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We prove a compactness theorem for constant mean curvature surfaces with
area and genus bound in a three-manifold with positive Ricci curvature. As
an application, we give a lower bound of the first eigenvalue of constant
mean curvature surfaces in a three-manifold with positive Ricci curvature.

1. Introduction

Let M be a three-dimensional manifold and ¥ C M be a surface. Let H be the
mean curvature of . We say X is a constant mean curvature (CMC) surface if H
is a constant. In particular, if H is constant 0, X is a minimal surface. There are
many examples of CMC surfaces in R?; see [Meeks et al. 2016]. Recently, Zhou
and Zhu [2019] proved the existence of embedded CMC hypersurfaces in closed
(n+1)-dimensional manifolds with 2 <n < 6.

We will prove the following compactness theorem for embedded CMC surfaces
in a three-dimensional manifold with positive Ricci curvature:

Theorem 1.1. Let M be a three-dimensional compact manifold with positive Ricci
curvature and no boundary. Suppose ¥; C M is a sequence of closed embedded
CMC surfaces with constant mean curvature H;, satisfying the following conditions:

(1) |H;| < Hy for some constant Hy.

(2) The genus of ¥; is uniformly bounded.
(3) The area of X; is uniformly bounded.
Then either

(1) there is a self-touching smoothly immersed CMC surface ¥ with finitely many
neck pinching points, such that a subsequence of ¥; converges to ¥ in C*
topology for any k > 2 apart from those neck pinching points, or

(2) there is an embedded minimal surface ¥ such that ¥; converges to ¥ with
multiplicity 2.
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Here we say X is self-fouching if at any nonembedded point p € X, there is a
small r such that B,(p) N X is a union of two disks Dy, D>, and D can be written
as a graph of function ¢ over D, where ¢ > 0 on D,. Intuitively this means that X
is immersed but cannot cross itself. Neck pinching points are special touching
points. We will give the precise definition in Section 4. Intuitively one can imagine
that we are pinching a piece of a plasticine into two pieces, and just at the moment
they are detached, the point connecting them is a neck pinching point.

Compactness theorem. The compactness theorem for minimal surfaces was first
developed by Choi and Schoen [1985]. They proved the compactness theorem of
embedded minimal surfaces in a three-dimensional manifold with positive Ricci
curvature. Later their result was generalized to many other situations. For example,
White [1987] generalized the compactness theorem to surfaces which are stationary
for parametric elliptic functionals, and Colding and Minicozzi [2012] generalized
the compactness theorem to self-shrinkers in R>. We will follow the key ideas of
these papers.

There are two main ingredients in the proof by Choi and Schoen. The first
ingredient is a curvature estimate for minimal surfaces. Then we can get uniform
curvature bound on ¥; apart from finitely many points, so we can find a subsequence
of ¥; converging smoothly to a limit surface X apart from finitely many points. Here
we need to generalize the curvature estimate to CMC surfaces, and get an uniform
curvature estimate only depending on the uniform mean curvature bound Hj.

The second ingredient is showing the multiplicity of the convergence is no more
than two. In particular, if the multiplicity is one, then by a result of Allard [1972]
the convergence is smooth. There are two methods to show the multiplicity is no
more than two. Choi and Schoen argued by constructing a family of functions
which contradict the eigenvalue estimate in [Choi and Wang 1983]; another method
by White and by Colding and Minicozzi argued that if the multiplicity is more than
two, then the linearized operator has a positive Jacobi field, which is impossible
if M has positive Ricci curvature. We will follow the second method, because we do
not have an eigenvalue estimate for CMC surfaces. In our case, a key observation is
that although CMC surfaces and minimal surfaces satisfy different equations, their
linearized operators are the same. Hence we may conduct the same argument as
the minimal surfaces case.

If the limit surface is minimal, then the CMC surfaces may approach it on both
sides with different orientation, and the differential operator is not the same as
the differential operator of minimal surfaces. Thus, the convergence may not be
multiplicity 1. However, if the multiplicity of the convergence is more than 2,
then we can still find two sheets with the same orientation, and so the differential
operator is again the same as the differential operator of minimal surfaces. Again
we can obtain a positive Jacobi field to argue for contradiction.
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Figure 1. Kissing process.

As an application of the compactness theorem (Theorem 1.1), we obtain a lower
bound for the first eigenvalue of CMC surfaces.

Theorem 1.2. Let M be a three-dimensional manifold with positive Ricci curvature.
Suppose there is no embedded minimal surface in M which is the multiplicity 2 limit
of a sequence of CMC surfaces. Then for any embedded CMC surface with area
bound V, genus bound G and mean curvature bound |H| < Hy, we have the first
eigenvalue lower bound:

- minRic —HC

Z 5

where C is a constant depending on M, V, G, H.

(1-1) A

Touching phenomenon. The touching phenomenon does not occur in minimal
surfaces due to the maximum principle, but it may occur in CMC surfaces, especially
in a convergence process. The appearance of touching points makes the convergence
of CMC surfaces much more complicated.

The touching phenomenon is natural in our physical world. For example, one can
observe many soap bubbles touching each other. More complicated examples appear
in general three-manifold rather than R, and we give some examples in Section 5.

In general touching points in the limit do not influence the smooth convergence
in our main theorem (Theorem 1.1) if they are generated when two parts of the
surface are kissing each other. One can imagine the convergence is smooth on each
piece; see Figure 1.

However, neck pinching points are generated with some topological changes, so
smooth convergence cannot cross these points; see Figure 2.

The neck pinching phenomenon is very common in geometric analysis. For
example, the neck pinching phenomenon appears in geometric flows, such as mean
curvature flow (see [Gang and Sigal 2009]) and Ricci flow (see [Angenent and
Knopf 2004]). In order to deal with the nonsmoothness of the flow across these
neck pinching points, one needs to do surgery for the geometric flows. For example
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Figure 2. Neck pinching process.

Perelman [2002] studied surgery of Ricci flows, and Brendle and Huisken [2016]
studied surgery of mean curvature flows in R>.

Organization of the paper. In Section 2 we will prove the Choi—Schoen type
curvature estimate for CMC surfaces. We will just follow Choi and Schoen’s proof.
A similar estimate for CMC surfaces in R appears in [Zhang 2005].

In Section 3 we discuss the linearized equation and the linearized operator.

In Section 4 we prove the main compactness theorem. We follow the idea from
[White 1987] and [Colding and Minicozzi 2012].

In Section 5 we present some touching examples of CMC surfaces.

In Section 6, as an application of the compactness theorem, we prove a lower
bound for the first eigenvalue of CMC surfaces in a three-manifold.

2. Curvature estimate

In this section we generalize the Choi—Schoen curvature estimate for minimal
surfaces to CMC surfaces. We first need some tools.

Tools for curvature estimate. The first lemma is a Simon’s type inequality for
CMC surfaces. We need to keep track of the mean curvature term.

Lemma 2.1. Let X be a CMC surface with mean curvature H, |H| < Hy. Then
2-1) As|AP = —C(@S* +]AP),

where C is a universal constant, and § is quadratic under the rescaling of the M,
i.e., suppose we rescale the metric g to § = o g, then 8 becomes § = o~ '6.

Proof. See [llias et al. 2012, Theorem 3.1]. O

The next lemma generalizes the monotonicity formula for minimal surfaces to
CMC surfaces.
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Lemma 2.2. Let M be a closed three-manifold with sectional curvature bounded
by k and injective radius bounded from below by ig. Let ¥ C M be a CMC
surface with mean curvature H, |H| < Hy. Let f be a function on ¥ satisfying
Ay f = —t72f, where M is a fixed constant and t < min{io, 1/v/k}. Then we have
ek+C(H0,k)t/2 /

B (xo)NX

(2-2) f(xo) = .

Before we prove this lemma, let us state a lemma of the famous Laplacian
comparison theorem in three-manifold. See [Colding and Minicozzi 2011, Chapter 7,
Lemma 7.1] for a proof.

Lemma 2.3. Suppose that M is a closed three-manifold with sectional curvature
bounded by k and injective radius bounded from below by iy. Let x € M be a fixed
point, and r be the distance function from x. Then for r < min{io, 1/vk} and any
vector X with | X| =1,

2-3)  [Hess, (X, X) — %(X — (X, Dr)Dr, X — (X, Dr)Dr)| < V&

Here D is the gradient on M.

Proof of Lemma 2.2. Let y € ¥ be a point with r(y) < min{ig, 1/+/k}. We choose
a local orthonormal frame E, E>. Then by Laplacian comparison (Lemma 2.3),
we have

(2-4) ’Hessr(El, E)) — %(E1 — (Ey, Dr)Dr, E; — (E}, Dr)Dr)‘ <k,
(2-5) |Hess,(E2, Ey) — %(Ez — (Ey. Dr)Dr. Ey — (E», Dr)Dr)‘ < Vk.

Adding these two inequalities and noting ¥ is a CMC surface, we get (compare to
the minimal surfaces case in [Colding and Minicozzi 2011, Chapter 7, (7.2)])

(2-6) |Asr? —4— (VY2 Hn)| < 4Vkr.
Noting |Dr| <1, we get
2-7) |Axr? —4] < (4Vk +2Ho)r = ar.

where C only depends on k, Hy. Let us define

1
S% J By (x0)NZ

We can differentiate it for almost every s < ¢

2 1
(2-8) F’(s):——3/ f+—2/ S
57 JB,(x)nx 5= JaB,(onz [Ver|
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Here we use the co-area formula; see [Colding and Minicozzi 2011, p. 24, (1.59)].
Let us estimate the first term on the right-hand side. Using inequality (2-7) and
integrating by parts gives

2 1
2-9) —= f — 4f
53 JB, (o) 253 JB,(xo)nx
> Ar(?—s?)f — - / !
> s(rP—s*) f— — ar
253 Jp,(xo)nx 253 Jp.(xo)ns
1 2 2
R A
253 As<xo>mz(r aet

1 1
- Vz(rz)f——/ arf.
253 JyB, )Nz 253 Jp,(xo)ns

So we get the following inequality

_ 2
@10) Fozos [ @ty [ DL Sp)
By(x)ND s 2

2s3 3B, (onE | Vzr]
1

=553
25 J B (xo)nz
1

283 Jp s

(Sz—l’z)Azf—%F(S)
(s2—r2)z—2,\f—%p(s)

> 2 p)—2F(s)
= ? N 5 S).

Hence e*/!7%/25 F () is monotone nondecreasing. Then we can conclude that

eC-‘rat/Z

@-11) fxo) = [ O
T B, (x)NE

Choi-Schoen type estimate.

Theorem 2.4. Let M be a three-dimensional manifold. Let p € M and r > 0 such
that B, (p) has a compact closure in M. Let ¥ be a compact immersed CMC surface
with mean curvature H in M such that B,(p) N0X = &. Here |H| < Hy. Then
there exists eg > 0 depending on the geometry of B,(p) and Hy such that if

/ AP < .
ZNB,(p)

and r < gg, then
(2-12) MaXo<q < 0 SUPp, (| A* < C = C(Ho, B (p)).

Proof. We follow the idea of Choi and Schoen. Since o2 sup Br_o(p) |A|? vanishes
on d B,, the supremum of o2 SUPg_(» |A|> must be achieved inside B,. Let o be
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the number such that
2 2 2 2
o) supBF”O(p)|A| = maXp<g<r O SupB,,,,(p)|A| .
and let ¢ € B,_,(p) be chosen to satisfy

AP (q) = supp, ()| AP

Then
(2-13) supg, O<q)|A|2 <4|AP ().
20

If 002|A|2(q) < 4, then the inequality holds. So we only need to consider the case
002|A|2(q) > 4. Now we rescale the metric ds> on M by setting ds? = |A|*(q)ds>,
and we denote the balls and the quantities under the rescaled metric with tilde.
o5 |Al*(q) > 4 implies that 3T N Bi(¢) = @. Inequality (2-13) implies that

sup,;l(q)|;\'|2 <4.
By Simons’ inequality (Lemma 2.1),
As|AP = —C @ +]AP).
Note here 82 < C 002 <C 8(2). Together with the inequality supg, (q)lg |> <4 we get
Asu > —Cu on By (q),

where u = 8% + |Z |> and C is a universal constant. So the monotonicity formula
(Lemma 2.2) gives

C+d/2
(2-14) u(xo) < & / "
T Bi(g)nx

Noting & < aop < agy, we have
eC+aso/2
(2-15) A% (q) <u(g) < ——— / (8% +1A1%) < Ceo.
Bi(g)NZ

where we use the conformal invariance of the integral of |A |> and the area bound of
CMC surface. If gg is small enough, we will get a contradiction since |AI>(q) = 1.
Thus we finish the proof. U

3. Linearized equation
Let X be a CMC surface in M. Let us define a differential operator L such that
(3-1) Lu = Asu + Ric(n, n)u+ |A|u.

Here u is a function on ¥. We call L the linearized operator. In this section we
study some properties of this operator.
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Difference of two CMC surfaces. Let M be a three-dimensional manifold. Sup-
pose X, Xo C M are two CMC surfaces, with mean curvature Hy, H, respectively.

Theorem 3.1. Suppose X, is a graph over X1, i.e.,
Yo={x+e¢n:xe X}

Then ¢ satisfies the second order elliptic equation

(3-2) Lo — (Hy— Hy) =div(aVe)+b-Ve+cop.

Here a, b, c turns to 0 as ||¢|| c2 goes to 0.

This can be viewed as a noninfinitesimal version of the second variational formula.
The computations are in the Appendix. Intuitively, one can imagine the second
order variational formula gives the second order derivative of minimal surfaces,
and the difference formula here gives the Taylor expansion of the minimal surfaces
up to the second order. In particular letting ¢ — 0, we will again get the second
variational formula.

Stability of linearized operator. Suppose % is a CMC surface. We say the lin-
earized operator L of X is stable if for any function u on %,

(3-3) / wLu <0.
)

Otherwise we say L is unstable. Note this definition of stability is not the same
as the stability of the CMC surface itself, since when we talk about the stability of
a CMC surface X, we only consider the variational fields which preserve the (local)
volume enclosed by X.

For a surface ¥ in a three-dimensional manifold M with positive Ricci curvature,
letting u = 1 we see that

/uLu:/|A|2+Ric(n,n)>0.
X )

Hence L is always unstable.
Recall a Jacobi field on X is a variational field frn such that Lf = 0. The
following lemma shows that a positive Jacobi field implies the stability of L.

Lemma 3.2. Suppose there is a positive function u on X such that Lu = 0. Then L
is stable.

Proof. Let w =logu. Then Ayw = —|A|> —Ric(n, n) — |V wl|>
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Let v be any smooth function on X. Multiplying both sides of the above identity
by v? gives

(3-4) /v2(|A|2+Ric(n,n))+/|ng|2v2
) )

:—/ v2A2w=2/ U<V):U,V2w>
b3 P

52/|U||Vzwllvzv|§/ U2|V2w|2+/|vzv|2-
> > )

Then integration by parts gives
(3-5) / vLv <0. U
by

4. Compactness theorem

In this section, we will prove the main compactness theorem.

Smooth limit. We first show that there is a reasonable smooth limit under the
conditions in Theorem 1.1.

Theorem 4.1. Let M be a three-dimensional compact manifold with positive Ricci
curvature and no boundary. Suppose ¥; C M is a sequence of closed embedded
CMC surfaces with constant mean curvature H;, satisfying the following conditions:

(1) |H;| < Hy for some constant Hy.
(2) The genus of X; is uniformly bounded.
(3) The area of X; is uniformly bounded.

Then there is a self-touching smoothly immersed CMC surface ¥ such that a
subsequence of i converges to X in C* topology for any k > 2 apart from a finite
singular set S.

Proof. We follow [Choi and Schoen 1985] and [Colding and Minicozzi 2012]. First
of all, since the mean curvature, the area and the genus of X; is uniformly bounded,
by the Gauss—Bonnet theorem the total curvature of ¥; is also uniformly bounded
by a constant C. For each positive integer m, take a finite covering {B,, (y;)} of M
such that each point of M is covered at most / times by balls in this covering, and
{B,,2(y;)} is still a covering of M. Here we set r,, =27"¢p and h only depends

on M. Then we have
|

%;NB,, (},
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Therefore for each i there are at most 2C /gy number of balls such that

/ AP = e
EimBrm (yJ)

By passing to a subsequence of ¥; we can always assume that all the X; have the
same balls with total curvature > g¢. Call the center of these balls {x1 ,, ..., X1},
where [ is an integer at most 2C/g9. Then on the balls other than By, ), by
Theorem 2.4 we have a uniformly point-wise curvature bound for X;. Passing to a
subsequence we may assume that the ¥; converge smoothly on a half size of those
balls to X. Since the ¥; are embedded, the limit X is self-touching in the balls
other than By, (.-

We can continue this process as m increases. Finally by a diagonal argument
we can get a subsequence {X;}, converging smoothly everywhere to X apart from
those points x1, ..., x; which are the limit of those {x; ,}, ..., {x;n}. Moreover,
since there is no maximum principle for CMC surfaces, the limit is only immersed.
However if we consider the compactness for each connected components in any
fixed ball, we can see the limit is self-touching away from x1, ..., x;. O

Next we will show that ¥ is actually smooth everywhere. We will follow White
to prove that the singularities are removable. The main ingredient is a more delicate
curvature estimate near the singularities.

Lemma 4.2. Suppose ¥ is a properly self-touching CMC surface in Br(x¢) \ {xo}
with mean curvature |H| < Hy. Then there exists € = €(Hy, R, xo) > 0 such that if
f 5 |A|? < ¢, there exists C such that

4-1) |A(x)|(dist(x, xp)) < C.

Proof. We show this by contradiction. If the criterion is not true, we can find a
sequence of points x, € ((Bgr(xp) \ Bi/x(x0)) N %) such that

Ao P (distCr, o) — %) s too.

Otherwise we will have uniform bound for |A(x)|2(dist(x, X0) — %) for a sequence
of n — oo, then passing to limit we will have a uniform bound for | A (x) % dist(x, xo).

We can choose z, € (B (x0)\ B1n (x0))NE) such that | A(z,,)|*(dist(z,, x0) — 1)
achieves its maximum. Note that |A(x) |2( dist(x, xo)— %) equals O on 9 By, (x0)NX,
so d,, .= dist(z,, xg) — % > 0.

We rescale By, /2(z,) by |A(z,)], and denote the set {x € ¥ : dist(x, z,) < d,/2}
after rescaling by $,. We will use tilde to denote the quantities on this new surface.
Moreover, since |A(z,)| — oo, the limit of the rescaling of By, /2(z,) will converge
to R, so we can assume n is sufficiently large such that s, actually lives in R?
with a metric which is perturbed from the standard Euclidean metric.
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¥, satisfies the following properties:
(i) 1) =1.
(i1) Since
| Azn) PPdy — o0,

we know that, for any fixed R > 0, %,NdBx(0) # @ in R? if n is large enough,
and 0%, N Bg(0) = & if n is large enough.

(iii) For any x’ = |A(2)|x € ., we have
|Aun@mu—m@mm—%)gm@wu

~Since dist(x, z) <d, /2, we have dist(x, xg) — % >d, /2, thus |[A(x)| <2|A(2)],
A" <2.

By the uniform curvature bound of ., for each R > 0, there exists a subsequence
(still denoted by ) converging smoothly on Bg(0) to a complete surface z. By
checking the equation after rescaling, we see that the limit ¥ must be a minimal
surface, i.e., H = 0.

Since the rescaling does not change the integral of the squared curvature, we have

/ AP ze.
Br(O)NZ

Thus % has to be a plane if ¢ is small enough; see [White 1987, p. 249]. This
is a contradiction to the condition that |A(0)| = 1. [l

Theorem 4.3. The limit surface in Theorem 4.1 is smoothly immersed. Moreover,
fory € § a nonembedded point, in a small neighborhood of y, ¥ is a union of two
disks which are touching at y.

Proof. We only need to prove that X is smooth around the singular set S. Suppose
y € S is a singularity. We may assume r small enough such that | B,(»)NS A <e
(Note X\S has finite total curvature since the X;’s have uniformly bounded total
curvature).

By Lemma 4.2, there is a constant C such that, for any x € B, (y) N X,

|A(x)|dist(x, y) < C.

Now we choose a sequence r; — 0 and rescale B,(y) and X; by 1/r; and denote
it by X;. Note the curvature bound

|A(x)|dist(x, y) <C

is invariant under rescaling, so this uniform curvature bound indicates that pf
smoothly converges to a complete surface % in R*\ {0}; see [White 1987].
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Now for K a compact subset of R3\ {0},

/N |A|2=/ IA> >0 asr;,— 0.
2,NK XiNri K

This implies that ¥ is a union of planes. Thus ¥ N B, (0) is actually a union of
disks and punctured disks.

Now let X denote one of its connected components which is a punctured disk.
Since f)i converges to the plane in R?\ {0}, we can assume for some i that f)i can
be written as a graph ¢; of that plane. Without loss of generality, let the plane be
the xy plane in R3. By the computations in the Appendix, in By, ¢; satisfies an
elliptic equation over the tangent plane:

4-2) Ly; — (Hy — Hy) =div(aVe;) +b- Vo +cy;.

Here all terms are defined on R? N B (0). Again, when i is large, each term on the
right-hand side goes to 0. Then by the implicit function theorem, if we fixed the
normal direction to point upwards, we can solve ¢; ; for boundary data
Yip =@ +1

on dB;(0). Then the graphs of ¢; ; foliate a region of (B1(0) N R?) x R. Since we
fixed the direction of normal vectors, we can apply the maximal principle, which
indicates that the leaf such that ¢; ;(0) = O lies on one side of f),-. As a result, any
sequence of dilations of ¥ must converge to the same limit plane, which is just the
tangent plane of that leaf at 0.

Thus ¥ U {0} is a C' graph of a function v in a neighborhood of 0. Since v is a
C?“ solution to an elliptic equation except 0, v is actually C>“ everywhere. Hence
¥ U {0} is a smooth disk.

We have already shown that ¥ U {0} is a union of smooth disks. So X is an
immersed surface, with locally finitely many curvature concentration points. By
the maximal principle, at each touching point ¥ consists of two disks which are
touching at that point. So ¥ is a smoothly self-touching immersed surface. (]

Smooth convergence. In this subsection we first assume that the limit surface is
not minimal, and discuss the situation when the limit surface is minimal at the end.

We will show the convergence is smooth apart from neck pinching points. Note
we have already shown the convergence is smooth apart from S, so we only need
to show smooth convergence across points in S with density 1 (i.e., locally X is
one disk) and points in S which are not neck pinching.

We first define neck pinching points. From Theorem 4.3 we know that for any
points y € S with density more than one, locally ¥ is the union of two disks Dj, D>,
and X; can be written as graphs Gl.l, G? of functions <pl.l, goiz over Dp \ {y} and
D, \ {y} respectively.
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Definition 4.4. We say y is a neck pinching point if there exists ro > 0 such that
for0 <r <rg, G} and Gi2 do not lie in the same connected components of X; N B,
for at most finitely many ;’s.

Now we prove the convergence is smooth apart from these neck pinching points.
The main ingredient is to show the convergence has multiplicity one. Then by
the regularity theorem of Allard [1972] (see also [Choi and Schoen 1985] and
[Colding and Minicozzi 2012]), we can show the convergence is smooth across
those singularities with density 1. Finally we show that even for a singularity with
density greater than 1, if it is not a neck pinching point we can still argue that the
convergence is smooth across it.

Theorem 4.5. The multiplicity of the convergence in Theorem 4.1 is one when the
limit surface is not minimal.

We follow the idea in [Colding and Minicozzi 2012]. The key ingredient is to
show that if the convergence has multiplicity greater than 1, there exists a positive
Jacobi field on X, which is a contradiction.

Proof. We argue as in [Choi and Schoen 1985] that we only need to consider the
case that M is simply connected, and self-touching X is two sided (note although
in [Choi and Schoen 1985] this argument is for closed embedded surfaces, it can
be adapted to self-touching surfaces). If the convergence has multiplicity more
than 1, then ¥;’s can be decomposed into several sheets of graphs on X \ S. Since
¥ is two-sided, we can label the graphs by height, and let the highest sheet of %;
be written as the graph of wl.+, let the lowest sheet of X; be written as the graph
of w;, and let w; = w;r —w; . Fix a point p not in &, and let u(x) = w(x)/w(p).
Then u(p) =1 and u > 0 on X \ S. Moreover, although w,” and w;r do not
satisfy a linear elliptic equation, their difference does. Hence u; satisfies a linear
elliptic equation. Then Harnack inequality implies C* bound for «;’s and then
standard elliptic theory gives C>“ bound. Then by the Arezela—Ascoli theorem, a
subsequence (still denoted by u;) converges uniformly in C? on a compact subset
of ¥\ S to a nonnegative function # on X \ S such that

(4-3) Lu=0, u(p)=1.

Next we show u can be extended smoothly across S to a solution of Lu = 0. Again
we follow the idea in [White 1987] and [Colding and Minicozzi 2012]. We only
need to show u is bounded around each singularity y, then by the standard elliptic
theory u extends smoothly. Suppose u; satisfies the linearized equation

L(u;) =div(a; - Vu;) +b; - Vu; + cju;.

Then choose exponential normal coordinates over B.(y) C ¥ and a cylinder N
over B.(y) N X; when ¢ is small, the implicit function theorem gives a foliation of
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graphs v, over B.(y) N X in N so that
vo(x) =0 forall x € B;(y) and v, (x)=1¢ forall x € dB.(y).

By the Harnack inequality, t/C; < v, < C;t for some C; > 0. Since the right-hand
side of the linearized equation turns to O as i — oo, C; actually has uniform
bound. Then by the maximum principle, u; is bounded on B.(y) by a multiple of
its supremum on B, (y) \ B¢/2(y). Hence u has a removable of singularity at p.
So there exists a nonnegative solution u of the linearized operator Lu = 0. By
u(p) = 1, Harnack inequality implies that u is positive everywhere. Then by
Lemma 3.2, ¥ is stable. However, plugging in a test function constant 1 implies
that no immersed CMC surface in positive Ricci three-manifold can be stable, which
is a contradiction. Then we conclude that the convergence has multiplicity one. [J

By [Allard 1972], this theorem implies smooth convergence across those density 1
points. It remains to show smooth convergence across those touching singularities
which are not neck pinching singularities.

Theorem 4.6. The convergence is smooth apart from those neck pinching singular-
ities.

Proof. Let y € S be a singularity with density greater than 1; then by Theorem 4.3
locally X is the union of two disks D;, D;. Then by the definition of pinching
points, we know that if y is not a pinching point, locally ¥; = G! UG? is the union
of two graphs over Dy \ {y}, D, \ {y} respectively. Thus we only need to apply
previous analysis to each graph G{ to get smooth convergence across y. ([

Finally we discuss the situation that the limit ¥ is an embedded minimal surface.
Now multiplicity 2 convergence may happen because the CMC surfaces can con-
verge to X from both sides with different orientation. However, if the convergence
is of multiplicity larger than 2, there are at least two graphs that have the same
orientation. Repeating the argument for these graphs, we again get a positive Jacobi
field, which is a contradiction. Therefore, the convergence has at most multiplicity 2.

Combining all the ingredients in this section we conclude the main theorem
(Theorem 1.1).

5. Touching examples

In this section we give some examples of touching points of CMC surfaces in
three-dimensional manifolds.

Example 5.1 (kissing itself). Let us consider a sphere Sy with radius R in R3. By
quotient a Z* action of R, we get a torus T3, and the image of Sk in T? is an
embedded CMC surface when R sufficiently small. Now we increase the radius
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of Sg. Then for some specific Ry, in TS R, Will kiss itself thus form a touching
point. This is not a neck pinching point.

The touching set may be very large. For example, we can consider a cylinder Cg
with radius R in R3. Using the same construction, we can see for some radius Ry,
Cr, kisses itself at a straight line, which is a one-dimensional curve.

Example 5.2 (unduloid neck pinching). An unduloid is a one periodic CMC surface
in R3. See [Hadzhilazova et al. 2007] for a detailed discussion of unduloids.

The unduloid has two parameters a, ¢ to determine its shape; see [Hadzhilazova
et al. 2007, Theorem 3.1]. When a — 0,c — 1/H, we can see the family of
unduloids will smoothly converge to the union of spheres apart from the touching
points of spheres. This is an example of neck pinching singularity. One can see
that the smooth convergence cannot cross these neck pinching points because the
topology changes in the limit.

Of course, we can quotient R? by some Z3 actions to make this example be an
example in a closed three-manifold.

The reader may notice that these examples do not lie in a Ricci positive three-
manifold. It is not known whether the touching behavior of CMC surfaces in positive
Ricci three-manifolds is simpler or not. So we suggest the following conjectures:

Conjecture 5.3. A self-touching CMC surface in a three-dimensional manifold
with positive Ricci curvature cannot carry infinitely many touching points.

Conjecture 5.4. For a CMC surface in a three-dimensional manifold with a one-
dimensional touching set, the touching set must be a geodesic of the ambient space.

Another interesting observation is that a touching point of a self-touching CMC
surface can be generated by both kissing and neck pinching process. For example,
in T3, a sphere kissing itself can be generated by both the first example and the
second example above. So a very natural question is whether any touching can be
generated by both process? Some observations suggest the answer is probably “no’:

Example 5.5. Consider two spheres in R? kissing at a single point p. Aleksandrov
[1958] proved that any embedded CMC surface in R? must be a standard sphere.
They cannot be the limit of a sequence of embedded CMC surfaces; hence p cannot
be a neck pinching point of a sequence of embedded CMC surfaces.

We suggest the following conjecture.

Conjecture 5.6. Suppose M is a compact three-manifold with positive Ricci curva-
ture. Assume that S; U S, is the union of two embedded CMC spheres in M kissing
at p. Then p cannot be a neck pinching point.
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6. Eigenvalue estimate of CMC surfaces with small | H |

In this section we discuss an application of our main theorem. We will give a lower
bound of the first eigenvalue of CMC surfaces in a positive Ricci three-manifold
with small |H|.

The main idea is a method by Choi and Wang [1983]. They used an identity by
Reilly to estimate the first eigenvalue of minimal surface in three-manifold. The
main issue for generalizing their method to CMC surfaces is that we may not be
able to control the term involving mean curvature (in the minimal surface case,
this term vanishes). So we need a more delicate estimate for each term in Reilly’s
identity.

We first recall the proof by Choi and Wang [1983]. They used a formula by
Reilly. For u a smooth function defined on a bounded domain 2 we have

(6-1) / (IV2ul* 4+ Ric(Vu, Vu) — (Au)?)
Q
:f (A(Vw) ", (Vu) ") = 2u, Apqu + Hus),
a2

where u,, is the normal derivative and H is the mean curvature on d€2. Then they
applied this formula when 0€2 is minimal, where u is the harmonic function solving

Agu =0 and u|39 = f,

where f an eigenfunction of the first eigenvalue on 9<2 such that |, 9o S 2 =1. Then
they could get a first eigenvalue estimate for d€2, i.e., the minimal surface, in a
simply connected three-dimensional manifold with positive Ricci curvature. Later,
Choi and Schoen [1985] used a covering argument to extend the estimate to all
closed three-manifolds with positive Ricci curvature.

Let us naively follow their method to deal with CMC surfaces. Suppose 92 is a
CMC surface with constant mean curvature H and the first eigenvalue of 92 is A.
We will get the following inequality (see [Colding and Minicozzi 2011, p. 244]):

(6-2) 2x/ |Vu|?
Q
> (minRic)/ |Vu|2+f |V2u|2—/ AV, (V)"H—H | u?.
Q Q Ele) a0
Since A changes sign if we replace Q2 by its complement, we can always assume

/ AV, (Vi)
0

is nonnegative and get

(6-3) 2A/|Vu|22(minRic)/IVuIz—i—/qulz—H ul.
Q Q Q 02
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So our goal is to control [o,|VZul|* — H [;, u;.

Trace theorem. In this subsection, we will transform the problem of controlling
/; Q \V2ul> — H /. 90 u? to the problem of getting an uniform tubular neighborhood
of CMC surfaces. We need a trace theorem in three-manifolds. The idea of the
proof is based on the proof in [Evans 2010].

Theorem 6.1. Let X = 02 be an embedded surface in a three manifold M. Suppose
there is a constant § such that exp,(tn) : £ x [—6, 8] = M is a diffeomorphism
from X x [—§, §] to its image, and there is a constant Aq such that |A| < Ag on X.
Then there is a constant C only depending on M, Ay and § such that

(6-4) f (un)* < C / (1Vul® +19%ul?).
]9} Q
Proof. Note (u,)? < |Vu/|? so we only need to prove a standard trace theorem

< C/(f2+|Vf|2).
02 Q

By the conditions, we can pull back the metric of M to ¥ x [—§, §], and by the
uniform curvature bound, the pull back metric is uniformly closed to the standard
production metric. In particular, we only need to prove the trace theorem on
Y x [—§, 8] with product metric. Let us choose a cut-off function ¢ such that £ =1
on X x [—8/2,8/2] and is supported on X x [—4§, §]. Moreover we may assume
that its gradient is bounded by C/§ for some constant C. Then

6-5) Frdx = / Frdx = — f (F20),, dx
02 ) X x[—§,0]
__ f Pew, +2ffut d
¥ x[—46,0]

SC/ LFI2+ |V fI>dx.
Y x[—4§,0]

Here x,, is the normal direction (i.e., the direction on [—8, 8]), dx’ is the measure
on X, and dx is the measure of the production metric. In the last inequality we use
Young’s inequality. Translating this back to M gives the desired trace theorem. [

If H is sufficiently close to 0, we can apply this trace theorem in the inequality
(6-3) to get the eigenvalue lower bound

minRic—HC
>_ @ 0@

(6-6) > >

’

where C is a constant depending on M, Ay, §.
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Uniform bound for CMC surfaces with H close to 0. It remains to prove the
pointwise curvature bound and the existence of § in Theorem 6.1. We will use the
compactness theorem to get these bounds for CMC surfaces with H small.

Theorem 6.2. Suppose there is no embedded minimal surface in M which is the
multiplicity 2 limit of a sequence of CMC surfaces. There exists Hy > 0 such that
an embedded CMC surface X with mean curvature |H| < Hy, area less than V and
genus less than G has curvature |A| < C(Hy, V, G)

Proof. We argue by contradiction. Suppose such Hy does not exist. Then we can
find a family of CMC surfaces X;, with mean curvature H; — 0 such that a point p;
on %; has curvature |A(p;)| = oo as i — oco. By compactness of M we may
assume p; — p for a point p € M. Now, by the main theorem (Theorem 1.1), ¥;
converges to a minimal surface X. Since ¥ is minimal, by the maximum principle
there is no touching point. So the convergence is everywhere smooth. However
|A(p)| is finite since X is a smoothly embedded surface, which is a contradiction.
Thus Hj exists. ]

Theorem 6.3. Suppose there is no embedded minimal surface in M which is the
multiplicity 2 limit of a sequence of CMC surfaces. There exists Hy > 0 and 5y > 0
such that for an embedded CMC surface ¥ with mean curvature |H| < Hy, area less
than 'V and genus less than G, exp, (tn) : £ x [=6, 6] — M is a diffeomorphism.

Proof. We argue by contradiction. Suppose such Hy, g does not exist. Then we
can find a family of CMC surfaces %;, with mean curvature H; — 0 and §; — 0
such that there is a point p € M such that p =exp , (tl.Jn), j=12for xi] € ¥; and
ti] € [—4;, éi]. Since we have already obtained an uniform curvature bound for i,
we know disty (xi1 , xl.z) > d for some constant d when i is large enough.

Again, a subsequence of X; smoothly converges to a smooth embedded minimal
surface . By passing to a subsequence we can find two points x!, x> € X, with
intrinsic distance disty (x', x2) > d but extrinsic distance disty (x!, x2) = 0. This
is a contradiction by the maximum principle of minimal surfaces. ([

Combining all the ingredients in this section we get the following lower bound
for the first eigenvalue of CMC surfaces:

Theorem 6.4 (Theorem 1.2). Let M be a three-manifold with positive Ricci curva-
ture. Suppose there is no embedded minimal surface in M which is the multiplicity 2
limit of a sequence of CMC surfaces. Then for any embedded CMC surface with
area bound V, genus bound G and mean curvature bound |H| < Hy, we have the
first eigenvalue lower bound

- minRic -HC ’

- 2

where C is a constant depending on M, V, G, H.

(6-7) A
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Remark 6.5. An interesting question is: can we directly get the first eigenvalue
lower bound for CMC surfaces? If we can, then we can prove the compactness
theorem for CMC surfaces without area bound.

Appendix: Difference of two surfaces in three manifold

Here we will present some computations of the difference of two surfaces in a
three-manifold. These kinds of computation have already appeared in [Kapouleas
1990] and [Colding and Minicozzi 2011] in three-dimensional Euclidean space.
Let X1, ¥, be two surfaces in three-manifold M, and let H;, H; be their mean cur-
vatures respectively. Moreover, we assume X, can be viewed as a graph over X1, i.e.,

Xy ={exp,(¢n) : x € X1},
where ¢ is a C? function on Xi.

Theorem A.1. Suppose ||¢||c2 is small enough, then ¢ satisfies a second order
elliptic equation.

Proof. Since this assertion is a local assertion, we only need to check this in a small
neighborhood U of p € ¥;. Let us choose the Fermi coordinate x1, xp, x3 in U (so
we can view U as an open subset of R? with non-Euclidean metric), such that

21 ={(x1, x2,x3) : x3 =0}.

Moreover, the metric g under this coordinate satisfies g;3 =0, i = 1, 2, and
(0, 0, 1) is the unit normal vector at each point in X;. We will use 91, d», 93 to denote
the vector fields defined on M with respect to the differential under this coordinate.

3, is a graph,

¥y ={(x1, x2, x3) 1 x3 = @(x1, x2)}.

From now on we will use tilde over quantity to denote the quantity of X,. We
use x, xp to parametrize ,, then we have

(A-1) Qi =0, =0 +¢izi=1,2.
Then the metric on X, satisfies
(A-2) gij = &ij t+ &3¢ + &3¢ + 8330i9;.

Now we compute the unit normal vector fields on ¥,. We observe that ¥, can
be viewed as the 0-level set of the function ¢ (x;, x2) — x3. So we can find a normal
vector field m on X»:

(A-3) m=—VM(p(x, x2) — x3) = g7 (i 8F — 83)9;.
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Note
(m,m) = g (¢S} — 831)8" (8l — 83)84;
=g pio; — 28 o + 7.
So
(A-4) n=—g"p,p, — 28" o1 +g)""*g" (pr8F — 83)0;.

Now let us calculate the mean curvatures. From now on we will slightly abuse
the notation when we use Einstein notation. When we use i, j in the summation
we will assume they are in {1, 2}. On X, n = d3, so we have

(A-5) Hy = g"7(Vy,0;, 33) = g/ T} g3

1

On X,, first we note the covariant derivative is

(A-6) Vgia} = Vi, 44;8,(0j +¢;03)
= V5,0, + 9 Vy,0j + ¢;j03 + ¢i9; Vs, 03
= Vy,0; + i Vy,0; + ¢i;03.

Here we note that 053 is the direction of the geodesic starting from X;; hence
Vi,03 = 0. Then the mean curvature of X is

(A7) Hy=gli(V5d;.n)
= 8'(V5,8; + i Va, 0j + 9103,

— (P00, — 287 01+ 87 28" (r8F — 83,)9;)

= -5 (gMp, 0, —28" o1+ 8> 1?

X g”(‘ﬂkaf - 63r)(F?]1‘grns + o 1—‘gzjgms + ¢ijg3s)

In conclusion, H, is a function of ¢, V¢, V2¢ and the coordinate in ambient mani-
fold. We define a function H (x1, x2, x3, v;, w;;) where H(x,y, ¢, Vo, V2p)=H, as
above, where (x1, x», x3) is the local coordinate. Also note H (x, y,0,0,0,0) = H,.
Then we have

1 2 2
0H (x1,x2,t@,tV,tV
(A-8) Hz_le(p/ (x1, X2, 1@, 1V w)dt
0 dx3

1 2 2
0H (x1, x5, tp,tVp,tV
(Pi/ (x1, x2 <8p ® w)dt
0 v;

1 2.2
0H (x1, x2,t9,tVe,tV<@~)
+§0jk/ S dt.
Jjk
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Let the coefficients of ¢, Vo, V2¢ on the right-hand side of the above identity be a
function depending on ¢, Vg, V2¢. Then letting ||¢|| 2 go to 0 we can see the right-
hand side terms will just be Lu by the second variational formula. Thus we have

(A-9) Lu— (H, — Hy) =div(aVe)+b-Ve+cop,
where a, b, c turns to 0 as ||¢|| 2 goes to 0. O
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