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Free boundary minimal hypersurfaces outside of the ball

Laurent Mazet and Abraiao Mendes

Abstract. In this paper, we obtain two classification theorems for free boundary
minimal hypersurfaces outside of the unit ball (exterior FBMH, for short) in Euclid-
ean space. The first result states that the only exterior stable FBMH with parallel
embedded regular ends are the catenoidal hypersurfaces. To achieve this, we prove
a Bocher-type result for positive Jacobi functions on regular minimal ends in R 1
that, after some calculations, implies the first theorem. The second theorem states
that any exterior FBMH X with one regular end is a catenoidal hypersurface. Its
proof is based on a symmetrization procedure similar to that of R. Schoen. We also
give a complete description of the catenoidal hypersurfaces, including the calculation
of their indices.

1. Introduction

Over the last few years, the study of free boundary minimal hypersurfaces (FBMH, for
short) has occupied a prominent place in differential geometry, especially the study of
FBMH in the Euclidean unit ball B C R**! (see, e.g., [1,2,7-9, 18, 19] and the references
therein).

In this paper, we deal with FBMH in R”*!\ B with compact boundary in 8B, which
are called exterior free boundary minimal hypersurfaces. These hypersurfaces are critical
for the n-volume functional with respect to deformations that let the boundary on the unit
sphere. For such critical points, the second order derivative of the volume functional is
given by the so-called stability operator that, here, has a contribution from the boundary. In
our situation, this contribution is nonnegative due to the concavity of the unit sphere with
respect to its outside. An interesting question would be to understand the geometry and the
topology of these hypersurfaces in terms of their indices. In the ball, this is the study made
by L. Ambrozio, A. Carlotto, and B. Sharp in [2]. A situation where non-compact FBMH
have been studied is the case of Schwarzschild space: R. Montezuma [14] and E. Barbosa
and J. M. Espinar [3] have looked at some properties of these hypersurfaces. One can also
take a look at the work of H. Hong and A. Saturnino [12].

In R**1\ B, important examples of exterior FBMH are the catenoidal hypersurfaces,
defined as exterior FBMH invariant by isometries fixing a straight line. In Section 4, we
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give a complete description of the catenoidal hypersurfaces and calculate their indices:
some of them have index 0 and others have index 1.

The aim of this paper is to prove two classification results for catenoidal hypersurfaces.
The first classification theorem is the following. Definitions are given in Sections 2 and 3.

Theorem 1.1. Let X be an exterior free boundary minimal hypersurface in R**1\ B.
Let us assume that X is stable and has parallel regular ends. Then X is a catenoidal
hypersurface.

In order to prove Theorem 1.1, we first prove that saying that X is stable is equivalent
to saying that there exists a positive Jacobi function u on X satisfying the Robin boundary
condition d,,# + u = 0 on dX. This is the content of Proposition 2.1. Its proof is based on
the proof of a classical stability characterization due to D. Fischer-Colbrie and R. Schoen
(Theorem 1 in [6]) for manifolds without boundary where, here, we make use of the
Harnack inequality for positive solutions to Au + gu = 0 on ¥ with Robin boundary
condition d,u + u = 0 on 0¥ proved in Appendix A. Second, we obtain a Bécher-type
theorem for positive Jacobi functions on regular minimal ends in R” ! that, together with
Proposition 2.1, implies that X is invariant by isometries fixing a straight line, in other
words, ¥ is a catenoidal hypersurface.

As mentioned above, some of the catenoidal hypersurfaces have index 1, so it would
be interesting to know if the index equal to 1 implies that the hypersurface is catenoidal.
When n = 2, this would be a result similar to the Lépez—Ros result [13] for boundaryless
minimal surfaces. For example, it would be interesting to understand if a control on the
index gives a control on the number of ends of the hypersurface. However, the positive
contribution of the boundary to the stability operator seems to make this not an easy task.

The second classification theorem is the following.

Theorem 1.2. Let ¥ be an exterior free boundary minimal hypersurface. If ¥ has one
regular end, then X is a catenoidal hypersurface.

The proof of Theorem 1.2 is based on a reflection procedure as in Schoen’s paper [16].
After submitting the paper, it was brought to our attention that some versions of Theo-
rem 1.2 were stated under different hypotheses by S.-H. Park and J. Pyo, see Theorems 3.1
and 3.2 in [15]. In fact, they proved that the conclusion of Theorem 1.2 holds for capillary
(¥ meets 0B at a constant contact angle) embedded exterior minimal hypersurfaces lying
in a half-space. Assuming that ¥ is free boundary and still embedded, they were able to
drop the half-space condition. Here, we remove the embeddedness assumption. The tech-
nique of proof is similar to the one in [15]. However, let us notice that there is an omission
in the argument of Park and Pyo; so we decide to keep our version of the result completing
the argument (the omission is made explicit in the proof).

The paper is organized as follows. In Section 2, we present some preliminaries on
FBMH and prove Proposition 2.1. In Section 3, we state and prove an auxiliary Bocher-
type result (Theorem 3.1) and present the proof of Theorem 1.1. In Section 4, we introduce
the catenoidal hypersurfaces and give a complete description of them, including the cal-
culation of their indices. In Section 5, we prove Theorem 1.2. Finally, in Appendix A, we
present a proof of the Harnack inequality for positive functions satisfying a Robin-type
boundary condition.
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2. Free boundary minimal hypersurfaces in R*+! \ B

Let ¥ be an n-manifold with compact boundary. We say that F: ¥ — R”T1 \ B is an
exterior proper immersion if F is a proper immersion and F(X) N 0B = F(0X). In this
paper, we always consider such exterior proper immersions. We also assume that X is ori-
entable so that a unit normal N is well defined along F. Besides, we will often identify X
with its image F(X) and just say that ¥ is an exterior hypersurface.

We will consider exterior hypersurfaces that are critical for the n-volume functional
with respect to any deformations keeping the boundary on dB. Such a hypersurface ¥ has
vanishing mean curvature and meets dB orthogonally: we call them exterior free boundary
minimal hypersurfaces.

Basic examples are given by cones over minimal hypersurfaces S C S” = dB:

S={tpeR":peSandr>1}.

One can also consider exterior FBMH that are invariant by isometries fixing a straight line:
they are called catenoidal hypersurfaces. Their complete description is given in Section 4.
Let ¥ be an exterior free boundary minimal hypersurface. The free boundary condition

implies that, at P € 0%, the outgoing unit normal v(P) = — P is a principal direction of
the second fundamental form B of X. Indeed, for T € T 9X, we have
2.1 B(v,T) = (Drv,N) =—Bypg(T,N) =—(T,N) =0,

where D is the covariant derivative in R”*! and Bjp is the second fundamental form
of 0B. Moreover, if S, T € T0X, one has

(22) B(S,T) = (DrS,N) = (VS + Byg(S,T)v, N) = (VES,N) = BS(S,T),

where VS is the Levi-Civita connection of S" and B§E denotes the second fundamental
form of dX as a submanifold of S”.

0B

Figure 1. Exterior FBMH.

As in the boundaryless case, we also have a monotonicity formula for exterior free
boundary minimal hypersurfaces:
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where Bp is the Euclidean ball centered at the origin of radius R > 1. In fact, let
v(ir)=|2NB, r>1.

It follows from the coarea formula that

d ) / 1
—(r) = —_
dr snog, |VEd|

where d(X) = | X| is the distance function to the origin. On the other hand, because X is
minimal, divy (X T) = n. Therefore,

nv(r):/z i dng(XT)zfaz(XT,v)+L . ()(T,l))=—|az|+/E . X7
N By NJB, NoB,

This gives
d su(r 9z 1 1 X7
_(())zl JJF/ _( ! | I)
dr \ rn rnt »nop, I \|V¥d| r

_ |9z +f 1 (IXLIZ)
T pntl £ 0B, |V2d| pnt+2 )’

where above we have used that VZd = X T/|X| and |X+|?> = r2 — | X T|2. Thus, inte-
grating last equation from 1 to R and using the coarea formula, we obtain (2.3).

2.1. The stability operator

Let {F;} be a family of exterior proper immersions of X such that F(X) is free bound-
ary minimal and 9, F; has compact support. Even if the volume of F;(X) is infinite, its
derivatives can be computed, since the deformation has compact support. Then the first
derivative of the n-volume functional vanishes at ¢t = 0, and the second derivative att = 0
can be computed in terms of the function u = (9; F¢|;=0, N) by

2

d
i VOIED)| ) = Qe = [((VZuP = 1By a+ [ utds,
t t=0 = 0

where V¥ and dy are the gradient and the -volume measure on X, respectively, and ds is
the (n — 1)-volume measure on 0%, all with respect to the metric induced by Fy (see [2]).
After integration by parts, one has

O(u,u) = _/z u(Au + || B||*u) du + /{;Eu(u + dyu)ds.

So the quadratic form Q is associated with the Jacobi operator defined by £u = Au +
| B||?u. Then, for any bounded domain €2 in X, we can consider the associated spectrum
of £: a sequence of eigenvalues A, / +oo and a L2-orthonormal sequence of func-
tions u, on 2 such that

Auy, + |B||*uy = —Anu, on Q,
Oy +u, =0 ondX N,
u, =0 on 02\ 0X.



Free boundary minimal hypersurfaces outside of the ball 281

The number of negative eigenvalues is then called the index of Q on €2, and is denoted by
Ind(Q, ). If (2,,) is an increasing sequence of domains such that U2, = X, then the
limit of the increasing sequence (Ind(Q, €2,)) is called the index of X, and is denoted by
Ind(X).

When Ind(X) = 0, we say that X is stable and this is equivalent to Q (u,u) > 0 for any
function u with compact support on X. Actually, we have an alternative characterization
of stability given by the following Fischer-Colbrie and Schoen-type result (also stated in
Proposition 4.1 of [12]).

Proposition 2.1. Let ¥ be an exterior free boundary minimal hypersurface. Then X is
stable if and only if there exists a positive solution u on X to

2.4)
opu—+u=20 onodx.

{Au +|B|Pu=0 onx%,

Proof. The proof is very similar to that of Theorem 1 in [6] by Fischer-Colbrie and
Schoen, where they prove the equivalence between three statements analogous to the fol-
lowing:

(i) on any bounded domain, £ has nonnegative first eigenvalue;

(i) on any bounded domain, &£ has positive first eigenvalue;

(iii) there exists a positive solution to (2.4).

In fact, in order to adapt their proof, we just need to observe that, if ¥ > 0 is as in (2.4),
then d, Inu = —1 on 0X (this is for the part (iii) = (i)) and use the Harnack inequality
given in Proposition A.2 in Appendix A (for the part (ii)) = (iii)). [ ]

When n = 2, Fischer-Colbrie’s result (Theorem 2 in [5]) gives that an exterior free
boundary minimal surface ¥ has finite index if and only if it has finite total curvature (see
also Theorem 1.4 in [12]). One difference is that, in our case, the quadratic form Q does
not depend only on the Gauss map, but also on the conformal factor along the bound-
ary dX. A second important point is that we assume 03 to be compact. For example, if X
is stable, we have a solution u to (2.4) which can be lifted to the universal cover Y. This
implies that the associated quadratic form on T is nonnegative. However, the universal
cover may not have finite total curvature, as we are going to see below (see Example 4.2).
Actually, the universal cover is not properly immersed (the boundary is not compact) and
thus it is not an exterior surface according to our definition.

2.2. Regular ends

The asymptotic of an exterior free boundary minimal hypersurface can be highly compli-
cated. A simple asymptotic is given by regular ends introduced by Schoen in [16].

In order to describe it, we split P € R"*1 as (X, z) € R” x R. Then an end E of an
exterior free boundary minimal hypersurface is said to be regular if, after an isometry,
a representative of E is given by the graph of a function f of bounded gradient defined
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on {|X| > R} with the following asymptotic:

(2.5) f(X)=Al|X|+ B+ (C,X)|X|>+0(X|™ ifn =2,
2.6)  f(X)=B+AX|""D +(C. X)X+ O(X|™") ifn>2,

where A, B € R and C € R”. We notice that the above estimate on f implies similar
estimates on its derivatives (see [16]). For example, one sees that V f(X) goes to 0 as | X |
goes to +o00 and, in particular, there is a well-defined unit normal at oo for such an end.

In the above asymptotics, if A = 0, we say that the end is planar.

If n =2 and X has finite total curvature, then X is conformally equivalent to a compact
Riemann surface with boundary minus a finite number of points. Moreover, a properly
embedded annular end with finite total curvature is regular, see Proposition 1 in [16].

In the case 3 < n < 6, following the arguments of J. Tysk [21], if we assume that X has
finite index and finite volume growth in the sense that limg_ 400 R7"|Z N Br| < +00,
then X has finitely many ends, all of them being regular.

3. Stable hypersurfaces

3.1. A Bocher-type result for the Jacobi operator

In this section, we analyze the asymptotic behavior of positive Jacobi functions (i.e., solu-
tions to £u = 0) on regular ends.

Theorem 3.1. Let E be a regular minimal end in R" 1, with X € R" denoting a coordi-
nate associated to the end as in (2.5) and (2.6), and consider a positive Jacobi function u
on E. Then u has the following asymptotic: there exist A, B € R such that

u(X)=Aln|X|+ B + v(X) ifn=2,
u(X)=A+ BIX|7"D 1 u(X) ifn>2,

where v is such that the function | X |"*~'v is C2-bounded on R" \ Bg. Moreover, either
A>00rA=0and B > 0.

Proof. Writing X = e’p with t € R and p € S"!, a regular end can be parametrized
by [to, +00) x S"~! with a metric g having the asymptotic g = €2/ (§ + O(e~2(=D1ty),
where § is the product metric on R x S”~!. Moreover, the second fundamental form can
be estimated by || B||> = O(e~2""). Thus the Jacobi operator can be computed as

Au+ | B|Pu = e (ug + (n — 2 u; + A%u + M(u)),

where A is the Laplacian on S”~! and M (u) is a second order linear operator whose
coefficients have C%%-norm bounded by Ce~2"~D? for some constant C > 0.
Therefore a Jacobi function u satisfies

3.1 Ut + (n —2)uy + A°u + M(u) =0,

which is a uniformly elliptic equation on [fg, +00) x S"~ 1.
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As a consequence, by the Harnack inequality ([10], Corollary 8.21), there is a constant
C > 0 such that, forany p,q € S" ! andt,s >ty + 1 with | — 5| < 1, and any positive
Jacobi function u, we have

u(t, p) < Cu(s.q).
By Schauder’s elliptic estimates ([10], Corollary 6.3), we also have
(3.2) lullczeq—1/2,0+1/21x5m-1) < Cllullcoqr—1,1411xsn-1) fort =19 + 2.
Let us define !
ult) = —— u(t, p)do.
0 = g [ wtep)

By Harnack’s inequality, we obtain

(3.3) lullcoqr—1,s+11xsm-1) = Cpngi’gl u(t, p) < Cuf(r).

Then, combining with (3.2), there is a constant C > 0 such that

(3.4) IM@) |l coaqr—1/2,041/21xs0-1) < Ce 20D 4i(r)
and :

M) = o [ M. p)do
satisfies
(3.5) M ()l cow(e—1/2,14+1/21) < Ce 27D 4i(y).

By integrating (3.1) over S"~1, we obtain that # solves
e+ (n—2), + M(u) = 0.

Considering first the case n > 2, let @ and b be two functions such that
u 1 1
(#)=(0) =+ (1)

R v
a = n—2M(M)(t)’

Then we have the system

1 —
b = —(n=2)b+ —— Mu)(¢).
n—2
Using the above equations, we obtain

Va2 +b2 <CIMu)@)| < Ce 2V (1) < Ce207D1 /g2 4 p2,
Thus +/a? + b2 and u stay bounded on [fg, +00). In particular,

|M (u)(1)] < Ce™20 1",
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Also,

2
8,(e"t\/a2 + b2) >ne™ a2+ b2 —(n—2)e™ b— —Ce 21 /g2 4 p2

a? + b2
> (2 — Ce 2=yt /g2 4 p2 > ()

for ¢ sufficiently large. Therefore "’ /a2 + b2 cannot converge to 0 at ¢ goes to +o0o0. We
can also solve the system to obtain

+oo 1 -
a = A+/ — M (u)(s)ds,
! n—2

+oo 1 -
b = Be "7V _m (12X / — " M (u)(s) ds.
-

We notice that if A = B = 0, then lim;—, 1 o, €"'a = lim;— 1 o, €"'h = 0, which is not
possible. Therefore we can be sure that either A or B is nonzero. As u = a + b is positive
and A = lim;— oo (a + b), then either A > 0 or A = 0 and B > 0. Observe that

it — A— Be "2 = (e,

If n = 2, we notice that

/ YR — 1 7
8, ﬁ2+ﬁ%§\/%+C|M(u)|§§ ﬁz—l-ﬁ?—i-Ce_Z’lZ
u? + u;
1
< (§+Ce‘2’),/ﬁ2+ﬁ%.

Thus i = O(e2') and then M (1) = O(e™32"). We also have

/ 1
at(e%’ ftz—l—ﬂ%)z(%—z—ce_z’)e%f /ﬁ2+ﬁ%20

for ¢ sufficiently large. So eit V112 + 12 cannot converge to 0 as ¢ goes to +00c. By inte-
grating the equation on u, one gets

u(t) = At + B — o o Mu)(r)dr)ds.
/[ N

If A and B vanish, then u, u; = O(e_%’ ), which is not possible. Then either A > 0 or
A =0and B > 0. Notice that it — At — B = O(te™?"). In fact, last equation gives that
it = O(t). Then, from (3.5), we have M (1) = O(te™?"). Therefore, using last equation
again, we obtain it — At — B = O(te™2").

In both cases, we have M (u) = O(te~2(*~1D1),

Now, to conclude, we need to estimate v — . Let v; be a L?-unit eigenfunction for the
Laplace operator on S”~! associated to a nonzero eigenvalue A (in particular, A > n — 1).
Letu; = [gu—1 uv; do. Equation (3.1) implies

Uisr + (n— Uiy — Au; = —/ M@u)vido = f; = O(te 2017,
Sn—1
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Observe that 42 + (n —2);t — A = 0 has two roots: ;14 > 1 and u_ < —(n — 1). Then,
solving the above equation, we obtain

+o00 .
(3.6) ui (1) = e+ (a; - / p—tis i) @)
t M+ — -
t

+ e“*’(b,- —/t e H-s —Mffsl_ ds)

0

for some a;, b; € R. Using (3.3) and the fact that # = O(¢), we have u; = O(¢) and thus
a; = 0. We also have

+ .
bi = e M1y, (1) + €(M+_M_)t0/ h e HHs _Si® ds.
to I’L+ - /’L—
Now, by Cauchy—Schwarz,

+00 2 1 +o00
( f eI £i(s) ds) < ehat / e HHS f2(s) ds,
t M+ t

A

A

(/t e S £i(s) ds)2 < 1_ (e™H-1 — eH-10) /t e H=S £2(s) ds.

0 —

Thus, by squaring (3.6), we obtain

Mt +oo
u?(t) < 16 (e—2 / e TS f2(s) ds + €M7 42 (1)
Pt (g — p=)? Jy
ezﬂf(t—t())-‘r,qut(] +oo euft t
+ —2/ eTHS f2(s)ds + —2/ e TS 2 (s) ds).
Pt (g — p=)? Sy —p— (g — p=)* gy

Let us define
00 = [ .p) =) do.
W0 = [ 6, =)o) do

Using that 4+ > 1 and u— < —(n — 1), we can sum the above inequalities with respect
to i to obtain

+00
Uil) <16 (e"’” / e M5 M(s)ds + o2H-(t=10) U (1)
t

+o0 t

+ e2M- (t—to)+1+to /

to

eTH+S M (s)ds + et / e M= M (s) ds).
to
Since M (1) = O(r2e=*®=D1) it follows that

lu — @)l 1211421 xsn-1y = O(e~ 7).
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Actually, u — u solves the equation
Zie+(n—2)zs + A%z + M(2) = M (u) — M(@i).
Then, combining the above L2-estimate with (3.4) and (3.5), Schauder’s estimates give

lu — il c2gr sy xsn-1) = Oe™ D7),

We have then proved that

e — A= Be™ ™| oy i p1yxsn1y = O(e™ DY) ifn > 2,
lu — At — Bllc2e,e+1]xsn-1) = O(e™) ifn =2.

This gives the expected result after going back to the original coordinate system. ]

3.2. Classification of stable hypersurfaces

If X is an exterior free boundary minimal hypersurface with regular ends, the unit normal
to X has a well-defined limit at each end. Then we say that such a hypersurface has parallel
ends if these limits coincide up to a sign. We notice that, if ¥ is embedded, then its ends
are always parallel.

Now, we are going to use the above Bocher-type theorem in order to give a classifica-
tion of stable exterior FBMH with parallel regular ends.

Proof of Theorem 1.1. Consider the (X, z) coordinate system on R? 1. After an isometry,
we can assume that the unit normal to the ends of X are given by +e,.

Now, let M € M, (R) be a skew-symmetric matrix and consider the Killing vector field
K(X,z) = M X. Notice that K generates isometries fixing the z-axis (we have exp(tM)
orthogonal). Then the scalar product u = (K, N) is a solution to Au + || B||?u = 0 on X.
Moreover, since K is tangent to 0B, u satisfies d,u +u = 0 on dX.

Each end of X can be parametrized by the graph of a function f with the asymptotic
given by (2.5) or (2.6) (depending on n). In particular,

N(X, f(X)) ==+ (=Vf(X) +e2).

1
VI VX))
So the asymptotic of f gives that u = O(| X |~®~D).
On the other hand, since X is stable, there is a positive solution v to (2.4). The asymp-

totic of v is given by Theorem 3.1. As a consequence, we see that u(X)/v(X) goes to 0
as | X| goes to +o00. Also, the function w = u /v satisfies

Aw+2(VInv,Vw) =0 on X,
dyw =0 ondXx.

Therefore, the maximum principle gives that w = u /v is constant and thus equals zero.
This implies that ¥ = 0 and then ¥ is invariant by the isometries generated by K. So X is
a catenoidal hypersurface. ]
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4. Catenoidal hypersurfaces

Theorem 1.1 gives that stable hypersurfaces are invariant by isometries fixing an axis. In
this section, we describe this kind of exterior free boundary minimal hypersurfaces X. We
fix the axis to be Re,.
Let ¢ be a primitive of the function r — (r2*=1 — 1)~1/2 defined on [1, +00). The
hypersurface
Y ={(X,z) e R" xR;|X|>1and z2 = ¢>(|X|)}

is a minimal hypersurface invariant by isometries fixing Re,. Actually, any connected
piece of a minimal hypersurface invariant by isometries fixing Re; is a subset of AX + e,
for some A, u € R.

Half of ¥ can be parametrized by the map

F: [l,4+00) x S""1 — Rr*!
(r.p) = (rp.¢(r)).

Given « € (0, r/2), we look for a rotational exterior free boundary minimal hyper-
surface with boundary in {z = sina}. Let Ry = (sina)™"/®~1 be such that ¢/(Ry) =
tan o. Notice that R, decreases with o from 400 to 1. Let €, be the hypersurface
parametrized by
Fy i [Ry, +00) x "1 — RATI

(r.p) = Aa(rp,¢(r)) + paez,

where A4 and p, are chosen such that €, has the expected boundary:

“4.1)

Uo = sina — Ay p(Ry).

The hypersurface €, has free boundary because of the choice of R,. Thus, for any o €
[0, w/2), there is exactly one rotational exterior free boundary minimal hypersurface: €,
fora #0and €y = {z =0} \ B fora = 0.

Let us notice that the unit normal to €, is given by

42) {)ta = R;'cosa = (sina)ﬁ cos o,

(43) N(rv p) = (_¢/(r)p’ 1)

1
V14 (@'(r)?
Therefore, €, is an exterior free boundary minimal catenoidal hypersurface and any con-
nected exterior free boundary minimal catenoidal hypersurface is the image of some €,
by a linear isometry of R?*1,
Observe that

4.4) OgAq = (sina)_% ( T cos? o — sin? )

Let

1
o, = arctan ( )
g vn—1
It follows that, on [0, ], A4 is increasing from O to Ay, and, on (o, 7/2), A4 is decreas-
ing up to 0. Moreover, €, converges to the hyperplane {z = 1} as @ goes to /2.
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OB

Figure 2. Catenoidal hypersurface €y, @ =~ 0.92

The stability properties of €, are described by the following result, whose proof
is inspired by the computation of the index of catenoids in R”*! by L.-F. Tam and
D. Zhou [20].

Proposition 4.1. There exists &, € [y, w/2) such that €y is stable for a € [0, ;] and €y
has index 1 for o € (&, 7/2).
Actually, Gy = oy = /4 and &, > oy forn > 2.

Proof. We first study some preliminary stability properties of €. Notice that €, is a
graph over part of R”. Therefore, €, is stable as a graph with fixed boundary: the stability
operator is nonnegative for any test functions that vanish on 9€.

Let us consider on R” coordinates (x,Y) € R x R"7!. Let K(x,Y,z) = (=z,0, x)
be the Killing vector field generating rotations around {x = 0,z = 0} in R?*1. Then the
scalar product k = (K, N) defines on €, a solution to (2.4). The boundary condition
comes from the fact that K is tangent to dB. Actually, one can compute k in the (7, p)
coordinates. By (4.1) and (4.3), we have

k= —— (Aa®(r) + pta) ¢'(r) + Aar) px,

V14 (@'(r)?

where py is the x coordinate of p € S"! C R x R”™!. Observe that, by (4.2),

(Aa @ (r) + 1q) ¢/(r) + Aar = (Aa @ (Ro) + ta) (]5/(}’) + Ag Rq
= sina ¢'(r) + cosa > 0.

Hence k has constant sign when p, has constant sign. This implies that the half catenoidal
hypersurfaces €, N {£x > 0} are stable.

Let us now study the global stability of €,. We have a one-parameter family {€,} of
catenoidal hypersurfaces. Therefore the derivative with respect to « gives a deformation
field whose scalar product with the unit normal to €, is a function u that solves (2.4). In
the F, parametrization and for the upward pointing unit normal, ¥ can be computed as

U= (COuhar () + daha$() + Duita).
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So u depends only on r and is equal to 1 on 0€y, i.e., at r = Ry. In order to study the sign
of u close to r = 400, let us take a look at A,. By (4.4), we have

cosa (sine)~ =t ((n* +n —2)sin®a + (n — 2) cos® ) -

(n—1)?

Phy = —

Thus dy Ay is decreasing.

If n = 2, we have lim, 4o ¢(r) = +o00. Then, for o # o, = w/4, we have that
lim, s oo 4 = F00 depending on sign(dyAy): close to r = 400, u is positive for ¢ < o,
and negative for o > .

If n > 2, we have lim, 4 oo ¢(r) < +00 and, by (4.2),

lim u = gy + 0grq lim ¢ (r)
r—>+o00

r—>—+o0o

" [ cosa + O A _1:111 ¢(r) — ¢(Ra)).

This limit is positive when o < «,,. Moreover, when « > «,,, the limit is decreasing with «
and negative for « close to /2. Then there exists &, > «;, such that the limit is positive
for @ < @, and negative for o > @,.

Thus, for & < &, u is positive on 0'€,, and close to the infinity. Therefore, if ¥ changes
sign on €y, {u < 0} would be a precompact subdomain of €, with ¥ = 0 on its boundary,
but this would contradict the stability of €, as a graph. Hence, for « < @, u is positive
and then, by Proposition 2.1, €, is stable. The hypersurface €5, is also stable as limit of
stable minimal hypersurfaces.

When o > &, u changes sign on €,. Thus there is A > R, such that v is nonnegative
on [Ry, A] x S"~1 and vanishes on {4} x S"~1. This implies that €, has index at least 1.
We notice that there is no value B > A such that u vanishes on {B} x S"~!. Indeed, this
would contradict that [A4, +00) x S”~! is stable as a graph.

Let us now prove that, for « > &, €, has index 1. If it is not the case, then there
is B > R, such that the Jacobi operator has index at least 2 on [Ry, B] x S"7!. Let us
consider u, the eigenfunction associated to the second eigenvalue A, < 0 on €,(B) =
Fy([Rg. B] x S®™1): u, is a solution to

Auy + ”B”zuz = —Aup onEy(B),
dvuz +uz =0 on d€,,
u, =0 onr = B.
We are going to prove that u, depends only on the r variable. As above, let us consider

(x,Y) coordinates on R” and let S be the symmetry of R”*! with respect to {x = 0}.
As €, (B) is invariant by S, we can consider on it the function v defined by

v(p) = u2(p) —u2(S(p)).
The function v is then a solution to
Av + ||B||?v = —A2v  on €y (B),

v +v=0 on 0€,,
v=20 onr = B.
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Moreover, we have v = 0 on €, (B) N {x = 0}. If v # 0, this implies that €, (B) N {x > 0}
is unstable, since A, < 0, which contradicts the stability of €, N {x > 0}. So v = 0 and u,
is invariant by S. Changing the choice of the x coordinate, we obtain that u, is invariant
by isometries fixing the z-axis and then depends only on r.

As u, is associated to the second eigenvalue, 1, must change sign. Then there is C €
(Ry, B) suchthatu, =0on {r = C}. As A, <0, this implies that {C <r < B} is unstable,
which contradicts the stability of €, as a graph. Hence €, has index 1 for « > &,,. ]

Example 4.2. Consider the universal cover of €, for n = 2:

Fy: [Ry,+00) xR — €, C R3
(r,0) +— Ay(rcosO,rsinf,¢(r)) + pge:.

Straightforward computations give that the area element and the Gaussian curvature of Fy
are given by

. n2y1/2 SP LA
doe = dor(L+ (@) P drdo and Ko = 55 = onss

Therefore,
¢’ ¢” drdf
Kydoy = —-—————-drdf = —————-
(1+ (¢)2)*P2 RN

Thus the total curvature of €, is given by

2 +oo dr +o0o dr
2/ / —d9=47r/ ———— = 4a(l —cosw),
0 ( Ry 12 r2—1) Ry 132a/r2-—1 ( )

while the total curvature of its universal cover is infinite. For o« < /4, this example shows
that when the boundary is not compact, even if the stability operator is nonnegative, the
total curvature can be infinite.

5. Classification of one-ended examples

This section is devoted to the proof of Theorem 1.2. The idea of the proof is based on a
symmetrization procedure as in Schoen’s paper [16].

After a rotation, we can assume that the end of X is the graph of a function f over the
outside of a compact set with the following asymptotic:

f(X)=Al|X|+B+O0(X|[™") ifn=2,
with A > 0and,if A =0, B > 0, and
F(X) =B+ AX[7" 2 4 o(x|7" V) ifn>2,

with B > 0.
The first step consists in proving that either ¥ = {z =0} \B =€y or £ C {z > ¢}
for some ¢ > 0.
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Observe that 3% C {z > —2}and X \ K C {z > —2} for some compact set K C R**1.
Then, by the maximum principle, ¥ C {z > —2}. In fact, for each t <0, we have ¥ \ K C
{z >t} (for a possibly different compact set K). Therefore, if ¥ N {z < 0} # @, we can
start from t = —2 and let t < 0 increase up to finding a first contact pointin ¥ N {z = ¢}
for some 5 < 0. We notice that, since ¥ is free boundary, d,z = —(P, e;) at a boundary
point P. So the first contact point cannot be at X (indeed, in that case, we would have
dyz < 0 at that first contact point). Then the maximum principle can be applied at the first
contact point in order to guarantee that ¥ = {z = #o} \ B, which is not free boundary.

This shows that ¥ C {z > 0}. Then either dX C {z > 0} or dX has a point in {z = 0}
and the boundary maximum principle can be applied so that ¥ = {z = 0} \ B.

If 0¥ C {z > 0}, then we see that

—/ 8v2=/ (P,e;) > 0.
0z X

Since z is harmonic on X, using the asymptotic of f, we obtain that

0<— 9z = / 0z = / (v,ez)
D SN{X|=R} SN{X|=R}

= / (— (n—2)A 1_1 R+ O(R*I)) do = —(n—2)|S" 1A +o(1)
Sn—l Rn

for n > 2. The same estimate gives that 0 < 2w A + o(1) for n = 2. Therefore, if n = 2,
we have A > 0 and this implies that f(X) > 1 for | X| sufficiently large. If n > 2, we have
A < 0 and, since f > 0, this implies that B > 0 and f(X) > B/2 for | X| sufficiently
large. In any case, we obtain that ¥ C {z > ¢} for small positive &, since there cannot be
any first contact point with {z = ¢} for 0 < ¢ < ¢. This finishes the first step.

We fix a (x,Y) coordinate system in R” = R x R”~!. We want to prove that ¥ is sym-
metric with respect to {x = 0}. In order to do this, we are going to follow a symmetrization
procedure.

Given 6 € [0, /2], let [Ty be the hyperplane of equation —x sinf + zcos = 0, let Sy
be the symmetry with respect to I1g, and let

Xy =X N{—xsinf + zcosH < 0}.

If B, is the ball centered at the origin of radius p > 0, we notice that Sg(B,) = B,.

Lemma 5.1. Given 0 € [0, 71/2), there exists pg > 0 such that, outside Bp,, Sg(X}) is
above Y. Moreover, pg can be chosen as an increasing function of 6.

Proof. In R2, let p = (acosa,asina) be a point witha > 0 and 0 < o < 6, and let R,
—
be the rotation of angle . If 0 < < 2(6 — «), then the angle between pR,(p) and the
vertical z-axis is @ + ¢/2, and then at most 0 (see Figure 3).
Because of the asymptotic of X, the intersection X N 9B, can be parametrized by
0B, N {z = 0} in the following way: there is a function g such that

SNoB, = {((1 - ﬁiﬁ?)l/zx,g()()) X €dB,N{z = 0}},
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Ri(p)

[SIE
[CIES
=

- )
Figure 3. Angle between pR;(p) and the z-axis.

where g satisfies
gX)=Al|X|+B+0(X|™) ifn =2,
g(X) =B+ AX|7"? 4+ o(x|7" V) ifn>2,
and
(5.1) dg(X)(V) = 0(X|)|V|

for any vector V' tangent to 0B, x|.
In the (x, Y, z) coordinates, we can extend the rotation R, to R**! by fixing the ¥
coordinates. Let p be large and let P € X N dB,. We can write

P=((1- ) " xs00)

for some X = (x,Y). Then Sg(P) is above X if R;(P) does not meet ¥ for 0 < ¢ <
2(60 — «), where 0 < o < 0 is such that

((1 — %)sz,g(X)) = a(cosa, sin )

for some a > 0 (see Figure 4). In particular, Sg(P) = Ra(9—q)(P). We notice that R;(P)
belongs to dB,. Then, if R;(P) € X, we must have

2 /
_ EEXNNV2,,
Py = ((1- 55 ) X))

for some X' € 9B, N {z = 0}.

As a consequence, by integrating (5.1) along B, N {z = 0}, we have

2 2 l

8T (X)\1/2 gEXN\V2 L,

- |X|2> X‘(l_ |X/|2) X

lg(X) —g(X)| < Cp2|X — X'| < C’p’z‘(l
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Figure 4. Configuration if Sg(P) is not above X

—_—
This implies that PR,(P) makes an angle less than C”p~2 with the horizontal plane
{z = 0}. Therefore, if pg is chosen such that this angle is less than /2 — 6, we obtain a
contradiction with R,(P) € X, and the lemma is proved. [

We are now ready to finish the proof of Theorem 1.2. Let
T = {6 € [0,7/2]; Sg(Typ) is above X for all B € [0, 8]}.

Since ¥ C {z > 0}, we may choose 6y > 0 small enough such that X, C R +1 \B%.
By Lemma 5.1, we have [0, 8p] C T'. The set T is then a closed interval of the form [0, 6, ].
Let us notice that when we symmetrize with respect to I1g, the image of a point on dB,
stays on 0B, so that points in X cannot be sent to interior points of 3 and interior points
of X cannot be sent to d%.

Then, if 6; < 7/2, by Lemma 5.1, there is a point P € Egl such that one of the
following occurs:

o P ¢1lg, Sg,(P) € X, and Sy, (29_1) is on one side of X;
* P eIlg,, X is orthogonal to ITg, at P, and Sy, (X ) is on one side of X.

In the first case, if P ¢ 0%, then the maximum principle gives that ¥ is symmetric
with respect to Ilg,. If P € 0%, then, by free boundary hypothesis, X and S, (251) are
normal to dB and thus tangent, since Sp, (Egl) is on one side of 3. As a consequence, the
boundary maximum principle implies that X is symmetric with respect to Ilg,.

In the second case, if P ¢ 9%, the boundary maximum principle implies that X is
symmetric with respect to Ilp,. If P € 0%, then, as 591(251) is on one side of X, we
can locally parametrize £ and Sy, (Egl) over a quarter of the tangent plane 7p X by two
functions u and v such that u < v, u(P) = v(P), and Vu(P) = Vv (P) (this last case
is not considered by Park and Pyo in [15]). Moreover, at P, the tangent vector P is an
eigenvector of the second fundamental form of ¥ (see (2.1)). Let us also notice that, at P,
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Sg, (0X N 251) is on one side of 9% in S”. This implies that, along 9% N I1g,, the scalar
product (N, vy) has a constant sign and vanishes at P, where v, is the unit normal to ITg, .
Since v; is parallel, this implies that (V7S~N ,v1) vanishes at P forany 7" € TpdX N Iy, .
Notice that vy € Tpd%, so 0 = (VEN,v1) = —=BS, (T, v1) = —B(T, v1) by (2.2). This
implies that, for any V, W € TpX, B(Sg,(V), So,(W)) = B(V, W). Thus the Hessian
of u and v at P coincide. So, applying Serrin’s corner maximum principle [17] to v — u,
we obtain that u = v and X is symmetric with respect to ITg, .

In any case, we obtain that ITy, is a plane of symmetry of X, which is not possible by
Lemma 5.1. This gives that 6; = m/2. Then S;/2(X N {x > 0}) is above X. The same
argument gives that S;/»(X N {x < 0}) is above X. As a consequence, % is symmetric
with respect to {x = 0}.

By changing the coordinate system, we obtain that X is symmetric with respect to any
vertical hyperplane passing through the origin and then invariant by rotation around the
vertical z-axis: X is a catenoidal surface.

Remark. In Theorem 1.2, if we know that the end is planar, then the catenoidal hyper-
surface is planar, since this is the only catenoidal hypersurface with a planar end. Thus we
recover Theorem 3.3 in [15].

A. Harnack inequality

In this paper, we are considering solutions u to some elliptic equations on ¥ under the
Robin boundary condition d,u + # = 0 on dX. Elliptic regularity theory for this condition
can be found in Theorem 2.4 and 2.6 of [11]. Besides, one can also remark that, if d is
a smooth function on ¥ with d,,d = 1 (for example, —d could be the distance function
to 9%) and v = e?u, then d,v = (8,,d)edu + e93,u = 0 and v solves some elliptic
equation. So results for Neumann boundary data can be translated to the Robin boundary
condition.

In the proof of Proposition 2.1, we use a Harnack inequality up to the boundary that
can be derived from the following one.

Proposition A.1. Let ¥ be a Riemannian manifold with compact boundary and let u be
a positive solution to

Au+ (X,Vu)+qu=0 onx,
dyu =0 onox,

where X is a smooth vector field and q is a smooth function. Then, given a compact
domain U C X, there exists a constant C > 0 (not depending on u) such that, for any
p,q € U, we have
u®@) _
u(q) ~
No such statement seems to appear in the literature. Similar results appear in [4,22],
but they are not directly applicable here because of certain hypotheses.
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Proof. In order to prove such an estimate, it is enough to prove an upper bound on |V Inu|.
Let v = Inu. We have

_Au |Vul*

(A1) Av >
u U

—q — (X, Vv) — |V~

Now, let w = |Vv|? and consider a nonnegative function ¢ with compact support such
that = 1 on dX and ¢ > 1 on U. Let p denote a point of maximum of ¢w. We notice
that d,v = 0, so Vv is tangent to dX. Thus,

dy(pw) = wayp +2¢(V,Vu,Vv) = wayo + 2¢(Vyy Vo, v)
=wdvp +2¢ By=(Vv, Vv) < w (9,9 + 2H),

where Bjy is the second fundamental form of 0% and H is an upper bound for the princi-
pal curvatures of dX. So, choosing ¢ such that d,¢p + 2H < 0, we can ensure that 9, (¢pw)
is negative. Thus the maximum cannot be on the boundary of X. Let us compute A(¢pw)
by using Bochner’s formula:

Alpw) = wAP +2(Vp, Vw) + ¢ A(|Vv]?)

= wA$ + 2(Ve. Vw) + 2¢ [(Vv, VAv) + [Vv|* + Ric(Vv, Vv)]

> w(Ap —2K¢) +2(Vp, Vw)+2¢ V20| +2¢(Vv, V(=g — (X, Vv) — w)),
where —K is a lower bound on the Ricci tensor. We also have

(Vv, V(X,Vv)) = (Vv X, Vv) + (X, Vv, V) < Kw + (Vv, Vx Vo)

1
= Kw + E(X Vuw),
where K is also chosen to be an upper bound for the tensor (V. X, ).
At p, we have 0 = wV¢ + ¢Vw, that is,
V¢

Vw =—-w —-

¢
Thus,

Alpw) > w(Ad — 4K$) +2¢|V?0]* — 24(Vv, Vg)

2
-2 % w4+ w(X,Ve) +2w(Vv, Vo).

At p, A(pw) <0, and so
[Vo|?

(A2) 0>24|V20? + w(A¢ —4Kp—2 + (X, V¢))
—2|Ve|w?? —2¢|Vg|w!/?.

It is well known that |
V2| > — |Av].
[VZv| > ﬁ' |
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Then, by (A.1), we have
1 1
V202 > = |Av)? = = (w? — aw®? — bw — cw'/? — d)
n n

for some constants a, b, ¢ and d depending only on X and ¢. Thus, combining with (A.2)
and multiplying by ¢ (p), we obtain, at p,

0 2 ()~ Aw)"* ~ Blgw) ~ Cgw)"/* ~ D

for some constants A, B, C and D depending only on K, X, g and ¢. This implies that
¢(p)w(p) < M for some constant M = M (A, B, C, D), and thus w(g) < M forq € U,
since¢p > lonU. [

As a consequence, we have the following Harnack inequality for the Robin boundary
condition.

Proposition A.2. Let X be a Riemannian manifold with compact boundary and let u be
a positive solution to

Au+qu=0 onX,
u+u=0 onoX,

where q is a smooth function. Then, given a compact domain U C X, there exists a con-
stant C > 0 (not depending on u) such that, for any p,q € U, we have

u(p)
C.
uq) —

Proof. As explained above, let d be a smooth function on ¥ such that d,d = 1 and
v = e%u. We then have

0V = (Bvd)edu +e?d,u =0.
We also have

Av = @ u|Vd|? + uAd + 2(Vu,Vd) + d Au)
= 2(Vv,Vd) + (Ad — |Vd|* —dg)v.

So the above proposition applies to v and gives the expected result for u. ]
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