following result. O

Lemma 6.2 There exist ip € N and €y > 0 such that F(|®;|(X), W(r)) > € for all
i>ip.

Let W¥*! be the collection of elements in VW whose support has index greater than
or equal to (k + 1). Now it suffices to show W\(W(r) U W¥*1) is non-empty.
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Since the metric g is bumpy, the set W1 is countable by Proposition 5.3. So we
can write

WHINBL V() = (Z1, T2, 55, ...}

Note that for any i € N, X; satisfies index(spt ;) > (k + 1) and thus %; is (k + 1)-
unstable. Then our argument from here is the same as that of [17], and we also present
it here for the sake of completeness.

Using our Deformation Theorem (Theorem 5.8) with K = Efo W@r))and X = X
(recall that F(]®;|(X), K) > 0 for all i > ip by Lemma 6.2), we can find €; > 0,
i1 € N,and {<I>,.1},-€N so that

CID} is homotopic to ®; in the F-topology for alli € N;
Lo} = L;
F(|®}|(X), Efl (ZHU EEO(W(r))) > 0foralli > ij;

no X; belongs to E)EZ (Z1).(This can be easily satisfied since {X{, ¥»,---}isa
countable set.)

Next, we consider 2. If Xy ¢ Efl (21), then we apply Theorem 5.8 again with
K =B, (1) UBL, OW(r) and find 3, iz € N, and {®2)};cy so that

<I>l.2 is homotopic to ®; in the F-topology for all i € N;

L{®7}) < L;

F(19?|(X), B, (£2) UB, (£1) UBL, V() > 0 forall i > in;
no 3; belongs to 9B, (1) U 9B, (£5).

If3, e Bfl (Z1), we skip X, and repeat the procedure with X3.
We keep applying the above procedure and eventually there are two possibilities.
The first case is that we can find for all / € N, there exist a sequence {CDé}ieN, €,

iieN,and X, € W"H\ESO(W(r)) for some j; € N so that

@) be is homotopic to ®; in the F-topology for alli € N;

(i) L)) < L;

=F —=F C
(i) F(®H(X), uﬁi:lBeq(zjq) UB,,OV(r))) > 0 forall i > ij;

iv) {Z1,.... %) C ulqlefq(zjq);

(v) no ¥, belongs to Bﬁz (ZHU---U aﬁf,(zj,).
The second case is that the process stops in finitely many steps. This means that we can
find some m € N, a sequence {@;”}ieN, €,....,ém >0,ipeNand Z;,...,%; €
WHI\BL (W(r) so that
(a) @!" is homotopic to ®@; in the F-topology for all i € N;
(b) L{®@}"}i) < L;

—=F =F C

(©) F(|!"|(X), U;":IBEq (2j,) UB, ,OV(r))) > Oforalli > ip;
@ {Z;:j>1c ug’lefq(zjq).
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For either case, we will choose a min—max sequence so that we can apply the Min—
max Theorem (Theorem 4.5). For the first case, we can choose a diagonal sequence
{<I>i,l }ien and set W) = @lpl, where { p;};eN 1s an increasing sequence such that p; > i;
(the condition (iii) is satisfied) and

1
sup || @}, (1) |(M) < L + 7.
xeX

For the second case, we simply choose the last sequence {®}"}; and set p; = [ and
Y, = <I>§”. Now it is easy to see that for both cases, the new sequence {\W;};c satisfies
the following conditions:

(1) W, is homotopic to @, in the F-topology for all / € N;
(2) LW} = L;
3) Chw) N (WL UW(@)) = 0.

Note that the condition (3) follows directly from (iii) or (c). Then Theorem 4.5 implies
that there exists a varifold V € C({¥;};) such that V is stationary in M with free
boundary, and V is supported on a smooth compact embedded free boundary mini-
mal hypersurface. By (3), we know that W\ ()/Vk'H U W(r)) is non-empty and this
completes the proof of index estimates for bumpy metrics. O

Now we are ready to prove the general index estimates using Theorem 6.1 and the
compactness result of [11].

Theorem 6.3 (Index estimates for general metrics) Suppose that (M" T, g) is a smooth
compact manifold with boundary and3 < (n+1) < 7. Let X be a cubical complex of
dimensional k and ® : X — Z,(M,0M; F; G) be a continuous map. Let T1 denote
the associated homotopy class of ®. Then there exists a varifold V € V,, (M) such that

@ VM) =LID);
(1) V is stationary in M with free boundary;
(iii) there exists N € Nand m; € N, 1 < i < N, such that V = Z{"Zlm,-|2i|,
where each X; is a smooth, compact, connected, almost properly embedded, free
boundary minimal hypersurface in M. Moreover,

N
index(spt V) = Zindex(Ei) <k.
i=1

Proof Since bumpy metrics are generic in the Baire sense [3], we can take a sequence
{gj}jen of bumpy metrics converging smoothly to g. For each g;, we use L; to
denote the width of IT with respect to g ;. By Theorem 6.1, we know that there exists a
varifold V; € V,(M) whichis stationary in M with free boundary and whose support is
a smooth, compact, almost properly embedded, free boundary minimal hypersurface.
Moreover,

L; =|IV;l(M) and index(sptV;) < k.
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Since the width is continuous with respect to metrics, we know that L; — L(I) as
Jj — o0. The conclusion then follows directly from the compactness theorem in [11].
O

7 Denseness of free boundary minimal hypersurfaces

In the final section, we give a proof of the denseness result (Theorem 1.3). We shall
need the notions of p-widths for compact Riemannian manifolds (with or without
boundary). We will first recall the definitions and state the relevant results in the free
boundary setting.

7.1 Width

Let X denote a cubical subcomplex of the m-dimensional cube I = [0, 1]™.

Definition 7.1 Given p € N, a continuous map in the flat topology
S X —> Z,(M,0M; Zy)

is called a p-sweepout if the p-th cup power of A = ®*(X) is non-zero in H?(X; Z)
where 0 # X € HU(Z,(M,0M: 7»); 7)) = Z,. We denote by P,(M) the set of
all p-sweepouts that are continuous in the flat topology and have no concentration of
mass ([18, Sect. 3.7]).

Definition 7.2 The p-width of a Riemannian manifold (M, g) with boundary is defined
by

wp(M, g) = o %1f(M) sup{M(®(x)) : x € dmn(D)},

€Fp
where dmn(®) is the domain of ®.

The following proposition says that the p-width w), is realized by the area (counting
multiplicities) of min—max free boundary minimal hypersurfaces, which is an appli-
cation of our Min-max Theorem (Theorem 4.5) and general Morse index estimates
(Theorem 6.3), together with the compactness result of [11, Theorem 1.1].

Proposition 7.3 (cf. [12, Proposition 2.2]) Suppose 3 < (n 4+ 1) < 7. Then for each
k € N, there exist a finite disjoint collection {X1, ..., Xy} of smooth, compact, almost
properly embedded FBMHs in (M, dM; g), and integers {m1, ...,mn} C N, such that

N N
ok (M. g) =Y mjAreay(Z;) and Y index(Z;) <k.
Jj=1 j=1
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Proof Choose a sequence {®;};cn C Pr(M) such that

1lim sup{M(®; (x)) : x € X; = dmn(P;)} = wx (M, g). (7.1)

Without loss of generality, we can assume that the dimension of X; is k for all i (see
[17, Sect. 1.5] or [12, Proof of Proposition 2.2]).

By the Discretization Theorem [13, Theorem 4.12] and the Interpolation Theorem
(Theorem 4.4), we can assume that ®; is a continuous map to Z,(M, dM; Z>) in
the F-metric. Denote by I1; the homotopy class of ®;. This is the class of all maps
CD; 1 Xi = Z,(M, dM; Zy), continuous in the F-metric, that are homotopic to ®; in
the flat topology. In particular, QDQ*()_») = CID;‘()_\). Continuity in the F-metric implies
no concentration of mass (see Lemma 4.3), hence every such @, is also a k-sweepout
in the sense of Definition 7.1. O

Claim 1 lim;_, 0o L(IT;) = i (M, g).

Proof of Claim 1 Note that
L(IT;) < sup{M(®;(x)) : x € X;}. (7.2)

Letting i — oo, the right hand side tends to wi (M, g) by (7.1). On the other hand,
since that each element in I1; is also a k-sweepout, then

wr(M, g) < inf sup{M(®'(x)) : x € X;} = L(II;).
d>’el'[,-

Together with (7.2), the desired result follows. O

To proceed with the arguments, Theorem 6.3 implies the existence of a finite disjoint
collection {X; 1, ..., 2; n;} of almost properly embedded FBMHs in (M, M), and a
sequence of integers {m; 1, ..., m; n;} C N, such that

N;i N;
L(IT;) = Y mi jAreay (i j), and Y index(Z; ;) < k.
j=1 j=1

Note that the areas of non-trivial almost properly embedded FBMHs in (M, 0M; g)
are uniformly bound away from zero. Hence the number of components N; and the
multiplicities m; ; are uniformly bounded from above. The desired results then follow
immediately from the compactness theorem [11, Theorem 1.1]. O

Since the two formulations of min—-max theory for manifolds with boundary
were shown to be equivalent in Section 3, our p-widths defined using the space
Z,(M, dM; Z,) also satisfy a Weyl Law as in [14].

Theorem 7.4 (Weyl Law for the Volume Spectrum; [14]) There exists a constant o(n)
such that, for every compact Riemannian manifold (M, g) with (possibly empty)
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boundary, we have
lim wg(M, g)k~ T = a(n) Vol(M, g)7.
k— 00

Itis known that the normalized p-width is a locally Lipschitz function of the metric,
with a uniform local Lipschitz constant independent of p.

Lemma?7.5 ([12, Lemma 2.1], [20, Lemma 1]) Let go be a C? Riemannian met-
ric on (M,9M), and let C; < Cj be positive constants. Then there exists K =
K (go, C1, C2) > 0 such that

__ I
lp" ™ Tw,(M, g) — p~ ™ w,(M, g < K-|g—glg

for all C?* metrics g, g’ such that C1go < g < Cag0, Ci1g0 < & < Cago and any
peN

7.2 Perturbation results

Given a Riemannian manifold (M, 9M; g) with boundary and an almost properly
embedded free boundary minimal hypersurface ¥ C M, in general ¥ could be degen-
erate and improper. We first prove that under a smooth perturbation of g, we can make
> non-degenerate.

Proposition 7.6 (cf. [12, Proposition 2.3], [20, Lemma 4]) Let X be a compact, smooth
almost properly embedded FBMH in (M,0M; g). Then there exists a sequence of
metrics g; on M, i € N, converging to g smoothly such that ¥ is a non-degenerate,
almost properly embedded FBMH in (M, M g;) for eachi € N.

Proof If ¥ is equal to the union of some components of d M, the result follows from
[12, Proposition 2.3]. Otherwise, the points {x;} in [20, Lemma 4] can be chosen to
lie in the interior of M. Therefore, ¥ is still a FBMH under the locally conformally
perturbed metrics. Finally, using the arguments in [20, Lemma 4], the perturbations
of g therein make ¥ non-degenerate. O

Next, we prove that under suitable perturbation of the metrics and the hypersurface
%, we can make the FBMHs properly embedded.

Proposition 7.7 Let X be a compact, smooth almost properly embedded FBMH in
(M, 0M; g). Then there exist a sequence of metrics gi on M, and a sequence of
hypersurfaces %; in M so that

e g; converges to g in the smooth topology;
e 3; smoothly converges to Z;
e 3 is a properly embedded FBMH in (M, 0M; g;) for each i.

Proof Recall that (M, g) canbe regarded as a domain of a closed Riemannian manifold
(M, g) of the same dimension. Let d be the signed distance to dM in M so that Vd |y
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is the unit normal vector field on d M pointing out of M. Let V be an open set of M
sothat VN 3T = ¢ and Touch(Z) C V. Let & be a nonnegative cut-off function
supported in V such that £(x) = 1 for all x € Touch(X) and £Vd is a smooth vector
field on M. Denote by {Ft}ie[0,17 the family of diffeomorphisms of M generated by
EVd.

Now let g; = Fl*/ig and X; = (Fl/i)_l(Z). Since F; is a diffeomorphism of A71,
g — g and ¥; — X smoothly. Note that ¥ is a properly embedded FBMH in
(F;(M), g). In other words, X; is a properly embedded FBMH in M with respect to
the metric g;. This completes the proof. O

7.3 Proof of Theorem 1.3

As in the proof of [12, Main theorem], Theorem 1.3 follows once we have proved the
following proposition.

Proposition 7.8 Let (M1, dM; g) be a compact Riemannian manifold with bound-
aryand 3 < (n+ 1) < 7. Let M be the space of all smooth Riemannian metrics
on M, endowed with the smooth topology. Suppose that U C M is a non-empty rel-
atively open subset. Let My be the set of metrics g € M such that there exists a
non-degenerate, properly embedded FBMH % in (M, g) which intersects U. Then
My is open and dense in M in the smooth topology.

Proof Let g € My and ¥ be as in the statement of the proposition. Because X is
properly embedded and non-degenerate, from the Structure Theorem of White [30,
Theorem 2.1] (see [3, Theorem 35] for a version in the free boundary setting), for every
Riemannian metric g’ sufficiently close to g, there exists a unique non-degenerate
properly embedded FBMH X’ close to . This implies My is open.

It remains to show the set My is dense. Let g be an arbitrary smooth Riemannian
metric on M and V be an arbitrary neighborhood of g in the C* topology. By the
Bumpy Metrics Theorem ([30, Theorem 2.1], [3, Theorem 9]), there exist g’ € V
such that every compact, almost properly embedded FBMH with respect to g’ is non-
degenerate. If one of these hypersurfaces is almost properly embedded and intersects
U, then by Proposition 7.7, there exist a sequence of metrics g; on M, and a sequence
of hypersurfaces ¥; so that

e g; converges to g’ in the smooth topology;

e X; smoothly converges to X;
e Y; is a properly embedded FBMH in (M, dM; g;) for each i € N.

Then for i large enough, g; € V and X; is a properly embedded FBMH with respect
to g; so that X; N U # . This implies that g; € My and we are done.

Hence we can suppose that every almost properly embedded FBMH with respect to
g’ is contained in the complement of U. Since g’ is bumpy, it follows from Proposition
5.3 M(A, I) is countable with respect to g’ for any A > 0 and I € N. Therefore, the
set

N e N, {m;} C N, {Z;} disjoint collection of almost

N
€= Z mj Areag (%) properly embedded FBMHs in (M, dM; g')

Jj=1
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is countable. Following the arguments in [12, Proposition 3.1] and using the Weyl Law
(Theorem 7.4) and Proposition 7.3, there exists g’ € V so that (M, dM; g”) admits
an almost properly embedded FBMH intersecting U . Then by Proposition 7.6 and 7.7,
we have V N My # 0. O
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Appendix A. logarithmic cut-off trick

We recall a construction of the logarithmic cut-off functions used in this paper.

LemmaA.1 Let (M"*!, g) be a Riemannian manifold with n + 1 > 3 and ¥ be a
hypersurface in M. For p € X, there exists a family of cut-off functions {&.} on M
satisfying

(1) &B.(p) =0and 0 < &.(x) < 1forx € M;
2 [x V&2 — 0and & — lasr — 0.

Proof For simplicity, we denote |x| := dist(x, p). Now define &, (x) as follows:
0, x| <r;
2log |x
E(x):=12— ﬁ, r< x| </r;
logr

1, x| > /T

One can check directly that such a cut-off function satisfies all the requirements. O

References

1. Almgren Jr., EJ.: The homotopy groups of the integral cycle groups. Topology 1, 257-299 (1962)
2. Almgren Jr., EJ.: The Theory of Varifolds. Mimeographed Notes. Princeton University Press, Princeton
(1965)

@ Springer


http://creativecommons.org/licenses/by/4.0/

Min-max theory for free boundary minimal... 1423

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Ambrozio, Lucas, Carlotto, Alessandro, Sharp, Ben: Compactness analysis for free boundary minimal

hypersurfaces. Calc. Var. Partial Differ. Equ. 57(1), 57:22 (2018)

Chambers, G.R., Liokumovich, Y.: Existence of minimal hypersurfaces in complete manifolds of finite
volume. Invent. Math. 219(1), 179-217 (2020)

De Lellis, C., Ramic, J.: Min—max theory for minimal hypersurfaces with boundary. Ann. Inst. Fourier
(Grenoble) 68(5), 1909-1986 (2018)

De Lellis, C., Tasnady, D.: The existence of embedded minimal hypersurfaces. J. Differ. Geom. 95(3),
355-388 (2013)

Federer, H.: Geometric measure theory. Die Grundlehren der mathematischen Wissenschaften, Band
153. Springer, New York (1969)

Fraser, A.: On the free boundary variational problem for minimal disks. Commun. Pure Appl. Math.
53(8), 931-971 (2000)

Fraser, A., Li, M.M.: Compactness of the space of embedded minimal surfaces with free boundary
in three-manifolds with nonnegative Ricci curvature and convex boundary. J. Differ. Geom. 96(2),
183-200 (2014)

Griiter, M.: Optimal regularity for codimension one minimal surfaces with a free boundary. Manuscr.
Math. 58, 295-343 (1987)

Guang, Q., Wang, Z., Zhou, X.: Compactness and generic finiteness for free boundary minimal hyper-
surfaces (I). arXiv:1803.01509 (2018)

Irie, K., Marques, F., Neves, A.: Density of minimal hypersurfaces for generic metrics. Ann. Math. (2)
187(3), 963-972 (2018)

Li, M., Zhou, X.: Min—max theory for free boundary minimal hypersurfaces I-regularity theory. J.
Differ. Geom. arXiv:1611.02612 (2016)

Liokumovich, Y., Marques, F., Neves, A.: Weyl law for the volume spectrum. Ann. Math. (2) 187(3),
933-961 (2018)

. Marques, F.C., Neves, A.: Rigidity of min—-max minimal spheres in three-manifolds. Duke Math. J.

161(14), 2725-2752 (2012)

Marques, F.C., Neves, A.: Min—-max theory and the Willmore conjecture. Ann. Math. (2) 179(2),
683-782 (2014)

Marques, F.C., Neves, A.: Morse index and multiplicity of min—-max minimal hypersurfaces. Camb. J.
Math. 4(4), 463-511 (2016)

Marques, F.C., Neves, A.: Existence of infinitely many minimal hypersurfaces in positive Ricci curva-
ture. Invent. Math. 209(2), 577-616 (2017)

Marques, F.C., Neves, A.: Morse index of multiplicity one min-max minimal hypersurfaces.
arXiv:1803.04273 (2018)

Marques, F.C., Neves, A., Song, A.: Equidistribution of minimal hypersurfaces for generic metrics.
Invent. Math. 216(2), 421-443 (2019)

Montezuma, R.: Min—max minimal hypersurfaces in non-compact manifolds. J. Differ. Geom. 103(3),
475-519 (2016)

Morgan, F.: Examples of unoriented area-minimizing surfaces. Trans. Am. Math. Soc. 283(1), 225-237
(1984)

Morgan, F.: A regularity theorem for minimizing hypersurfaces modulo v. Trans. Am. Math. Soc.
297(1), 243-253 (1986)

Pitts, J.T.: Existence and regularity of minimal surfaces on Riemannian manifolds, volume 27 of
Mathematical Notes. Princeton University Press, Princeton, N.J.; University of Tokyo Press, Tokyo,
(1981)

Schoen, R., Simon, L.: Regularity of stable minimal hypersurfaces. Commun. Pure Appl. Math. 34(6),
741-797 (1981)

Sharp, B.: Compactness of minimal hypersurfaces with bounded index. J. Differ. Geom. 106(2), 317—
339 (2017)

Simon, L.: Lectures on geometric measure theory, volume 3 of Proceedings of the Centre for Mathemat-
ical Analysis, Australian National University. Australian National University, Centre for Mathematical
Analysis, Canberra (1983)

Song, A.: Existence of infinitely many minimal hypersurfaces in closed manifolds. arXiv:1806.08816
(2018)

Wang, Z.: Compactness and generic finiteness for free boundary minimal hypersurfaces (II).
arXiv:1906.08485 (2019)

@ Springer


http://arxiv.org/abs/1803.01509
http://arxiv.org/abs/1611.02612
http://arxiv.org/abs/1803.04273
http://arxiv.org/abs/1806.08816
http://arxiv.org/abs/1906.08485

1424 Q. Guang

30.

31.

32.

33.

34.

35.

36.

37.

White, B.: The space of minimal submanifolds for varying Riemannian metrics. Indiana Univ. Math.
J.40(1), 161-200 (1991)

White, B.: The maximum principle for minimal varieties of arbitrary codimension. Commun. Anal.
Geom. 18(3), 421-432 (2010)

White, B.: On the bumpy metrics theorem for minimal submanifolds. Am. J. Math. 139(4), 1149-1155
(2017)

Yau, S.T.: Problem section. In: Seminar on Differential Geometry, volume 102 of Ann. of Math. Stud.,
pages 669-706. Princeton Univ. Press, Princeton, N.J. (1982)

Zhou, X.: Min—max minimal hypersurface in (M ntl g) with Ric>0and 2 < n < 6.]J. Differ. Geom.
100(1), 129-160 (2015)

Zhou, X.: Min—max hypersurface in manifold of positive Ricci curvature. J. Differ. Geom. 105(2),
291-343 (2017)

Zhou, X.: On the multiplicity one conjecture in min—-max theory. Ann. Math. (to appear).
arXiv:1901.01173

Zhou, X., Zhu, J.J.: Min—max theory for constant mean curvature hypersurfaces. Invent. Math. 218(2),
441-490 (2019)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer


http://arxiv.org/abs/1901.01173

	Min–max theory for free boundary minimal hypersurfaces II: general Morse index bounds and applications
	Abstract
	1 Introduction
	A. Song's proof of Yau's conjecture for closed Riemannian manifolds
	Denseness of free boundary minimal hypersurfaces for generic metrics
	Existence of minimal hypersurfaces with non-empty free boundary
	Main ideas of the proof

	2 Definitions and main results
	3 Equivalence of two formulations
	3.1 Formulation using integer rectifiable currents
	3.2 Formulation using integral currents
	3.3 Equivalence of two formulations

	4 Min–max theory in continuous setting
	5 Deformation theorem
	5.1 Generic countability
	5.2 Unstable varifolds
	5.3 Deformation theorem

	6 Index estimates
	7 Denseness of free boundary minimal hypersurfaces
	7.1 Width
	7.2 Perturbation results
	7.3 Proof of Theorem 1.3

	Acknowledgements
	Appendix A. logarithmic cut-off trick
	References




