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CMC hypersurfaces condensing to geodesic segments
and rays in Riemannian manifolds

ADRIAN BUTSCHER AND RAFE MAZZEO

Abstract. We construct examples of compact and one-ended constant mean
curvature surfaces with large mean curvature in Riemannian manifolds with ax-
ial symmetry by gluing together small spheres positioned end-to-end along a
geodesic. Such surfaces cannot exist in Euclidean space, but we show that the
gradient of the ambient scalar curvature acts as a ‘friction term’ which permits
the usual analytic gluing construction to be carried out.
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1. Introduction

Background. The study of constant mean curvature (CMC) surfaces in R3, or in
more general three-dimensional Riemannian manifolds, is a well established field of
Riemannian geometry and there is a vast literature concerning the construction and
properties of such surfaces. One particular method for constructing CMC surfaces
is by analytic gluing techniques. This goes back to the work of Kapouleas [6, 7]
and has been further developed by many others, including the first author with Pac-
ard [1,2] and the second author with Pacard and also with Pollack [10,12]. (See [13]
and [16] for surveys about the current state of this approach.) The general idea in
this approach is to take connected sums of simple surfaces, e.g. the sphere, cylinder
or Delaunay surfaces, joined by approximately catenoidal necks, to produce ‘ap-
proximate CMC’ surfaces and then perturbing these by PDE arguments to obtain
surfaces with exactly constant mean curvature.

The simplest examples of complete noncompact embedded CMC surfaces in
R are the Delaunay surfaces; these are the unique rotationally symmetric CMC
surfaces and each has a discrete translational symmetry as well. This family in-
terpolates between the cylinder and an infinite string of mutually tangent spheres
arranged along an axis; elements of this family are distinguished by a ‘necksize’
parameter which measures the length of the shortest closed geodesic.
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The structure of more general complete, Alexandrov-embedded CMC surfaces
with finite topology in R? is fairly well understood. Meeks [14] proved that each
end of such a surface is cylindrically bounded; Korevaar, Kusner and Solomon [8]
subsequently showed that each end converges exponentially to the end of some
Delaunay surface. Hence to any such surface we may assign a set of parameters
describing the asymptotic Delaunay surface corresponding to each end. There are
limitations on the asymptotic parameters which can be achieved by complete CMC
surfaces, as well as a moduli space theory which describes the infinitesimal and
local variations of these asymptotic parameters as one varies the CMC surface,
see [3-5] and [9].

An alternative description of these asymptotic parameters is provided by the
Slux integral, discovered by Kusner, which is a vector obtained by integrating a lo-
cally defined quantity over any closed loop in a surface. When the surface is CMC,
this only depends on the homology class of the loop, and in particular, the flux of
a simple positively oriented loop around each end determines the direction of the
axis and necksize, but not the ‘phase’ of the translation, of the asymptotic Delaunay
model for that end. The homological invariance also shows that the sum of these
fluxes over all ends must vanish; this is a global balancing condition for the CMC
surface, which is the simplest of the limitations referred to above. For example,
an immediate consequence is that there exists no complete Alexandrov-embedded
CMC surface in R with only one end. However, these fluxes play an even more
central role in the gluing theory: one of the key features of the approximate CMC
configurations which allows them to be perturbed to be exactly CMC is that the total
flux over each gluing region (i.e. the necks in the connected sum) is nearly zero. In
fact, as we explain more carefully below, there are other local balancing conditions,
and also a certain global ‘flexibility’, stated in terms of fluxes, which are crucial for
the analytic method to be carried out.

Our goal in this paper is to construct new examples of CMC surfaces in more
general three-manifolds which exhibit new types of behaviour not possible in Eu-
clidean space. These are once again perturbations of collections of small spheres
joined together by even smaller catenoidal necks, all arranged along a curve y. As
one expects with these gluing constructions, the sizes of the catenoidal necks are
quite small compared to the radii of the spheres. However, quite strikingly, these
neck-sizes must vary along this chain of spheres. This variation is due to a new
contribution in the flux integral from the scalar curvature S of the ambient mani-
fold. Indeed, in this curved setting, the flux over a curve which is homologically
trivial need not vanish, but can be expressed in terms of a surface integral involving
VS. This is completely analogous to the generalized Pohozaev identity discovered
by Schoen which arises in his construction of metrics of constant positive scalar
curvature [19]. In our setting, this shows that the difference between successive
neck sizes in the initial approximate CMC configuration must involve the gradient
of the scalar curvature along the axis connecting these two necks. In other words,
VS acts as a “friction’ which forces a change in the size of the connections between
adjacent spheres along y. Our central result states that if this effect is managed
correctly, one can find exact CMC surfaces where the string of spheres eventually
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‘caps off” at one or both ends, and thus we obtain CMC surfaces arranged along an
interval or ray.

To explain this all more carefully, and also to set it into final context, we dis-
cuss a newer theme in this subject. In Euclidean space, dilation by the scalar A
transforms a CMC surface with mean curvature H into one with mean curvature
A~V H; hence the precise value of the mean curvature is irrelevant (so long as it
is nonzero). By contrast, in a curved 3-manifold there is a marked contrast be-
tween the study of CMC surfaces with ‘small’ mean curvatures, which tend to be
very rigid objects, and those with very large mean curvature. We focus here on the
latter. The general expectation is that a sequence of CMC surfaces with mean cur-
vature tending to infinity should ‘condense’ onto a curve, or perhaps some slightly
more complicated one-dimensional set. For example, if ¥ is a fixed (complete,
Alexandrov-embedded) surface with mean curvature H = 2 in R3, and if € i =0,
then ;¥ has H = e]l, and by the structure theory discussed above, this sequence
condenses onto a union of half-lines emanating from the origin. This seems to be a
general phenomenon: Rosenberg [18] has shown that if X is a closed CMC surface
in an arbitrary compact 3-manifold M, with mean curvature H >> 0, then M \ ¥
has two components, and the inradius at any point in one of these components is
bounded above by C/H. In other words, X is contained in — and perhaps looks
like — a tube around some (presumably 1-dimensional) set y. This leads to the
following central question:

Question: What are the possible condensation sets y in a 3-manifold M for
sequences of CMC surfaces ¥ ; with mean curvatures H; /" 00?

This might be regarded as some sort of CMC analogue of the problem, famously
studied in depth by Colding and Minicozzi, about the behaviour of sequences of
minimal surfaces without area bounds.

One indication about the possible nature of the condensation set is provided by
a formal calculation, which shows that if ¥; is a sequence of CMC surfaces with
H; — oo condensing to a smooth curve y, and if we assume that the pointwise
norm of the second fundamental form on X; is everywhere comparable to H, then
y is a geodesic. This and the previous example of dilated surfaces in R? leads to the
conjecture that the condensation set must be a network of geodesic arcs and rays.
In fact, one might even conjecture that each edge of this geodesic network inherits
a ‘weight’ encoding the Delaunay parameters of the CMC tubular piece converging
to that edge.

As a preliminary step toward understanding this condensation phenomenon,
the second author and Pacard [11] proved that if y is any closed geodesic in M
which is non-degenerate (in the sense that its Jacobi operator is invertible), then
geodesic tubes of sufficiently small radius about y, at least for most radii, can be
perturbed to CMC surfaces with large H.

The present paper contains one further step toward understanding this con-
densation phenomenon by showing that at least for certain very special ambient
geometries, there exist sequences of CMC surfaces which condense to a geodesic
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ray or a finite geodesic interval. However, one of the central points of our con-
struction also points in a different direction and indicates that the geodesic nature
of the limiting set y is not really the crucial feature, but rather, that the gradient of
the ambient scalar curvature plays an equally important role in the geometry of this
condensation set.

We have already noted that the scalar curvature S contributes to the flux inte-
gral. However, this function has appeared elsewhere in this theory too. Indeed, the
first result about CMC surfaces with large H, by Ye [20] in the early 1990’s, states
that if p is a non-degenerate critical point of the scalar curvature function § (in a
manifold M of any dimension), then the geodesic spheres B, (r) with small radius
may be perturbed to CMC surfaces H ~ 1/r. He also showed a partial converse:
a sequence of CMC spheres with bounded eccentricity and with H — oo converge
to a point p where VS(p) = 0. By contrast, the scalar curvature of M plays no role
in the location of the geodesic which is the condensation set in [11]. In light of the
construction here, this is almost surely because the CMC surfaces constructed there
are nearly cylindrical.

The balancing formula. We finally provide come to a more quantitative descrip-
tion of our results. Let ¥ be a surface with constant mean curvature H in (M?, g).
Suppose that I/ is an open set in X, and let V) be another open set in M with
piecewise smooth boundary such that ¥ N £ = . (The other portion of 9V
is denoted Q.) If X is a Killing field on M, then the first variation formula for
the area of U with the volume of }V fixed relative to the one-parameter family of
diffeomorphisms for X gives that

/ g(v,X)—H/g(N,X):O; (1.1)
au 0

here v is the unit normal vector field of 90/ in X and N is the unit normal vector
field of Q in M. More generally, the flux itself is defined as

/ g, V) — H/ g(N,V) (1.2)
14 0

where y is a curve in X, Q is any surface in M with dQ = y, and V is any vector
field on M. This integral is always independent of the choice of Q, and if ¥ has
CMC and V is a Killing vector field, then (1.1) states that the flux depends only on
thg homology class of y in X. These formula first appeared in [8] (for surfaces in
R-).

Let us explain how these flux integrals help to determine when an approxi-
mately CMC surface can be perturbed to be exactly CMC. Suppose first that M =
R3 and let ¥ consist of a collection of spheres of radius r (hence mean curvature
n/r) connected to each other by small catenoidal necks. Let I/ be one of these
spheres with small spherical caps removed where the necks are attached, Q the
union of disks capping these boundaries and WV the slightly truncated ball enclosed
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by U U Q. Then (1.1) becomes

/ g, V) — 2 / gN. V)= ) reVi+0@s), (1.3)
ou rJo

all necks

where V; is the unit vector pointing from the center of sphere in question to the i
neck, re; is the width of this neck and ¢ := max;{e;}. If ¥ were exactly CMC,
the left hand side would necessarily vanish. If X is not exactly CMC, then to find
a nearby CMC surface, the leading term on the right in (1.3) must vanish for each
spherical region {/ in X. If this condition is satisfied, the approximate CMC surface
Y is called balanced. Note that there is no balanced approximately CMC surface
where some sphere has only one spherical neighbour.

Now let X be an approximately surface formed by attaching together some
large collection of geodesic spheres of very small radius 7 in a more general (M3, g).
Although there are usually no ambient Killing fields, we can still use the approxi-
mate Killing fields corresponding to translations and rotations in Riemann normal
coordinates based at the center of any one of these spheres. Formula (1.1) now
becomes

/ g, V)—H/ gN. V)= Y r&Vi—CriVS(p)+O0(re’)+0r® (1.4)
ou 0

all necks

where VS is the gradient of the scalar curvature of M and C is an explicit dimen-
sional constant. Note that when applied to a sphere with no neighbours, i.e. all
&; = 0, this gives a condition which appears in Ye’s work that the right hand side of
(1.4) must vanish like 7.

The main point in this paper is to exploit the contribution of VS in (1.4).
Spheres of radius r are joined by necks of width re, where by this same formula
it is natural to assume that ¢ = O(r3); these configurations are arranged in such a
way that the leading term on the right in (1.4) vanishes. The perturbation argument
used to produce a nearby CMC surface is not so different from the ones appearing
elsewhere in the literature, so the novelty here is the new method of constructing
balanced approximate CMC configurations.

Description of the surfaces. Our goal here is a ‘demonstration of concept’ rather
than the most general possible construction based on the considerations above. We
shall produce two specific types of condensing sequences of CMC surfaces which
exhibit markedly different properties than those which had been observed previ-
ously. As will be evident, the technicalities are formidable, so in order to minimize
these and illuminate the main ideas, we shall focus on some very special examples
inside three-manifolds M of a very special type. This provides a very good illus-
tration about what should happen in more general situations, although we do not
make any claims about what actually happens in these more general situations here.
More specifically, we assume that (M, g) contains a geodesic (ray or interval) y, in
some neighbourhood of which the metric has an axial symmetry. In other words,
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suppose that y is parametrized by arc length ¢ and that in some neighbourhood of
y, in Fermi coordinates the metric is given by

g = dr* + A(1)s; (1.5)

here § is the Euclidean metric on D and A(¢) is a smooth, strictly positive function
of the arclength ¢ along y. The initial configurations here are a union of geodesic
spheres arranged along y and connected by small catenoidal necks. Semi-infinite
configurations are obtained by attaching to these one half of a Delaunay surface
with small neck size. In either case, each component has at most two neighbours.

The scalar curvature of g is § 1= A=2(—2A A+ %A'2). We shall place different
conditions on the warping function A depending on whether we are trying to obtain
finite-length or one-ended CMC surfaces.

1. To construct surfaces condensing to a geodesic interval, assume that A is an even
function of ¢, and that ¢ = 0 is a non-degenerate local maximum of S.

2. To construct one-ended surfaces condensing to a geodesic ray, assume that when
t > 0, the scalar curvature is negative, monotonically increasing, and satisfies
|S(t)| < Ce ™ for some o > 0. (An example is A(¢) :=1+¢e "))

Note that in either case, V.S points along y .

As already noted, these assumptions significantly reduce the complexity of the
perturbation argument. The great defect in considering only this special case is
that y is not only a geodesic for g but also an integral curve for VS. It is unclear
which of these features is the crucial one, and in fact we expect that in more general
ambient geometries, the condensation curves will have some sort of mixed charac-
terization, i.e. be determined by a differential equation which is some perturbation
of the geodesic equation by a term involving V S.

Our main result can now be expressed as follows.

Theorem. Let M> be a Riemannian manifold with the special features described
above.

e Let I = y([—L, L]) where y is the central geodesic and L < oo. Then there
exists an ro > 0 so that for every 0 < r < rg, there is a CMC surface ErF which
is a small perturbation of a surface constructed by gluing together length(l)/r
spheres of radius r with centers lying on y.

e Let I = y ([0, 00)). Then there exists an ryp > 0 so that for every 0 < r < ry,
there is a CMC surface £YF which is a small perturbation of a surface con-
structed by gluing together a number O (1/r) spheres of radius r with centers
lying on y, together with an end of a Delaunay surface whose axis lies along y .

The rescalings of . and T OF by the factor 1/r converge as r — 0 to an infinite
or semi-infinite string of spheres of radius 1 with centers arranged along a segment
or ray in R3. More details about this convergence will be stated in the course of the
proof.
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As we have explained, the proof follows the strategy of previous gluing theo-
rems for CMC surfaces. After constructing the initial balanced approximately CMC
surface % (by gluing together small geodesic spheres and catenoidal necks) we seek
to perturb this approximate solution into an exact solution using small normal de-
formations parametrized by functions on ¥. This transforms the problem into a
nonlinear elliptic PDE on . However, ¥ is close to CMC only when all param-
eters (spherical radii and necksizes) are very small, so we face the difficulty that
we must solve this PDE only near this degenerate limit. There are now three steps.
First we must invert the linearized mean curvature operator (i.e. the Jacobi opera-
tor) £ with suitable bounds on the inverse. One now-standard way to do this, used
already by Kapouleas [6, 7], is by semi-localization. To solve Lu = f, first solve
this problem on each building block and then combine these solutions appropri-
ately (with a perturbation argument) to construct a solution on all of ¥. Kapouleas
does this using the Dirichlet problem on each building block, considered as sur-
faces with boundary, e.g. the spheres with small disks excised. We use the slightly
different (but equivalent) approach of studying the Jacobi operators on the limits of
the building blocks, where the parameters have tended to zero. In either approach,
the main technical difficulty is the existence of small eigenvalues for the Jacobi
operators on each building block, and we must identify these eigenspaces, at least
approximately, so as to be able to work orthogonally to them. The second step of
the construction is to use the (generalized) inverse of the Jacobi operator in a fixed-
point argument to solve the non-linear PDE on the orthogonal complement of the
approximate nullspace of the linearized PDE. Here this approximate nullspace is
finite dimensional. This yields a solution whose mean curvature is constant modulo
a term in this approximate nullspace. The final step shows that by repositioning the
various building blocks relative to one other, one can kill the remaining approxi-
mate nullspace term. The balancing formula (1.1) plays an essential role here. The
quantitative estimates throughout all steps of the proof involve keeping careful track
of dependence on the neck sizes and radii, and this necessitates the introduction of
various weighted function spaces. These steps constitute the approximate plan for
the layout of this paper.

As a final remark, and to address a comment of the referee, let us note that since
our strong symmetry assumptions reduce this problem to an ordinary differential
equation,it may be possible (as the referee suggests) to use an ODE shooting method
to prove our main results. Even this approach would be very subtle though since one
wishes to find highly oscillatory solutions with a large prescribed number of slightly
positive minima. There are indeed results of this type in dynamical systems. We do
not follow this line of argument, both because it would not properly illuminate the
role of how V§ enters the balancing conditions, but also because it sheds no light
on the more general non-symmetric situation.

ACKNOWLEDGEMENTS. The authors wish to thank Frank Pacard for interesting
discussions and encouragement during the course of this work. They also thank the
referee for carefully reading this paper and for many constructive suggestions on
how to improve the exposition.
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2. Preliminary geometric calculations

The approximate solutions constructed in Section 3 are assembled from small
geodesic spheres centered on points of the geodesic y in M connected to one an-
other by small catenoidal necks. It is most convenient to use geodesic normal co-
ordinates centered at points of y. Since the ambient metric g is a second order
perturbation of the Euclidean metric in these coordinates, the first step in every es-
timate is to perform the computations for a Euclidean metric; the second step is
to incorporate the perturbations coming from the metric into the estimates. In this
section we derive various expansions of the mean curvature and other geometric
quantities that will be used routinely in what follows.

2.1. Geometry of surfaces in a geodesic normal coordinate chart

If p is any point in a Riemannian manifold (M, g), then in terms of geodesic normal
coordinates centered at p,

g:=§+P:= (8 + Pj(x))dx' ® dx/

where ¢ is the Euclidean metric and P is the perturbation term. It is well known
that

Pij(x) = < ZRﬂ,mm)xx + = Z Rifjm:n O)x'x"x" + O(lx||%).  (2.1)

lmn

d 0 . ad )
where Riji 1= Rm( axi? 9xJ 7 9xk’ 3xl) and Rijkt:m = v 8” Rm( axi”’ E)xl * axk’ axl)

are components of the ambient Riemann curvature tensor and its covariant deriva-
tive. (The ambient covariant derivative with respect to g is here denoted V. Let us
also denote the ambient covariant derivative with respect to the Euclidean metric of
the coordinate chart by D.)

Suppose that X is a surface in a geodesic normal coordinate chart of M. The
following results provide expansions for various geometric quantities of X in terms
of P. Here and in the rest of the paper, let h, ', V, A, N, B, H be the induced
metric, Christoffel symbols, covariant derivative, Laplacian, unit normal vector,
second fundamental form, and mean curvature of £ with respect to the metric g,
and let fz, f‘, %, ﬁ, N , B , H be these same objects with respect to the Euclidean
metric in the coordinate chart. Let {E{, E»} be a local coordinate frame for TX
near x € X. Define the linear operator Y by T(X, Y, Z) := %(X RQY®Z+7Y®
XQRZ-7ZQQX® Y) and introduce the notation X4 := E; when A = j and

Xa= N when A = 0. Now define

Pap = P(Xa, XB)

2.2
Papc =DP oY (X4, Xp, Xc). (2.2)

Straightforward geometric calculations then yield the following results.
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Lemma 2.1. The induced metric of ¥ and the associated Christoffel symbols are
given by

hij=hij+Pij and Ty =T+ P+ PoBij .
The normal vector of ¥ satisfies

N — hijP()jE,-
(1 + Poo — /;i<i730i770j)1/2

N =

The second fundamental form of X satisfies

o 1/2 ¢ Piio — WPy Piji
Bij = (1+ Poo = K PoiPoj) iy + ——F— L
(1 + Poo — h’JP()iPoj)

We will need to make many more comparisons between geometric objects defined
on a surface ¥ computed with respect to the Euclidean metric and those same ob-
jects computed with respect to the metric g = 6 + P. We prove here the most
important ones. Let Y := ), x! % be the position vector field in the coordinate
chart; we will also use Y to denote this vector field restricted to X. In the estimates
that follow, let [h]y := sup,, , [A(x1) — h(x2)|/dist(x; — x2)% denote the Holder
seminorm of a function /4 in the coordinate chart. We will also make the assumption

that || Y ||| B I+ 1Y I+e[B], < C where C is some constant depending only on the
curvature tensor of M in the coordinate chart. This will be justified later on.

Lemma 2.2. If the second fundamental form of ¥ satisfies | Y ||| BIl+Y 't [Bla <
C then the operators L := A + ||B|? and L := A + || B|\? satisfy

1L — L@+ 1Y 19ILw) — L@)]a

o o o 2.3)
< C(lul + 1Y NIVl + 1Y 12IV2ull + 1Y 17T [V2uly)

where C is a constant depending only on the geometry of M in the coordinate chart.
Proof. We use the expressions for %, I', B in terms of fz, 19‘, B from Lemma 2.1.

Without loss of generality, we can assume that the coordinates satisfy I" = 0. Thus
we have

|Au — Aul < |7 — RV |juij| + BTl u s
< C(IYIPIVull + 1Y I+ 1Y BVl

since '/ — i/ = Ay(Y) and Tyjr = [A1(V)]ije + [A2(Y)], Bij where Ax(2) is a
degree-k analytic function. Next, re-using the above results together with the fact
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that the derivative Aj (z) = Ax—1(z) and that [Y], < ||V 1= we obtain
[Au — Aul,
< [ — A g u i + (0 Tijdales) 4 1Y = A |5l + 105 Tijellu s la
< | AWV 1alV2ul
+ (A DI 1o + LAY Ll Bl + A2 () [Bla) | Vul|
Y IPVule + 1Y [ Vuly
< IYIP IVl + (L+ IV TIBI A+ 1Y 1B 1Y 1V
F Y IPIVule + (1Y I [Vule -
Finally, we use the form B = (1 + A»(Y))B + A1 (Y) to derive
1812 — |B]*u| < C max{||BIl. IBIl} - | B — BI| - |u]
< CIBI(IAMIIBI + A X)) ul
< CIYIB|ul
and
[I1BIu — 1 B)%u],
< [UBI* = 1BI?] lul + [I1BI* — 1 BI*|[u]a
< C(max{[Bla, [Bla} - |B — Bll + max{||BI, | BIl} - [B — Bla)lul
+ CIY I BI[ula
= (VI + 1Y NIBIDIBL + CHBIIYI' = + 1Y BN + 1Y I [B)
+ 1Y 1B )

The desired estimates follow by combining all the above results. O

Lemma 2.3. [fthe second fundamental form of ¥ satisfies || Y ||| B |41y ||+ [Bly <
C then the mean curvature of % satisfies

|H—H—HOWw B)|+1YI*[H - H-HOW B, <ClYIP

where

000 8 1 . 1- . .
HOY, B) = ¢ (Rm(N. Y, N.Y) + VyRm(N, Y. N. V) | A

1 1- .
— ~(Rm(E;, Y, E;,Y) + =VyRm(E;, Y, E;, Y))B"
3 2
> | 1 (2.4)
— 3Ric(?, N) - 5 VrRie(, N) + 73 ViRie(, 1)

1. .
~ cViRm(N. Y. N.Y)
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and Rm, and Ric,, are the Riemann curvature tensor and Ricci tensor M of the am-
bient manifold at the centre of the coordinate chart and C is a constant depending
only on the geometry of M in the coordinate chart.

Proof. The starting point is once again Lemma 2.1 from which we deduce that the
induced metric of ¥ satisfies h/ = h' — h*Sh/"Py; + A4(Y) where we use the
same notation for Ay, as in the previous lemma. Next, we can expand

1 . o
Bij = (1 + EPO()) Bij + Pijo + As(Y) + Aa(Y) - B; .
Taking the trace of B;; with h'J/ now yields an expansion for the mean curvature as
H = (1 + 57300> H + h"*h/" Py Bij + h"Pijo + A3(Y) + [A4(Y)]V Bjj .

Finally, explicitly expanding the P-quantities in terms of the curvature tensor at
the centre of the coordinate chart and estimating the remainder in the same way as
before establishes the lemma. O

2.2. Mean curvature calculations in euclidean space

Let X be a surface in Euclidean space. Choose a function f : ¥ — R and define
ff: % — R3 as the normal deformation of ¥ generated by f. It is well known

that the mean curvature operator f > H [/fc f(E)] with respect to the Euclidean
metric decomposes as

H[is(2)] = H+ L) + Of) 2.5)

where Eo( )= A f+I B |? f is the linearized mean curvature operator with respect
to the Euclidean metric and Q°( f) is the quadratic and higher-order remainder term.
We now remind the reader of the expansion for Qo( f) in terms of f. Although this
result is fairly standard, it is important for our purposes to track the dependence of
the various terms in the expansion on || B Il

To begin, let Eq, E> be a geodesic normal coordinate frame for TX. Use a
comma to denote ordinary differentiation in the coordinate directions. Now intro-
duce the quantities

Bst == ;lst - fést
B’ := [Inverse of ,3]” (2.6a)
ik o) o \1/2
D= (1+ %/ fu fuhij)'?.
After some work, one finds that the tangent vector fields [E¢]; fori = 1,2, the
components of the Euclidean induced metric h r and its inverse, and the Euclidean
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unit normal vector quf of fi7(X) are

[Efli := h/*BijEx + fiN
[hflij o= BuBjih™ + fif;

o gt f

[ = pimpin <hmn—ﬁ Bt q) (260
. Lo i

Ny =5 (N =B fiEj).

Further computations show that the second fundamental form B o= é[/l F(2)]
can be expressed as

D x [Bflij = Bij + fuj — [Bi By + B f1(fiBj + f B + fBjr) (27

where a semicolon denotes the covariant derivative of X with respect to i st- We
expand the inverse of the induced metric as

o i o o :: 1 . . P . s o
hl; = Rl 4 2fBlJ _ ﬁﬂlmﬁ/nﬁkpﬂqu‘,kf‘,lhmphnq + 77111177Jnhmn

where the remainder term 5/ are the components of a tensor defined by '/ :=
B —hiJ — f B'J which satisfies ||| = O(| f|*| B]|?). Now taking the trace of (2.7)
with respect to h’]{ yields the mean curvature H = H (f1  (¥) which satisfies

D x I-olf
=H+Af+BIPf +2fBY fij — 20" By Bf B,
+RIBN f1Qfi Bk + fBjki)
+(—§ﬁimﬁj"ﬂk"ﬂ1q f,kf,lflmpﬁnq+nim7}jnflmn>(éij+ﬂij—féfékj) 2.8)
+(2fé"f - %ﬂfm/sf”ﬁkpﬁ’mﬁzﬁmpﬁnq + n”"nf"iimn)
-BY F1Q2fiBjk + fBjii)-
We now easily recognize the terms in the expansion of the mean curvature.
Lemma 2.4. The linear parts of B r and H r are

[BY(Hij := faj — [BF By
L(f)y=Af+BI*f.
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The quadratic remainder parts of Ig’f and H 1 satisfy

D x [B® ()i = B f1(fiBjx + fjBix + [ Bjei)
+ (1= D)Y(Byj + fuj — B Byj)
D x O(f) :=2f BY fij — 2f>Trs(B) + AT BM £1Q2 £ Bjxc + f Bjxci)
n (_éﬁimﬁjnﬂkpﬂlq Faf thmplng + nimnjnflmn>
- (Bij + fij — [ Bf Bij)
+ (2f§"f - %ﬂ"mﬂf"ﬂkpﬁ’%‘,kﬁ,ﬁmpﬁnq + nimnf"i;mn)

. ﬁklf,z(2f,i§jk + féjk;i)
+((D-D(H+Af+BI*f).

The quadratic parts of both B r and H r are unwieldy, but only basic structural
facts about them are needed in the sequel. To simplify matters, we suppose that
| FIIBIl + IV fIl < 1, which will be justified later on. Furthermore, both B® ( f)
and Qo( f) can be expanded into a sum of terms which are each linear combinations
of the coefficients of the tensor f7 - (V f)®/ ® (V2 f)® @ B® @ (VB)®™, where
i, j, k,l, m are positive integers such thatk +m < landi+ 1 =k +1 4 2m (i.e.
the number of times the function f appears is smaller by one than the sum of the
number of covariant derivatives and the number of occurrences of the second fun-
damental form). Consequently the dominant terms in é(z)( f) and Q(f) are O(1)
linear combinations of components of

o o o o °

VB, V@B, fVfQVB, B, [V f@Band V()@ V]
The following estimates are now straightforward consequences of this discussion.

Lemma 2.5. Assuming that |f,-|||§|| + II%f,- | < 1fori = 1,2, the quadratic re-
mainders in the second fundamental form and mean curvature satisfy the following
two estimates. First, these operators satisfy the pointwise bounds

1BP(f1) — BP () +19(f1) — Q)]
<Clfi — fo -mIaX(IﬁIIIEIP UV ANBIZ + IV AINIVBI+ IV £ 1B
+CIVA-VLhI -mIaX(Iﬁllléllz UV AIIBI+ 1 ANVBI+ IV £V £i1)

+CIVEf = V2 fol -mgx(|ﬁ|||1§'|| +IV£iI?).
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We also have the bounds
[BP(f1) = B (2)]a + Q) — Q)
< CLAi= fola - max (LANBIE + IV ANIBI + IV VB + IVl IB1)
+ CIV fi =V fala - max (| AIBIZ+ IV AIIBI + AUV + 1V £V £i1)
+ CIV2fi=V2 folo - max (Il B] + 1V £i1])
+ Clfi=fol - max (el BIP+ il BIPLB+Y file | BIP+ IV £l BB e
+ [V lIVBI 4+ IV AIIVBLe + [V filall B+ 1V2 £ 11Ba)
+ CIVA=V Lol - max (Lfilal BIZ+1fil| BIBla+1V file | BI+IV £ [ Bla
+ [filaIVBI + 1 filIVBla + [V fileIV2 fill + IV £ 11V fila)

+ CIV2 fi = V2 foll - max (Lfile| Bl + 1 fil[Bla + [V fila IV £i1])
where C is independent of f1, fo and ||E;’||.

2.3. Mean curvature calculations for a perturbed background metric

Consider now a surface /i (X) deformed by the amount f in the direction of the
Euclidean normal to ¥. Working again in a geodesic normal coordinate system
centered at some point of y, this time we decompose the mean curvature operator
f—= Hf:=H[y(X)]as

Hy=Hy +H(f) 2.9)

where H = H [ r(2)] and H(f) collects all the terms in the mean curvature H s
that depend on the perturbation term P in the background metric g = § + P of the
coordinate chart. We would like to further expand H(f) := H© + HD(f) and
find a reasonable expression for the latter quantity (from Lemma 2.3 we already
know H© = H) (v, B) + O(|Y|1?) provided || Y ||| B]| is bounded).

The way to do this is to substitute the quantities given in equation (2.6a) and
(2.6b), as well as the position vector field Y :=Y + f N of f1 r(X) relative to the
center of the normal coordinate chart into the formule from Lemma 2.1. Unfor-
tunately, the resulting expressions are extremely unwieldy, but luckily their exact
form is not needed in the sequel. We will only need certain estimates.

Proposition 2.6. Let. f1, fa satisfy tohe assumptions | f*llléll + |I% f«ll < 1. Sup-
pose also that |Y ||| B|| + |Y|I'T¥[Ble < C. Then the operator HV satisfies the
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estimates

HY (1) = HO ()
< ClBy, — By max ||, |12

+Cmax By (17111 = fal + 1Y512(1f1 = LIBI+ 1V £ = ¥ £all))

+Cmax (1fi = £l + 1Y I(f1 = LIBI+ 19 = ¥ 1))

(HP () = HD (f2)]a
< CllBy — Byl max (1Y 1LY o + 1Y P (LB + 1 /118l + [V £1) )
+ CLBf, — Bpylomax |V
+ Cmaxt Byl (1711 = f2l + 1Y 1201 = LIBI+ 19 £ = ¥ )
+ € max (1418 1Y 1) (el BI+ £I1Bla+1Y fil)| fi— oI+ LA = fola

(Y 1Y L (A1 B+ FIBla+IV £i10)) (L= LUBIHIY £ =V 1)
+IYI(LA = flalBI+1fi = fllBle + [V fi = ¥ fola))

where C is a constant depending only on the geometry of M in the coordinate chart.

Proof. We will use similar notation as Lemma 2.3, so that [A (z)]lk]l'_'_: indicates a
tensor whose components are analytic functions in z := (z1, 22, z3) and degree k in
z1. The mean curvature H s is obtained by substituting (Y, E, N) = (Yy, Ey, ]<7f)
into the P-quantities appearing in the formula for B;; and h;; appearing in Lemma
2.1, and then replacing é,-j and foz,-j appearing there by [éf]ij and [ﬁf]ij. By in-
specting the kinds of P-quantities which occur in the resulting expression and using
the fact that hl]{ = hl; + Ay (Y, FB,Vf)=h+ Ao(Yry, fB, V), we see that
the operator H is of the form

H(f) = LAYy, fB, VOV [Bplij + Ai(Yy, fB, V). (2.10)

To estimate (2.10), we begin with the required estimates for the A-quantities. First,
use the fact that A; has degree k in its first argument and the boundedness of
|fIIBI + IV £ to deduce

IAY s, FB,VAI < ClIYfIF.

Next, we deduce from the structure of Ay (z) and Ag(z) — Ax(z) as analytic func-
tions, as well as the assumptions about fi, f> that

[Ac(Yr, FB,V Hle < CUY AR Y flo + Y AIFAF 1B+ LA ITBl+ [V £10)
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and

\Ac(Y s, fiB,V f1) — A(Yy,, LB,V f)]
< cmax (1Y 1711 = I+ Y1514 = RIBI+ 1Y/ =V £21))

and
[A(Yy, BV 1) — A(Ypy, 2B,V f)la
< max[ A1 (Yy,, fi B,V f)lal fi = 1ol
+max A1 (Y, BV IILA — fola
+max| Ac(Y . fi B,V )la(1fi = BIBI+1IV fi =V £all)
+max | A (Yy,, fiB, VEI(Lf1 = folall Bl +1f1 = LBl + [V fi =V fola)
< Cmax (¥ Jo + 1Y 1* (Uil BIL 4+ 1filLBL + 19 il i = £

+ 1= Lola) IV 1Y i de + 1YL N ANBI + 1 £l Bl + [V fila)
(1A = LUBI+ IV i — V£l
+ YA = Llal Bl + 1A = IBle+ 1V fi = ¥ f2la))

‘We can now estimate

IH(f1) — H(2)| < CIY 1P 1By, — Byl + 1A2(Y . f1B, V f1)
— Yy, LB, VAIIBAI
+ A1y, fiB, Vi) — Ai(Yy,, LB,V f)]

and also

[(H(fD) = H(Dle < AV, 2B,V )l By, — By
+14(Y sy, LB, VIBy, — Bpla
+ 1A (Ypy, £2B,V f2) — MYy, f1B, YV D)IBf e
+[A(Yy,, LB, V) — A(Ys, 1B, VDlal Byl
+IAIY . 2B V) =AYy, fiBV D)
Once we substitute the appropriate estimates for the A-quantities derived above

into these expressions, we obtain the estimates of the proposition since H(f1) —

H(f) = HY(f1) = HO(f). O
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2.4. Comparison between graphing functions

In this paper we will consider global normal deformations of a surface ¥ in M
given by a function f : ¥ — R of the form u (%), where  is the exponential
map in the normal direction of X with respect to the metric of M. In order to use the
estimates derived in the previous sections, we will need to represent the intersection
of s (X¥) and a given normal coordinate chart I/ as i (X) N U where fi is the
normal deformation operator with respect the Euclidean metric of the coordinate
chart and fj is a different function. We will need the following estimates for fy in
the sequel.

Lemma 2.7. Let X be a surface belonging to a geodesic normal coordinate chart
U € M. Under the assumption that d := diam(U) is sufficiently small, and that
LFIBI + IV fIl < 1on = NU, then there exists a function fy : £ — R so that
ur(XNU) = g (X NU). Moreover, f, fo satisfy

3 3
STNYIEIVE fo = VEFI < Ca® Y NIYIFIVE L
k=0 k=0
where C is a constant that depends only on the geometry of M and Y is the position
vector field inside the coordinate chart.

Proof. Let dist(-, X) and dist(-, X’) be the signed distance functions to X’ with
respect to the metric g and to the Euclidean metric of the coordinate chart, re-
spectively. Let us assume without loss of generality that all distances are positive.
Choose p € £ NU and then f(p) := dist(p, ur(X)) = dist(p, ur(p)) and
fo(p) = disto(p, u s (X)) by definition. Define a function F : ¥ NU — X NU
by f(p) := disto(p, s (F(p)) and note that fo(p) = (us(F(p)) — p, N(p))o
since {u ¢ (F(p)) — p, X)o = 0 for any X € T, X by virtue of the fact that p and
w ¢ (F(p)) are at minimum Euclidean distance from each other. Here (-, -)¢ is the
Euclidean inner product.

Now ur(g) = exp, (f(g)N(q)) where exp is the exponential map with respect
to the metric of M and N (g) is the unit normal vector of X at ¢ with respect to the
metric of M. Let us write this as ur(q) := G(q, f(g)N(q)) where G(g, V) =
exp, (V). Since the metric of M and the Euclidean metric satisfy max;; [g;; —

8ij| + d max;j |gijxl + d? max;jx 18ij kil < Cd? in the coordinate chart, and the
Euclidean-exponential map is Go(g, V) := g + V, it can be shown that G(¢g, V) =
q+V+Gi(q, V) where G1(g, V) is analytic in its arguments and can be expanded
in a Taylor series about the origin of the coordinate chart beginning with quadratic
terms and coefficients depending only on the geometry of M. Therefore with g :=
F(p) we have

fo(p) = F@(N@), N(p)o + (g — p, N(p))o (2.11a)
+(G1(q, fF(@QN@), N(P))o
0= f(@)(N(@), X+ (g —p, X)o (2.11b)

+(Gi(q, f(@)N(@), X)o VXeT,X.
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The second equation above implies that |[(g — p)I|| < Cd?|f |co@s) based on our
estimates for G and the comparison estimates from the Section 2.1 for geometric
objects with respect to the two different metrics of the coordinate chart. Since g and

p both lie on =, we thus get ||(g — p)*| < Cd4|f|é0(u)||l§||co(u) and therefore

lg — pll < Cd?|f lcos) using the assumptions and the comparison estimates of
Section 2.1. Hence the first equation above implies

1fo(p) — £(P)I < 1£(p) = F@I + I F@IN(@), N(p))o — 1|
+1G1(g, f(@)N(q))l

=< Cd2|f|c0(z,1)

again using the assumptions and previous estimates. Finally, the higher deriva-
tive estimates follow by differentiating equations (2.11) and proceeding by similar
means. O

3. The approximate solutions

We now construct two families of approximate CMC surfaces. The first family con-
sists of finite-length surfaces invariant under the reflection ¢ +— —¢ constructed by
gluing together K small geodesic spheres of radius r along the (¢, 0, 0) geodesic
with small interpolating necks. Here K is approximately 1/r so that the surface
fills out a region along y of bounded length which does not tend to O with r. The
second family consists of one-ended surfaces in an asymptotically flat Riemannian
manifold. These are constructed by taking a configuration of K spheres as above
and then attaching a semi-infinite Delaunay surface to the last sphere. These two
families are denoted Ef (0,8) and f]rOE (o, 8), respectively. These depend on pa-
rameters o1, 02, ... and §j, 82, . .. which govern the precise locations of the com-
ponent spheres and necks. For brevity, we will often just write %, (o, §) for either
family when the context is clear or does not matter.

3.1. The finite-length surface

Let y be the (¢, 0, 0) geodesic and (with slight abuse of notation) also the arc-length
parametrization of this geodesic given by y (¢) := (¢,0,0). Introduce the small
radius r and the (much smaller) separation parameters ox. Let fp = 0 and # :=
2kr + Zf:_ol (07) and let p4y := (£t, 0, 0). The geodesic spheres that will be used
in the gluing construction are Si; := 9B, (p+x). Also let p,i =yty+r + or/2)
be the point half-way between Sy and Sk and let p,f := y (& £ r) be the points
in S Ny . Define pjfk and pi ;. In a symmetrical manner. In the definitions above,
the index k ranges from zero to K.

The construction of the first surface consists of three steps. The first step is
to replace each S; with Sk which is obtained from Sy \ { p,:r, Dy } or Sp by a small
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normal perturbation designed to make S; look more like a catenoid near p,ic. The
next step is to find the truncated and rescaled catenoids that fit optimally into the
space between Sy and its neighbours, the precise location of which is governed by
displacement parameters &;. The final step is to use cut-off functions to glue each
Sk smoothly to its neighbouring necks. The result of this process will be a family of
surfaces that depends on r and the parameters o1, 02, ... and 81, 62, . . .. A number
of additional small parameters sfct and g will be introduced below and it will be
shown how these depend on the o and §. Denote by ¢ := maxy{ey, 8,(*, &; } below
and in the rest of the paper.

Step 1. Let Lg := A+ ||]_'§’||2 be the linearized mean curvature operator of Si
with respect to the Euclidean metric and let J; : Sy — R be the smooth function
in the kernel of Ly that is cylindrically symmetric with respect to the axis defined
by the geodesic y and normalized to have unit L2-norm. (It is defined by taking the
caorrect multiple of the Euclidean normal component of the translation vector field
9)

Now introduce small positive scale parameters ski that have yet to be deter-
mined and define Gy : Si \ { pki} — Rfork =0,..., K — 1 asthe unique solution
of the equation

Ls(Gr) =& 84 + & 8-+ ArJi (3.1a)

where §+ denotes the Dirac §-function at p,ﬁc and the real number Ay is chosen to

ensure that the right hand side of (3.1a) is L?-orthogonal to Ji. Also, let G, be the
unique solution of the equation

Ls(Gl) =egd_ + A Ji (3.1b)

where A’ is chosen to ensure that the right hand side of (3.1b) is L2-orthogonal to
Jx . Note that |Ax| < Cefork =1,..., N and Ag = 0 by symmetry.

To complete this step, introduce another small radius parameter r; yet to be
determined, and define S as the Euclidean normal graph over Sy \ [Brk 72( p,':) U
By 2( pk_)] that is generated by the function r G;. Also define the terminal sphere
S"K as the Euclidean normal graph over Sk \ By, 2(pg) that is generated by the
function r G’ as well as its symmetrical counterpart under the 7 — — symmetry.

Step 2. Coordinatize a neighbourhood of pi using geodesic normal coordinates

centered at p,i and scaled by a factor of . Let the coordinate map be v : Bg( pZ) c
M — (—R’, R') x Bg/(0) € RxR?, where R, R’ are appropriate radii (one should
think of R = O(r) and R" = O(1)). Note that the R coordinate corresponds to a
translation of the scaled arc-length coordinate along y and y itself maps to the
curve x° = (x%,0) with p,i mapping to the origin. The gluing procedure that
will now be described applies to any pair of perturbed spheres Sk, S’k+1, including
the last pair S K—1, S k. The images of §k+1 and S‘k under the coordinate map, at
least near the origin, can be represented as graphs over the R? factor of the form
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{(x9, %) : x0 = Sj;h(x)} where + and — correspond to xpk(S'kH) and wk(S‘k)
respectively. One can check that the Taylor series expansions for G near pkjE and
for v imply corresponding expansions for Fih near x = 0, which results in the
fact that wk(S'k) is the set of points
— Ok - — _
x = Fop(0) = 4 ey (cyy + Ciyy log(lx D) + O 1) + Ocellx )
while Vg (§k+1) is the set of points

x0=F+

h () = —;—f — & (e + ¢ log(llx ) + Ol I?) + OCellx 1) -

Here, czc and C lzt are constants.

The interpolation between vy (S'k+1) and g (S‘k), will be done using a standard
catenoid that has been scaled by a factor of ¢; and translated by a small amount
along its axis. The x° > 0 end of such catenoid is given by

x*=F1 | (e, di; x):= eg arccosh(||x || /ex) + exdk

= & (log(2) — log(ex)) + ek log(llx|l) + exdy + O /1x1%)
near the origin, where dj is the translation parameter. The x* < 0 end is given by

= F-

ock (6k-di:x) := — gy arccosh(||x || /ex) + exdy

= — ex(log(2)—log(ex)) —ex log(I|x ) +exdi +O (&} /1 x11*)

near the origin. Optimal matching of these asymptotic expansions of the catenoid
with those of ¥ (Sk+1) and v, (Sk) given above then requires

S o fk dk_l<ck_+l_i)
kT AF [ R = = T
o Crti 2\Cnt G
and
Gl G
or = Ax(er) :=rex 2(10g(2) - log(sk)) -—— =7 3.2)
Ck—H Ck

These equations imply that once the spacing o} between S’k+1 and S; has been de-
cided upon, then one can determine & by inverting the equation oy = Ag(e), and
then the other parameters describing the optimally matched neck can be computed
from &;. _ _

Finally, observe that the matching between ¥ (Sk+1) and v (Sx) and the neck
defined by the choice of parameters above is most optimal in the region of x where
the error quantity O([lx[|?) + O(e}/|lx||?) is smallest. It is easy to check that this

occurs when ||x|| = (’)(si/ 4). Hence the radii r; in Step 1 should be chosen as

rg = rgz/ 4, where the factor of r takes the scaling into account.



CMC HYPERSURFACES CONDENSING TO GEODESIC SEGMENTS AND RAYS 673

Step 3. Choose di, 82E and g, as above. Also, introduce displacement parameters
81, 82, ... that serve to slightly displace the necks from their optimal locations. De-
fine a smooth, monotone cut-off function y : [0, c0) — [0, 1] which equals one in
[0, %] and vanishes outside [0, 1]. Define the functions F*: B1(0) — R by

FEG) = x(x /e Fifg e di + 8100 + (1= x(lxll/g; ) Fiy (). (3.3)

C

Now define the catenoidal interpolation between vy (S'k+1) and wk(S‘k) as

Ne o= {(FH ), %) e < llxll < &Y ULF~ (), %) e < IIx] < /%

Finally, one can define the finite-length approximate solutions as follows.

Definition 3.1. Let K be given. The finite-length surface with parameters o :=
{o1,...,0r}and § := {41, ..., 8k} is the surface given by

£ (0.8) =[S0\ [Br(p{) U Br(py)]]

K—1
U [U S\ [Br(p) U BR(p;)]] O[Sk \ Br(py) |

k=1
K—1 .

U [U w;l(Nk)}
k=0

K—1
U <|: U Se\ [BR(P;j) U BR(Pk_)]i| U [SK \ BR(PE)]
k=1

K—1
U [U wkluvk)D :
k=0
where 7 is the t — —t reflection.

3.2. The one-ended surface

The one-ended family of approximate solutions is constructed by attaching a half
Delaunay surface to a finite-length surface as constructed above. This Delaunay
surface has very small necksize parameter, so we will need the detailed analysis of
these from [10].

Step 1. Let K be a large integer. Exactly as in the previous section, construct
K perturbed spheres of the form Sy fork = 1,..., K and one terminal perturbed
sphere of the form S’(’) (which in this case is a normal graph over So \ B, ( pJ )), along
with perturbed necks 1//,:1(1%{) fork = 0,..., K — 1. Then glue these building
blocks together using cut-off functions and matched asymptotics again as before.
This construction should be equipped with the appropriate separation and displace-
ment parameters og, ...ox—1 and 8o, ..., Sx—1.
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Step 2. The standard Delaunay surface of mean curvature 2 and with the appro-
priate small neck radius can be rescaled by a factor of r and translated along the
geodesic y until there is overlap with the last perturbed sphere Sk of the construc-
tion of Step 1. Optimal overlap can be achieved because the neck region of this
Delaunay surface is to first approximation a standard catenoid.

To be a bit more precise with this idea, one proceeds as follows. First recall that
Delaunay surfaces of mean curvature 2 are the surfaces of revolution generated by
the functions pr : R — R studied in [10, Section 3]. These functions are periodic
with period T and have local minima at the integer multiples of 7. Introduce the
parameters dx (which will be fixed once and for all below), and 6k and og (which
remain free). Define T := 2+ ok /r and eg := p7(0) and Tk := tx +r(dg + k)
where g is the arc-length parameter for the center of the perturbed sphere Sk.
Now parametrize a family of translated Delaunay surfaces of mean curvature % and

period 2r 4 ok via
- t—Tk t—Tk\ .
E:(,0)— |rpr cos(0), ror sin(@), t ] .
r
Note that the 7-parameter now corresponds exactly to the arc-length parameter of
y. Define truncations of these Delaunay surfaces via

D (ox. 8x) = {E(z,e) ‘1€ [Tk —w, 00) and 0 € Sl}

where o is a small number of size O(r&3/%).

Next, one must find the optimally matching Delaunay surface. First note that
the neck size ex of the Delaunay surface Dr+ (0K, 8k ) depends on og. Now as in
Step 2 of the construction of the finite-length surface, the equality of the constant
and logarithmic terms of the expansion of the first neck of Df (o, 0) and of the
asymptotic region of Sg near p} determines dg and 8} uniquely in terms of the
remaining free parameter ok . Now modify D" (o, 0) by means of cut-off function
as in Step 3 of of the construction of the finite-length surface so that it coincides
exactly with Sk in the region Sk N {(t,x) : %rw < |lx|| < rw}. Construct also
surfaces where §x # 0, introducing mis-match. Denote the family of modified
surfaces by D,Jr (ok, 6k ). The definition of the one-ended approximate solutions is
finally at hand.

Definition 3.2. Let K be given. The one-ended surface with parameters o :=
{o0,...,0k}and § := {8p, ..., Sk} s

K K—1
2% (0,8) = Sa\BR(pr[ U S\ BR(pb}U[ U l/fk_l(ﬁk)j|Ul~)r+(UK, 8k) .
k=0 k=0

4. Function spaces and norms

The constant mean curvature equation for normal perturbations of the approximate
solutions X, (o, &) constructed in the previous section will be solved for functions in
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weighted Holder spaces. The weighting will account for the fact that the geometry
of X, (o, §) is nearly singular in the small neck-size limit that will be considered
here. In fact, two slightly different function spaces will be introduced. The space

Ck “(EF (0, 8)) will consist of all CloC functions on EF (0, 8) where the rate of
growth in the neck regions of ErF (o, 6) is controlled by the parameter v. The space
Cf”g(f}rOE(a, 8)) will consist of all Cﬁ)g functions on irOE(a, 8) where the rate of
growth in the neck regions of 9% (c) is controlled by the parameter v and the rate
of growth in the asymptotic region along the axis of £ (o, 8) is controlled by the

parameter v. This latter degree of control is necessitated by the non-compactness
of £9 (o, §). The two types of spaces described above will collectively be denoted

C flf “ (f]r (o, 8)) for brevity whenever needed.

4.1. Function spaces and norms for the finite-length surface

To begin, one must introduce a number of objects. Define a weight function ¢, :
3, (0, 8) — R to achieve control of the growth of functions on X, (o, §) in the neck
regions:

rlx|l Yi(p) = (t,x) € Ny with x € Bgy2(0) for some k
Interpolation Y (p) = (¢, x) € Y (Sx) with x € Bg/(0) \ Br/2(0)
&r(p) =
for some k
r elsewhere

where the interpolation is such that ¢, is smooth and monotone in the region of
interpolation, has appropriately bounded derivatives, and is invariant under all the
symmetries of X, (o, §). For the norms themselves, first introduce the following
terminology. If U is any open subset of X, (o, §) and T is any tensor field on U/,
define

9

1T (x") — Ex x (T X))l
ITlo,u := sup [T (x)] and  [Tly,u := sup e
xeld x,x'eld dlst(x,x )

where the norms and the distance function that appear are taken with respect to the
induced metric of %, (o, §), while &, - is the parallel transport operator from x to
x’ with respect to this metric. Then, for any function f : i/ — R define

| f ke, tt —Z|c; PV flou + 1TV Flau
=0

The norms for the finite-length and one-ended surfaces can now be defined. ~
Define a collection of overlapping open subsets of Ef (o, 8) as follows. Let R

be a fixed radius such that |, B, ( p,t) contains all the neck regions of ENDrF (0,9)
and A := if(o, )\ [ Uk BR (p,i)] is the disjoint union of all the spherical regions
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of £,(0,8). Let Ag := if(a, H N [Uk BZR(p,i) \ BR(p,i)] for any choice of
R € (0, R).

Definition 4.1. Let U/ C f)f(a, 8)andv € Rand o € (0, 1). The Cf"" norm of a
function defined on U/ is given by

|flekeqy = flkauna+ sup | flkaunAg -
Re(O,R)

The function spaces that will be used in the case of the finite-length surface are
simply the usual spaces C*%(ZF (o, 8)), but endowed with the C¥* norm. This

space will be denoted Cf’a (if(or, 8)).

4.2. Function spaces and norms for the one-ended surface

The definition of the weighted norm that will be used in the case of the one-ended
approximate solution builds upon the norm just defined above. Extend the collec-
tion of overlapping open subsets used above by defining the points p,i fork > K
as the points of y upon which the neck regions of D;r (ok, 8k) are centered, and
then re-defining A and A as infinite unions over all k € N. Furthermore, re-define
the weight function ¢, by leaving it unchanged on iroE (0,8) \ D;r (0k, dk) and
defining

rlx] Yi(p)=(1.x) € D} (0 .8k) with x € B2 (0)
&r(p) := { Interpolation Y (p)=(t,x) € D} (ok,8k) with x € Br/(0)\ Bgy2(0)
r elsewhere

Finally, for any subset i € %9 (0, 8) and function f € C%(U) define the

loc
norm |f|r.«v,24 as above. A second collection of overlapping open subsets of

D;“ (0k, 8x) will be now be introduced. Let T := 1g /2 be the arc-length param-
eter corresponding to the point py > and for any choice of T > T define Cr :=
2% (0,8) N {(x,1) e RZ xR :t € [T, T +r]}. Also define C := 2% (0, 8) \ C;.

Definition 4.2. Let U € $9%(0,8) and v, b € Rand @ € (0, 1). The C1¥ norm
of a function defined on U/ is given by

|f|c\’jg‘(u) = |f|k,o¢,v,UﬁAﬂC

+sup T | flkav.unancy + sup | flk.aw.unagncy | -
T>T Re(0,Ro)

The function spaces that will be used in the case of the one-ended surface are the
spaces Ci'2(£9F(0,8)) = {f € Cul(80%(0,8)) : | fl ke < 00} endowed with

k,o
the C p p horm.
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Remark 4.3. At first glance, the norm of Definition 4.2 looks different from the
norm used to study the linearized mean curvature operator of near-degenerate De-
launay surfaces in [10, Section 4]. This is because the norm in [10, Section 4] is
defined using a different parametrization (the s-parameter). However, it is straight-
forward to check, using the estimates of [10, Section 4] relating the s-parameter to

the arc-length parameter, that the norm in [10, Section 4] is equivalent to the C(])‘ g‘
norm defined above.

5. The solution up to finite-dimensional error

5.1. The finite-length surface
5.1.1. Strategy

Let i : C2%(2F (0, 8)) — Emb(ZF (0, 8), M) be the exponential map of = (a, 8)
in the unit normal direction of f]f (o, 6) with respect to the backgroung metric g.
Hence u, f(f]f (o, 8)) is the scaled normal deformation of %, (o, 6) generated by
f € C2%(£F (0, 8)). The equation

~ 2
Hlpr (5] (0,9)] = = (5.1)

selects f € Cf*“(if (0, 8)) so that u, f(if (0, 8)) has constant mean curvature
equal to % In addition, the function f will be assumed symmetrical with respect
to all the symmetries satisfied by £ (o, §). Using a fixed-point argument and a

suitable choice of weight parameters, the equation (5.1) will be solved up to a finite-
dimensional error term. That is, we fill find a solution of

Hlws (50 0))] = 2 1 €.

where £ belongs to a finite-dimensional subspace of functions that will be denoted
WF and specified below. At first glance, this error comes from terms in the solution
procedure that are not sufficiently small. However, the true reason for the presence
of £ is geometric and will be explained in Section 6, where we additionally show
how to eliminate it and thus solve equation (5.1) exactly.

To begin, we write H[;er(f]f(a, 8))] = H[Z, (0,8)]1+ L(rf) + Pert where
L := A + ||B||> and Pert is a perturbation term. Note that £ is not the linearized
mean curvature operator of flf (0, 8) since that operator differs from £ by an am-
bient curvature term. The first step in the solution procedure is to construct a
suitably bounded parametrix R : C%(£F (0, 8)) — C2%(£f (0, 8)) satisfying
LoR = Id + £ where &€ : Cgfz(if(a, 8)) — WF is an error term. Now we
set wo = H[f]f(o, 8)] — % and use the Ansatz f = %R (w — wop) to transform
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equation (5.1) into
- 2
w — H[prew—uy (E 0.)] + =+ E@ —wo) =w+ E@ —wo) . (5:2)

Let NV, : C(U)f‘z(if (0,8)) — Cgf‘z(if (0, 8)) be the non-linear operator given by
the left hand side of (5.2). We will show that ; is a contraction mapping onto a
neighbourhood of zero containing wg. Once this is done, then we will have solved
the equation (5.7) up to the term £(w — wy) € WE.

Showing that NV, is a contraction mapping onto a neighbourhood of zero con-
taining wo is a matter of verifying that two estimates hold when r is sufficiently

small. First, that
wlcoe < 2lwolcoe = |/\/'r(w)lcgfv2 < 2lwol co (5.3a)

when r is sufficiently small. This establishes that AV, maps a ball of radius 2|wy| o
v=2

into itself. Second, that

- « (5.3b
w1 —w2|coa (5.3b)

N —

lw| 0« <2lwol 00 = IN-(w1) =N (w2)] 0e <
Cu72 Cu72 Cv72

when r is sufficiently small. This establishes that V, is a contraction mapping on
this ball.

We will apply the following strategy for obtaining the necessary estimates for
N, Since Ef (o, 8) is constructed from a number of pieces that are each defined in
their own geodesic normal coordinate chart, we will obtain our estimate by patching
together estimates in each of these charts. To see how this is done, consider N, (w)
at a point of if (0, 8) in some geodesic normal coordinate chart /. By Lemma

2.7 we know that we can write uf(flf(a, HNU) = [lfo(flf(o, 8) N U) which
is the normal deformation of f]f (o, 6) with respect to the Euclidean metric within
the chart by an amount equal to a different function fo. Let us view the correspon-
dence f + fo as having been given by a mapping ® : C2%(XF (0, 8) NU) —
Cf*“(flf(a, 8) NU). Therefore in U we can write
. ~ 2
Ny )= w = H[ftocrw-uy (% (0,8)) + = + E@w — wo)
=w—H[E (0,8)] = £(© o R(w — wp)) — (O 0 R(w — wp))
2
— H(@ o R(w — wo)) + - + E(w — wop)
= w—ﬁ[if(a,&)] —(fo@—ﬁ)oR(w—wo)) — Lo R(w — wp)
. 2
—9(® 0o R(w—wp)) —HP —HD (O o R(w—wp))+=+Ew—wp)
r

= —(Lo®—L)oR(w — wp)) — 9(O o R(w — wp))
~HD(® 0 R(w — wy)) (5.4)
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using the expansions of the mean curvature in geodesic normal coordinate charts
from Section 2. Consequently the estimates (5.3) can be derived by computing five
estimates: in Section 5.1.2 we construct and estimate the parametrix R; in Section

5.1.3 we estimate |wo| 0 in Section 5.1.4 we estimate the operators Lo®—L and
v=2

HD and Q°; then finally in Section 5.1.5 we put these estimate together to establish
that ;. is indeed a contraction mapping on the ball of radius 2|wo| cve Whenr is
v—2

sufficiently small.
5.1.2. The linear analysis

We now construct a parametrix R satisfying £ o R = id + £ where £ has finite
rank. In each normal coordinate chart, £ is closoe to the linearized mean curvature
operator with respect to the Euclidean metric L(f) := A f+ ||1§||2 f. Patching
together inverses for the latter operator gives a parametrix with an error which de-
composes into terms which are genuinely small (and thus can be made to vanish
after iteration), and those which together constitute £.

We make a few preliminary definitions of the cut-off functions that we will
need. First, denote Ann.(p) := B;(p) \ Br,2(p) and define subsets of Ef (0,8) by

S5 =5l )\ [B:(ppUB:(p;_D] T =5 (0.8 NAmn(p,_))
NT = $F(0,8) N Bo(p;) T.% = £(0,8) N Anng (p}) .

Now define the smooth, monotone cut-off functions

1 x e N/
Xneck k (X) := { Interpolation  x € T, U ’];CfH’_
0 elsewhere
1 x eS8
Xextk (X) := | Interpolation x € 7,7, UT,"_
0 elsewhere

sothat Y 4 X x T 2k Xmeck x = 1 for all 7. Moreover, let us suppose that these
functions are invariant with respect to all symmetries satisfied by irF (0,9).

Proposition 5.1. Let v € (1,2). There is an operator R : Cgfz(f)f(a, 8) —
C2(%F (0, 8)) that satisfies L o R = id — £ where £ : C*%($F (0, 8)) — WF.

Here WF is a finite-dimensional space that will be defined below. The estimates
satisfied by R and £ are

IR(w)Icg.a + IS(w)ICg.a =< C|w|C0f52

forallw e C Sftz(if (0, 8)), where C is a constant independent of r, € and §.
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Proof. Letw € C Sflz(f}f (0, 8)) be given. The task at hand is to solve the equation
L) = w + E(w) for a function u € CS*“(f]f(a, 8)) and an error term £(w) €
W . To begin, introduce four radii 7y < 7, < 73 < 74 < r with the property that

the supports of the gradients of the cut-off functions x, and x+ do not overlap for
i # j. These radii will be further specified below.

Step 1. Let wpeckk := w X;ch, .- This function has compact support in ./\/'kt3 and
thus can be viewed as a function of compact support on the standard scaled catenoid.
Now consider the equation £y (#) = wneck x On the standard scaled catenoid, where
Ly is the linearized mean curvature operator of the scaled catenoid rex N with
respect to the Euclidean metric. Then the pull-back of L to the standard scaled
catenoid is a small perturbation of Ly. By the theory of the Laplace operator on
asymptotically flat manifolds, the operator Ly is surjective onto C sz (rex N) when
v € (1,2). Hence there is a solution upeck x as desired, satisfying the estimate
|Mneck,k|cgya <C |w|C8’az where these norms can be taken as the pull-backs of the

weighted Holder norms being used to measure functions on if (o, 8). Finally, ex-
tend Upeck k to all of Ef (0, 8) by the definition Uneck k = Uneck.k ergck « and set
Uneck i= Zk I/_‘neck,k-

Step 2. Define wexx := (w — L(iineck)) X;%t, 4 Then we  is a function of com-
pact support on S,? and thus can be viewed as a function of compact support on the
sphere S \ { p,j, Py ). Now consider the equation Lg(u) = wext,x, Where Ly is the
linearized mean curvature operator of the sphere of radius r with respect to the Eu-
clidean metric. Then the pull-back of L to the sphere is a small perturbation of Lg.
It is not a priori possible to solve the equation Lg(uext k) = Wextk ON Sg because
of the one-dimensional kernel of Lg that is invariant with respect to the symmetries
that have been imposed. A basis for the kernel is given by the function J; : Sy — R
defined by J; := g(N , %) where ¢ is the Euclidean metric and N is the unit normal
é)_(t, k -= Wext.k — (Wext.k» Jk) Jk be the projection of wext k to the
orthogonal complement of span{J;} with respect to the Euclidean L2-inner product
denoted by (-, -). Now there is a solution of the equation Lg(uextx) = w;t’ « sat-

vector of S. Let w

isfying the estimate |ueXt,k|z‘2,a <C |weLXt k|20,a where | - |7, is the scale-invariant
C* norm where derivatives and the Holder coefficient are weighted by appropriate

factors of r. Furthermore, one has |weth’ klgoa = Clwextklion =C T, _2|w|20ﬂ .
v—2

A modified solution satisfying weighted estimates can be obtained as follows.
First, write textk ‘= Vextk + a,jn,j + a; 1, where vexy i satisfies |vextk (X)| <
Cf2"—2dist(x, p,j)2|w| coe near p;, while the function n,ﬁc equals one near p,ic and

vanishes a small but g-independent distance away from these points, and at €

R satisfies [aT| < C 12” _2|w| o - This decomposition is achieved by studying
v—2

the Taylor series expansion of uex; x near pkjE and using the symmetries satisfied
by uext k. Finally, by adding the correct multiple of Ji to uex x On each Sk, one
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can arrange to have ¢, = 0 for every k > 1 and aoi = 0 by symmetry. To
extend the functions uext k to all of fIF (cr 8), define eyt := Vext + A Where vey :=
Yk Xext kVext.k and A = =>4 ak nk Xneck - Then one has the estimate |1_)ext|C2,a +

|A|C5.zx S sz |W|C]())_o(2

Step 3. Let u® = Uext + Uneck and g(l)(w) = = ZkX;:t,ﬁwext,k, Je) Ik —
Dok X;t’ «Ls(A). By collecting the estimates from Steps 1 and 2, one has lu] c2e <
Clwl o . The claim is that

v—2

IE(u(l))—w—E(l)(wﬂcgg <0lw|coe  and |5<1>(w)|cg,a < Cr;—2|w|csf,2 (5.5)
where 6 can be made as small as desired by adjusting 71, ..., 74 and ¢ suitably. The
consequence is that one can iterate Steps 1 and 2 to construct sequences u"” and
EM (w) that converge to u := R(w) and &£ (w) respectively, satisfying the desired
bounds.

Therefore to complete the proof of the proposition, it remains to compute the
estimates given in 5.5. The idea is to exploit the fact that £ differs very little from
Ly and Ly in the regions where u® equals vexr and ipeck, all while taking into
account the effects of the cut-off functions. With this in mind, and using the notation

(L, x1(w) := L(xu) — xL(u), one has
ﬁ(u(l)) = (L~Ls)Wext) +Z[£S’ Xer):t,k](ve’(t7k) +Z X;t,kﬁS(Uext,k)+£(’/_lneck)
3 3

=(L — Ls)(Bext) + ij[ﬁs, Xeho k| ext ) + ij Kok Wext k
- Z Xtk Wext ke i) Tk — Z X £ (A) + L(lneck)
=(L — Ls)(Bext) + Z[ﬁs Xew i ext ) + Z Xtk (W — Llinee))
Z ek {Wext ks Ji) Z Xemk £5(A) + Litneck)
= (ﬁ—.cs)(vmw;[ﬁs, xext,k](vext,m; xext,kw+; Xneete 4 L (ineck)
- Z Xk Wext ko i) Tk — Z Xemx Ls(A)
=(L — L) (Bex) + Z[cs Xt ext k) + Z Kncek o (€ = L) (itneck)

- Z Xone (Wext ks Jk) Jk — Z Xene i Ls(A) +w
3 3

since E(uneck) L— »CN) (uneck)+zk (LN, Xneck k](”neck,k)+zk ergck,kﬁzv (Uneck,k)-
The facts = and 3 t = x2 and
Xext,k Xext,k Xext,k Xneck,k Xneck,k Xneck,k Xneck,k
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X;éck, k[ﬁ N ngck’ «] = 0 have also been used in the calculations above. The claim
now follows since both £ — Lg and £ — Ly can be handled using Lemma 2.2 while

2—v
71
71
v <Clv <C|— w
|[£Sa Xext,k] eXt,k|C8f‘2 —= | eXt’k|C3’a(SUpp(VXeT,:Lk)) = (TQ) | |C8f¥2

can be made as small as desired by adjusting the ratio 71 /7.
The iteration leading to the exact solution of the equation L(u) = w + E(w)
now works as follows. Using the steps above, for every n > 0 one has functions

u™ e C2%(EF (0,8)) and w™ € €% (EF (0, 8)) satistying Lu™) = w1 +
Ew Dy + w™ and w® = w along with the estimates

1
—1 —1 —1
™ g2t 1E ™ ))|c§‘°‘ =Clw" )|c8f‘2 and |w(n)|c3fz = 5|w(” )Icff'z'

o0 o0

Consequently the series u := Y (—=1)"Hu™ and E(w) := Y (=) E@D)
n=1 n=1

converge in the appropriate norms and satisfy £(u) = w + £(w) along with the

desired estimates. O

The definition of the finite-dimensional image of the map £ : C Sf‘z(f}f (0,8)) —
WF isa by-product of Step 3 of the previous proof.

Definition 5.2. Define
WE = span{x"  Ji, x2  LsmfxD . ) k=1 K—1U{x" Jk}
-= Span Xext,k k> Xext,k N nk Xneck,k . [ Xext,K Ky

5.1.3. The mean curvature estimate

We next estimate the quantity wy := H [if (o, 5)] — % in the CSf’z norm when
v € (1, 2). In the following, set ¢ := max{eki, ex} and § := max{d;} and recall that
re = O@re’™).

Proposition 5.3. Suppose v € (1, 2). The mean curvature of f]f (o, 8) satisfies the
estimate

- 2
H[Ef(o’, 8)] _ = 5 C max {r37v’ r17v83/273v/4’ 8r17U8173U/4}
rlevs

for some constant C independent of r, €, § and K.

Proof. Since we can write H[f)f(o, 8)] in terms of Ifl[f)f(o, 3)] and é[if(o*, 8)]
and quantities depending on the background geometry as in Section 2.1, we can
break up the estimate of H[%F (0, 8)] into several steps. The first two steps are
to derive pointwise estimates for H [£f(0,8)] and B[f]f (0, 8)] with respect to
the Euclidean background metric of the geodesic normal coordinate charts used to
define the spherical and neck regions, respectively; the third step takes into account
the contribution from the actual background metric in each coordinate chart; and

the fourth step is to compute the desired C Sflz norms of H [flf (o, 8)] — % Finally,
we note that all estimates computed below are independent of K.
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Step 1. The first step it to find pointwise estimates for B = B[ZF (o, 8)] and
H := H[Z! (0, §)] in the coordinate chart used to define the spherical reglon Sk of
Ef (0, 8). The key to this estimate is to use the formula (2.7) and (2.8) for Band H
in terms of the graphing function G and the second fundamental form B(Sy) and

mean curvature H (Sx) of Sx with respect to the Euclidean metric in conjunction
with the estimates from Lemma 2.5. The results are

|BlI+r*[Bla
= C (IBESOI+rIV2Gl + (1G] + rIGI) I BSOI? + VG )

C o o o
= — (14161 +7IVG 1 + 219G + > [V2GL, )
and

o 2 .
H — ;‘ +r[H],

= 2 (IGPIBSOIE + IGIVGIIBSOIP + GV B0

HIVG IS0l +rIVGIPIV2G] )
+Cr? (IGL(IGIBSOIP + VGBSO + 192G B(S01)

+ VG (IGIIBSOI* + IVGIIIBSOI + VG IVG])
+ VGl (IGIIBSOI + VG
+1GI(IG1a I B(SOIP + [VGIal B(SOI* + [V2Glall B(SOII?)
+ IVGI(IGlall BSOI* + [VGla I B(SO)
+rIVGI (VG IVZGI + IVGI[V*Gla)

+ IV2GI(IGLall BSOI + rIVGLIVGI) )

| a

—(IGI+rIVGI + 2 V2G| + 12 VG, )?
+ CrIVGIA(IV?GI + r*[V?Gla) -

The reason the estimate for |H — %| is so much better is because we can expand

|H - 2| = |r£°(G) + Qo(rG)| = {QD(rG)| since £(G) = 0 in Sy, meaning that the
dominant terms in the estimate come from the quadratic part of the mean curvature.
To proceed, we note that by standard interior elliptic estimates for G, we have
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|G| + rIVG|| + r2|| V2G| + r?t*[V2G], < Ce for some constant C independent
of r or ¢. Therefore

C

r

o 2
H-Z
r

Ce?
S -

o r

I1BI| +r[Bla < +ro[H]

and

in the spherical region Sy.

Step 2. The next step is to look inside one of the scaled normal coordinate charts
used in the definition of the necks. Again, the calculations are performed with re-
spect to the scaled Euclidean metric, and computed in the transition region T} :=
Ny N {({t,x):x € B€3/4(O) \ Bs3/4/2(0)} as well as the neck region Ny := Ny N
k k
{(t,x) : x € B€3/4 /2(0)} itself. Of course, the estimates in Ny are extremely
k

straightforward since Ny is exactly the standard catenoid for which H = 0 and
||§|| =2¢ l|lx || ~2. Hence the challenge lies in estimating H and B in Tg.

The transition region T} is the graph of the function F:=nF + (1 —nG as
in (3.3), where F(x) := & (arccosh(||x||/ex) + di + &) and G has an asymptotic
expansion that matches the asymptotic expansion of F except for the mismatch in-
troduced by d;, while 7 is a cut-off whose derivative is supported in %82/ 4 < x| <

si/ 4. Now, the scaled Euclidean second fundamental form and mean curvature of a
graph are
. l oy~
Bl] - BV’JF
o 1 (.. VIFVIF\., -~
H=— <3U - 7) ViF
D D? /

where D := (1 + ||%I:"||2)1/2. Write F := u + F where u := (1 — n)(G — F) and
observe that . .
u = el —n)+ A —n(G—F)

for functions G and F of size O(||x||?) + O(&3|x||72). When |lx|| = O(e3/4) one
has

3
u— 8k (1=l + Y TV U + 58Vl = O
k=1

3
|F —c1 —calog(1/e)| + ) &4V F|| = O(e)
(=1

for constants ¢, c;. Thus plugging F into the expression for B and estimating
yields
I1BIl + &>*/*[Bla < Ce™'/2.
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Next, plugging F into the expression for H yields

o o 0 1 1
DH = Au + —
JUFIVFIR 1+ 19F + S

F’LF’JF’”

wid juij+uu jFij+2uiFjuij+ FiF juij+2FuF,;

\/1 + IVF 4+ Vu|?

where we have used AF — (1 + ||%F||2)_1F’,-F,]~F’l~j = 0. This holds since F is
the graphing function for the catenoid which has zero mean curvature. Therefore
after some work one can estimate

| — 2+ exdeAnl + 34 H + exdiAnly < €

where C is independent of €. We remind the reader that the estimates derived here
are with respect to the r-scaled Euclidean metric in the coordinate chart. When
we make use of these estimates in the next two steps, we will need to reverse the
scaling.

Step 3. The next step is to compute the pointwise norm of H := H [if (0,0)]
with respect to the actual background metric with the help of the expansions from
Lemma 2.3. This lemma can be invoked here because we have also shown in Steps
1 and 2 that |Y|||| B|| + |Y]|'T*[B]s < C everywhere on £F (a, §).

To proceed, we again perform the necessary calculations in each of the differ-
ent regions identified in Steps 1 and 2. Consider first the spherical region Sy, where
Y] = O(r) and

2 o
H——+r"[H]y <
’

o 2 o o
H— ;‘ +r[H], + H®, B)|
+ r[H, B)l, +CllY |3

+r[H], + CIYII+ CIYIIB

82
SC<—+r)
r

by previous estimates and inspection of the quantity 7% (Y, B) given in Lemma
2.3. Consider now the transition region Tj. First, by reversing the scaling used
in Step 2, the second fundamental form and mean curvature in Nk, measured with
respect to the Euclidean metric, satisfy the estimates

o 2
< |H — -
<] -3

.2 . . . c . .
H— 4 euduAn|4rogde/s [H+8k5kAn] <= and ||Bl+r*e*/*[Bly < ——.
r aTr rel/2
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Now these estimates can be plugged into the expansion of the mean curvature, ex-
cept that Y is now the position vector field of ¥ ~!(Ny) relative to the center of the
normal coordinate chart used in the construction of the neck. Thus ||Y || = O@re’/%)
so that

2
H-Z
’

C )

+r934H] <= (14—

(], =
in the transition region. Finally, in order to obtain the required estimate in the neck
region itself, we must use the relation ||Y[|> = r2(||x||? + &?arccosh?(||x]|/¢))
between the position vector field and the x-coordinate used in the definition of the
neck. This allows us to deduce
V2e

2 c
< S Crllx] + Cr2Ix ] - == < =+ Cr(llx] +é) .
« =y rlxll r

2
‘H - ;’ + 1Y I[H]
Step 4. The remaining task is to estimate |H — %| in the CSfZ norm for v €
(1, 2). This estimate will be derived by once again considering the three regions of
¥F (o, §) identified in the previous steps. For now, the only assumption that will
be made about ¢ and § is that ¢ < r. First, consider a spherical region S; where
¢ =r. Hence

2—v
gr r

H_%‘_{_élﬂxv |:H—%:| §Cr3fv.
r Ty
Next, in the transition region T where ¢, = O(re3/*) one has

2—v
é‘r r

H_ 2’ I [H _ %} < Cr]—v(83(2—v)/4 n 881_3”/4).
r r o

Finally, in the neck region Ni where Zr(x) = r|lx|| in the local coordinates used
there one has

2—
&G

2 2
H— _‘ + é.r2+a—v |:H _ _i| < Crl—v83(2—v)/4 .
r rly

The proposition now follows by consolidating these three estimates. O

As a by-product of the proof of the previous proposition, we have also obtained
a uniform bound for the weighted norm of the second fundamental form in the
geodesic normal coordinate charts used in the construction of £ (a, §).

Corollary 5.4. The second fundamental form of if (0, 8) with respect to the Eu-
clidean metric in any geodesic normal coordinate chart U used in the construction
of Zf (o, 8) satisfies the estimate
. 2 s Yt S
sup (& |B| + G2V BI) + g2 [V Blaw = €
u

for some constant C independent of r, €, § and K.
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Proof. The proof of Proposition 5.3 has already established that ¢, ||I§ I —|—§,1 o [é]a <
C for some constant C independent of r, ¢, § and K in every normal coordinate
chart used in the definition of f)f (o, 8). It thus remains to estimate ||%1§ Il

First, consider one of the spherical regions of £/ (o, §). The calculations from
Section 2.2 when X is a sphere of radius r and f = rG where G is the function
from equation (3.1) give

(1 = G)2hij +r2(1 — G)G.ij +12G.iGj

[BrG)); = :
’ r((1 = G2 +r2|VG|2)

for the second fundamental form é(r G) of %, (o, 8) with respect to the Euclidean
metric while ; j 18 the induced metric of the sphere of radius r. Similarly, the
induced metric [fl(rG)][ j and Christoffel symbols [f‘ (rG)lijk of f)f (0, 8) with re-
spect to the Euclidean metric of the coordinate chart are related to the corresponding
quantities of the sphere of radius r by

[h(rG)lij = 1=G)*hij+r*G,iG;; and [ Gk = 1-G)*Tije+Gi+r°G
where G is a tensor formed out of (O(1) linear combinations of components of

VG Q i and G, is a tensor formed out of O(1) linear combinations of components
of V2G ® VG. We now compute

[BrG)ijx = [BrG)ijx — [BUrG)ilhe G (rG)in
— [BoG)islh(r GG ju

and after some work, we reach the desired estingate. The Holder seominorm estimate
can be found by estimating the difference |[B(rG)];j.x(x) — [B(rG)l;j;x(y)| at
two different points x, y using the above formula. A similar procedure, based on
differentiating the formula for the second fundamental form of a graph in Euclidean
space found in Step 2 of the proof of Proposition 5.3, yields the desired estimate for
I VB || in the neck and transition regions. The details are left to the reader. O

5.1.4. The operator estimates

The next task is to find estimates for the C%% norm of the quadratic remainder term
Q and the error term H for the finite-length surface. We do this by combining the
estimates from Section 2 with the specifics of the construction of Ef (0, 6) from

Section 3. But we first need to show that | £||B|| + |V f]| < 1 holds if | flg2e is
bounded and r is small enough.
Lemma 5.5. Let U C f]f (0, 8) be one of the normal coordinate charts used in the

construction of f]f (o, 8) where the second fundamental form with respect to the
Euclidean metric is B. Then the following estimate hold in U :

sup Y OIBEI + 1Y )T [Ble) < C
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and

sup (ILF UNBE + IV F)N) + sup GO - B+V I,y
xXe

xeld

<Cr'7 Y fl2a
v

forall f € Cf’“(if(a, 8)). Here C is a constant independent of r, € and §.

Proof. The first estimate is proved in Steps 1 and 2 of Proposition 5.3. For the
second estimate, we not that Corollary 5.4 implies that we have ¢, (x)llé(x)ll +
{rz (x) ||%Bg(x) | < C where C is some constant independent of r, no matter where
x is located in f)f (o, 8). Consequently,

OB+ VLN = ¢ (6 F ] & () I B)

+ 5TV @IV @)

which yields the first of the desired estimates. For the other, we calculate

sup & If B+ Vilau < sup & (LA v Bl + I FILBle + [V fla)

< sup T Nl 1B+ 8701 F18 T B + 6TV IV f o)

< Cr' N flc2a
by the Holder seminorm estimate of Corollary 5.4. O

We can now deduce the following.

Proposition 5.6. There exists M > 0 so that if fi, f» € C2(ZF(0,8)) for v €

(1, 2) and satisfying | f1| 2 + 1 /2| c2a = M, then the quadratic remainder term Q
v v
satisfies the estimate

QW) = QU cow < Cr' ' 1fi = falza max{Ifilcze. f2lc2e )

where C is a constant independent of r, € and §.

Proof. Since Lemma 5.5 ensures that | f;| ||§|| + ||% fill can be made as small as
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needed, it is possible to invoke Lemma 2.5 and obtain
&FV1O(f1) — Q)]

<C; VA — fal
-mgxc3(|ﬁ|||é||3 UV ANBIZ + IV AINIVBI+ IV £1BI)

+CGTIVA = VA
-max & (| GBI+ IV GBI+ 1LIVBL+ 1V £V £i1)

+CEIVEA = V2 p| - max (LB + IV £11%)
= Clfi = fal 2

-max {] fi] 2 (Zankc" L IVBIGT 1 il 2e g2V 4 5 )

=1

as well as

VI (f1) — O(f2)]a
< C;;x_v[fl - fZ]a
~maxs“,2(|ﬁllll§ll3 UV ANBI? + IV AIIVBI+ IV £11B)

+ MV — Vil
-m.ax:r(lfz-|||1§'||2 FUAVAENIBI+ ANVBI+ IV ATV £ 1)

+ CGFTTIV fi = V2 oo max (Il B+ IV £i12)
+C& 1= fal - 6 max (LfidallBIP + 1l BIPLB e + [V filall BI
HIVAIBIBLa+ [V £l IVBIHIY £V Bla+IV2 fila | Bl + 1V £i [ Bla)
+C& IV =V hall - max & (Lfila I BIP+1f I BIB + [V fila B
HIV B+ LAl IVBI+ AV Bl +1V £V £+ IV £V fila)
+CGNIVE A= V2 fol] - max g (LAl B + 1 £illBla + [V £i1a IV £i1)

= Clfi = falc2e

3
-max {| fil 2} (Z IBIF 1+ IVBIG™Y + 1 fil 2™

F 3 IBI B (9Bl +¢:‘1> |
k=0
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The desired estimate now follows by Corollary 5.4. 0

Proposition 5.7. There exists M > 0 so that if fi, fo € CS’“(if(a, 8)) forv €
(1,2) and satisfying | fil ;2.« + | 2l 2« < M, then

IHD (1) = HO ()] o
v—2

< Cr¥(1+r"""max {lge 1 ole2a DU = fol c2e
where C is a constant independent of r, € and §.

Proof. First observe that || Y]] < C(r + | f]) < C(r + r"lflcz,a) < Cr by the
uniform boundedness of | f| c2e and the fact that v € (1, 2). Similarly, it is also

true that {*[Yfly < C(r + ¥ fla + | f1¢¥[N]y) < Cr since we can show that
the a-Holder norm of the unit normal vector field N with respect to the Euclidean
metric is uniformly bounded. This is turn follows because |[VN| < C||B|| and we
have a bound for & ||B|| from Lemma 5.5. Next, since | f;|||B|| + ||V f;|| can be
made as small as needed according to Lemma 5.5, we can use Proposition 2.6 and
Corollary 5.4 to derive

g HP (fr) = HO(f2)
< Cq¥ By, — By I max |Yp,|1?
+C max ¢ By ||(;r||Yf,.||(1 + 1YL IIBING 11 — fol

+IYAIPE IV A =V o)

+Cmax (57711 = Al + &IV (&1 = falg 1B
+ 5V A =V 10))

<Crig? 1B — Byl + Cr?lfi — Jal 2

< Cr2 (14 r" max {| fil 2 | fol 2o )i = fol 2

where to reach the last line above, we have used the pointwise bound for ||1§ =
By, |l from Lemma 2.5 and the techniques used in Proposition 5.6 to estimate its
C Sflz norm. Finally, we perform similar calculations on the Holder seminorm esti-
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mate of Proposition 2.6 to deduce

RO ) = HY ()l
< Cre2 B — Bplimax g (Yl + 1Y7 1 (Lfidal B
+ fillBla + [V £1a))
+Cr2g By, — Bpla
+ Cmax g Byl (r5 (L 1Y IIBIDE 11 = fol
+r25 IV £ =V £D)
+ € max (& (Uil B + | Al1BLe + 19 fil)g " Lfi = fol
+ & 7A — fola
+ &N g da 1Y N (ALl B+ | £1Ble + 1V fila))
(&1 = Llg 1Bl + &IV i = V f2l)
(&L = flate 1B+ 67V = 16T Bl
F IV - 6][2]05))
< Cr2(§r2+”||§fl — Byl + ¢ [By, — Bpla + | fi — f2|c‘%,a>
+Cr' fi = fol e
< Cr?(L+r " max {1 filae. |2l 2o D)1 = fal 2o

using Lemma 2.5 once again. O

Proposition 5.8. There exists M > 0 so that if f € CS'“(fJf(a, 8)) forv e (1,2)
and satisfying | f| 2« < M, then

1£00(f) =Ll cve < Cr¥f]c2e

where C is a constant independent of r, € and §.

Proof. We begin by estimating

L0 0(f) = L(Now < ILOU) = Plgoe + (L = L)(f)oa
< ClOU) = fleze + (L= L)) coe
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where C is the operator norm of L : Cf’“(ir (0,8)) — Cgf‘z(ir (0,6)). Thisis a
constant indpendent of r, €, § because of Lemma 5.5 and the following computation:
GIALI+ -G IBIP + GV IAS + 1B fla
= C(Iflgze + GBI 6 1Bla - &1 /1 + IBIP - 6271 )
S C|f|c5’f¥ .

Lemma 2.7 now shows that in any normal coordinate chart

3 3
Y GEvE@) = Pl =Y gIYIFIVE@© ) - I
=0 k=0

3
<Cr2) Y IV A

k=0

2
= Crilfles s, o0

since & (x)~!|Y (x)|| is bounded above and below away from zero by a constant
C independent of r, ¢ and § for all x € X, (0, §). We deduce |O(f) — flczi,a <

cri|f |2« from this. Finally, Lemma 2.2 shows that in any normal coordinate
chart

GUILS) = LOI+ G L) = L(N)]a
2
< Cg/ (kZO GNYIEIV LI+ ||Y||2+“c,“[%2f]a>
< Cr2|f|;5,a :
Putting together the estimates we’ve found leads to the desired result. O

5.1.5. The fixed-point argument

We are now in a position to solve the CMC equation up to a finite-dimensional error
by showing that the mapping )V, defined by equation (5.2) is a contraction mapping.
We do so by establishing both estimates (5.3). Now, by Proposition 5.3 we know
that [H[5 (0,8)] = 2|0 < Cmax 1377, 1mved2mit s 1mvgioaviay o

R(r, e, 8). To simplify the proof below, we will now assume that ¢ < Cr? and
8 < Cr. This will be justified in Section 6.3 when the parameters ¢; and §; are
determined. If we make this simplification, then R(r,e,5) < C r4=3v/2 When
v € (1,6/5) then R(r, &, §) = o(r) which is needed so that |f|C5’°‘ is small enough
to invoke the various operator estimates used below.
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Proposition 5.9. There exists w := w,(0,d) € Coflz(flf(a, 8)) withv € (1,6/5)

and f = f,(0,8) € C>*(2f (0, 8)) defined by fV:: IR(w—H[EE(0,8)] + 2)

so that 5
H{wrs(Zf (0,8)] - -=£ (5.6)

where £ € WF . Moreover, the estimate

|flze < Cr37>2
holds for the function f, where the constant C is independent of r, € and §. Finally,
the mapping (o, 8) — f (o, 8) is smooth in the sense of Banach spaces.

Proof. Letwy := H[ %, (0, 8)]— % From Proposition 5.3 we know that |wo| 0. <
-2

R(r, e, 8) when r is sufficiently small. We now establish the first estimate (U5.3a)
as laid out in Section 5.1.1 when r is sufficiently small. To do so, we consider

the operator NV, in any normal coordinate chart and choose w € C Sf‘z(f}r (0,9))
with |w]| oo = 2|wo| oo - Using equation (5.4) and the results of Proposition 5.6,
v—=2 v—2

Proposition 5.7 and Proposition 5.8, we deduce
N )] o < (£ 0© — L)YRwW — wo))| o
v—2 V=2
+1QORW = wo))l o + HD(© 0 Rw — wo))|coe
< Cr(|Rw — wo)| 2e + O(R(w — wp)l 20
+Cr'ORW — wo) 2.
<CU*+r"'R(r e, 8)) wol oa -
v—2
We have also used the fact that |® ()| cre < Clf] o2 according to Lemma 2.7 and

the fact that |R(f)| 2« < C|f|0e according to Proposition 5.1. It is now clear
v v=2

that if we choose r sufficiently small, it is possible to have C (r2 +rv-IR (r, e, 8)) <
2 which establishes the first estimate (5.3a). By performing essentially the exact
same calculations, we find that the second estimate (5.3b) holds with this same value
of r. Consequently, JV; is a contraction mapping on the ball of radius 2|wy| o -

The size of the solution f := f (o, §) follows from our bounds on R; while the
smoothness of the mapping (o, §) +— f(o, ) is a standard consequence of the
contraction mapping theorem. Therefore the proposition follows. O
5.2. The one-ended surface

5.2.1. Strategy

The strategy for solving the CMC equation (5.1) in the case of the one-ended surface
ErOE (o, 6) must be modified in order to take the non-compactness of Ero E(o, 8) into
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account. In fact, the modification required can be understood by considering the
outcome of the linear analysis, specifically the nature of the parametrix for £. In this
case, the outcome of the construction of the parametrix, which will mimic Propo-

sition 5.1 as closely as possible, will be an operator R : C‘())f‘2 ‘-)(f]rOE (0,6)) —

Cf”g(f},OE (0,8)) ® V satisfying £ o R = id + £. The operator £ again maps into
a finite-dimensional subspace WOE The subspace V is the new ingredient, and it

can be explained as follows. First, let Jjj ; for s = 0, 1 be the bounded and linearly
growing Jacobi fields of the standard Delaunay surface and define the space

. T 1 T 2
V= Span{Xlgel JDel ’ Xlgel‘,Del}

where X]gel is a smooth, monotone cut-off function that transitions from zero to one
in the neck region where the Delaunay end of fIrOE (o, ) is attached to the finite part
of erOE(a, 8). The reason V is needed is simply because L : Cf’f—f(ferE(a, 8)) —

C szyﬁ(irOE (o, 8)) is not surjective but becomes so when growth like the first non-
decaying Jacobi fields of £ is permitted. But now the fact that one component of
the solution of the linearized problem does not decay forces the modified approach
that will be outlined in the next two paragraphs, since the quadratic remainder of
the mean curvature will not behave appropriately for this component. An approach
similar to the one proposed below has been used in [17].

To compensate for the non-decaying component of the solution of the lin-
earized equation, one proceeds as follows. Let R() denote the component of
‘R mapping into C 5;‘(5)9’5 (0,8)) and let R® be the component of R mapping
into V. Furthermore, if RODw) = aq Xlgel‘ll%el + ap XlgelJ]%el, then let us write
R (w) := (a; (w), az(w)) despite the slight abuse of notation that this represents.
Now the equation that needs to be solved is still

i 2
H[prr(E0%(0,8))] = - (5.7)

but for f € Cgf’2 ]-)(ferE(cr, 8). Recall that the last two free parameters of

by OF (0, 8), namely og and 8, parametrize asymptotically non-trivial deformations
of fJ,OE (0, 8). That is, these cause the period and location of the entire Delaunay
end to change. The idea for converting (5.7) into a fixed-point problem is to asso-
ciate R(D with f and R @ with the parameters (og, k).

This can be done as follows. Recall that there are specific values ox = g and
8k = 0 which produce optimal matching in the assembly of f)ro E(o, 8). With slight
abuse of notation, write irOE(a) = f)rOE(o, 8) with a := (a1, ap) and (og, 6g) =
(6k + a1, a2). Given the flexibility one has in the choice of f}, one can arrange that

a

a—H[fZ,OE(al, a)]| = LODeIber)
a; a=0
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fori = 1, 2. Consequently, the Ansdtze
. OF 2 Lom @
wo = H[Z 0] -~ fi=-RPw—wy  a:=RPw—wo)
transform equation (5.7) into

~ 2
w— H[MR(”(w—wo)(ErOE(R(Z)(w - wO)))] + - + E(w — wo)

=w+ E(w — wp) .

(5.8)

To solve this problem (up to an error term) we show that the mapping N,

C,% % (29E(0,8)) — EPE(0,8) given by the left hand side of (5.8) is a contrac-
tion mapping onto a neighbourhood of zero containing H [Ero £, 8 )] — % Doing
so requires establishing the same kinds of estimates as (5.3) via the expansion (5.4)
that is still valid here. Therefore the next four section mimic Sections 5.1.2-5.1.5.
Once we have the necessary estimates, then we obtain a solution of the equation
(5.7) up to a term in WOE  This finite-dimensional error term must of course still
be dealt with in order to find a true CMC surface near to ErOE (o, 8), and this will
be carried out in Section 6.

5.2.2. The linear analysis

The construction of the parametrix in the case of the one-ended surface begins with
the definition of an additional set of partitions of unity for Z9%(a, §) as follows.
For any T € R let Cyl; be the set {(x,7) € M : ||x]| <r and ¢ > 7}, and let
Dt = f),OE (0, 8) N Cyl;. Now define the smooth, monotone cut-off function Xlgel
that equals one in D7 and vanishes in f]rOE(U, 8§\ DI,

A second important ingredient that will be used in the construction of the
parametrix is a careful analysis of the properties of the linearized mean curvature
operator of a near-degenerate Delaunay surface with respect to the ck D norm. This
was carried out in [10] and the relevant results from [10, Section 4] can be adapted
to the needs of this paper and will be quoted whenever they are used in the proof
given below.

Proposition 5.10. Let (v, D) e (1,2) x (—1,0). ;

There is an operator R : C)% (£98(0, 8)) — C22 (50 (0, 8)) ®V that satisfies
LoR =id— & where £ : CS_“Z,‘-)(irOE(U, 8)) — WOE. Here WOE s a finite-
dimensional space that will be defined below. The estimates satisfied by R and £
are

Rl 2oy + IEW)|ze < Cloloe

forallw e Cgflz(ferE(a, 8)), where C is a constant independent of r, €, 6 and K .
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Proof. Letw € c® Vo2, V(ZrOE (0, 8)) be given. The solution of the equation L(u) =
w + & (w) will be constructed broadly along the same lines as in Proposition 5.1 in
that~ local solutions on the spherical constituents, the necks and the Delaunay end
of 29 (q, §) will be patched together. In this case, however, a preliminary step is
needed to reduce the interaction between the Delaunay end and the finite part of
f]rOE (o, 8). This amounts to showing that one can assume that w = 0 in a large part

of 290, 8).

Step 0. Define wpyiq := X]t)lg:l (1 - ngl) w. Using the methods of Proposition
5.1, one can solve the Dirichlet problem L(#4miq) = Wmid + € (Wmid) and umiq =
0 on 3[D's \ D2K]. The estimate one obtains is |umial 2.0 + |E(ijd)|c20( <
Clwmid| o < Clw| v ~ where C is independent of r, &£ and K. Then u;q can be
extended to all of ZOE (o ) by defining umpiq := XDel "1 - ng”) Umid. If one
now solves £(u) = w— L (itmiq), then the function u—+umiq solves L(u—+umiq) = w.
The advantage will be that the function w — £ (fimiq) vanishes in DK \ D2K but still

satisfies the same estimates as did w. One can also assume that K can be as large

as desired.
Step 1. Letw € C*% (5% (o, §)) be given and assume that w = 0 in DK \
bk

D"k . Consider the equation L(ufin) = win + £ (whn) Where wn 1= (1 — xp5) w
and view the function on the right hand side as being defined on the finite-length
surface. Using the methods of Proposition 5.1, one can find a solution ug, €
C2 “(ZF(U 3)) satisfying |l/lﬁn|c2a + g('LUfm)|COa < C|U)|C0a for some constant

C independent of r, & and K. Note that one must view D'k \ D& as being very
close to a union of spherical and neck regions in order to do so. Furthermore,
by carefully analyzing the iteration process that leads to the solution, the fact that
supp(wen) € S (0, 8) \ D'¥ implies that for x € £ (o, §) near DK one has

V(@) usn(x)] < Ce —Kjw| o for some constant C independent of r, ¢ and K.

v—=2,v

v2v

Extend ugj, to all of ZOE(J, 8) by defining ug, := (1 — nglw) Ufin.

Step2. Forw € CU 2. U(ZJ,OE(U, 8)) from Step 1, set wpe] := X&ﬁ w and consider
now the equation £ D(uDel) = wpe] but viewed as an equation on the complete
Delaunay surface D,. Then using the methods of [10, Section 4] and [15] along
with the condition v € (—1, 0), there is a solution of this equation which can be
_ _ 2.
decomposed as upe] = Upel —l—all)el XDel J[l)el —l—a%el XDel J]%el. Here vpe € CU’S‘(D,)
and one has the estimate |vpei| c2e + |a]1)ell + |a]23€1| < Clwpel| e for some

constant independent of r and e. Furthermore, because supp(wpe]) < f]OE (0,6)N
D'k one can arrange to have ¢,V (x)|ufin(x)| < Ce™ Klwlc()a for x € EOE(U 8)

V=2,

near 8~Dt2’( for some constant C independent of r, ¢ and K. Now it is possible to
view ErOE (0,8) N'D'K as a graph over D, N D'k and hence upe) can be viewed as
a function defined on ErOE (0, 8) N Dk, Extend this function to all of ErOE (o, 8) by

L tk—r
defining itpe := X UDel-
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Step 3. The estimate of £(u) — w up to a finite-dimensional error term proceeds
in the same way as in Step 3 of Proposition 5.1. The extra exponential decay of
iifin and iipe near 9] DK \ DK | ensures that the cut-off errors that arise there are
small. Consequently one can iterate the steps above and find the desired solution

R(w) € Cf”g(f}rOE(a, 8)) & Y and satisfying the desired estimate. ]

The definition of the finite-dimensional image of the map £ : C sz(f)ro E(o, 8)) —
WOE is once again a by-product of the previous proof.

Definition 5.11. Define
WOE = span{X;lt,ka k] Xer)lt’kKS(n]jX;éCk’k) : k = 07 L) K - 1} U {X;it’KJK} .

5.2.3. The mean curvature estimate

The estimate of the mean curvature of the one-ended surface irOE (o, 8) is a very
straightforward extension of the results obtained in Section 5.1.3. In fact, the result
is the same.

Proposition 5.12. Suppose v € (1,2) and v € (—1,0) is sufficiently close to zero.
The mean curvature of ZrOE (o, &) satisfies the estimate

H-Z

LEE

< C max {7”3_]), }"I_U83/2_3v/4, 8?1_V81_3v/4}

CO,a

v=2,v
for some constant C independent of r, ¢, § and K .

Proof. The computations of Proposition 5.3 give the estimate of the mean curvature
of the part £ (o, §) constructed from spheres and catenoids. It thus remains only

to compute the estimate of the mean curvature of D;r (0k, dk) (actually, the part
of ﬁ,‘* (oK, 8k) that is an un-perturbed Delaunay surface). Once again, the key is
to use Lemma 2.3, but this time realizing that the mean curvature of [)r+ (ok,dk)
with respect to the Euclidean background metric in a tubular neighbourhood of y is
exactly equal to % Let p be any point on y and let p’ be any point on 5,* (ok,dx)N
B, (p). Then by the lemma,

< CIRI(IY (p, PHIFIBPOI + 1Y (p, pHII)

, 2
'H(P)—;

where R is an expression that is linear in the components of the ambient Riemannian
curvature at p and Y (p, p’) is the position vector field of p” with respect to p. The
constant C is independent of r and ¢. Since the curvature is exponentially decaying
along y, the same estimates from Proposition 5.3 continue to hold and yield the
estimate needed here. O
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5.2.4. The operator estimates

The estimates for the quantities |Q°(f1 )— Qo(f2)| and |[HO (1) —HD(f>)| and |£°o
O(f)— L(f)|inthe C sz,a norm needed to show that the map N, is a contraction
mapping in the case of the one-ended surface are very similar to the analogous
estimates for the finite-length surface. First, the result of Lemma 5.5 continues to
hold because the calculations are essentially identical, the only difference being the
need to multiply by factors of e "7 along the end of fJ,OE (0,68). These growing
factors are compensated for by the exponential decay assumed for f. Consequently
it is possible to make ||B|||f| + ||V f|| pointwise small everywhere by choosing
| f |2 sufficiently small.

ﬁext, the non-linear estimate analogous to Propositions 5.6-5.8 follow simi-
larly because all terms coming from the background metric decay exponentially.
One has the following results.

Proposition 5.13. There exists M > 0 so that if f1, f> € Cg:g(f],OE(o, 8)) forv e
(1,2) and v € (-1, 0) sufficiently close to zero and satisfying | fil -2« + [ f2| 20 <

M, then the quadratic remainder term Q satisfies the estimate
o o 4
10(f) = Ol coe < Cr Y fi = fol cow max {| fil o | fol o)
v=2,v v,V v, v v,
where C is a constant independent of r, € and §.

Proposition 5.14. There exists M > 0 so that if f1, f> € cﬁ;‘;(i,OE (0,8)) forv €
(1,2) and v € (-1, 0) sufficiently close to zero and satisfying | fil 2.« + [ f2| 20 <
M, then

HY 1) =HO (Dleow = Cr(1+r" " max{Ifilc2a, 1falc2e )1 fi = fol g2
where C is a constant independent of r, € and §.

Proposition 5.15. There exists M > 0 so that if f € cf;‘g (29 (0, 8)) for v €
(1,2) and v € (—1, 0) sufficiently close to zero and satisfying | f| cre =M, then

£0O(f) = L(Nlcoa = CrIf|ze

where C is a constant independent of r, € and §.

5.2.5. The fixed-point argument

The fixed-point argument in the case of the one-ended surface is again essentially
identical to the argument in the case of the finite-length surface with the excep-
tion that dealing with the non-decaying component of the parametrix requires some
additional care. As before, let wg = H[i?r()E(o, 8)] — % and R(r,e,6) =

max {r3_", pl=ve3/2=3v/4 Brl_”81_3”/4}. We will once again assume that ¢ <

Cr? and 8 < Cr so that when v € (I, 6/5) then R(r, ¢,8) < Cra—v/2,
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Proposition 5.16. There exists w := w,(0,8) € Cff‘z,ﬁ(i,OE(o, 5)) with v e
(1,6/5) and v € (—1,0) sufficiently close to zero, along with f := fy(0,8) €
CS,’g(irOE(U’ 8)) and (ay, ap) € V defined by

f= Tro (w — H[2%%(0,8)] + 3)
r r
and

(a1, a2) :=R? (w ~ H[EPF(0,8)] + 2)

,
so that 5

Hpry (375 @, a)] = = =€
where & € WOE. Moreover, the estimate

|flg2a < Cr37372
v,

holds for the function f, where the constant C is independent of r, € and §. Finally,
the mapping (o, 8) — f (o, 8) is smooth in the sense of Banach spaces.

6. Solving the finite-dimensional problem

6.1. Strategy

It has now been established for both the finite-length and one-ended families of sur-
faces thatif 7, o and § are sufficiently small, one can find w; (o, §) € CS (2 (0, )
and corresponding f; (o, §) € Ci’“ (2, (0, 8)) so that

- 2
H[pf,0.5)(2r(0,8))] = = =609

where & (o, §) is an error term belonging to the finite-dimensional space W* and
depending on the free parameters in X, (o, §). To complete the proof of the main
theorem, we must show that it is possible to find a solution where these error terms
vanish identically.

To proceed, let us consider the balancing map defined by

B, (0,8) :=m(&(0,9)) (6.1)

where 7 : W* — R is a suitable bounded projection operator and d is the dimen-
sion of W*. (The operator 7 will be a certain bijective L?-orthogonal projection
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onto a finite-dimensional vector space.) Note that B, is a smooth map between
finite-dimensional vector spaces by virtue of the fact that the dependence of the
solution f; (o, §) on (o, §) is smooth and the mean curvature operator is a smooth
map of the Banach spaces upon which it is defined. It will be shown using the im-
plicit function theorem for finite-dimensional maps that for every sufficiently small
r > 0, there exists (o, 8) := (o (r), 8(r)) for which B, (o, §) = 0 identically. The
precise nature of the scalar curvature of the background manifold M enters the pic-
ture exactly here, since it will guide the selection of the parameters ¢ and § to first
approximation.

6.2. The balancing formula

The projection operators that will be used to study the finite-dimensional error
& (0, 8) can be defined as follows. For k = 0,..., K let J; : St — R have
its usual meaning; and let Iy : reg Ny — R be the function defined by I (x) :=
Ix[I(lx]1> — €2)~'/2 using the coordinates of the neck introduced in Section 3.
This latter function is in the kernel of the linearized mean curvature operator of
the catenoid with respect to the Euclidean background metric; it is an odd function
with respect to the center of the catenoid and is asymptotic to 1. Now for conve-
nience let f := f,(0,8) and X := u, f(f]r (o0, 8)) denote the solution found in the

previous section and define 7y : W* — R2 by

mi(e) = (./2 e- eréck,klk dVol, ’./2 e- X;:t,k‘]k dV01g> )
S S

The notation for the cut-off functions from Section 5.1.2 has been used here. A
consequence of the following lemma is that if w(e) = O then e = 0. The proof is a
straightforward computation.

. K
Lemma 6.1. Choosee € W andwritee =" (a X;lt’k Jk+ka;lt,k£S(771j eréck,k))
k=1
for some ay, by, € R. Then

3/2 3/2
mi(e) = (Cibx + Cirz(ek/ ap — Sk_/,’_lak+1) , Cor’ay)

where C1, C i, Cy are constants independent of r, € and §.

A fundamental application of the expansions of the mean curvature found in
Lemma 2.3 and equation (2.4) from Section 2.1 is to derive a formula relating
(& (o, 8) to the geometry of X, (o, §). This is in effect the balancing formula
discovered by Korevaar, Kusner and Solomon [8]. It is via this formula that the
location of the spheres and necks in ¥, (o, §) and the background geometry of M
conspire to determine when a nearby CMC surface can be found.
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Proposition 6.2. Let Xy = uys(%,(0,0)) and f = f,(0,8) for convenience.
Then the mean curvature of Xy satisfies the formulce

2
/ (H[E fl- —) ergck’ka dVol,
Ef r

= Codpre? + OE" 42 + O¢?3?) + O R(r, &, §)&?)

H[X 2Y Ji dVol
[ f]__ Xext,kJk A VOlg
Ef r

=r(Crext1 + Cief,,) — r(Crex + Ciel) — Car*S(pr)

(6.2a)

(6.2b)

+ O(er®) + 0% + O *R(r, &, 8))

where Cy, C i, C, are constants independent of r, ¢ and §; and S (pr) =
g(Vy a0 S(pr), ¥ (tx)) is the component of the gradient of the scalar curvature of
the ambient metric along the geodesic y at py.

Proof. The formula (6.2b) will be derived first. Consider the subset U of Xy con-
sisting of the k” spherical region of ¥ := ¥, (0, §) and its adjoining transition
regions. Let X = % and X = X;‘(‘t, «X using the normal coordinate system cen-
tered at py used in the definition of ¥ N U. Furthermore, define the domain W
in M by requiring 0W, = Uy U c¢1 U ¢, where ¢ and ¢, are small embedded two-
dimensional disks with boundaries dc; and dcy contained in ¢t = constant planes
with g-conormal vectors vy and v, tangent to {fy.

Now let X’ be either X Nl or TNU; let X' be a vector field supported on this
surface; and let g’ be any choice of background metric. Define I (X, X', g’) to be
the integral in (6.2b) except with X ¢ replaced by X’ and Jj replaced by g’ (X', N')
where N’ is the g’-unit normal vector field of X’ and the mean curvature and volume
form calculated from g’. It is now simple to phrase the means by which the formula

(6.2b) will be found. First, I (X, X, g) can be expressed as

[(Z7,X,9)=1(2,X.8)+ (I(2, X, 8) — (2, X, 9))
(6.3)
+ (12, X, 9)—1(2,X,9))+(I(Z,X,9-1(2,X,9).

Then one can apply the first variation formula in Euclidean space to the first term,
yielding a pair of boundary integrals; one can apply the expansions for the mean
curvature with respect to the perturbed background metric from Lemma 2.3 to the
second term, yielding a curvature quantity; and one can treat the third and fourth
terms as small errors.

The details of the computation outlined above are as follows. For the first term,
the classical first variation formula for a surface with boundary in Euclidean space
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gives

. 2 2 A 2 (.(. 8
H[Z] — = ) JidVolg=) (—1) §(X, )dLo += | §(X, — ) dVolg
XNU r dcg r Jes ot

s=1

2
= Z(—l)sr (Clss + C{sf)
s=1

by direct computation, where ¢; is the neck scale parameter associated to the neck
adjoining the curve dcy, while Cy and C| are constants independent of 7, & and §.
For the second term, the expansion in equation 2.4 implies

1(25X7g)_I(E’Xa é)

= / (X, 1(’1)( (lRic(Y, Y) + iWRic(Y, Y)) <H - %)
=NU; 6 12 r

1 s
_ <§Rm(E,~, Y.Ej.Y)+ cVyRm(E;. Y, Ej, Y)) BY (6.4)

2 . . 1 .
— 3Ric(V. ¥) = - VyRie(N. Y)

1 - 1- .
+ 55 VaRie(Y. ¥) = <VyRm(N, Y. N, Y))dVolo +O@F)

where Y is the position vector field of X;, while the quantities g, N, H, B and
8. N, H, B have their usual meanings. Since Uy is the normal graph of the function
r G over the sphere Si as in Section 3, one can replace the integral in (6.4) with an
integral over Sk, at the expense of an error of size O(¢]|log(¢) |r3). Hence by direct
computation using H = % and I§,-‘,~ = rfz,-j one finds

1(Z,X,8) — (2, X, 8) = —Cor*S(pr) + O(e| log(e) %)

where C> > 0 is a constant independent of r, ¢ and §. An similar computation is
performed in [20].

It remains to estimate the error terms appearing in (6.3). In the third term, the
fact that H[E ;] = H[Z] 4 L f) + Q¢ f) + H(rf) must be used. Using the
estimates for H[X] and Q and ‘H from Propositions 5.3, 5.7 and 5.8 along with the
estimate of f from Proposition 5.9, we find

Cr’R(r, ¢, 9).

127, X,0) = 1(£,X, 9)| < Cr2|f|c§~”<zmuk) =
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Finally, for the fourth term, observe that X —Xis supported in a collar of width
O(re3/*) around the transition regions of ¥ N U. Hence

[1(Z,X,8) — I(Z, X, 8)| < Cre’?

using the estimate from Step 3 of Proposition 5.3 for the mean curvature in the
transition region.

The derivation of the formula (6.2a) is similar to what has been done above.
That is, wrltmg I(X', X', g’) as before, but with X’ equal to either X := E or

X : Xneck x 31, one finds the same decomposition as (6.3) for I(Xy, X g). But
now,

2 2
/ ) (H[Z] - —) Iy dVoly = ——/  LedVolg = C8ire;)”
VAR =N!

where 8y is the displacement parameter of the neck N} and C is a constant inde-
pendent of r, € and 8. This is because fzn Wi H[X] I dVolgp = 0 exactly (this is

the first variation formula for the exactly minimal surface £ N supp( an é ok, ) and
I is an odd function with respect to the neck having §; = 0, whereas the integral
is being taken over the neck with §; # 0. The remaining terms in the expansion
of I(Zy, X, g) are small error terms whose estimates are sufficiently similar to the
analogous ones above and will not be repeated for the sake of brevity. O

6.3. Proof of the main theorem

The formulz developed for the balancing map B, : R — R¢ in the previous
section make it possible to choose an exactly CMC surface from amongst the family
of surfaces i, (0,5)(2r (0, 8)). This will be done as follows. First, because of
Lemma 6.1, it is sufficient to find (o, §) so that the right hand sides of equations
(6.2a) and (6.2b) vanish for every k. One should realize that p; in these equations
can be expressed in terms of €1, €3, ... via the formula p; = y (2kr + Zle )
and &; can be expressed in terms of oy via the formula o := Ag(&x) as in Section
3. (In the case of the one-ended surface, let the relationship ex = pr(0) for T =
2 + ok /r satisfied by the Delaunay end of ErOE(a, §) be written ex = Ag(ok)
for consistency.) Note that oy and pj are smooth functions of ¢;. Finding the
appropriate value (o, §) will amount to applying the implicit function theorem for
smooth maps between finite dimensional spaces to this system of equations, and
will lead to a unique solution (o, §) := (o (r), §(r)) for all sufficiently small » > 0
and ¢, § satisfying r* <& <r?and§ < g!/

The finite-length surface. The equations that must be solved to produce the
finite-length CMC surface are as follows: if the various error quantities appear-
ing in equations (6.2), divided by r, are denoted Ej i (r, €) where s = 1 refers to a
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neck and s = 2 refers to a sphere, then

0=08 +& V*Ei(re0)
(6.5a)

0=46k—1+ 81_(3/2E1,1<—1(F, &, 6)
as well as

0=—qi1(e1) + q2(e2) — C2,1F3S(P1) + Es (1, €, 6)
0 = —q(ex) + qrt1(Exs1) — Coxr>S(pi) + Eax(r, &, ) (6.5b)

0= —qk(ex) — Co,k7>S(pk) + Ex k (1, 6, 8)

where gx(¢) 1= Cy k6 + C;’ks2 and py = y kr + ZLI &) while C ¢, C;’k and
C» . are various constants independent of 7, ¢ and 6. Note that the E ; are smooth
functions of €. Also, because the t — —t symmetry that has been imposed since
the beginning, the scalar curvature must have a critical point at py.

One should now view the equations in (6.5) as a systems of equations for the ¢
and § variables depending on the parameter r that is to be treated using the implicit
function theorem. When r = 0 there is an exact solution §; = --- = 8g_1 =0
and €1 = --- = ex = 0. Furthermore, it is easy to see that the derivative matrix
of the function ® (e, §, r) defined by the right hand sides of (6.5a) and (6.5b) in
the ¢ and § variables is invertible at r = 0 with a lower bound of size O(1) on
its determinant (the derivative matrix is upper-triangular with non-zero constants
of size O(1) on the diagonal). Hence by the inverse function theorem there is a
solution of (6.5) for all sufficiently small r, and the dependence of ¢ and § on r
is smooth. Note that the solution for small r will have gy = O@3 22/20 S(pr))
and hence Cir* < & < Cor? for numerical constants C; and C3 if we assume
that $(0) = 0. This is because the sum r Zi,zo S(pr)) approximates a Riemann
sum for the integral of S along y from ¢ = 0 to t = 2Kr and a uniform bound on
the oscillation of the scalar curvature of the ambient manifold has been assumed.
Furthermore, it is also the case that 8y < &!/2 for small r simply by examining
the dependence of the E(r, ¢, §) quantities on its arguments. This completes the
construction of the finite-length CMC surface. O

The one-ended surface. The equations that must be solved to produce the one-
ended CMC surface are slightly different. Using the same notation as above, these
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equations are
0=05 +e 2E1i(.¢.96)

(6.6a)
0=20k_1+ 8;3/2E1,K71(r, €,8)
as well as
0 = go(e0) — C2,07>S(po) + E20(r, &, 8)
0 = —qo(e0) + q1(e1) — C217°$(p1) + Ea,1 (1, &, 8)
(6.6b)

0= —qx_1(ex) + qr (ex) — Co.x7>S(px) + E2.x(r, €, 8) .

One should again view the equations in (6.6) as a systems of equations for the ¢ and
§ variables to be treated using the implicit function theorem, but this time depending
on the parameters r and the point pg. When r = 0 and pg is any point on y, there
is an exact solution 6; = --- = 6g_1 = 0and ¢ = --- = g¢x¢ = 0. Furthermore,
the derivative matrix of the function of (e, §, r) defined by the right hand sides of
(6.6) in the (¢, §) variables is invertible at r = 0 with a lower bound of size O(1)
on its determinant. Hence by the inverse function theorem there is a solution of
(6.5) for all sufficiently small r, the dependence of ¢ and § on r is smooth, and
the dependence of the solution on r is the same as before. This completes the
construction of the one-ended CMC surface. O
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