Conformal and Asymptotic Properties of
Embedded Genus-g Minimal Surfaces with One
End
by
Jacob Bernstein

Submitted to the Department of Mathematics
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 2009
(© Jacob Bernstein, MMIX. All rights reserved.

The author hereby grants to MIT permission to reproduce and
distribute publicly paper and electronic copies of this thesis document
in whole or in part.

AUthor ..
Department of Mathematics
May 18, 2009

Certified Dy . ...
Tobias H. Colding

Professor of Mathematics

Thesis Supervisor

Accepted Dy . ..o
David Jerison
Chairman, Department Committee on Graduate Students






Conformal and Asymptotic Properties of Embedded Genus-g
Minimal Surfaces with One End
by
Jacob Bernstein

Submitted to the Department of Mathematics
on May 18, 2009, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Abstract

Using the tools developed by Colding and Minicozzi in their study of the structure
of embedded minimal surfaces in R?® [12,19-22], we investigate the conformal and
asymptotic properties of complete, embedded minimal surfaces of finite genus and one
end. We first present a more geometric proof of the uniqueness of the helicoid than
the original, due to Meeks and Rosenberg [45]. That is, the only properly embedded
and complete minimal disks in R? are the plane and the helicoid. We then extend
these techniques to show that any complete, embedded minimal surface with one
end and finite topology is conformal to a once-punctured compact Riemann surface.
This completes the classification of the conformal type of embedded finite topology
minimal surfaces in R3. Moreover, we show that such s surface has Weierstrass data
asymptotic to that of the helicoid, and as a consequence is asymptotic to a helicoid
(in a Hausdorff sense). As such, we call such surfaces genus-g helicoids. In addition,
we sharpen results of Colding and Minicozzi on the shapes of embedded minimal disks
in R3, giving a more precise scale on which minimal disks with large curvature are
“helicoidal”. Finally, we begin to study the finer properties of the structure of genus-g
helicoids, in particular showing that the space of genus-one helicoids is compact (after
a suitably normalization).
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Chapter 1

Introduction

The study of minimal surfaces has a long history, dating to the eighteenth century
and the beginnings of the calculus of variations. The theory sits at a fundamental
intersection of geometry, analysis and topology and has provided important tools,
techniques and insights in all three areas. Moreover, even in its most classical setting,
minimal surface theory remains an active area of research. Recall, a minimal surface is
a surface that is a stationary point of the area functional; in other words, infinitesimal
deformations of the surface do not change its area. A particularly important class
of these, and indeed a major motivation for the theory, are surfaces that actually
minimize area in a global sense, as these can be taken as a model of the shape of a
soap film.

While minimal surfaces can be studied in a large number of different contexts, we
will restrict our attention to the classical setting of minimal surfaces in R?. This is,
of course, the context in which the theory was originally developed and remains an
area of active research. We will be interested in classifying the complete embedded
minimal surfaces in R3. Before discussing such a classification program further, we
first record the three most important such surfaces. We do this both to illustrate
that this is a non-trivial question and to have some simple examples on hand. The
first, and least interesting, is the plane, the second is the catenoid and the final is the
helicoid. The catenoid was discovered by Euler in 1744 and is the surface of revolution
of the catenary (see Figure 2-1). The helicoid was discovered by Meusnier in 1776
and looks like a double-spiral staircase (see Figure 2-2). It is the surface swept out
by a line moving through space at a constant rate while rotating at a constant rate
in the plane perpendicular to the motion.

A reason to classify all complete, embedded, minimal surfaces, is that doing so
allows one, in a sense, to understand the structure of all embedded minimal surfaces.
Indeed, the local structure of any embedded minimal surface is modeled on one of
the complete examples. This is because there exist powerful compactness theories
for such surfaces which come from the ellipticity of the minimal surface equation.
We emphasize that the assumption that the surfaces are embedded is both extremely
natural and also crucial, without it, very pathological complete minimal surfaces can
be constructed, and there is very little local geometric structure.

The first step in any such geometric classification program is to first classify the
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underlying topologies of the geometric objects. Because we are interested only in
surfaces, this is well known and the possible topologies are particularly simple. Nev-
ertheless, at this step we do simplify a bit and restrict our attention only to surfaces
of finite topology. That is, surfaces diffeomorphic to a compact surface with a finite
number of punctures. We point out that there are a great number of examples of
surfaces with infinite genus, and so a classification of these surfaces would be very
difficult. On the other hand, surfaces with an infinite number of ends are much more
rigid. Indeed, Meeks, Perez and Ros in [44] completely classify complete, properly
embedded minimal surfaces of genus zero that have an infinite number of ends.

The next step is to understand, to a degree, the conformal structure of the sur-
faces. Recall, any (oriented) surface in R? has a canonical complex structure, induced
by the metric. Furthermore, the minimality of the surface is equivalent to the Gauss
map being holomorphic with respect to this structure. As such, there is an intimate
connection between complex analysis and the properties of minimal surfaces in R3.
The crucial step at this stage is to determine the conformal type of the ends, as this
has important global complex analytic, and hence geometric, consequences. Precisely,
one must determine whether a neighborhood of the end, which is topologically an an-
nulus, is conformally a punctured disk or conformally an annulus. This is usually
accomplished by first gaining some weak understanding of the asymptotic geometry
of the end. When this implies that the end is conformally a punctured disk, com-
plex analytic arguments then give much stronger asymptotic geometric information.
Indeed, in this last case one shows that the surface is asymptotic to either a plane,
half a catenoid or a helicoid. The final step is to understand the finer geometric (and
conformal) properties of the surface. This is a difficult and subtle problem and very
little is known when the genus is positive (for surfaces with genus zero, much stronger
rigidity results can be usually be immediately deduced).

A classic result of Huber, [41], states that oriented surfaces of finite total curvature
are parabolic. In other words, if the surface is also complete then it is conformally a
punctured compact Riemann surfaces. Osserman, in [53], specializes this to minimal
surfaces and shows that when the surface is minimal, in addition to having this
simple conformal type, the Gauss map extends holomorphically to the puncture (as
does the height differential, see (2.3)). Using this, Osserman proves that the only
complete minimal disk of finite total curvature is the plane. The results of Huber
and Osserman have been the guiding principle in the study of embedded minimal
surfaces with more than one end. This is because a pair of embedded ends can
be used as barriers in a Perron method construction. Indeed, using the ends one
constructs a much nicer minimal surface between the ends, which can be used to get
some asymptotic geometric information about the ends. Ultimately, this allows one
to prove that the ends have finite total curvature.

One of the first results implementing this idea was, [33], wherein Hoffman and
Meeks show that any complete properly embedded minimal surface with finite topol-
ogy and two or more ends has at most two of the ends having infinite total curvature.
As a consequence, conformally such a surface is a punctured compact Riemann sur-
face with at most two disks removed. This was refined by Meeks and Rosenberg
in [48]; they show that such surfaces are necessarily conformal to punctured compact
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Riemann surfaces. However, like [33], they can not rule out infinite total curvature
for some of the ends. Nevertheless, this classifies the conformal type of all complete,
properly embedded minimal surfaces of finite topology and two or more ends. Finally,
Collin in [25] showed that in fact any complete, properly embedded minimal surface
of finite topology and two or more ends has finite total curvature.

This weak restriction on the asymptotic geometry allows one to say much more.
In [50], Lopez and Ros show that the only complete embedded minimal surfaces with
finite total curvature and genus zero are the catenoid and plane. Similarly, (though
using very different methods) Schoen, in [57], shows that the catenoid is the unique
complete minimal surface of finite total curvature and two ends. Note, both of these
results pre-date [25] and assumed a priori bounds on the total curvature. In particular,
taken together with the work of [25], this completely classifies the space of complete
embedded minimal surfaces of finite topology that are in addition either genus zero
or which have precisely two ends — in either case the the only non-flat surface is a
catenoid.

The helicoid has, by inspection, infinite total curvature, and so the above approach
has no hope of working for surfaces with one end. Indeed, until very recently, the
only results for minimal surfaces with one end required extremely strong geometric
assumptions (see for instance [31] or [37]); the main difficulty was that there were
no tools available to analyze (even very weakly) the asymptotic geometry of the
end. The big breakthrough came with the highly original and groundbreaking work
of Colding and Minicozzi. They abandoned the global approach to the theory and
instead, through very deep analysis, were able to directly describe the the interior
geometric structure of an embedded minimal disk. It is important to emphasize
that their work is local and makes no use of complex analysis (and so in particular
generalizes to other ambient 3-manifolds). This theory is developed in the series of
papers [19-22] (see [23] for nice expository article). Roughly, speaking they show
that any embedded minimal disk of large curvature is modeled (in a weak sense) on
the helicoid. As a consequence of this, Colding and Minicozzi give a compactness
result for embedded minimal disks that satisfy only a (mild) geometric condition, in
particular they impose no area or curvature bounds. That is, they show that any
sequence of embedded disks whose boundary goes to infinity has a sub-sequence that
either converges smoothly on compact subsets or behaves in a manner analogous to
the homothetic blow-down of a helicoid.

Using this compactness theorem, Meeks and Rosenberg in [45], were able to finally
gain some geometric information about the end of a general properly embedded min-
imal disks. Using some subtle complex analytic arguments, this allowed Meeks and
Rosenberg to completely classify these surfaces, determining that they must be either
a plane or a helicoid. In Chapter 4, we will treat the same subject, but rather then
appealing to the compactness theory, we make direct use of the results of Colding and
Minicozzi on the geometric structure of embedded minimal disks. This dramatically
simplifies the proof as well as giving strong hints as to how to extend to higher genus
surfaces. In Chapter 6, we develop this approach and determine the conformal type
of once punctured surfaces of finite genus — showing that any such surface is con-
formal to a punctured compact Riemann surface. This completes (along with [48])
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the classification the conformal types of complete, embedded, minimal surfaces of
finite topology. As a consequence, we deduce that these surfaces are asymptotically
helicoidal and so feel free to refer to them as genus-g helicoids. In Chapter 5, we
investigate what the uniqueness of the helicoid tells us about the shapes of minimal
disks near points of large curvature. Finally, in Chapter 7, we investigate more care-
fully the finer geometric structure of genus-one helicoids. In particular, we show that
the space of genus-one helicoids is compact.
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Chapter 2

Background

Minimal surfaces have been extensively studied for centuries and so any attempt to
summarize the theory will be woefully incomplete. Nevertheless, we at least attempt
to introduce the concepts and theory we will need in the sequel. Thus, we restrict
attention to the classical setting of minimal surfaces in R3. For more details, we refer
to the excellent books on the subject, [13,54], from which the following is drawn.

2.1 Minimal Surface Theory in R?

2.1.1 Basic theory

For simplicity, we restrict our attention to minimal surfaces in R?, though many of
the basic concepts can be generalized to arbitrary co-dimension surfaces in arbitrary
ambient Riemannian manifolds. We point out, however, that minimal surface theory
in R? admits particularly strong results. One important reason for this is that there
is a powerful connection with complex analysis. This connection has proven to be a
very important approach to the theory and exists only in R3; we will make substantial
use of it.

Suppose M is a 2-dimensional, connected, orientable manifold (possibly open and
with boundary) and let F : M — R3 be a smooth immersion. We will denote by
3 the image of M and so X is a surface parametrized by M, though we will rarely
distinguish between the two. If F' is injective, then we say that ¥ is embedded. We
denote by n a smooth choice of normal to ¥ that is a smooth map n: M — S* C R3
so n(p) is orthogonal to ¥ at p. Recall, by assumption, M is orientable and so such n
exists. We denote by hy; the metric induced on M by the euclidean metric of R? and
denote by dvols, the volume form associated to this metric. We say that ¥ is complete
if hy is a complete metric on M and that F' (or X) is proper if the pre-image of a
compact (in the subspace topology induced by R?) subset of ¥ is compact. We will
only study surfaces M with “finite” topology, that is:

Definition 2.1.1. We say that M a smooth surface (possibly open and with bound-
ary) has finite topology if it is diffeomorphic to a finitely punctured compact surface
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M. Moreover, we say M has genus g it M has genus g and we say M has e ends if
M is obtained from M by removing e points.

Let us define the local area functional as follows: for K C M a compact set define
Areax(K) = [, dvols. We say that ¥ is minimal if it is a stationary point for the
area functional, in other words infinitesimal deformations of > do not change the
area. Precisely:

Definition 2.1.2. We say that ¥ = F(M) is minimal if, for all K compact in M
and ¢ € C§°(K), the following holds:

(2.1) d Areay, (K) =0,
dt|,_g

where F, : M — R3 is defined by Fi(p) = F(p) + té(p)n(p) and 2 = Fy(M).

For example, any surface which minimizes area relative to its boundary v = 0¥ is
minimal. Physically, this surface represents the shape of a soap film spanning a wire
given by the curve 7. Note that surfaces that minimizes area in this respect form
a much smaller class than those that are merely stationary. They were extensively
studied by the physicist Plateau and the problem of determining whether a given
curve is bounded by a minimal surface bears his name. We note that there is an
incredibly rich theory devoted to answering this question, which we will completely
ignore.

Minimality is equivalent to a curvature condition on ».. Indeed, an integration by
parts gives the first variation formula:

d

(2.2) L Aveas, (K) = / Heodvols,
atl,_, N

Here, H is the mean curvature of ¥ with respect to n, that is, the trace of Dn, or
equivalently, the sum of the two principle curvatures. Thus, an equivalent characteri-
zation of smooth minimal surfaces is as surfaces with mean curvature identically zero.
This can also be interpreted to mean that F' is a solution to a second order non-linear
elliptic system. Indeed, in R3, the minimality of ¥ is equivalent to the harmonicity
of the coordinate functions. That is, x; o F, the components of F', are harmonic
functions on M with respect to the Laplace-Beltrami operator, Ay, associated to hy.
A simple but extremely important consequence of the maximum principle and the
harmonicity of the coordinate functions is the following convex hull property:

Theorem 2.1.3. Suppose K is a convex subset of R® and X is minimal with 0¥ C K
then ¥ C K.

As M is a surface the metric induced on it by F' gives M a canonical complex
structure, given by rotation by 90°. Thus, M is naturally a Riemann surface. The
mean curvature vanishing is then equivalent to the Gauss map n being (anti-) holo-
morphic when one views S? as CP!. In particular, the stereographic projection of n,
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which we hence forth denote by ¢, is a meromorphic function on M. In particular,
dx3 is the real part of a holomorphic one form on M, dh, the height differential. Note,
the Gauss map is vertical only at the zeros of dh.

Using this data one obtains the Weierstrass representation of ¥, namely for v a
path in M connecting p to py:

(2.3) F(p) = Re / (% (g _ é) % (g 4 é) ,1) dh + F(po).

Conversely, given a Riemann surface M, a holomorphic one-form dh and a mero-
morphic function ¢, that g vanishes or has a pole only at the zeros of dh, then the
above representation gives a minimal immersion into R? as long as certain compat-
ibility conditions are satisfied. These conditions, known as period conditions, must

be satisfied for I’ to be well defined. In other words, the closed forms Re % (g — %),

Re % (g + é) and Re dh must be exact.

A particularly nice class of minimal surfaces are those that are a graph of a
function. Suppose u : Q — R is a C? function on € an open subset of R2. The
the graph of u, I, = {(p,u(p) : p € Q} C R?® is minimal if and only if u satisfies the
minimal surface equation:

. Vu B
(2.4) div (W) =0

Notice, that u is a solution to a quasi-linear elliptic equation and so standard elliptic
theory as in [30] can be applied to u. Moreover, it can be shown that T, is actually
area-minimizing with respect to 0I',. A consequence of this is that solutions of (2.4)
are much more rigid than solutions to general second-order elliptic equations. For
instance, S. Bernstein shows in [5] that the only entire solution is a plane:

Theorem 2.1.4. Suppose u : R? — R is a solution to (2.4) then u is affine.
A related result proved by Bers [6]:

Theorem 2.1.5. Suppose u : R*\B; — R is a solution to (2.4) then u has an
asymptotic tangent plane.

Finally, we introduce and briefly discuss another important sub-class of minimal
surfaces. We say a minimal surface ¥ is stable if it minimizes area with respect to
“nearby surfaces”, i.e. the surface is not merely a critical point of area but is a “local
minimum”. This is made precise by means of the second variation formula. Here ¥,
is minimal, and ¢, ¥; are as in Definition 2.1.2:

d2

(2.5) &
dt?|,_,

Areay, (K) = / |Vo|*> — |A|2¢*dvols.
M

In particular, ¥ is stable if and only if this value is always greater than or equal to 0
for any choice of ¢. As is clear from the above, stable surfaces admit a nice curvature
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estimate, called the stability inequality:

(2.6) / |Vso|2dvols, > / |A|*¢*dvols.
M M

We wish to have an infinitesimal notion of stability. To that end, an integration by
parts shows that a surface is stable if and only if the stability operator L = Ay + | A|?
has no negative eigenvalues. We call a zero eigenfunction of L a Jacobi field. If 3 is
complete in R? then it is a special case of a well known result of Fischer-Colbrie and
Schoen [29] that X is stable if and only if there is a positive Jacobi field.

Unsurprisingly, stable minimal surfaces are quite a bit more rigid then general
minimal surfaces. In particular, a (specialization to R? of a) result of Schoen, [56],
that will prove of great importance is the following Bernstein-type result for stable
minimal surfaces:

Theorem 2.1.6. Suppose ¥ is a complete, stable, minimally immersed surface in R3,
then X 1s a plane.

2.1.2 Classical and modern constructions

We will now illustrate some important classical and modern examples of embedded
and complete minimal surfaces, both to illustrate the rich history of the theory and to
provide us a number of examples to refer to. Euler gave the first non-trivial minimal
surface, the catenoid, in 1744. It is topologically an annulus and is the surface of
revolution of a catenary (see Figure 2-1). In 1776, Meusnier found another example,
the helicoid, which is the surface traced out by a line rotating at a constant rate while
at the same time being translated parallel to the z-axis (see 2-2). As we will see, along
with the trivial complete embedded minimal surface, the plane, these three surfaces
can be shown to in some sense characterize the asymptotic geometry of any complete
embedded minimal surface. Further complete embedded minimal surfaces, though of
infinite topology, were discovered in the nineteenth century, a particularly beautiful
family of examples is due to Riemann, who discovered a periodic two parameter family
of surfaces with genus zero and and an infinite number of planar ends.

In 1983, Costa gave the first new example of an embedded minimal surface in over
a hundred years (see [27]) this was a genus one surface with two catenoidal and one
planar ends. Note that, Costa only wrote down the Weierstrass data for the surface
and did not rigorously prove it was embedded. This was done by Hoffman and Meeks
in [32]. In addition, they extended the construction and found embedded examples
of every genus (see [34]). The (unexpected) existence of these surfaces initiated a
burst of activity in the field. In 1993, using the Weierstrass representation, Hoffman,
Karcher, and Wei in [36] constructed an immersed genus one helicoid. Computer
graphics suggested it was embedded, but the existence of an embedded genus one
helicoid followed only after Hoffman and Wei proposed a new construction in [38].
They constructed their surface as the limit of a family of screw-motion invariant
minimal surfaces with periodic handles and a helicoidal end. Weber, Hoffman, and
Wolf confirmed the existence of such a family of surfaces in [59] and ultimately proved
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Figure 2-1: The catenoid (Courtesy of Matthias Weber)

Figure 2-2: The helicoid (Courtesy of Matthias Weber)
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Figure 2-3: A genus one helicoid (Courtesy of Matthias Weber)

their embeddedness in [61]. Hoffman, Weber, and Wolf conjecture that this surface
is not only the same surface as the one produced in [36], but is actually the “unique”
genus-one helicoid. Recently, Hoffman and White, in [40], used a variational argument
to construct an embedded genus-one helicoid, though whether their construction is
the same as the surface produced in [61] is unknown.

2.2 Notation

Throughout, unless otherwise stated, ¥ will be a complete, non-flat, element of £(1, g),
the space of complete, properly embedded minimal surfaces with one end and finite
genus g. We set £(1) = Uy>0€(1, g) be the space of all complete, properly embedded
minimal surfaces with one end and finite genus and £(1,4) = Uy0€(1, g) to be
the set of such surfaces with positive genus. We note that a result of Colding and
Minicozzi, [24] (see also 3.2.2), allows one to drop “properly” from the definition of
E(1,g). That is, a complete, embedded minimal surface with one end and finite genus
is automatically properly embedded. Notice that as ¥ has one end and is properly
embedded and complete in R?, there exists an R > 0 so that if ¥ € £(1,+) then one
of the components ¥ of ¥ N By is a compact surface with connected boundary and
the same genus as ¥. Thus, ¥\ has genus 0 and is a neighborhood of the end of ¥.
We will often refer to the genus of ¥ when we wish not to specify a specific choice of
3, but rather to indicate some compact and connected subset of ¥ of genus g.

Denote by IT : R?* — R? the projection II(z1, z2, z3) = (71, 72). Let
(2.7) Cs(y) = {55 D (w3 — y3)2 < 52((961 — y1)2 + (22 — y2)2)} CR?
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be the complement of a double cone and set Cs = Cs(0). Extrinsic balls (i.e. in R?)
of radius R and centered at z are denoted by Br(z). For ¥ a surface in R3, if x € ¥
then Bg(z) is the intrinsic ball (in X) of radius R. We denote by X, r the component
of ¥ N Br(z) containing x. Note that Br(x) C 3, g with equality if and only if ¥, g
is flat.

We denote a polar rectangle as follows:
(2.8) Spt2 = {(p,0) |11 < p <o, 00 <0 < s}
For a real-valued function, u, defined on a polar domain @ C R™ x R, define the map
P, : Q2 — R3 by @,(p,0) = (pcosh, psinf,u(p,d)). In particular, if u is defined on
SP1f2 then @,(S71%2) is a multivalued graph over the annulus D,,\D,,. We define
the separation of the graph u by w(p, 0) = u(p, 0 + 27) — u(p,0). Thus, I', := &,(Q)
is the graph of u, and Ty is embedded if and only if w # 0.

The graphs of interest to us throughout this paper will (almost) always be assumed
to satisfy the following flatness condition:

[Vw| 5 |Hess | < 1

(2.9) |Vu| + p|Hess ,| + 4p——+p <e< —.
|w |w 2m

Note that if w is the separation of a u satisfying (2.4) and (2.9), then w satisfies a
uniformly elliptic equation. Thus, if [, is embedded then w has point-wise gradient
bounds and a Harnack inequality.
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Chapter 3

Colding-Minicozzi Theory

When we introduced minimal surfaces in Chapter 2, we allowed them to be immersed,
as, from certain perspectives, this is quite natural. However, as the Weierstrass rep-
resentation (2.3) shows, it is quite easy to construct many immersed minimal disks
and so structural results are correspondingly weak. When one demands that the sur-
faces are, in addition, embedded, one greatly reduces the possible space of surfaces
and extremely powerful structural results can be obtained. This is the point of view
that Colding and Minicozzi take in their ground-breaking study of the structure of
embedded minimal surfaces in [12,19-22]. The key principle is that embeddedness
is analogous to positivity, i.e. embedded minimal surfaces are analogous to positive
solutions of second order elliptic equations. Recall, such positive solutions are nec-
essarily much more rigid than general solutions as, for instance, one has Harnack
inequalities.

The foundation of Colding and Minicozzi’s work is their description of embedded
minimal disks in [19-22], which underpins their more general results in [12]. Their
description is as follows: If the curvature is small, then the surface is nearly flat
and hence modeled on a plane (i.e. is, essentially, a single-valued graph). On the
other hand, suppose ¥ C R? is an embedded minimal disk with 0¥ C 0By and
with large curvature, then it is modeled on a helicoid. That is, in a smaller ball the
surface consists of two multivalued graphs that spiral together and that are glued
along an “axis” of large curvature. Using this description, they derive very powerful
rigidity results and settle several outstanding conjectures. Their applications include:
developing a compactness theory for embedded minimal surfaces without area bounds
(Theorem 3.2.1); proving the so-called one-sided curvature estimate Theorem 3.1.8, an
effective version for embedded disks of the strong half-space theorem; and positively
answering the Calabi-Yau conjecture for embedded minimal surfaces of finite topology
(see Section 3.2.2). They also extend their work (in [12]) to minimal surfaces of
arbitrary finite genus.

In proving their result for disks, Colding and Minicozzi prove a number of quan-
titative results making the rough dichotomy given above more precise. Our work is
heavily based on these results and so we discuss them here in some detail. We state
the main theorems of [19-22] and discuss, as much as possible, the ideas that go into
of Colding and Minicozzi’s proofs.
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3.1 Structure of Embedded Minimal Disks

Let us first outline Colding and Minicozzi’s argument and then go into more detail
below. Suppose X is an embedded minimal disk with 0¥ C 0Bgr and with large
curvature. In order to study >, Colding and Minicozzi first locate points y € > of
“large curvature”. By this they mean points which are an almost maximum (in a
ball of the appropriate scale) of the curvature. To make this rigorous, for a point
x € X, they fix a scale s, > 0 that is proportional to the inverse of the curvature at x.
They call a pair (y,s) € XNRT, a “blow-up pair,” when y is an almost maximum for
curvature in the ball around y of radius s = s,. As an example, think of a point on
the axis of a helicoid and the scale s as the distance between the sheets (see Figure
5-2 for an illustration). The points y, so (y,s) is a blow-up pair, are the points of
large curvature. We note that standard blow-up arguments imply that, if there is
large curvature in a ball, relative to the size of the ball, then there must be be a
blow-up pair in the ball.

Let (y,s) be a blow-up pair, near y and on the scale s, the minimality and em-
beddedness force the surface to spiral like a helicoid. Indeed, Colding and Minicozzi
show that X contains a small multi-valued graph S, near y. Using very delicate
arguments that rely on the embeddedness of ¥ and the connectedness of 9%, they
are able to show that the initial multi-graph found near y extends almost all the
way to the boundary (in X) as a multi-graph, ¥;. Using estimates for such graphs
coming from elliptic theory and a barrier construction that relies on Meeks and Yau'’s
results [46,47] they look between the sheets of ¥; and show that there X consists
of exactly one other multi-graph ¥5. Using these two sheets, Colding and Minicozzi
show that there are regions of large curvature above and below the original sheets
and hence blow-up pairs. This allows them to iterate and form a “skeleton” of sheets.
By appealing to their “one-sided” curvature estimate (whose proof only relies on be-
ing able to find such a “skeleton”) they fill in the “skeleton” and obtain the claimed
structure for 3.

3.1.1 Points of large curvature

We begin by stating more precisely what is meant by blow-up pair and then discuss
what is meant by the formation of small multi-graph and what quantitative informa-
tion can be derived about these multi-graphs. We will also very briefly indicate how
Colding and Minicozzi prove this.

Colding and Minicozzi have a number of equivalent definitions of what they mean
by blow-up pair, but we will use throughout the following definition:

Definition 3.1.1. The pair (y,s) € ¥ x R*, is a (C) blow-up pair if

(3.1) sup |A|* < 4|A(y) = 4C%s2.

ENBs(y)

Here C is a (large) parameter that will be specified by some of the theorems. As
mentioned, these points are best understood by looking at a helicoid. For the helicoid,
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a point on the axis is a a blow-up point and the scale s is proportional to the scale
of the helicoid (i.e. the distance between sheets), in this case, C' can be interpreted
as this proportionality constant (see also Figure 5-2).

By a standard blow-up argument if there is large curvature in a ball (measured
in terms of the scale of the ball) then there exists a blow-up pair in the ball. This is
Lemma 5.1 of [20]:

Lemma 3.1.2. If0 € X C By, 95 C 9B,, andsupp |A|2 > 16C?r;? then there
exists a pair (y,r1) withy € ¥ and r; < ro — |y| so (y,r1) is a C blow-up pair.

We then have the following result giving the existence of a small multi-graph near
a blow-up pair. This is Theorem 0.4 of [20]:

Theorem 3.1.3. Given N,w > 1 and € > 0, there ezists C = C'(N,w,€) > 0 so: Let
0 € ¥ C Br C R? be an embedded minimal disk, 05 C OBg. If (0,1¢) is a C blow-up
pair for 0 < ro < R, then there exist R < ro/w and (after a rotation) an N-valued
graph X, C X over D z\Dg with gradient < ¢, and dists(0,%,) < R.

To prove Theorem 3.1.3 Colding and Minicozzi first note the following conse-
quence of the Gauss-Bonnet theorem and minimality, which they call the Caccioppoli
inequality (Corollary 1.3 of [20]):

70 r
a2 & [ e [ apa-ere= [ jap
By —2t Bry 0o Jo JB,()

= 2(Area(B,,) — 7ry) < rol(0B,,) — 277},

That is the area of an intrinsic ball (or equivalently the length of its boundary) controls
the total curvature of a fixed sub-ball. There is also a reverse inequality (i.e. where
total curvature controls area) which holds for general surfaces and which Colding
and Minicozzi call the Poincaré inequality. The Caccioppoli inequality implies that,
when a minimal surface has extremely large curvature in a fixed extrinsic ball, it must
have large area. The relationship between total curvature and point-wise curvature
is based on the results of Choi and Schoen [11]. As a consequence, if the curvature is
large then there must be points of the surface that are intrinsically a fixed distance
apart, but extrinsically close. The fact that ¥ is embedded implies that, by looking
near these points, one then has two disjoint minimal disks that are extrinsically very
close.

This heuristically suggests that the surfaces are nearly flat. Indeed, if these two
disks have an a priori curvature estimate then the disjointness implies they are almost
stable and hence one recovers such a flatness result (this is along the lines of [56],
i.e. Theorem 2.1.6). It turns out that this is even true without the a priori curvature
bounds (though without such curvature bounds this is only known a posteriori and
follows from the one-sided curvature bounds 3.1.8). Motivated by this, Colding and
Minicozzi, by very careful analysis, prove that away from a set of small area one does
have uniform curvature bounds so deduce that away from a set of small area the disk
is flat. This allows them to deduce Theorem 3.1.3.
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3.1.2 Extending the sheets

Using the initial small multi-graph, Colding and Minicozzi show that it can be ex-
tended, as a graph and within the surface ¥, nearly all the way to the boundary
of 3. This result is one of the hardest parts of their argument and the proof relies
on understanding the very delicate interplay between the geometry of ¥ and elliptic
estimates on the multi-graphs.

The main upshot of this analysis is Theorem 0.3 of [19]:

Theorem 3.1.4. Given 7 > 0 there exist N, e > 0 so that the following hold: Let
Y C Bg, C R3 be an embedded minimal disk with 0¥ C Bg,. Qrg < 1 < Ry/2 and
Y contains a N-valued graph ¥, over Di\D,, with gradient < € and

(3.3) ¥, C {z] < (2t +23)}

then X contains a 2-valued graph X4 over Dgyo\Dy, with gradient < € and (EQ)M -
4.

Here (X,)* indicates the “middle” 2-valued sheet of ,. Combining this with the
Theorem 3.1.3 one immediately obtains the existence of a multi-graph near a blow-up
pair that extend almost all the way to the boundary. Namely, Theorem 0.2 of [20]:

Theorem 3.1.5. Given N € Z",e > 0, there exist C1,Co,Cy > 0 so: Let 0 € ¥ C
Br C R? be an embedded minimal disk, 0% C 0Bg. If (0,1q) is a Cy blow-up pair
then there exists (after a rotation) an N-valued graph ¥, C ¥ over Dg/c,\Day, with
gradient < € and ¥ C {3 < (2% + x3)}. Moreover, the separation of ¥, over dD,,
1s bounded below by Csry.

Note that the lower bound on the initial separation is not explicitly stated in
Theorem 0.2 of [20] but is proved in Proposition 4.15 of [20], as it will prove of crucial
importance in our applications we include it in the theorem.

3.1.3 Finding large curvature

The preceding two sections show the existence near a blow-up point of a multi-graph,
Y4, in X that extends almost all the way to the boundary. Colding and Minicozzi
next show that, “between the sheets” of ¥ , ¥ consists of exactly one other multi-
graph. That is, we have that, at least part of, ¥ looks like (a few sheets of) a helicoid.
Precisely, one has Theorem 1.0.10 of [22]:

Theorem 3.1.6. Suppose 0 € X2 C Byg is an embedded minimal disk with 0¥ C 0Byg
and ¥y C {x3 < 2i+ 23} NY is an (N + 2)-valued graph of u; over Dyr\D, with
|Vui| <€ and N > 6. There exist Cy > 2 and €y > 0 so that if R > Cyry and €y > e,
then Ey N X\X; is an (oppositely oriented) N-valued graph 3.

Here Fj is the region between the sheets of ¥y:

(3.4) {(rcosf,rsinb,z) :
2ry <r < R,—27 <0 <0,uy(r,0 — N7) < z < uy(r,0 + (N + 2)7)}.
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The proof of this relies uses Meeks and Yau’s solution of the embedded plateau
problem for 3-manifolds with mean convex boundary [46,47]. Colding and Minicozzi
apply this result to the region E; to construct a barrier, which they use to prove the
theorem.

Thus, near a blow-up point there are two multi-graphs that spiral together and
extend within > almost all the way to the boundary of . This allows Colding and
Minicozzi to use the following result, from [21], to deduce that there are regions of
large curvature above and below the original blow-up pairs (and hence by Lemma
3.1.2 blow-up points there). They use Corollary I11.3.5 of [21]:

Corollary 3.1.7. Given C; there exists Cy so: Let 0 € ¥ C By, be an embedded
minimal disk. Suppose 31,59 C SN{x3 < (23 + 23)} are graphs of u; satisfying (2.9)
on S@?gj’g, w1 (ro, 2m) < ua(ro, 0) < uy(ro,0), and v C 0Xg 2, a curve from Xy to .

Let ¥ be the component of ¥ cyr, \ (21 UX2Uv) which does not contain 3o ,,,. Suppose
0% C 0Bscyyr, then

(3.5) sup |x|*|A]*(z) > 4C%.

:EEE()\B47«O

If one desired to prove only that there was one region of large curvature one would
note that |x|?|A|? < C in X implies that the curvature, of 3, has a certain growth rate.
In this case, Colding and Minicozzi can show that, if C' is small enough, this growth
rate forces X to be a single graph outside of a ball of a certain size, which contradicts
the existence of the two multi-graphs. It can be shown that the multi-graphs have
faster than quadratic curvature decay (this is similar to Bers’” Theorem 2.1.5) and
so this region of large curvature is either above or below the multi-graph. To get
that there are two regions of large curvature, one must use that the two multi-graphs
coming from Theorem 3.1.6 are intrinsically close (see for instance the last statement
of 3.1.5). Thus, these multi-graphs, together with a “short connecting” curve, v,
separate (a subset of) ¥ into two regions, one above the graphs, and one below.
Arguing as before, one still shows that both these regions contain large curvature.

Using Corollary 3.1.7, one sees how a “skeleton” of multi-graphs can be iteratively
constructed. Notice that, a priori, we have very little control on the structure of this
“skeleton,” because the new blow-up pairs only lie above and below the original one
in a very weak sense.

3.1.4 Omne-sided curvature estimate

As we have seen, in an embedded minimal disk with large curvature one can find a
helicoidal “skeleton” of the surface. Colding and Minicozzi exploit this to show an
extremely powerful curvature estimate for embedded disks that are close to, and on
one side of, a plane. This one-sided curvature estimate not only significantly restricts
the structure of the “skeleton,” but also allows one to fill it in, and so recover the
structure of nearly the entire disk. In addition, the one-sided curvature estimate is of
great importance in its own right; it is, essentially, an effective version, for embedded
disks, of the strong half-space theorem. This last theorem, proved by Hoffman and
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Figure 3-1: The one-sided curvature estimate

Meeks in [35], says that any complete and proper minimal immersion that lies on one
side of a plane is necessarily a plane. The effective version says that an embedded
disk that lies on one side of a plane, and is close to the plane, has a uniform curvature
estimate. Note that rescalings of the catenoid show that the topological restriction is
essential. The simplest one-sided curvature estimate is Theorem 0.2 of [22]:

Theorem 3.1.8. (see Figure 3-1) There ezists € > 0, so that if ¥ C B,,N{x3 > 0} C
R3 is an embedded minimal disk with 0% C Bs,, , then for all components, ¥, of
B,, N Y which intersect Be,, we have supy, |As|? < ry?

This result can be extend to the more general situation where one replaces the
plane with a general embedded minimal surface. Namely, we have Corollary 0.4
of [22]:

Corollary 3.1.9. There exist ¢ > 1, € > 0 so that the following holds: Let ¥
and Xy C B, C R? be disjoint embedded minimal surfaces with 0¥; C OB, and
B, NS £ 0 . If X4 is a disk, then for all components ¥} of B,, N3y which intersect
B,,:

(3.6) sg,p\A|2 <ry2.

An important corollary of this theorem is the specialization of the above to a
minimal disk, Y, that contains a double-valued graph. In this case, one obtains
uniform curvature estimates for X outside of a cone whose axis is transverse to the
multi-graph. Precisely, one has Corollary 1.1.9 of [22]:

Corollary 3.1.10. (see Figure 3-2) There ezists 6o > 0 so that the following holds:
Let 2 C Bsg be an embedded minimal disk with 0¥ C 0Bog . If X contains a 2-valued
graph 3gq C {x3 < 62(2% + 23} over Dg\D,, with gradient < &y, then each component
of Brja N X\ (Cs,(0) U By,) is a multi-valued graph with gradient < 1

Remark 3.1.11. In the above Cs, represents the cone with axis the x3-axis, that is
the complement of the set we define in Section 2.2.

This last corollary makes it clear that the blow-up points that lie above and below
a given point actually lie outside of Cs, (i.e. within a cone with axis transverse to
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Figure 3-2: The one-sided curvature estimate in a cone

the sheets of the graph) and so are actually a fixed height above and below the given
one. This restricts the structure of the “skeleton” considered in the previous section.
Moreover, the corollary allows one to fill in the “skeleton” and see that the disk really
does have the structure of two multi-graphs that spiral together and are glued along
an axis.

The idea of the proof of Theorem 3.1.8 is to suppose one had a minimal disk,
Y, near and on one side of a plane but with very large curvature in B; N X. If this
were true, then there would be a blow-up pair (yo, o) with yo € By N'Y (and s
very small). Thus, two multi-graphs would form near y, and so there is another
blow-up pair (y1,s1) below (yo, sg). Continuing in this fashion ¥ would eventually
be forced to spiral through the plane, yielding a contradiction. There are a number
technical difficulties making this argument rigorous. The main problem is due to the
weak a priori understanding on what “below” means. By some very careful analysis,
Colding and Minicozzi are nevertheless able to resolve these difficulties, and we refer
the interested reader to [22] for the details.

A final important consequence of the one-sided curvature estimate is that the axis
along which the curves are glued lies in an intersection of cones and so is “Lipschitz”.
This follows as once one has a single blow-up point, one can use the associated graph
that forms, to get curvature bounds outside of a cone (of a uniform angle) with
fulecrum at the blow-up point. This forces all other blow-up pairs to lie within this
cone.

3.2 Some Applications

The theory developed in [19-22] to study embedded minimal disks and outlined above
has had a number of important applications. We introduce here those that are most
important to our own work. The first of these topics is the lamination theory of
Colding and Minicozzi, which gives a compactness for sequences of embedded disks
subject to very mild conditions (in particular without area or curvature bounds). We
next discuss Colding and Minicozzi’s proof of the Calabi-Yau conjecture for embedded
minimal surfaces of finite topology. Finally, we will briefly sketch their extension of
the lamination result to sequences admitting more general topologies.
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3.2.1 Lamination theory

The ellipticity of the minimal surface equation suggests that one should have nice
compactness results for sequences of minimal surfaces. Classically, one does obtain
such compactness after assuming uniform area or curvature bounds. In the former
case one only has convergence in a weak sense, whereas in the later, the Arzela-
Ascoli theorem and Schauder estimates allow one to obtain smooth sub-sequential
convergence (though, without area bounds the limit is not necessarily a surface). For
sequences of embedded minimal disks, Colding and Minicozzi are able to prove a com-
pactness result that only requires a very mild geometric condition on the boundaries
of the disks and in particular does not require area or curvature bounds. Roughly
speaking, their structural result implies that either there is a uniform curvature bound
a sub-sequence or else a sub-sequence is modeled (locally) on the singular behavior
of the homothetic blow-down of the helicoid. This is Theorem 0.1 of [22]:

Theorem 3.2.1. Let ¥; C Bg, = Bg,(0) C R? be a sequence of embedded minimal
disks with 9%; C OBpr, where R; — oo. If supg ~x, |A|* — oo then there exists a
sub-sequence, X;, and a Lipschitz curve S : R — R? such that after a rotation of R?:

1. 23(S@) = t.

2. Bach ¥; consists of exactly two multi-valued graphs away from S (which spiral
together).

3. for each 1 > o > 0 X;\S converges in the C*-topology to the foliation, F =
{z3 =1}, of R®.

4. supg s@yns, [AI? — oo for allr > 0,t € R.

Notice that away from the singular set S, the convergence is classical, whereas
at the singular set the curvature must blow-up. Also note that the assumption that
R; — o0 is essential, as is shown by examples constructed by Colding and Minicozzi
in [17] (see also Chapter 5 and in particular Figure 5-2). One would hope to deduce
Theorem 3.2.1 directly from the description of embedded disks given in Section 3.1.
However, it is not this easy because the description of embedded disks is a local
statement, whereas the compactness theorem is global in nature — a point made clear
by the examples of [17]. The results needed to bridge this gap can be found in [15].

3.2.2 The Calabi-Yau conjecture

In 1965, Calabi conjectured that there are no bounded complete minimal hyper-
surface in R™ (see [8]). If one allows the surface to be immersed, this is false, for
example Nadirashvili in [52] constructs a complete minimal immersion lying within
the unit ball of R?. However, when one additionally demands that the surface be
embedded (and of finite topology in R?), Colding and Minicozzi, in [24], show that not
only is the surface necessarily unbounded, but that several of Calabi’s more ambitious
conjectures are true. Indeed, they show that any such surface is actually properly
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embedded. Consequently, we may take £(1, g) to be the set of complete, embedded
minimal surfaces of genus g and with one end, as these conditions automatically imply
the surface is properly embedded.

The key tool Colding and Minicozzi use is what they call the “chord-arc” bound
for embedded minimal disks. This is Theorem 0.5 of [24], which roughly shows that,
near a point of large curvature, extrinsic distance controls intrinsic distance:

Theorem 3.2.2. There exists a constant C > 0 so that if ¥ C R3 is an embed-
ded minimal disk, Bogr = Bor(0) is an intrinsic ball in X\0X of radius 2R, and
supp, |A]2 > ry? where R > 1y , then for v € Bg

(3.7) Cdisty(z,0) < |z| + ro.

This theorem allows one to easily deduce that complete, embedded minimal disks
are properly embedded. Namely, either ¥ is flat and so is necessarily properly embed-
ded, or outside a sufficiently large intrinsic ball one may apply the chord-arc bounds
and get a two-sided comparison between extrinsic and intrinsic distance. The gener-
alization to embedded minimal surfaces of finite topology is not much more difficult.

The chord-arc bounds are themselves an easy consequence (using the one-sided
curvature estimate) of the following weak chord-arc bound (Proposition 1.1 of [24]):

Proposition 3.2.3. There exists 6; > 0 so that if ¥ C R? is an embedded minimal
disk, then for all intrinsic balls Br(x) in X\OX the component ¥, 5,r of Bs,r(x) N2
containing x satisfies

(38) Zx,&R C BR/?(x)

This result is proved by Colding and Minicozzi using their structural theory and
a blow-up argument, we refer the reader to [24] for more details.

3.2.3 Generalizations to non-trivial topology

In [12], Colding and Minicozzi generalize their lamination theory for minimal disks
to a compactness result that allows for more or less arbitrary sequences of minimal
surfaces with finite (and uniformly bounded) genus. To do so, they must allow for
a more general class of singular models, as is clear from considering a rescaling of
the catenoid. In order to prove such a compactness result, they must also develop
a structural theory for a more general class of topological types. Surfaces modeled
on the neck of a catenoid form an important such class, one that is characterized by
having genus zero and disconnected boundary. Another important class, especially for
our purposes, are surfaces of finite genus and connected boundary. This second class
of surfaces, because they have connected boundary, turn out to be structurally very
similar to disks. Indeed, most of the results of [19-22] hold for them (in a suitably
form) and with only slight modifications of the proofs.

As we will use results from [12] in Chapters 6 and (even more so) in Chapter 7,
we give a bit more details about the theory, though provide only a sketch. The most
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general lamination result of [12] is very similar to Theorem 3.2.1 but the lamination
L can no longer be guaranteed to foliate all of R* and the singular set S is in general
much more complicated.

More precisely, suppose ¥; is a sequence of embedded minimal surfaces, with a
uniform bound on the genus and 0%; C Bg, with R; — oco. Colding and Minicozzi
show that if the curvature of the sequence blows up at a point y € R? (i.e. if for all
7> 0, sup,; supp, (s, [A|* = 00), then after a rotation, a sub-sequence ¥; converge
to the singular lamination £\S in the C'* topology (o € (0,1)) and the curvature
blows up at all points of S. Here £ = {x3 = t}iez, {23(y) :y €S} =7 and 7 is
a closed subset of R? (this is Theorem 0.14 of [12]). Note, if the X; are disks then
Theorem 3.2.1 implies that Z = R and S is a Lipschitz graph over the xs-axis (and
is in fact is a line).

More generally, the topology of the sequence restricts Z and gives more information
about convergence near S (and structure of ). We distinguish between two types
of singular points y € S§. Heuristically, the distinction is between points where the
topology of the sequence does not concentrate (i.e. on small scales near the point all
the X; are disks) and points where it does (i.e. on small scales near the point all the
Y; contain necks). This is the exact description if the genus of the surfaces is zero,
but must be refined for sequences with positive genus. Following [12], we make this
precise for a sequence X; converging to the lamination £ with singular set S:

Definition 3.2.4. We say y € S is an element of S, if there exist both r» > 0 fixed
and a sequence r; — 0 such that B,.(y) NY; and B,,(y) N Y; have the same genus and
every component of B, (y) N3; has connected boundary.

Definition 3.2.5. We say y € S is an element of S, if there exist both r > 0 fixed
and a sequence r; — 0 such that B,.(y) NY; and B,,(y) N Y; have the same genus and
B,,(y) N E; has at least one component with disconnected boundary.

If the 3; are the homothetic blow-down of helicoid or of a genus-one helicoid,
then 0 is a element of S,,., whereas if the ¥; are the homothetic blow-down of a
catenoid then 0 is an element of S,..;x. Colding and Minicozzi show that near a point
of Syise this is the model behavior, i.e. locally the sequence looks like the homothetic
blow-down of a helicoid. On the other hand, near a point of S,.., the convergence
near y is modeled on the homothetic blow-down of a catenoid.

One of the major results of [12], is to give refinements of the general compactness
theorem based on more careful analysis of the topology of the sequence. The most
powerful of these is the no-mixing theorem (i.e. Theorem 0.4 of [12]), which states
that, up to a passing to a sub-sequence, either S = S, or S = S,ecr. This is
particularly, important as ULSC sequences (i.e. sequences where & = S,s.) have
a great deal of structure. Indeed, in this case Theorem 0.9 of [12] tells us that we
(nearly) have the same behavior of Theorem 3.2.1, i.e. Z = R and S is either a single
line parallel to the x3-axis or the union of two lines. In the latter case, the global
picture is that of the degeneration of the Riemann examples; as this case must be
considered in our work in only a handful of places, we defer a more detailed discussion
to Section 6.4.2. On the other hand, when § = S, there is in general no additional
structure to S and Z may be a proper subset of R.
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Chapter 4

Uniqueness of the Helicoid

In this chapter we discuss the so called “uniqueness of the helicoid,” proved by Meeks
and Rosenberg (Theorem 0.1 in [45]):

Theorem 4.0.6. The only elements of £(1,0) are planes and helicoids.

Meeks and Rosenberg’s proof, which we will outline in Section 4.1, depends cru-
cially on the lamination theory and one-sided curvature estimate of Colding and
Minicozzi (see [22]). Their proof also uses quite sophisticated (and subtle) complex
analytic arguments. By making more direct use of the results of Colding and Mini-
cozzi on the structure of embedded minimal disks, we present a more geometric and
significantly simpler proof. As we will see in Chapter 6, this proof generalizes quite
easily to the case of embedded minimal surfaces with finite genus and one end.

4.1 Meeks and Rosenberg’s Approach

In [45], Meeks and Rosenberg apply Colding and Minicozzi’s lamination theory, The-
orem 3.2.1, to show that a non-flat, complete embedded minimal disk, >, must be the
helicoid (i.e. the helicoid is “unique”). Their approach uses the lamination theory to
gain a (weak) understanding of the asymptotic geometry of . Prior to to the work of
Colding and Minicozzi, there were no tools available to gain such an understanding of
the asymptotic geometry and essentially nothing was known without strong assump-
tions. With this (weak) information about the end Meeks and Rosenberg then take
a classical approach to understanding the surface, in particular they make heavy use
of some rather subtle complex analytic arguments.

In order to get at the asymptotic structure of, ¥, a non-flat element of £(1,0),
Meeks and Rosenberg consider the homothetic blow-down of . That is they take
a sequence A; \, 0 of positive numbers and consider \;3 a sequence of rescalings of
Y. Such a sequence satisfies the conditions of Colding and Minicozzi’s lamination
theorem and must (as ¥ is non-flat) having curvature blowing up at 0. Thus, it
contains a sub-sequence converging to a singular lamination. That is, up to a rotation
of R3, away from some Lipschitz curve, the ;3 converge to a foliation of flat parallel
planes transverse to the x3-axis. Meeks and Rosenberg argue that this foliation is
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independent of the choice of blow-down (i.e. the rotation is independent) and so gives
a sort of “tangent cone at infinity” to X. Thus, weakly, the surface is asymptotic to
a helicoid, which they use to conclude that the Gauss map of ¥ omits the north and
south poles. Due to their reliance on the lamination theory, this, like many of their
arguments, is based on a somewhat involved proof by contradiction. An important
(and easily derived) consequence is that, Vszs # 0 and so locally x3 together with
it’s harmonic conjugate z give a holomorphic coordinate z = x3 + 125.

This asymptotic structure, combined with a result on parabolicity of Collin, Kus-
ner, Meeks and Rosenberg [26], is then used to show that z is actually a proper confor-
mal diffeomorphism between ¥ and C and hence the end is conformally a punctured
disk. Here a surface with boundary is said to be parabolic if two bounded harmonic
functions whose values agree on the boundary are in fact identically equal. For in-
stance, the closed disk with a point removed from the boundary is parabolic whereas
the closed disk with an open interval removed from the boundary is not. The re-
sult of [26] implies that ¥ intersected with half-spaces {£x3 > h} is parabolic. As
parabolic domains can be rather subtle, quite a bit of work goes into deducing that
that ¥ is conformally equivalent to C and that z is actually a conformal diffeomor-
phism between the two spaces.

Finally, Meeks and Rosenberg look at level sets of the log of the stereographic
projection of the Gauss map and use a Picard type argument to show that this
holomorphic map does not have an essential singularity at co and in fact is linear.
Using the Weierstrass representation, they conclude that ¥ is the helicoid.

4.2 QOutline of the Argument

By using the work of Colding and Minicozzi more directly, we are able to get a much
stronger and more explicit description of the asymptotic geometry, which significantly
simplifies the argument. Following Colding and Minicozzi (and fundamentally using
their work), we show 3 contains a central “axis” of large curvature away from which it
consists of two multi-valued graphs spiraling together, one strictly upward, the other
downward. Additionally, the “axis” is shown to be nearly orthogonal to the sheets of
the graph. Notice this strict spiraling and “orthogonality” of the axis only follows as
> is complete, and need not hold for general embedded minimal disks.
More precisely we have (see Figure 6-1):

Theorem 4.2.1. There exist subsets of X2, R4 and Rg, with ¥ = R4 URgs such that,
after possibly rotating R?, Rg can be written as the union of two (oppositely oriented)
multivalued graphs u' and u? with non-vanishing angular derivative. Further, there
exists €g > 0 such that on R4, |Vszs| > €.

Remark 4.2.2. Here v’ multivalued means that it can be decomposed into N-valued
e-sheets (see Definition 4.3.1) with varying center. The angular derivative is then
with respect to the obvious polar form on each of these sheets. For simplicity we will
assume throughout that both u’ are oco-valued.
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In order to establish this decomposition, we first use the explicit existence of
multi-valued graphs to get the strict spiraling in Rg. An application of the proof of
Rado’s theorem (see [55] or [54]), then gives non-vanishing of |Vyzs| on R4 and, by
a Harnack inequality, the uniform lower bound. Crucially,

Proposition 4.2.3. On X, after a rotation of R3, Vs # 0 and, for all ¢ € R,
Y N{x3 = c} consists of exactly one properly embedded smooth curve.

This implies that 2 = x34125 is a holomorphic coordinate on Y. By looking at the
stereographic projection of the Gauss map, g, in Rg we show that z maps onto C and
so % is conformally the plane. This follows from the control on the behavior of g due to
strict spiraling. Indeed, away from a neighborhood of R 4, ¥ is conformally the union
of two closed half-spaces with log g = h providing the identification. It then follows
that h is also a conformal diffeomorphism and hence h(p) = Az(p). The Weierstrass
representation (2.3) and embeddedness together imply that 3 is the helicoid.

This Chapter is based on [3].

4.3 Geometric Decomposition

4.3.1 Initial sheets

As we saw in Chapter 3, multivalued minimal graphs are the basic building blocks
Colding and Minicozzi use to study the structure of minimal surfaces. We will also
make heavy use of the properties of such graphs and so introduce the following nota-
tion:

Definition 4.3.1. A multivalued minimal graph ¥ is an N-valued (e-)sheet (centered
at 0 on the scale 1), if ¥y = I', and wu, defined on S;;N’WN, satisfies (2.4), (2.9),
lim, .o Vu(p,0) =0, and X, C C..

Using Simons’ inequality, Corollary 2.3 of [15] shows that on the one-valued middle
sheet of a 2-valued graph satisfying (2.9), the hessian of u has faster than linear decay.
Thus, one has a Bers like result on asymptotic tangent planes (see 2.1.5) for such
graphs when they are defined over unbounded annuli (see also [14]). In particular,
our normalization at co of an e-sheet is well defined. Indeed, the normalization at oo
gives gradient decay for I, an e-sheet,

(4.1) |Vu| < Cep=/'2,

We now give a condition for the existence of e-sheets. Roughly, all that is required
is a point with large curvature relative to nearby points, that is a blow-up pair. Recall,

Definition 4.3.2. The pair (y,s), y € X, s > 0, is a (C) blow-up pair if

(4.2) sup |A]? < 4)|AP(y) = 40?572

¥NBs(y)
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As we saw in Chapter 3, near a blow-up pair, there is a large multi-valued graph
(see Theorem 3.1.3, i.e. Theorem 0.4 of [20]). In particular, after a suitable rotation
we obtain an e-sheet. For a more thorough treatment of this in the context of complete
disks, see Theorem 4.5.1 in Section 4.5.

Once we have one e-sheet, we can use Colding and Minicozzi’s one-sided curvature
estimate, Theorem 3.1.8 (i.e. Theorem 0.2 of [22]) to extend the graph (and (2.9))
from an e-sheet to the outside of a wide cone (see Figure 3-2). Recall, there is
a uniform curvature bound on embedded minimal disks close to, but on one side
of, an embedded minimal surface. Thus, using the initial e-sheet as this “nearby”
surface, the embeddedness of ¥ implies that, outside of a cone, all components of
3} are graphs. A barrier argument then shows that there are only two such pieces.
Namely, by Theorem 3.1.6 (i.e. 1.0.10 of [22]), the parts of ¥ that lie in between an
e-sheet make up a second multi-valued graph. Furthermore, the one-sided curvature
estimates gives gradient estimates which, when coupled with elliptic estimates on the
multi-valued graphs, reveal that this multi-valued graph actually contains an e-sheet.
Thus, around a blow-up point, 3 consists of two e-sheets spiraling together.

We now make the last statement precise. Suppose u is defined on SJ;{ZJSWJNJF?’”
and I',, is embedded. We define E to be the region over D\ D; between the top and
bottom sheets of the concentric subgraph of. That is (see also (3.4)):

(4.3) E={(pcosb,psinb,t):
1<p<o0,—21n<0<0,u(p,0d —7N)<t<u(p,d+ (N+2)r}.

Using Theorem 3.1.6 (i.e. Theorem 1.0.10 of [22]), Theorem 4.5.1, and the one-sided
curvature estimate, we have:

Theorem 4.3.3. Given € > 0 sufficiently small, there exist C,Cy > 0 so: Suppose
(0, s) is a Cy blow-up pair. Then there exist two 4-valued e-sheets ¥; =T, (1 =1,2)
on the scale s which spiral together (i.e. ui(s,0) < us(s,0) < uyi(s,2m)). Moreover,
the separation over D, of ¥; is bounded below by Css.

Remark 4.3.4. We refer to 31,3 as (e-)blow-up sheets associated with (y, s).

Proof. Choose ¢y > 0 and Ny as in Theorem 3.1.6). For € < ¢y choose N, d. as in
the proof of Theorem 4.5.1. With N — 6 = max {N. + 4, Ny} denote by C}, C} the
constants given by Theorem 4.5.1. Thus, if (0,7) is a C] blow-up pair then there
exists an N-valued e-sheet 3} = I'y, on scale r inside of 3. Applying Theorem
1.0.10 to u), we see that ¥ N £\ is given by the graph of a function ), defined on
SN AmmNeHAT Iy particular, for uh on S; W' we have (2.9) as long as we can
2r,00 p 2 2eNer oo g
control |Vu,|. But here we use one-sided curvature (and the e-sheet ¥7). Namely,
given a = min {€/2,J.}, one-sided curvature estimates allow us to choose dy > 0 so
that in the cone Cy, (and outside a ball) X is graphical with gradient less than a.
By (4.1), there exists ; > 0 such that [Vu/| < dy on S;.°%°" and this 5-valued graph
is contained in Cs,\ B,,. Moreover, since five sheets of u} are inside of Cs,, the four
concentric sheets of u), are also in that cone. Set 7 = max {QeNE, 1}. Let w; and wus
be given by restricting u}j and u} to S7™4™ and define ; = T,,,.

Yr1,00
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Set C; = (O, so if (0,s) is a C; blow-up pair then 3; will exist on scale s.
Integrating (2.9), the lower bound C¥ gives a lower bound on initial separation of 3.
We find C5 by noting that if the initial separation of ¥y was too small there would
be two sheets between one sheet of ;. OJ

4.3.2 Blow-up pairs

Since ¥ is not a plane, we can always find at least one blow-up pair (y,s). We
then use this initial pair to find a sequence of blow-up pairs forming an “axis” of
large curvature. The key results we need are Lemma 3.1.2 (i.e Lemma 5.1 of [20]),
recall this lemma says that as long as curvature is large enough in some ball we can
find a blow-up pair in the ball, and Corollary 3.1.7 (i.e. Corollary II1.3.5 of [21]),
which guarantees points of large curvature above and below blow-up points. Colding
and Minicozzi, in Lemma 2.5 of [24], provide a good overview of this process of
decomposing ¥ into (what we call) blow-up sheets. The main result is the following:

Theorem 4.3.5. For 1/2 > ~v > 0 and ¢ > 0 both sufficiently small, let Cy be
given by Theorem 4.53.3. Then there exists Cy, > 4 and § > 0 so: If (0,s) is a
Cy blow-up pair then there exist (yy,sy) and (y—,s_), Cy blow-up pairs, with yy €
YN Be,, s\ (Bas UCs), x3(y4) > 0> x3(y—), and s+ < v|y+|.

Hence, given a blow-up pair, we can iteratively find a sequence of blow-up pairs
ordered by height and lying within a cone, with the distance between subsequent
pairs bounded by a fixed multiple of their scale.

4.3.3 Asymptotic helicoids

We now wish to show that an e-sheet, I',, strictly spirals for sufficiently large radius.
The key result needed to show this is Lemma 14.1 of [18]. This lemma and the gradient
decay (4.1) implies that e-sheets can be approximated by a combination of planar,
helicoidal, and catenoidal pieces. That is, there is a “Laurent expansion” for the
almost holomorphic function u, — iu,. This result allows us to bound the oscillation
on broken circles C(p) := S, 7™ of ug, which yields asymptotic lower bounds for ug.
The precise statement of the lemma is:

Lemma 4.3.6. Given I'y, a 3-valued e-sheet on scale 1, set f = u, —iu,. Then for
r1 > 1 and ¢ = pe® with (p,0) € S;,7°7

2r1,00

(4.4) F(Q) =" +9(0)

where ¢ = c(ry,u) € C and |g(C)| < C’07’1_1/4|C|_1 + Coerl_1|w(r1, —m)|.

The proof is an exercise in integration by parts using the fact that the faster than

linear decay on the hessian of an initial sheet gives good decay for Awu. Using this
approximation result, we now bound the oscillation:
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Lemma 4.3.7. Suppose I'y, is a 3-valued e-sheet on scale 1. Then for p > 2, there
exists a universal C' > 0 so:

(4.5) 8(8(3) ug < Cp~V* 4+ Celw(p, —7)).
P

Proof. Using Lemma 4.3.6 and the identification ug(p,8) = —Im ¢ f(¢) for ¢ = pe,
we compute:

oscug = supIm (—c—(g(¢)) — inf Im (—c — (g(())
C(p) ICl=p ICl=p

< 2‘r§1‘1p\<||g(<)| < ACop™ " 4+ 2Coelw(p/2, —)).
=p

The last inequality comes from Lemma 4.3.6, setting 2r; = p. Finally, integrate (2.9)
to get the bound |w|(p/2, —7) < 4|w|(p, —7) and choose C' sufficiently large. O

Integrating up on C(p) gives w(p, —7), which yields a lower bound on sup,) ue
in terms of the separation. The oscillation bound of (4.5) then gives a lower bound
for uy. Indeed, for e sufficiently small and large p, uy is positive.

Proposition 4.3.8. There exists an €y so: Suppose 'y, is a 3-valued e-sheet on scale
1 with € < ¢y and w(1,0) > Cy > 0. Then there exists C3 = C3(Cy) > 2, so that on
S—T(Jr i

Cs,00°

Cy _
. > —p “

Proof. Since [” ug(p,0) df = w(p, —7) we see w(p, —m) < 27 sup, ug. Using the
oscillation bound (4.5) then gives the lower bound:

(4.7) (1 —27Ce)w(p, —m) — 2aCp/* < 27 éI(lf) ug.
P

Pick €y so that 2nCey < 1/2. Integrating (2.9) yields w(p,0) > w(1,0)p=¢ > Cyp~©.
Thus,

Cy
4.8 inf ug > —p < — Cp~ /%,
9 B g0 =0
Since € < 1/4, just choose Cj large. O

4.3.4 Decomposition of X

In order to decompose ¥, we use the explicit asymptotic properties found above to
show that, away from the “axis,” (ultimately R 4) ¥ consists of two strictly spiraling
graphs. In particular, this implies that all intersections of ¥ with planes transverse
to the x3-axis have exactly two ends. The proof of Rado’s theorem then gives that
V3 is non-vanishing and so each level set consists of one unbounded smooth curve.
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A curvature estimate and a Harnack inequality then give the lower bound on |Vyxs|
near the axis. To prove Theorem 4.2.1 we first construct Rg.

Lemma 4.3.9. There exist constants Ci, Ry and a sequence (y;, s;) of Cy blow-up
pairs of 3 so that: x3(y;) < x3(yir1) and for i >0, yir1 € Brys, (yi) while for i <0,
Yi_1 € Brs,(yi). Moreover, if R4 is the connected component of |, Br, s, (y;) Y con-
taining yo and Rg = 2\7%,4, then Rs has exactly two unbounded components, which
are (oppositely oriented) multivalued graphs u' and u? with uly # 0. In particular,

Vsxz # 0 on the two graphs.

Proof. Fix € < ¢y where ¢ is given by Proposition 4.3.8. Using this €, from Theorem
4.3.3 we obtain the blow-up constant C and denote by C5 the lower bound on initial
separation. Suppose 0 € ¥ and that (0, 1) is a Cy blow-up pair. From Theorem 4.3.5
there exists a constant Cj, so that there are Cy blow-up pairs (y.,sy) and (y_,s_)
with z3(y-) < 0 < x3(y+) and y+ € Bg,,. Note by Proposition 4.5.3 that there is a
fixed upper bound N on the number of sheets between the blow-up sheets associated
to (y+,s+) and the sheets X9 (i = 1,2) associated to (0, 1).

As a consequence of Theorem 4.5.2, there exists an R so that all the N sheets
above and the N sheets below X are e-sheets centered on the z3-axis on scale R. Call
these pairs of 1-valued sheets ¥/ with —N < j < N. Integrating (2.9), we obtain from
Cy and N a value, C}, so that for all EZ , the separation over 0Dp is bounded below by
(. Non-vanishing of the right hand side of (4.6) is scaling invariant, so there exists
a (3 such that: on each 2{, outside of a cylinder centered on the xs-axis of radius
RC3, uy # 0. The chord-arc bounds of [24] (i.e. Theorem 3.2.2) then allow us to pick
R; large enough so the component of B, N X containing 0 contains this cylinder,
the points y.,y_ and meets each EZ Finally, we note that all the statements in the
theorem are invariant under rescaling. Hence, we may use Theorem 4.3.5 to construct

a sequence of C7 blow-up pairs (y;, s;) satisfying the necessary conditions. O

The placement of the blow-up pairs and the strict spiraling gives:

Lemma 4.3.10. For all h, there exist a,py > 0 so that for all p > py the set
YN {xz =c}N{x? + 23 = p?} consists of exactly two points for |c — h| < a.

Proof. First note, for py large, the intersection is never empty by the maximum
principle and because X is proper. Without loss of generality we may assume h = 0
with 0 € Z° =X N {z3 = 0} and |A]>(0) # 0. Let R; and the set of blow-up pairs be
given by Lemma 4.3.9. There then exists py so for 2p > pg, {2? + 23 = p?} N Z° lies
in the set Rg. If no such py existed then, since the blow-up pairs lie outside a cone,
there would exist § > 0 and a subset of the blow-up pairs (y;, s;) so 0 € Bsg,s, (i)-
However, Lemma 2.26 of [24] (see also Lemma 6.4.4), with K; = §R;, would then
imply |A[?(0) < Ks;2, or |A[?(0) = 0, a contradiction. Now, for some small «
and p > pg, Z¢ N {x? + 22 = p?} lies in Ry for all || < a, and so {2? + 23 = p*} N
{—a < x3 < a} N consists of the union of the graphs of u' and u? over the circle
0D, both of which are monotone increasing in height. O
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As x5 is harmonic on X, Proposition 4.2.3 is an immediate consequence of the
previous result and Rado’s Theorem. Recall, Rado’s theorem [55] implies that any
minimal surface whose boundary is a graph over the boundary of a convex domain is
a graph over that domain. The proof of Rado’s theorem reduces to showing that a
non-constant harmonic function on a closed disk has an interior critical point if and
only if the level curve of the function through that point meets the boundary in at
least 4 points, which is exactly what we use. We now show Theorem 4.2.1:

Proof. By Lemma 4.3.9 it remains only to construct R4 and to show that |Vgxs| is
bounded below on it. Suppose that (0, 1) is a blow-up pair. By the chord-arc bounds
of [24], there exists «y large enough so that the intrinsic ball of radius yR; contains
YN Bpg,. Lemma 2.26 of [24] implies that curvature is bounded in By, g, NE uniformly
by K. The function v = —2log|Vsxs| > 0 is well defined and smooth by Proposition
4.2.3 and standard computations give Agv = |A|%. Then, since |Vgz3| = 1 somewhere
in the component of B;(0) N X containing 0, we can apply a Harnack inequality (see
Theorems 9.20 and 9.22 in [30]) to obtain an upper bound for v on the intrinsic ball
of radius vR; that depends only on K. Consequently, there is a lower bound €, on
|Vsxs| in XN Bg,. Since this bound is scaling invariant, the same bound holds around
any blow-up pair. Finally, any bounded component, €, of Rg has boundary in R4
and so, since v is subharmonic, |Vsz3| > € on 2. We take R4 to be the union of all
such Q with R4 and so by shrinking Rg obtain Theorem 4.2.1. O

4.4 Conformal Structure of a Complete Embedded
Minimal Disk

4.4.1 Conformal structure

Since Vxx3 is non-vanishing and the level sets of x3 in X consist of a single curve,
the map z = 3 + iz} : ¥ — C is a global holomorphic coordinate (here 2% is the
harmonic conjugate of z3). Additionally, Vszs # 0 implies that the normal of 3
avoids (0,0,£1). Thus, the stereographic projection of the Gauss map, denoted by
g, is a holomorphic map ¢ : ¥ — C\ {0}. By monodromy, there exists a holomorphic
map h = hy + ihy : ¥ — C so that ¢ = e". We will use h to show that z is
actually a conformal diffeomorphism between ¥ and C. As the same is then true for
h, embeddedness and the Weierstrass representation imply ¥ is the helicoid.

4.4.2 Conformal mapping properties of the Gauss map

We note the following relation between V3, g and h which comes from (2.3):

|9| —Ih
4.9 Vszs| =2 < 2¢7 1Ml
( ) | D) 3| 1_|_|g|2 =

An immediate consequence of (4.9) and the decomposition of Theorem 4.2.1 is that
there exists 79 > 0 so on R4, |h1(2)| < 0. This imposes strong rigidity on h:

40



Proposition 4.4.1. Let Qy = {x € ¥ : £hy(x) > 27} then h is a proper conformal
diffeomorphism from Q. onto the closed half-spaces {z : £Re z > 27,}.

Proof. Let v > 7y be a regular value of hy. Such 7 exists by Sard’s theorem and
indeed form a dense subset of (g, 00). We first claim that the smooth submanifold
Z = hi'(7) has a finite number of components. Note that Z is non-empty by (4.1)
and (4.9). By construction, Z is a subset of Rg and, up to choosing an orientation,
Z lies in the graph of u', which we will henceforth denote as u. Let us parametrize
one of the components of Z by ¢(t), non-compact by the maximum principle, and
write ¢(t) = @, (p(t),0(t)). Note, ha(¢(t)) is monotone in ¢ by the Cauchy-Riemann
equations and because Vyhy(¢(t)) # 0.
At the point ®,(p, ) we compute:

(4.10) g(p,0) = — \/T;UP — (up(p, ) + iue(Z’ 9)> e,

Since ug(p(t), 8(t)) > 0, there exists a function 6(t) with 7 < 6(t) < 27 such that

ug(p(t), 0(t))
p(t)

(4.11) [Vl (p(1), 6(1))e”® = —u, (p(1), 6(t)) — i

Thus, hy(p(t)) = 0(t) + 0(t).

We now claim that, up to replacing ¢(t) by ¢(—t), lim;_ 1 ha(p(t)) = Foo. With
out loss of generality we need only rule out the possibility that lim; . ho(é(t)) = R <
0o. Suppose this occurred, then by the monotonicity of hs, ho(é(t)) < R. The formula
for ho(¢(t)) implies that, for ¢ large, ¢(t) lies in one sheet. The decay estimates (4.1)
together with (4.9) imply p(¢) cannot became arbitrarily large and so the positive
end of ¢ lies in a compact set. Thus, there is a sequence of points p; = ¢(¢;), with ¢;
monotonically increasing to 0o, so p; — pos € X. By the continuity of h;, p € Z,
and since ho(p;) is monotone increasing with supremum R, hy(po) = R, and so
Poo 1s not in ¢. However, p,, € Z implies Vsh(ps) # 0 and so h restricted to a
small neighborhood of p., is a diffeomorphism onto its image, contradicting ¢ coming
arbitrarily close to po.

Thus, the formula for hy(¢(t)) and the bound on 6 show that (¢) must extend from
—o0 to 0o. We now conclude that there are at most a finite number of components of
Z. Namely, since 6(t) runs from —oo to oo we see that every component of Z must
meet the curve n(p) = ®,(p,0) € Rs. Again, the gradient decay of (4.1) says that
the set of intersections of Z with 7 lies in a compact set, and so consists of a finite
number of points. Now, suppose there was more than one component of Z. Looking
at the intersection of Z with 7, we order these components innermost to outermost;
parametrize the innermost curve by ¢ (t) and the outermost by ¢»(t). Pick 7 a regular
value for hy, and parametrize the component of hy*(7) that meets ¢; by o(t), writing
o(t) = ®u(p(t),0(t)) in Rs. From the formula for he, |0(t) — 7| < 2m. Again, o(t)
cannot have an end in a compact set, so p(t) — oco. Hence, o must also intersect ¢,
contradicting the monotonicity of h; on o.

Hence, when v > ~, is a regular value of hy, h{'(7) is a single smooth curve.
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We claim this implies that all v > vy are regular values. Suppose 7' > 7o were a
critical value of hy. Then, as h; is harmonic, the proof of Rado’s theorem implies for
Y > 9, a regular value of h; near 7/, hi*(vy) would have at least two components.
Thus, h: Q; — {z: Re z > 2} is a conformal diffecomorphism that maps boundaries
onto boundaries, immediately implying that h is also proper on §2,, and similarly for
Q_. O

By looking at z, which already has well understood behavior away from oo, we
see that X is conformal to C with z providing an identification.

Proposition 4.4.2. The map ho 2z~ : C — C is linear.

Proof. We first show that z is a conformal diffeomorphism between > and C — i.e.
z is onto. This will follow if we show a3 goes from —oo to co on the level sets of
x3. The key fact is: each level set of x5 has one end in €, and the other in {2_.
This is an immediate consequence of the radial gradient decay on level sets of x3
forced by the one-sided curvature estimate. Thus, x3 runs from —oo to co along the
curve 0€2; and so z(0€2,) splits C into two components with only one, V', meeting
2(Q24) = U. After conformally straightening the boundary of V' (using the Riemann
mapping theorem) and precomposing with h|§i we obtain a map from a closed half-
space into a closed half-space with the boundary mapped into the boundary. We
claim that this map is necessarily onto, that is U equals V. Suppose it was not
onto, then a Schwarz reflection would give a holomorphic map from C into a simply
connected proper subset of C. Because the latter is conformally a disk, Liouville’s
theorem would imply this map was constant, a contradiction. As a consequence, if
p — o0 in £ then z(p) — oo, with the same true in ©Q_. Thus, along each level set
of x3, |2%(p)| — oo and so z is onto. Then, by the level set analysis in the proof of
4.4.1 and Picard’s theorem, h o 27! is a polynomial and is indeed linear. O

4.4.3 Uniqueness

After a translation in R? and a re-basing of z%, h(z) = az for some a € C. As dz is
the height differential, the Weierstrass representation (2.3) gives:

x1(it) = |a| 7 (ag sinh(aat) sin(ayt) — oy cosh(ast) cos(ayt))

and
75(it) = |a| 7% (ag sinh(agt) cos(ast) + a; cosh(ast) sin(agt)),

where o = a1 + tan. By inspection, this curve is only embedded when oy = 0, i.e. if
a = tag. The factor ay corresponds to a homothetic rescaling and so ¥ is the helicoid.

4.5 Addendum

In the interest of clarity, we specialize some of Colding and Minicozzi’s work to com-
plete disks. As these results are mostly technical points we collect them here in order
not to interrupt the flow of the argument.
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4.5.1 Blow-up sheets

To show that near a blow-up pair there is a single N-valued e-sheet, one needs two
results of Colding and Minicozzi. First, from [20], is the existence, near a blow-up
point, of N-valued graphs that extend almost to the boundary. Then, by [19], since
a large number of sheets gives (2.9), after a suitable rotation one has an e-sheet.

Theorem 4.5.1. Given e > 0, N € Z™, there exist Cy,Cy > 0 so: Suppose that (0, s)
is a C1 blow-up pair of X. Then there exists (after a rotation of R3) an N -valued
e-sheet g =I'y, on the scale s. Moreover, the separation over 0Dy of ¥g is bounded
below by Css.

Proof. Proposition I1.2.12 of [19] and standard elliptic estimates give an N, € Z* and
de > 0 so that if u satisfies (2.4) on S;%Yf;Nf and I', C Cs,, then on Sfﬁg we have
all the terms of (2.9) bounded (by €/2) except |Vu|. Setting 7 = min {£, &} and
No = N + N+ 2, apply Corollary 4.14 from [20] to obtain C. That is, if (0,¢) is a C
blow-up pair, then the corollary gives an Ny-valued graph u defined on S;_ NN Gwith
I'y € C.N ¥ and |Vu| < 7. Hence by above (and a rescaling) we see that u satisfies
(2.9) on S;;JX;N At this point we do not a priori know that lim, .., Vu(p,0) = 0.
However, there is an asymptotic tangent plane. Thus after a small rotation to make
this parallel to the z;1-z5 plane (and a small adjustment to 7 and t), we may assume
the limit is zero.

Proposition 4.15 of [20] gives a § > 0 so that w(t,0) > pt. Integrating (2.9), we
obtain from this a Cy so that w(el¥<t,0) > CyeMNet. Finally, if we set C; = CeMe then
(0, s) being a C; blow-up pair implies that (0,e™"¢s) is a C' blow-up pair. This gives
the result. O

Once we have a single sheet, we can immediately apply the one-sided curvature
estimate to obtain a graphical region inside of a cone which, moreover, satisfies (2.9)
in a smaller cone. Results along these lines can by found in [15] and [21]. We will
need:

Theorem 4.5.2. Suppose X contains a 4-valued e-sheet Xy on the scale 1 with €
sufficiently small. Then there exist R > 1, 6 > 0 depending only on € such that the
component of XN (Cs\Bg) that contains the 3-valued middle sheet on scale R of ¥
can be expressed as the multivalued graph of a function, u, which satisfies (2.9).

4.5.2 Geometry near a blow-up pair

The existence of a blow-up pair imposes strong control on nearby geometry. The
chord-arc bound and Lemma 2.26 of [24] are examples. We also have:

Proposition 4.5.3. Given K, there is an N so that: If (y1,s1) and (ya, s2) are

C' blow-up pairs of ¥ with yo € Bgs, (Y1), then the number of sheets between the
associated blow-up sheets is at most N.
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Proof. We note that for a large, universal constant C’ the area of B, (y1) N gives
a bound on N, so it is enough to uniformly bound this area. The chord-arc bounds
of [24] give a uniform constant v depending only on C’ so that Bergs, (y1) N X is
contained in B,ks, (y1) the intrinsic ball in ¥ of radius yK's;. Furthermore, Lemma
2.26 of [24] gives a uniform bound on the curvature of X in B, s, (y1) and hence a
uniform bound on the area of Bk, (y1) by the Poincaré inequality of [20]. Since
Bergs, (y1) N X C Byks, (y1) it also has uniformly bounded area. O
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Chapter 5

Structure Near a Blow-up Pair

As has been discussed in Chapter 3, Colding and Minicozzi give a complete, but
essentially qualitative, description of the structure of an embedded minimal disk in
R3. Recall they, roughly speaking, show that any such surface is either modeled on
a plane (i.e. is nearly graphical) or is modeled on a helicoid (i.e. is two multi-valued
graphs glued together along an axis). In the latter case, the distortion may be quite
large. For instance, in [51], Meeks and Weber “bend” the helicoid; that is, they
construct minimal surfaces where the axis is an arbitrary C*! curve (see Figure 5-1).
A more serious example of distortion is given by Colding and Minicozzi in [17]. There
they construct a sequence of minimal disks modeled on the helicoid, where the ratio
between the scales (a measure of the tightness of the spiraling of the multi-graphs)
at nearby points of the axis becomes arbitrarily large (see Figure 5-2).

Nevertheless, when viewed on the appropriate scale ,there is very little distortion.
Indeed, by combining Colding and Minicozzi’s compactness result for sequences of
disks and the uniqueness of the helicoid of Chapter 4, we give a more quantitative
and sharper description of embedded minimal disks near the points of large curvature.
That is, we look near a blow-up pair (y, s) in an embedded minimal disk and show
that on the scale s the disk is Lipschitz close to a helicoid (i.e. there is very little
distortion on this scale). Moreover, using the surfaces of [17] we show that the scale
that we find for which the surface is near a helicoid must be nearly optimal.

We note that the material appearing in this chapter is drawn from [3] and [2].

5.1 Lipschitz Approximation

We wish to show that, on the correct scale, the qualitative description of an embedded
minimal disk of large curvature given by Colding and Minicozzi can be made quanti-
tative. That is, near a point of large curvature, the surface looks, in a Lipschitz sense,
like a piece of the helicoid. Note that Lipschitz could be replaced by C* (with some
constants being suitably adjusted), but the geometric structure is already captured
on the Lipschitz level and the description is simplest in this form.
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Figure 5-1: A cross section of one of Meeks and Weber’s examples, with the axis as

a circle. We indicate a subset which is a disk. Here R is the outer scale of said disk
and s the blow-up scale.
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Figure 5-2: A cross section of one of Colding and Minicozzi’s examples. We indicate

the two important scales: R = 1 the outer scale and s the blow-up scale. (Here (0, s)
is a blow-up pair.)
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Theorem 5.1.1. Given ¢, R > 0 there exists R > R so: Suppose 0 € ¥/ is an
embedded minimal disk with ¥’ C Brs(0), 0¥' C 0Bgris(0), and (0,s) a blow-up pair
(see 3.1.1). Then there exists ), a subset of a helicoid, so that ¥, the component
of X' N Brs containing 0, is bi-Lipschitz with Q, and the Lipschitz constant is in
(1—¢€1+¢).

Before proving the theorem, we need the following simple lemma. First, consider
two surfaces ¥1,3s C R3, so that Y, is the graph of v over ¥;. Then the map
¢ X1 — Yo defined as ¢(z) = = + v(z)n(x) is smooth. Moreover, if v is small, in a
C! sense, then ¢ is an “almost isometry”.

Lemma 5.1.2. Let Xy be the graph of v over ¥y, with ¥, C Bpg, 0%, C 0Br and
|As,| < 1. Then, for e sufficiently small, |v| + |Vg,v| < € implies ¢ is a diffeomor-
phism with 1 — e < ||d¢|| < 1+e.

Proof. For e sufficiently small (depending on 3J;), ¢ is injective by the tubular neigh-
borhood theorem. Viewing the tangent spaces of the Y; as subspaces of R3, for
orthonormal vectors ey, es € T2 we compute:

(5.1) dop(e;) = e; + (Vs,v(p), e;)n(p) + v(p)Dny(e;).

The last two terms are together controlled by e. Hence, 1 —e < |D¢,(e;)| < 1+e. O

Proof. (of Theorem 5.1.1) By rescaling we may assume that s = 1. We proceed
by contradiction. Suppose no such R existed for fixed €, R. That is, there exists a
sequence of counter-examples; embedded minimal disk ¥} with X! C Bg,, 03; C 0Bg,,
(0,1) a C blow-up pair of each ¥} and R < R; — oo, but ¥;, the component of BRN¥,
containing zero, is not close to a helicoid.

By definition, [Ax; (0)|> = C' > 0 for all X3} and so the lamination theory of Colding
and Minicozzi (i.e. Theorem 3.2.1) implies that a sub-sequence of the ¥} converge
smoothly, and with multiplicity one, to ., a complete embedded minimal disk.
Namely, in any ball centered at 0 the curvature of ¥; is uniformly bounded by Lemma
2.26 of [24]. Furthermore, the chord-arc bounds of [24] give uniform area bounds and
so by standard compactness arguments one has smooth convergence (possibly with
multiplicity) to ¥... If the multiplicity of the convergence is greater than 1, then one
can construct a positive solution to the Jacobi equation (see Appendix B of [12]).
That implies Y., is stable, and thus a plane by Schoen’s extension of the Bernstein
theorem [56]. This would contradict the non-vanishing curvature at 0. As Corollary
0.7 of [24] gives properness of ¥, Theorem 4.0.6 implies ¥, is a helicoid. We may,
by rescaling, assume ¥, has curvature 1 along the axis.

For any fixed R’ a sub-sequence of ¥, N Br converges to Yo, N Bg in the smooth
topology. And so, for any €, with ¢ sufficiently large, we find a smooth v; defined on
a subset of ¥, so that |v;| + |Vs_v;| < € and the graph of v; is ¥, N Br. Choosing
R’ large enough to ensure minimizing geodesics between points in ¥; lie in ¥} N Bg
(using the chord-arc bounds of [24]), Lemma 5.1.2 gives the desired contradiction. [
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5.2 Scale of the Approximation

We now wish to study the sharpness the Lipschitz approximation given by Theorem
5.1.1. In particular, we are interested in whether such a result can hold on a scale
larger than the blow-up scale. To try and make this more precise, let 0 € > be an
embedded minimal disk with 0¥ C 0Br = 0Bg(0) and (0, s) is a blow-up pair. There
are then two important scales; R the outer scale and s the blow-up scale. Colding
and Minicozzi’s description of ¥ holds on the outer scale R, i.e. they give a value
0 < © < 1 so that the component of XN Bqr containing 0 consists of two multi-valued
graphs glued together. On the other hand, Theorem 5.1.1 shows that on the scale
of s (provided R/s is large), 3 is bi-Lipschitz to a piece of a helicoid with Lipschitz
constant near 1. Using the surfaces constructed in [17] we show that such a result
cannot hold on the outer scale and indeed fails to hold on certain smaller scales:

Theorem 5.2.1. Given 1 > Qe > 0 and 1/2 > ~v > 0 there exists an embedded
minimal disk 0 € ¥ with 0¥ C 0Bg and (0, s) a blow-up pair so: the component of
Bari-v¢v N Y containing 0 is not bi-Lipschitz to a piece of a helicoid with Lipschitz
constant in ((1+ €)', 1+ €).

Remark 5.2.2. At the time of writing, the surfaces of [17] were the most “distorted”
helicoids known. However, recently much worse surfaces have been constructed in [49]
(based on the constructions of [17] and [28]). It is possible that, using the surfaces
of [49], the blow-up scale can be shown to be the optimal scale.

Recall that as an application of their work on the structure of disks, Colding
and Minicozzi proved a compactness result for sequences of embedded minimal disks
0 € X; C R? as long as 9%; C 0Bg, and R; — oo, i.e. Theorem 3.2.1. In particular,
they show there are only two options. Either such a sequence contains a sub-sequence
converging smoothly on compact sets to a complete embedded minimal disk or, if the
curvature is unbounded on some compact subset of R3, the convergence is (in a certain
sense, see [22] for details) to a singular minimal lamination of parallel planes. The
surfaces constructed by Colding and Minicozzi in [17] show that the condition that the
boundaries of the surface go to infinity is essential, i.e this compactness result is global
in nature. In a similar vein, the result depends very strongly on the ambient geometry
of the three-manifold. In particular, in the proof of their compactness result, Colding
and Minicozzi rely heavily on a flux argument (the details of which are in [15]). That
is, they use that the coordinate functions of R? restrict to harmonic functions on
minimal ¥ C R?, a fact that generalizes only to certain other highly symmetric three-
manifolds. An example showing the necessity of this type of condition can be found
in [9].

One of the most important problems in this area is determining when a Colding
and Minicozzi type of compactness result (or indeed any compactness result) extends
to surfaces embedded in more general three-manifolds. Understanding precisely the
best scale for which the Lipschitz approximation holds (for which Theorem 5.2.1
gives an upper bound) may be an important tool to establish removable singularities
theorems for minimal laminations in arbitrary Riemannian manifolds. In turn, such
results could prove key to proving more general compactness theorems.
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To produce our example, we first recall the surfaces constructed in [17]:

Theorem 5.2.3. (Theorem 1 of [17]) There is a sequence of compact embedded min-
imal disks 0 € ¥; C By C R® with 0%; C 0B, containing the vertical segment
{(0,0,t) : |t| < 1} C X; such that the following conditions are satisfied:

1. lim; o |As,[*(0) — oo

2. supy, |As, > < 4|Asx,[2(0) = 8a;* for a sequence a; — 0

< K6 foralll > 6 >0 and K a universal constant.

3. sup; supy,\ g, | As,
4. L\{z3 —axis} = X1, UXy,; for multi-valued graphs ¥, ,; and X ;.

Remark 5.2.4. (2) and (3) are slightly sharper than what is stated in Theorem 1
of [17], but follow easily. (2) follows from the Weierstrass data (see Equation (2.3)
of [17]). This also gives (3) near the axis, whereas away from the axis use (4) and
Heinz’s curvature estimates.

Next introduce some notation. For a surface ¥ (with a smooth metric) we de-
fine the (intrinsic) density ratio at a point p as: O,(p,X) = (mws?) LArea(B=(p)).
When Y is immersed in R?® and has the induced metric, 0,(p,X) < O,(p,X) =
(ms?)~tArea(B,(p) N'X), the usual (extrinsic) density ratio. Importantly, the intrin-
sic density ratio is well-behaved under bi-Lipschitz maps. Indeed, if f : ¥ — ¥ is
injective and with a=! < Lip f < « (where Lip f is the Lipschitz constant of f), then:

(5.2) o o-15(p, 2) < Os(f(p),Y) < a'bas(p, %),

This follows from the inclusion, B>, (f~!(p)) C f~*(B% (p)) and the behavior of area
under Lipschitz maps, Area(f~' (B> (p)) < (Lip f~')?Area(BZ (p)).

Note that by standard area estimates for minimal graphs, if N B,(p) is a minimal
graph then 6,(p,3) < 2. In contrast, for a point near the axis of a helicoid, for large
s the density ratio is large. Thus, in a helicoid the density ratio for a fixed, large s
measures, in a rough sense, the distance to the axis. More generally, this holds near
blow-up pairs of embedded minimal disks:

Lemma 5.2.5. Given D > 0 there exists R > 1 so: If 0 € ¥ C Bags is an embedded
minimal disk with 0¥ C 0Bags and (0,s) a blow-up pair then Ops(0,%) > D.

Proof. We proceed by contradiction, that is suppose there were a D > 0 and embed-
ded minimal disks 0 € ¥; with 0%; C 0Bag,s with R; — oo and (0, s) a blow-up pair
so that Og,5(0,%;) < D. The chord-arc bounds of [24] imply there isa 1 >y > 0 so
BE;S(O) D XN B,g,s- Hence, the intrinsic density ratio bounds the extrinsic density
ratio, i.e. D > Op,s(p, X)) > ¥?O,r,s(p, ;). Then, by a result of Schoen and Si-
mon [58] there is a constant K = K(Dy7?), so |As,[*(0) < K(yR;s)"2. For R; large
this contradicts that (0, s) is a blow-up pair for all 3. O

In order to show the existence of the surface ¥ of Theorem 5.2.1, we exploit the
fact that two points on a helicoid that are equally far from the axis must have the same
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Figure 5-3: The points p; and u;. Note that the density ratio of u; is much larger
than the density ratio of p;.

density ratio (which can be most easily seen by noting that the helicoid is invariant
under screw-motions and rotations by 180° degrees around the axis). Assuming the
existence of a Lipschitz map between X and a helicoid, we get a contradiction by
comparing the densities for two appropriately chosen points that map to points equally
far from the axis of the helicoid.

Proof. (of Theorem 5.2.1) Fix 1 > Qe > 0 and 1/2 > v > 0 and set & = 1 + €.
Let ¥; be the surfaces of Theorem 5.2.3; we claim for i large, 3; will be the desired
example. Suppose this was not the case. Setting s; = Ca?/v/2, where q; is as
in (2) and C is the blow-up constant,one has (0, s;) is a blow-up pair in ¥;, since
supy, g, |As,[* < 8a;* = 4C%s;? = 4]Ay,[*(0), moreover, s; — 0. Hence, with
R, = Qs? < 1, the component of Bg, N 3; containing 0, >, is bi-Lipschitz to a piece
of a helicoid with Lipschitz constant in (a~!,«). That is, there are subsets I'; of
helicoids and diffeomorphisms f; : ¥} — I'; with Lip f; € (o™}, a).

We now begin the density comparison. First, Lemma 5.2.5 implies there is a
constant r > 0 so for i large 0,,(0,3) > 4a® and thus by (5.2) Oa.s, (f3(0),T;) > 4a.
We proceed to find a point with small density on ¥; that maps to a point on T
equally far from the axis as f;(0) (which has large density).

Let U; be the (interior) of the component of Bj/r, N 3; containing 0. Note for
i large enough, as s;/R; — 0, the distance between OU; and 9%, is greater than

402rs;. Similarly, for p € OU; for i large, p’ € Bf; (p) implies [p'| > 1R;. Hence,

a?rs;
property (3) gives that |Ay/ [*(p/) < K's7. Thus, for i sufficiently large Bae,, (p)
is a graph and so 0,2, (p, X}) < 2. Pick u; € 0f(U;) at the same distance to the
axis as f;(0) and so the density ratio is the same at both points (see Figure 5-3).
As f;(U;) is an open subset of I'; containing f;(0), p; = f; *(w;) € OU;. Notice that
Ours, (Ui, L) = Oors, (£:(0),T;) > 4ot so 2a* > a2, (pi, XF) > 4a.

[
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Chapter 6

Genus-g Helicoids

We now apply the techniques of Chapter 4 to study non-simply connected, complete,
embedded minimal surfaces with finite topology and one end. Recall, the space
E(1,+) of such surfaces is non-trivial; the embedded genus one helicoid, H (see figure
2-3), constructed in [61] by Hoffman, Weber, and Wolf is an element of £(1,+) that,
moreover, has the property of being asymptotically helicoidal (see also [60] for a good
exposition).

In [39], Hoffman and White proved rigidity results for immersed minimal genus
one surfaces with one end that, in addition, contain, and are symmetric with respect
to, the x; and x3-axes. In particular, they show the surface is conformally a punctured
torus with end asymptotic to a helicoid. In this chapter, we show that any ¥ € £(1, +)
is conformally a once punctured, compact Riemann surface, with Weierstrass data
that has helicoid-like behavior at the puncture. Precisely,

Theorem 6.0.6. ¥ € £(1,+) is conformally a punctured, compact Riemann surface.
Moreover, the height differential, dh, extends meromorphically over the puncture with
a double pole, as does the meromorphic one form %.

In [45], Meeks and Rosenberg discuss how one might be able to show something
similar to Theorem 6.0.6 for surfaces in £(1) and the implications this has to the
possible conformal structure of complete embedded minimal surfaces in R3. They do
this without going into the details or addressing the difficulties, but indicate how such
a statement might be proved using the ideas and techniques of their paper. That is,
they anticipated a proof using their derivation of the uniqueness of the helicoid from
the lamination result of Colding and Minicozzi [22].

Theorem 6.0.6 completes the understanding of the conformal type of complete,
embedded minimal surfaces of finite topology. In [48], Meeks and Rosenberg prove
conformality results for properly embedded minimal surfaces of finite topology which
have two or more ends. Using their work, Corollary 0.13 of [24], and Theorem 6.0.6,
we have the following:

Corollary 6.0.7. Every complete, embedded minimal surface of finite topology in R>
s conformal to a compact Riemann surface with a finite number of punctures.

As ¥ is embedded, Theorem 6.0.6 has the following corollary:
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Corollary 6.0.8. For ¥ € £(1,+), there ezists an o € R so % —iadh has holo-
morphic extension to the puncture, with a zero at the puncture. Equivalently, after
possibly translating parallel to the xs-axis, in an appropriately chosen neighborhood of
the puncture, I', g(p) = exp(iaz(p) + F(p)) where F' : T' — C extends holomorphically
over the puncture with a zero there and z = x3 + 125 1s a holomorphic coordinate on
I'. (Here x} is the harmonic conjugate of x3 and is well defined in I'.)

Indeed, this allows us to apply a result of Hauswirth, Perez and Romon [31]:
Corollary 6.0.9. If X € £(1) is non-flat, then X is C°-asymptotic to some helicoid.

The work in this chapter is drawn from [4].

6.1 Outline of the Proof

Let X € £(1,+), because X is properly embedded and has finite genus and one end the
topology of ¥ is concentrated in a ball in R3. Thus, the maximum principle implies
that all components of the intersection of > with a ball disjoint from the genus are
disks. Hence, outside of a large ball, one may use the local results of [19-22] about
embedded minimal disks. In Chapter 4, the trivial topology of ¥ allows one to deduce
global geometric structure immediately from these local results. For ¥ € £(1,+), the
presence of non-zero genus complicates matters. Nevertheless, the global structure
will follow from the far reaching description of embedded minimal surfaces given by
Colding and Minicozzi in [12]. In particular, as ¥ has one end, globally it looks like
a helicoid (see Section 3.2.3 and Section 6.4.2). Following the argument presented
in Chapter 4, we first prove a sharper description of the global structure (in Section
6.2.4); indeed, one may generalize the decomposition of Theorem 4.2.1 to X € £(1, +)
as:

Theorem 6.1.1. There exist ¢ > 0 and R4, Rs, and Rq, disjoint subsets of 3,
such that > = RaURg U Rg. The set Rg is compact, connected, has connected
boundary and X\R¢ has genus 0. Rg can be written as the union of two (oppositely
oriented) multi-valued graphs u' and u? with ul, # 0. Finally, (after a rotation of R?)
|Vsxs| > € in Ra. (See Figure 6-1)

Remark 6.1.2. Here v multi-valued means that it can be decomposed into N-valued
e-sheets (see Definition 4.3.1) with varying center. The angular derivative, (u;)g, is
then with respect to the obvious polar form on each of these sheets. For simplicity
we will assume throughout that both u* are oco-valued.

As an important step in establishing the decomposition theorem, notice that the
minimal annulus I' = ¥\ R has exactly the same weak asymptotic properties as an
embedded non-flat minimal disk. Thus, as in Chapter 4, strict spiraling in R and a
lower bound for |Vyz3| on R4 together give (for appropriately chosen Re):

Proposition 6.1.3. In T', Vsz3 # 0 and, for all ¢ € R, T'N {3 = ¢} consists of
either one smooth, properly embedded curve or two smooth, properly embedded curves
each with one endpoint on O .
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Figure 6-1: A rough sketch of the decomposition of 3 given by Theorem 6.1.1.

The decomposition allows us to argue as in Chapter 4, though the non-trivial
topology again adds some technical difficulties. By Stokes’ Theorem, x% (the harmonic
conjugate of x3) exists on I' and thus there is a well defined holomorphic map z : I' —
C given by z = x3 +ix35. Proposition 6.1.3 implies that z is a holomorphic coordinate
on I'. We claim that z is actually a proper map and so I' is conformally a punctured
disk. Following Chapter 4, this can be shown by studying the Gauss map. On I', the
stereographic projection of the Gauss map, g, is a holomorphic map that avoids the
origin. Moreover, the minimality of ¥ and the strict spiraling in Rg imply that the
winding number of g around the inner boundary of I" is zero. Hence, by monodromy
there exists a holomorphic map f : I' — C with ¢ = e/. Then, as in Chapter 4, the
strict spiraling in Rg imposes strong control on f which is sufficient to show that z is
proper. Further, once we establish I is conformally a punctured disk, the properties
of the level sets of f imply that it extends meromorphically over the puncture with a
simple pole. This gives Theorem 6.0.6 and ultimately Corollaries 6.0.8 and 6.0.9.

6.2 Geometric Decomposition

In the next four subsections, we develop the tools needed to prove the structural
results of Theorem 6.1.1 and Proposition 6.1.3. Many of these are extensions of those
developed for the simply connected case, which can be found in Section 4.3 of Chapter
4. We prove Theorem 6.1.1 and Proposition 6.1.3 at the conclusion of Section 6.2.4.

6.2.1 Structural results

To obtain the decomposition of Theorem 6.1.1 we will need two important structural
results which generalize results for disks from [19] and [20] (it should be noted that
many of the proofs of these results did not require that the surface be a disk but
only that the boundary be connected, a fact used in [12]). The first is the existence
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of an N-valued graph starting near the genus and extending as a graph all the way
out. The second result is similar but for a blow-up pair far from the genus. Namely,
for such a pair a multi-valued graph forms on the scale of the pair and extends as
a graph all the way out. It may be helpful to compare with the comparable results
for disks, i.e. Theorem 0.3 of [19] (see Theorem 3.3) and Theorem 0.4 of [20] (see
Theorem 3.1.3).

Note that variants of the propositions are used in [12], specifically in the proof of
the compactness result, i.e. Theorem 0.9 for finite genus surfaces, though they are not
made explicit there. For the sake of completeness we provide proofs (in Section 6.4.2)
of these propositions using Theorem 0.9 of [12]. Note that while both propositions
require a rotation of R?, they are the same rotation. This is because both propositions
actually come from the global geometric structure of X.

Proposition 6.2.1. Given ¢ > 0 and N € Z" there exists an R > 0 so that: After
a rotation of R? there exists an N-valued graph ¥, C X over the annulus Dy \Dg C
{z3 = 0}, with gradient bounded by € and in C..

Proposition 6.2.2. Given € > 0 sufficiently small and N € Z7 there exist Cy,Cy > 0
and R > 0 so: After a rotation of R3, if (y,s) is a Cy blow-up pair in 3 and |y| > R
then there exists an N-valued graph ¥, over the annulus Do \Ds(Il(y)) C {x3 =0}
with gradient bounded by € and in the cone C.(y), and with initial separation bounded
below by Cys. Finally, dists(X,,y) < 2s.

6.2.2 Blow-up sheets

In order to get the strict spiraling in the decomposition of Theorem 6.1.1 we need
to check that the multi-valued graphs that make up most of ¥ can be consistently
normalized. To that end, we recall that for blow-up pairs far enough from the genus
one obtains a nearby e-sheet (i.e. we have a normalized multi-valued graph). Indeed,
the proof of Theorem 4.5.1 of Chapter 4 applies without change to blow-up pairs
satisfying the conditions of Proposition 6.2.2. We claim that in between this sheet, >
consists of exactly one other e-sheet. For the definition and basic properties of these
e-sheets see Section 4.3.1.

Theorem 6.2.3. Given ¢ > 0 sufficiently small there exist C;,Cy > 0 and R > 1
so: Suppose (y,s) is a Cy blow-up pair, with |y| > R. Then there exist two 4-valued
e-sheets ¥ = Ty, (i = 1,2) on the scale s centered at y which spiral together (i.e.
u1(s,0) < ua(s,0) < uy(s,2m)). Moreover, the separation over ODy(Il(y)) of ; is
bounded below by Cys.

Remark 6.2.4. We refer to 31,3 as (e-)blow-up sheets associated with (y, s).

Proof. We fix a 0 > 0 and note that Lemma 6.4.2 gives a R > 1 so that if |y| > R then
y ¢ Cs and using this ¢ and € we pick dy < € as in Corollary 6.4.3 (and increase R if
needed). Then, Theorem 4.5.1 and Proposition 6.2.2 together give one dg-sheet, ¥,
forming near (y, s) for appropriately chosen C} (and possibly after again increasing

o4



R). Now as long as the part of X between the sheets of >; make up a second minimal
graph, the proof of Theorem 6.2.3 applies (and provides the correct Cy).
Recall (4.3), which gives the region, F, in R? between the sheets of ¥;. Theorem
1.0.10 of [22] implies that near the blow-up pair the part of ¥ between ¥; is a graph
o ie. if Ry is chosen so Byg, (y) is disjoint from the genus then Bg, (y)NENX\Y; =
Yir. To ensure X2, is non-empty, we increase R so that |y| > 8s (which we may do
by Corollary 6.4.5). On the other hand, Appendix D of that same paper guarantees
that, outside of a very large ball centered at the genus, the part of 3 between ¥ is a
graph, 39, That is, for Ry > |y| large, ENX\(Bg, UX;) = X9“. Now by one-sided
curvature estimates (which Corollary 6.4.3 allows us to use), all the components of
E\X; are graphs and so it suffices to show that %" and X5“* are subsets of the same
component. Suppose not. Then, as X" is a graph and X is complete, 25" must
extend inside E beyond Bpg,. But this contradicts Appendix D of [22] by giving two
components of ¥\, in £ N X\ Bg,. O

6.2.3 Blow-Up pairs

While the properties of e-sheets give the strictly spiraling region of ¥, to understand
the region where these sheets fit together (i.e. the axis), we need a handle on the
distribution of the blow-up pairs of ¥. In the case of trivial topology, non-flatness
gives one blow-up pair (yo, So), which in turn yields associated blow-up sheets. Then
by Corollary 3.1.7 (i.e. II1.3.5 of [21]), the blow-up sheets give the existence of nearby
blow-up pairs (y41, s+1) above and below (see Theorem 4.3.5 or Lemma 2.5 of [24]).
Iterating, one constructs a sequence of blow-up pairs that give the axis R4.

Crucially, for the extension of the argument to surfaces in £(1, +), the result of [21]
is local; it depends only on the topology being trivial in a large ball relative to the
scale sg. Thus, the above construction holds in Y as long as one deals with two issues.
First, establish the existence of two initial blow-up pairs far from the genus, one above
and the other below, with small scale relative to the distance to the genus. Second,
show that the iterative process produces blow-up pairs which continue to have small
scale (again relative to the distance to the genus).

We claim that the further a blow-up pair is from the genus, the smaller the ratio
between the scale and the distance to the genus; hence both issues can be addressed
simultaneously. This is an immediate consequence (see Corollary 6.4.5) of the control
on curvature around blow-up pairs as given by Proposition 6.4.4 (an extension of
Lemma 2.26 of [24] to ). Thus, given an initial blow-up pair far enough above the
genus, we can iteratively produce higher and higher blow-up pairs that satisfy the
appropriate scale condition, with the same true starting below the genus and going
down. Here we establish the existence of a chain of blow-up pairs which will be critical
to our decomposition theorem:

Lemma 6.2.5. Given ¢ > 0 sufficiently small, there exist constants C,Cy, > 0 and
a sequence (7;, ;) of Cy blow-up pairs of ¥ such that: the sheets associated to (s, §;)
are e-sheets on scale §; centered at §; and x3(9;) < x3(Yir1) fori > 1, ;11 € Be,,s(Ui)
while fori < —1, §;—1 € Be,, 5 (Ui)-
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Proof. Without loss of generality, we work above the genus (i.e. for z3 > 1 and
i > 1), as the argument below the genus is identical. Use € to choose Cy,Cy and R as
in Theorem 6.2.3. By Corollary 3.1.7 there are constants C,,; > Cj, > 0 such that,
for a C} blow-up pair (y,s) with |y| > R, as long as the component of Be,,,s(y) N %
containing y is a disk, we can find blow-up pairs above and below (y,s) and inside
Be,,s(y). We will also need to make use of the one-sided curvature estimate near
the sheets associated to (y,s). This can be ensured by increasing R appropriately
as indicated by Corollary 6.4.3. Corollary 6.4.5 and Proposition 6.4.1 ensure a value
hy > R, depending on C,,; so for |y| > h; this condition is satisfied. Thus, it suffices
to find an initial blow-up pair (g;,51) with |g1] > hy, as repeated application of
Corollary 3.1.7 will give the sequence (y;, §;). Notice that by our choice of R we may
apply the one-sided curvature estimate and so conclude that y;,; lies within a cone
centered at y;, in particular this implies that z3(y;11) > x3(y;) and thus |y;| > R and
so the iteration is justified.

Proposition 6.2.1 and Appendix D of [22] together guarantee the existence of two
N-valued graphs spiraling together over an unbounded annulus (with inner radius R).
Then, for large enough N, the proof of Theorem 4.3.5 gives two N-valued e-sheets
around the genus, Y, Y, on some scale R and in the cone C.. Theorem II1.3.1
of [21] with ro > max{1, R, h;} then implies there is large curvature above and below
the genus. Hence, by a standard blow-up argument (i.e. Lemma 3.1.2) one gets the
desired C blow-up pair (71, §;) above the genus with |g;| > 2rg > h;. O

6.2.4 Decomposing X

The decomposition of ¥ now proceeds as in Chapter 4, with Proposition 4.3.8 giving
strict spiraling far enough out in the e-sheets of 3. After specifying the region of strict
spiraling, Rg, the remainder of ¥ will be split into the genus, R, and the axis, R 4.
The strict spiraling, the fact that away from the genus convex sets meet ¥ in disks
(see Lemma 6.4.1) and the proof of Rado’s theorem (see [55]) will then give Vyx3 # 0
in R4. Then a Harnack inequality will allow us to bound |Vgxs| from below there.

Lemma 6.2.6. There exist constants C1, Ry, Ry and a sequence (y;,s;) (i # 0) of
Cy blow-up pairs of ¥ so that: x3(y;) < x3(yir1) and for i > 1, y;11 € Brs,(Yi)
while for i < —1, y;.1 € Brys,(yi). Moreover, if Ry = 7@;{ U 7@2 where ﬁj 18
Uiino ZRisiys (and Xgys,y, is the component of Br,s,(yi) N X containing y;), then

Rs = X\ (7%/; U BR0> has exactly two unbounded components which can be written

as the union of two multi-valued graphs u' and u?, with uj) # 0.

Proof. We wish to argue as in Lemma 4.3.9 and to do so we must ensure that we may
use the chord-arc bounds of [24] and the one-sided curvature estimates of [22] near
the pairs (y;, s;). As these are both essentially local results it will suffice to work far
from the genus.

Fix € < ¢y where ¢ is given by Proposition 4.3.8 which will be important for the
strict spiraling. Next pick 0 > 0 and apply Corollary 6.4.3 to obtain a g < € and
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R > 1. Now using dy in place of € let (Ui, 8;) be the sequence constructed in Lemma
6.2.5. Let us now determine how to choose the (y;, s;).

First of all, as long as y; ¢ Cs U B we may use the one-sided curvature estimate
in Cg,(y;). Notice by Lemma 6.4.2 we may increase R and require only that y; ¢ B 7
Now recall that the chord-arc bounds give a constant Cy,.. > 0 so for any v > 1, if the
component of Byc,, s, (y;) NE containing y; is a disk, then the intrinsic ball of radius
Careysi centered at y; contains B, (y;) NX. On (y;, s;), we want a uniform bound, N,
on the number of sheets between the blow-up sheets associated to the pairs (y;, s;) and
(Yix1, Six1)- This is equivalent to a uniform area bound which in turn follows from the
chord-arc bounds described above and curvature bounds of Proposition 6.4.4 (for de-
tails see Proposition 4.5.3). To correctly apply this argument, one must be sufficiently
far from the genus; i.e. for a fixed constant Cp,4, the component of Be, s (y;) NE
containing y; must be a disk. To that end, pick hy > 0 by using Corollary 6.4.5 with

a~! > max {Cbnd, 2R, é} where R; is to be chosen later. We then pick the sequence

(yi, ;) from (g;, §;) by requiring x3(y;) > he (and then relabeling). Notice that the
way we choose the (y;, s;) ensures that N is independent of our ultimate choice of Rj.

We now determine R;. By choice of (y;, s;), the one-sided curvature bounds hold
and so there is an Ry such that in Cg,(y;) all of the (at most) N sheets between the
blow-up sheets associated to (yi, s1) and (ys, s2) are dp-sheets on scale Rys; centered
on the line ¢ which goes through y; and is parallel to the xz-axis (see Theorem
4.5.2). Label these pairs of Jy-sheets E' k=1,2and 1 < 57 < N. Proceeding
now as in the second paragraph of the proof of Lemma 4.3.9, we use N, Cy and
(2.9) to get Cg SO 0281 is a lower bound on the separation of each E’ over the circle
ODp,s, (I(11)) C {5 = 0}. Proposition 4.3.8 gives a Cj, depending on Cs, such that
outside of a cylinder centered at ¢ of radius Ry(C3s1, all the Zj strictly spiral. Choose
Ry, depending only on Cj,, N, dy, Cs and Rs, so B Rlsl(yl) contains this cylinder, the

point ys and meets each 2] Then if Ry = C’MCRI the preceding is also true of the
component of Bg s, (y1) Y containing y;. By the scaling invariance of strict spiraling
and the uniformity of the choices, the same is true for each (y;, s;).

Finally, by properness, there exists a finite number, M, of e-sheets between the
blow-up sheets associated to (y41,s+1). Pick Ry large enough so that outside of
the ball of radius Ry the M sheets between the blow-up sheets associated to (i, s1)
and (y_1,s_1) strictly spiral. Such an Ry exists by Proposition 6.2.1 and the above
argument. ]

Proof. (Proposition 6.1.3) By properness there exists an Ry > Ry so that the compo-
nent of Br, MY containing the genus, Y, contains Br, N Y. We take Rg to be this
component and note that 9R¢ is connected by Proposition 6.4.1. The strict spiraling
in Rg and the proof of Rado’s theorem gives Proposition 6.1.3 (See Section 4.3.4). O

Proof. (Theorem 6.1.1) By using Lemma 6.2.6 the proof of Theorem 4.2.1 in Chapter
4 then gives Theorem 6.1.1. Indeed, we have already constructed Rg and R¢ in the
proofs of Lemma 6.2.6 and Proposition 6.1.3. If we set R4 = X\ (Rg U R¢) then we
may verify the properties of R4 exactly as in the proof of Theorem 4.2.1. We may
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need to decrease ¢ in the statement of the theorem so mingg,, |Vszs| > €, but 0Rg
is compact so this introduces no new problems. O

6.3 Conformal Structure of the end

In this section we prove Theorem 6.0.6 and Corollary 6.0.8 by analysis nearly identical
to that in Section 4.4. To do so, we first show that I' = ¥\R¢ is conformally a
punctured disk and, indeed, the map z = 3 + ¢z} : I' — C is a proper, holomorphic
coordinate (here z3 is the harmonic conjugate of z3). Note that by Proposition 6.1.3,
as long as z is well defined, it is injective and a conformal diffeomorphism. Thus, it
suffices to check that z is well defined and that it is proper; i.e. if p — oo in I' then
z(p) — oo.

Proposition 6.3.1. zj is well defined on I'.

Proof. As ¥ is minimal, *dxs, the conjugate differential to dzs, exists on ¥ and
is closed and harmonic. We wish to show it is exact on I'. To do so, it suffices
to show that for every closed, embedded curve v in I', we have fy *dxs = 0. By
Proposition 6.4.1, ¥\v has two components, only one of which is bounded. The
bounded component, together with v, is a manifold with (connected) boundary, and
on this manifold *dx3 is a closed form. Hence, the result follows immediately from
Stokes’” theorem. O

6.3.1 Winding number of the Gauss map

We wish to argue as in Section 4.4, and to do so we must first check that there is a
well defined notion of logg in I'. In other words, there exists f : I' — C such that
g = e/ on I', where ¢ is the stereographic projection of the Gauss map of 3. For such
an f to exist, the winding number of g from I" to C\ {0} must be zero. Since g is
meromorphic in 3 and has no poles or zeros in I'; this is equivalent to showing that
g has an equal number of poles and zeros.

Proposition 6.3.2. Counting multiplicity, g has an equal number of poles and zeros.

Proof. The zeros and poles of g occur only at the critical points of x3. In particular,
by Proposition 6.1.3, there exist h and R so that all the zeros and poles are found in
the cylinder:

(6.1) Chr = {|2s| < h,2i +23 <R} NX.

Moreover, for R and h sufficiently large, v = 0C}, g is the union of four smooth curves,
two at the top and bottom, 7, and ~;, and two disjoint helix like curves v;,v, C Rg.
Hence, for ¢ € (—h, h), {3 = ¢} meets IC), g in exactly two points. Additionally, as
71 and 75 are compact, there is a constant o > 0 so [£x3(7;(t))| > o, i = 1,2.

Let us first suppose that ¢ has only simple zeros and poles and these occur at
distinct values of x3, thus, the Weierstrass representation implies that the critical
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Figure 6-2: Level curve examples in Proposition 6.3.2. (a) Initial orientation chosen
at height z3 = h. (b) A curve pinching off from ;. (¢) Two curves pinching from
one. (d) A curve pinching off from 2.

points of x3 are non-degenerate. We now investigate the level sets {x3 = c¢}. By the
strict spiraling of 7; (i = 1,2), at the regular values these level sets consist of an
interval with end points in 7; (i = 1,2) and the union of a finite number of closed
curves. Moreover, by the minimality of C} r, the non-smooth components of the
level sets at critical values will consist of either two closed curves meeting in a single
point or the interval and a closed curve meeting in a single point. As a consequence
of this {|z3] < h, 2% + 22 < R?}\C},  has exactly two connected components €); and
5. Orient Cj g by demanding that the normal point into €2;. Notice that it is well
defined to say if a closed curve appearing in {3 = ¢} N C}, g surrounds €y or €.

The restrictions imposed on ¢ and minimality of Cj, g imply that at any critical
level, as one goes downward, either a single closed curve is “created” or is “destroyed”.
(See Figure 6-2.) Moreover, when such a curve is created it makes sense to say whether
it surrounds €2; or {2y and this is preserved as one goes downward. Now suppose a
closed curve is created and that it surrounds {2;; then it is not hard to see that at the
critical point the normal must point upwards. Similarly, if a closed curve surrounding
), is destroyed then the normal at the critical point is downward pointing. For,
closed curves surrounding €2, the opposite is true; i.e. when a closed curve is created
then at the critical point the normal points downward. Thus, since the level sets at h
and —h are intervals, one sees that the normal points up as much as it points down.
That is, g has as many zeros as poles.

We now drop the restrictions on the poles and zeros of g. Beyond these assump-
tions the argument above used only that Cj, p was minimal and that the boundary
curves 7; (i = 1,2) meet the level curves of x3 in precisely one point. It is not hard to
check that these last two conditions are preserved by small rotations around lines in
the x1-z5 plane. We claim that such rotations also ensure that the Gauss map of the
new surface must have simple poles or zeros and these are on distinct level sets. To
that end we let Cj  be the rotation of C), g by € degrees around a fixed line £ in the
71-72 plane and through the origin (note we do not rotate the ambient R?). Denote
by @, the induced isometric isomorphism between the sets.

The strict spiraling of 71, 7 implies there exists an ¢y > 0, depending on o and R
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and a constant K > 0, depending on R so: forall 0 < e < ¢, if ¢ € (—h+ K¢, h— Ke)
then {r3 = c} N Cj p meets IC} p in two points. Moreover, by a suitable choice of
¢ the critical points will be on distinct level sets. Denote by g. the stereographic
projection of the Gauss map of Cj . We now use the fact that g is meromorphic
on Y (and thus the zeros and poles of g are isolated) and that g. is obtained from g
by a Mobius transform. Indeed, these two facts imply that (after shrinking ¢;) for
¢ € (0,¢€0), ge has only simple zeros and poles on Cf,  and by our choice of ¢ these are
on distinct levels of x3. By further shrinking ¢y one can ensure that all of the critical
values occur in the range (—h + Ke, h — Ke). Thus, the level sets in Cj , of x3 for
c € (—h+ Ke, h — Ke) consist of an interval with endpoints in JCY g, one in each ;
for ¢ = 1,2, and the union of a finite number of closed curves.

Our original argument then immediately implies that g. has as many zeros as

poles. Thus, fa(}, B CD:% = face i]ge = 0 for € < ¢. Hence, as @:% is continuous in
1, € h,R € €

€ fa(jh 49—, U

R 9

Corollary 6.3.3. A holomorphic function f : T — C exists so e/ =g onT.

6.3.2 Conformal structure of the end

The strict spiraling in Rs was used in Chapter 4 to show that the map f = fi +if,
was, away from a neighborhood of R 4, a proper conformal diffeomorphism onto the
union of two disjoint closed half-spaces. Since every level set of 3 has an end in each
of these sets, properness of z was then a consequence of Schwarz reflection and the
Liouville theorem. The same is true when there is non-zero genus:

Proposition 6.3.4. There exists a 9 > 0 so: with Qy = {x € I': £fi(x) >y}, f
is a proper conformal diffeomorphism from Qy onto {z : £Re z > v}.

Proof. Pick 7y as in Proposition 6.3.4 (where 7o depends only on the ¢y of Theorem
6.1.1), as long as f; '(70) N O = @ the proof for the simply connected case carries
over unchanged. Note, the proof only depends on having a lower bound for v, and so
we may increase, if necessary, so that 7o > maxsr, | f1]- O

6.3.3 The proofs of Theorem 6.0.6 and Corollary 6.0.8

Proof. (Theorem 6.0.6) Coupled with the above results, the proof of Proposition
4.4.2 then gives that z — £oo along each level set of z3; that is z : I' — C is a
proper holomorphic coordinate. Thus, z(I') contains C with a closed disk removed;
in particular, T is conformally a punctured disk. Then, since f; ‘(7o) NT is a single
smooth curve, f has a simple pole at the puncture. Similarly, by Proposition 6.1.3,
i has a simple pole at the puncture. In I', the height differential dh = dz and
% = df. O
g

Embeddedness and the Weierstrass representation, (2.3), then imply Corollary
6.0.8:
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Proof. Theorem 6.0.6 gives that, in ', f(p) = az(p) + 5 + F(p) where o, € C
and F': I" — C is holomorphic and has holomorphic extension to the puncture (and
has a zero there). By translating ¥ parallel to the z3-axis and re-basing x% we may
assume 3 = 0. By Proposition 6.1.3, {z3 =0} N T can be written as the union
of two smooth proper curves, o*, each with one end in OI', and parametrized so
x5(0%(t)) = t for &t > T; here T > 0 is large enough that o*(t) C Rs. Let us
denote by p*(t) and #%(t) the polar coordinates of 0¥ (¢). Notice that as we are in
[, Im f(o*(t)) = (Re a)t + Im F(0*=(t)). By the strict spiraling in Rg, there are
integers N* so |#%(t) — Im f(0%(t))] < 7N* (see the proof of Proposition 6.3.4).
Thus, since F(o=(t)) — 0 as [t| — oo, if Re @ # 0 then 6%(¢) is unbounded as [¢|
increases. That is, o™ and o~ spiral infinitely and in opposite directions. Moreover,
the strict spiraling also gives that p*(t) is strictly increasing in |t|. To see this note
that since p'(t)u,(p(t),0(t)) + 0'(t)ug(p(t),6(t)) = 0 along o*(¢) and uy # 0, p'(t)
can only vanish when ¢'(t) does. But, our choice of parametrization rules out the
simultaneous vanishing of these two derivatives. This contradicts embeddedness, as
such curves must eventually intersect. This last fact is most easily seen by looking
at the universal cover of the annulus {max {p*(£7p)} < p < min {p*(+(Ty + T1)}}
where Ty, Ty > T > 0 are chosen so |0F(£(Ty +1T1)) — 0% (£Ty)| > 47 and the annulus
is non-empty. In particular, by appropriately lifting o, and o_, the intersection is
immediate. Therefore, Re a = 0. O

6.4 Addendum

6.4.1 Topological structure of X

An elementary, but crucial, consequence of the maximum principle is that each com-
ponent of the intersection of a minimal disk with a closed ball is a disk. Similarly,
each component of the intersection of a genus k surface with a ball has genus at most
k (see Appendix C of [22] and Section I of [21]). For ¥ with one end and finite genus,
we obtain a bit more:

Proposition 6.4.1. Suppose ¥ € £(1) and ¥ C XN By is connected and has the same
genus as ¥. Then, ¥\X is an annulus. Moreover, for any convex set C with non-
empty interior, if C N By = 0, then each component of C MY is a disk. Alternatively,
if By C C then all the components of C' N'Y not containing X are disks.

Proof. That ¥\¥ is an annulus is a purely topological consequence of ¥ having one
end. Namely, if 93 had more than one connected component, the genus of 3 would
be strictly greater than the genus of 3.

If C' and B; are disjoint then, as they are convex, there exists a plane P so that P
meets ¥ transversely and so that P separates B; and C. Since ¥\X is an annulus and
PNY =0, the convex hull property implies that P N Y consists only of unbounded
smooth proper curves. Thus, exactly one of the components of ¥\ (P N ) is not a
disk. As C'is disjoint from the non-disk component we have the desired result. On
the other hand, if C' is convex and contains By, denote by C’ the component of C'NX
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containing Y. Suppose there was a component of C' MY not equal to C” that was not
a disk, then there would be a subset of > with boundary in C' but interior disjoint
from C, violating the convex hull property. O

6.4.2 Proofs of Proposition 6.2.1 and 6.2.2

We note that Theorem 6.1.1 is a sharpening, for ¥ € £(1), of a much more general
description of the shapes of minimal surfaces given by Colding and Minicozzi in
[12]. More precisely, in that paper they show, for a large class of embedded minimal
surfaces in R?, how the geometric structure of a surface is determined by its topological
properties. In particular, as 3 has finite topology and one end, their work shows that
it roughly looks like a helicoid. That is, away from a compact set containing the
genus, > is made up of two infinite-valued graphs that spiral together and are glued
along an axis. While we do not make direct use of this description, it is needed in
order to derive the structural results of Section 6.2.1 from the compactness theory
of [12]. Thus, we briefly sketch a proof, we also refer the reader to Section 3.2.3.

First, Theorem 6.4.1 implies that the sequences \;X, \; — 0, of homothetic scal-
ings of ¥ are all uniformly locally simply connected (ULSC); i.e. there is no con-
centration of topology other than the genus shrinking to a point (see (1.1) of [12]
for the rigorous definition). Theorem 0.9 of [12] (particularly its extension to finite
genus ULSC surfaces) gives a compactness result for such sequences. Namely, any
ULSC sequence of fixed, finite genus surfaces, with boundaries going to co and cur-
vature blowing up in a compact set, has a sub-sequence converging to a foliation,
L, of flat parallel planes with at most two singular lines (where the curvature blows
up), S1, S, orthogonal to the leaves of the foliation. Up to a rotation of R® we have
L = {x3 =t},.p and so S; are parallel to the x3-axis. Away from the singular lines
the convergence is in the sense of graphs, in the C* topology on compact sets for
any 0 < a < 1. Moreover, as explained in property (Cys.) of Theorem 0.9 (see also
Proposition 1.5 of [12]), in a small ball centered at a point of the singular set the
convergence is (away from the singular set) as a double spiral staircase.

We note that in our case, i.e. \;X, \; — 0, there is only one singular line and indeed
since ¥ C B, has non-zero curvature this singular line is the z3-axis. To see this, we
use a further description of the convergence given by property (Cys.), namely, when
there are two singular lines, the double spirals that form around each singular line are
glued so that graphs going around both singular lines close up. To be precise, consider
bounded, non-simply connected subsets of R?\ (S; U S,) that contain no closed curves
homotopic (in R?\ (8; US,)) to a curve around only S;. That is, consider bounded
regions that go only around both singular lines. In these regions, the convergence is
as a single valued graph. If this were true of the convergence of \;X, then one could
intersect \;2 with a ball By with R chosen large enough to intersect both singular
lines (and contain the genus). Then at least one component of this intersection for 4
very large would have 3 boundary components which contradicts Proposition 6.4.1.
Thus, the local picture near S; of a double spiral staircase extends outward and X
has the claimed structure.

The geometric nature of the proof of Theorem 0.9 of [12] implies that \;¥ always
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converges to the same lamination independent of the choice of \;. We now use the
nature of this convergence to deduce gradient bounds in a cone. This and further
application of the compactness theory will then give Propositions 6.2.1 and 6.2.2.

Lemma 6.4.2. For any € > 0,0 > 0 there exists an R > 1 so every component of
(Cs\Bgr) N X is a graph over {x3 = 0} with gradient less than e.

Proof. We proceed by contradiction. Suppose there exists a sequence {R;} with
R; — oo and points p; € (Cs\Bg,) N X such that the component of B, (p;) N X
containing p;, €);, is not a graph over {x3 = 0} with gradient less than e. Here
depends on ¢ and will be specified later. Now, consider the sequence of rescalings ‘p—li‘Z,
which by possibly passing to a sub-sequence converges to £. Passing to another sub-
sequence, ﬁpi converges to a point p,, € Cs5 N By. Let Q,- = ‘p—1|§2, Proposition 1.5

of [12] guarantees that if B, (ps)NS = 0 then the Q; converge to Qu C {73 = 23(pso) }
as graphs. As S is the sole singular set, we may choose ~ sufficiently small, depending
only on 4, to make this happen. Thus, for sufficiently large j, Qj is a graph over
{z3 = 0} with gradient bounded by €, giving the desired contradiction. O

Proof. (Proposition 6.2.1) Choose R from Lemma 6.4.2 with § = €. Note, control on
the gradient bounds the separation between sheets. Thus, increasing R, if necessary,
guarantees N sheets of a graph inside C.. O

Proof. (Proof of Proposition 6.2.2) Note that as long as |y| is sufficiently large, Theo-
rem 0.6 of [20] gives an Q2 < 1/2 (as well as C; and C3) so that, since the component of
B 1y (y)NX containing y is a disk, there exists a N-valued graph ¥ over the annulus,
A = Dqpy\Ds/2(y) C P with gradient bounded by €/2, initial separation greater than
Cys and disty (X9, y) < 2s. Here P is in principle an arbitrary plane in R3.

We claim that Lemma 6.4.2 implies a subset, X{, of ¥y is a N-valued graph
over the annulus A" = Dqy,2\Ds(II(y)) C {x3 = 0} with gradient bounded by e,
which further implies Xf, can be extended as desired. To that end we note that for
0 > 1/(49Q), if y ¢ Cs then A (and thus, by possibly increasing 9, ¥y) meets Cs.
Lemma 6.4.2 allows us to choose an Ry > 0 so that every component of ¥.N(Cs\Bg,)
is a multi-valued graph over {3 = 0} with gradient bounded by ¢/4. Thus if we take
R > 2R then there is a point of ¥y in Cs\Bg,; therefore, for the gradient estimates
at the point to be consistent, P must be close enough to {x3 = 0} so that we may
choose ¥j C ¥ so it is a multi-valued graph over A’. Furthermore, the part of X
over the outer boundary of A’ is necessarily inside of Cs\Bg, and so Lemma 6.4.2
allows us to extend it as desired. 0

6.4.3 One-sided curvature in X

In several places we make use of the one-sided curvature estimate of [22]. Recall, this
result gives a curvature estimate for a minimal disk that is close to and on one side
of a plane. As a sequence of rescaled catenoids shows, it is crucial that the surface be
a disk. In our situation, Proposition 6.4.1 allows the use of the one-sided curvature
estimate far from the genus. For convenience we record the statement we will need
and indicate how it follows from [22]:

63



Corollary 6.4.3. Given €,0 > 0 there exist 09 > 0 and R > 1 such that, if there
exists a 2-valued dy-sheet on scale s centered at y where y ¢ Cs U Bg, then all the
components of XN (Cs,\Bas(y)) are multi-valued graphs with gradient < e.

Proof. The result follows immediately from the proof of Corollary 1.1.9 of [22] (see
Corollary 3.1.10) as long as one notes that the proof of 1.1.9 depends only on each
component of XN Cgs,\Bs(y) being a disk for K some large (universal) constant. We
refer the reader to Figure 3-2. Thus, by Proposition 6.4.1, we need only check that
for a suitable choice of R and upper bound 4 for dy (both R and ¢} depending only
on §), y ¢ Cs U By implies Cgg; (y) is disjoint from By (i.e. from the genus).

Now suppose # € Cgg (y) and think of z and y as vectors. By choosing 4
sufficiently small (depending on §) we have that |(z — y,y)| < (1 —)|y||x — y| (that
is the angle between z — y and y is bounded away from 0°); note 1 > v > 0 depends
only on 4. But then |z = |z —y+y|? > |z —y|* +2(x — y,y) + |y|* > 7|y|>. Hence,
picking R? > % suffices. O

6.4.4 Geometric Bounds near blow-up pairs

We record the following extension of Lemma 2.26 of [24] to surfaces with non-trivial
topology. The proof is identical to that of Lemma 2.26 as long as one replaces Colding
and Minicozzi’s compactness result for minimal disks, i.e. Theorem 0.1 of [22], with
the more general Theorem 0.6 of [12]:

Proposition 6.4.4. Given K, g there exists a constant K, such that: if ¥ C R3 is
an embedded minimal surface of genus g, ¥ C Bik,s(y) and 0% C 0Bg,s(y) and (y, s)
1 a blow-up pair, then we get the curvature bound:

(6.2) sup |A]? < Kys™2

BKls(y)mE

An immediate corollary is that, for blow-up pairs far from the genus, the scale is
small relative to the distance to the genus.

Corollary 6.4.5. Given o, Cy > 0 there exists an R such that for (y, s), a C1 blow-up
pair of X with |y| > R then s < aly|.

Proof. Recall we have normalized ¥ so suppg ~y, |A]*> > 1. Now suppose the result
did not hold. Then there exists a sequence (y;,s;) of C; blow-up pairs with |y;| > j
and s; > aly;|. Set K1 = 2/a. By Proposition 6.4.4 there exists K, such that
SUPBxlsj(yj)OE|A|2 < Kgsj_2. Since By C Bgys,(y;), supg,qs [A]? < Kgsj_2. But
s; > aly;| > aj, thus for j sufficiently large one obtains a contradiction. O]
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Chapter 7

The Space of (Genus-g Helicoids

The goal of this chapter is to investigate how one might further restrict the space
genus-g helicoids, i.e. more fully understand the finer geometric structure of elements
of £(1, g). We do so by showing, after a suitable normalization, a certain compactness
result for these spaces. Unfortunately, this result can not rule out the “loss” of genus
and so does not give much new geometric information for g > 1. However, we have
the following strong compactness result for genus-one surfaces:

Theorem 7.0.6. Let ¥; € £(1,1) and suppose that all the ¥; are asymptotic to H, a
fized helicoid. Then, a sub-sequence of the 3; converge uniformly in C'*° on compact
subsets of R3 to Yo, € E(1,1) U {H} with Yo asymptotic to (or equaling) H.

To prove this result, we must develop a more general compactness theory. Indeed,
we prove some results that specialize and extend the compactness theory of Colding
and Minicozzi developed in [12]. Specifically, suppose ¥; is a sequence of minimal
surfaces with finite genus and connected boundary. Then if 0%; C 0Bp,, R; — o0,
and one has an appropriate normalization, then a sub-sequence converges smoothly
on compact subsets of R? to an embedded finite (and positive) genus minimal surface
with one end, i.e. an element of £(1,+) which (as we have seen in Chapter 6)
is a genus-g helicoid. Obviously, some normalization is required to obtain smooth
convergence; as is clear by looking at the rescalings of a genus-one helicoid. We
consider two different normalizations — one intrinsic and one extrinsic. Intrinsically,
we normalize by demanding that the injectivity radius is everywhere bounded below
by 1 and that 0 € ¥; has injectivity radius uniformly bounded above — a very natural
condition from the point of view of metric geometry. We also introduce a slightly more
technical extrinsic normalization — we defer a precise definition of it to Section 7.3.
Roughly speaking, in the extrinsic case, we normalize so that near 0 one has a handle
of ¥ of a fixed extrinsic “size”. Ultimately, we show that the two normalizations are
equivalent. While the definition of the extrinsic normalization is more technical, it is
very natural from the point of view of Colding and Minicozzi theory and likely easier
to verify in application.

Without any assumptions on the scale of the topology, the bound on the genus
and the fact that R; — oo is enough to apply the compactness theory of Colding and
Minicozzi [12] (see Section 3.2.3). That is, either a sub-sequence converges smoothly
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on compact subsets of R?® to a complete surface or a sub-sequence converges to a
singular lamination in a manner analogous to the homothetic blow-down of a helicoid.
Thus, the main thrust of this chapter will be to show that uniform control on the
scale of the genus rules out the singular convergence.

Let us define £(e, g, R) to be the set of smooth, connected, properly embedded
minimal surfaces, ¥ C R3, so that ¥ has genus g and 90X C dBg(0) is smooth,
compact and has e components. Additionally, let (e, g,00) = E(e, g) be the set of
complete embedded minimal surfaces with e ends and genus g. Note, that for e = 1
this agrees with our previous definitions. We then have the following compactness
results:

Theorem 7.0.7. Suppose ¥; € E(1,9,R;) (9> 1) with 0 € ¥;, injy, > 1, inj 5, (0) <
Ay and R;[r(%;) — oco. Then a sub-sequence of the ¥; converges uniformly in C'*
on compact subsets of R* with multiplicity 1 to a surface o, € UY_ E(1,1).

Theorem 7.0.8. Suppose ¥; € E(1,9,R;) (9 > 1) with r_(3;) = 1, r_(%;,0) <
C, and R;/ri(%;) — oo. Then a sub-sequence of the ¥; converges uniformly in
C*> on compact subsets of R® with multiplicity 1 to a surface X € UY_E(1,1) and
r_(Xe,0) < C.

The above theorems are, respectively, our compactness result for intrinsically nor-
malized sequences and for extrinsically normalized sequences. The technical defi-
nitions in the statements are thoroughly explained in Section 7.3, in particular see
Definitions 7.3.1, 7.3.3 and 7.3.4.

Recall, that Corollary 6.0.9 of Chapter 6, tells us that any element of £(1,¢) is
asymptotic to a helicoid. It is natural to investigate whether there is a connection
between the scale of the asymptotic helicoid (a global quantity) and the scale of
the genus (an essentially local quantity). When g = 1 such a connection can be
established, as trivially r_(X) = (), and so Theorem 7.0.8 is particularly strong.
Indeed, one has Theorem 7.0.6, that is, compactness in the space £(1,1), as long as
the asymptotic helicoid is fixed. In particular, for surfaces with genus one, there is a
uniform relationship between the scale of the asymptotic helicoid and the scale of the
genus. Note that Theorem 7.0.6 is a generalization of a result of Hoffman and White
in [40], there they prove such a compactness result after imposing strong symmetry
assumptions.

Finally, Theorem 7.0.8 allows one to give an effective geometric description of
minimal surfaces with genus one and connected boundary, comparable to the descrip-
tion of the shape of embedded minimal disks near a point of large curvature given by
Theorem 5.1.1:

Theorem 7.0.9. Given e >0 and R > 1 there ezists an R' = R'(¢, R) > R so that if
Y e &(1,1,R) withr_(X) =1 and the genus of ¥ is centered at 0, then the component
of Br(0)NX containing the genus is bi-Lipschitz with a subset of an element of £(1,1)
and the Lipschitz constant is in (1 — €, 1+ €).

This chapter will appear in [1].
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7.1 QOutline of Argument

The proofs of Theorems 7.0.7 and 7.0.8 rely on Colding and Minicozzi’s fundamental
study of the structure of embedded minimal surfaces in R3. In particular, we make
use of three important consequences of their work: the one-sided curvature estimates
(see Section 3.1.4); the chord-arc bounds for minimal disks (see Section 3.2.2); and,
most importantly, their lamination theory for finite genus surfaces (see Section 3.2.3).
As our work depends most critically on this last result, we refer the reader to the
discussion of it in Section 3.2.3.

To prove 7.0.7, we first prove a compactness result for a larger class of surfaces.
The price we pay is that we no longer have as much information about the topology
of the limiting surfaces. This result is of some interest in it’s own right and should
be compared to very similar results obtained by Meeks, Perez and Ros, [42,43]:

Theorem 7.1.1. Let ¥; € E(e,g,R;) (e,g > 1) be such that 0 € %¥;, injyn, > 1,
inj »,(0) < Ag and R; — oo then a sub-sequence of the ¥; converge smoothly on
compact subsets of R® and with multiplicity one to a non-simply connected minimal
surface in U1§k§e+g70§lgg5(l{i, l)

We will use the lamination theory of [12] to show Theorem 7.1.1. Note, the uniform
lower bound on the injectivity radius and the weak chord-arc bounds imply that there
is a uniform extrinsic scale on which the surfaces are simply connected. This allows
for the local application of the work of Colding and Minicozzi for disks [19-22]. In
particular, the sequence of 3; is ULSC (see Definition 3.2.4).

The uniform upper bound on the injectivity radius at 0 implies the existence of a
closed geodesic, in each ;, close to 0 and which have uniformly bounded length. Using
these closed geodesics and the lamination theorem, we show uniform curvature bounds
on compact subsets of R? for the sequence. Indeed, suppose one had a sequence that
did not have uniform curvature bounds. Then a sub-sequence would converge to a
singular lamination as in Section 3.2.3. The nature of the convergence implies that
any sequence of closed geodesics in the surfaces, which have uniform upper bounds
on their lengths and that that don’t run off to oo, must converge (in a Hausdorff
sense) to a subset of the singular axis. This is finally ruled out by noting that the
uniform scale on which the surfaces are simply connected, allows us to use the one-
sided curvature estimate and the weak chord-arc bound to obtain a contradiction.
The uniform curvature bounds and Schauder estimates allow us to appeal to the
Arzela-Ascoli theorem and which together give the convergence.

As an immediate consequence, we deduce that, for sequences in £(1,g, R;), as
long as the genus stays inside a fixed uniform ball and does not shrink off, then one
has convergence to an element of £(1, g). Indeed, with such uniform control, the no-
mixing theorem of [12] implies that there is a uniform lower bound on the injectivity
radius and so Theorem 7.1.1 applies; that the genus remains in a fixed compact
space implies that the limit surface must belong to £(1,g). Using this result, the
intrinsically normalized compactness result, i.e. Theorem 7.0.7, proved in Section
7.3, is proved by induction on the genus. When the genus is one, the inner and outer
scales coincide. Furthermore, in this case, it is not hard to relate the extrinsic and
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intrinsic normalizations and so Theorem 7.0.7 follows immediately from the arguments
described above. For larger genus, if one does not have uniform control on the outer
scale, then passing to a sub-sequence gives r(3;) — oco. In this case the no-mixing
theorem of Colding and Minicozzi implies the existence of r; < r,(3;) with r; — oo
such that there is a component Y. of B,, N%; so ¥} € E(1, ¢, r;) where 0 < ¢’ < g and
the > satisfy the conditions of Theorem 7.0.7. Thus, the induction hypothesis and
fact that 3} eventually agrees with 3J; on any compact subset of R? together prove the
theorem. Theorem 7.0.7 allows one to relate the intrinsic and extrinsic normalizations
for arbitrary genus. Theorem 7.0.8 is then a simple consequence of this.

In order to prove our main compactness result, i.e. Theorem 7.0.6, which we
prove in Section 7.4.1, we couple Theorem 7.0.8 with the fact that the surfaces are
asymptotic to helicoids (see Chapter 6). The connection between the convergence on
compact subsets of R? and the asymptotic behavior at the end is made using certain
path integrals of the holomorphic Weierstrass data.

7.2 Weak Compactness

We will prove Theorem 7.1.1 by using the lamination theory of Colding and Minicozzi.
The key fact is that the weak chord-arc bounds of [24] (see Proposition 3.2.3) allow us
to show that our sequence »; is ULSC. That is, there is a small, but uniform, extrinsic
scale on which the sequence is simply connected (the uniform lower bounds for the
injectivity radius provide such a uniform intrinsic scale). Thus, the lamination theory
of [12] will imply that either there are uniform curvature bounds on a sub-sequence,
or, on a sub-sequence, one has one of two possible singular convergence models. A
simple topological argument will rule out one of these possibilities and so imply that
the sequence behaves like the blow-down of a helicoid (i.e. like Theorem 3.2.1). This
will be shown to contradict the origin having an upper bound on its injectivity radius,
which proves the desired curvature bounds. One can then appeal to the Arzela-Ascoli
theorem.

7.2.1 Technical lemmas

In order to prove these bounds, we will need four technical lemmas. We first note the
following simple topological consequence of the maximum principle:

Proposition 7.2.1. Let ¥ € &(e, g, R) and suppose B.(x) C Bg(0) and 0B,(z)
meets Y. transversely, then, for any component Xy of XN B,.(x), 0% has at most g+e
components.

Proof. Let ¥;, 1 < i < n be the components of 3\¥g, note for 0 < i < n, the ¥; are
smooth compact surfaces with boundary. Thus, 9%; is a finite collection of circles
and so the Euler characteristic satisfies x(2) = > ", x(X;). By the classification of
surfaces one has x(X) = 2—2g —e and x(%;) = 2 —2g; —e; where g; is the genus of ¥;
and e; number of components of OX;. Note that, > ;g; < gand > e; = ey +e.
Thus, we compute that eg = n+ g — >, g;- The maximum principle implies that
n < e (as any %;, for i > 1, must meet 0Bg). Thus, eg < e+ g. O
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Next we note it is impossible to minimally embed an (intrinsically) long and thin
cylinder in R? (compare with [16] and Lemma 4.2 of [24]):

Lemma 7.2.2. Let I' be an embedded minimal annuli with OU = v, U vy where the ~;
are smooth and satisfy f% |ky| < Cy and U(v;) < Cy, i.e. the curves have bounded total
geodesic curvature (in T') and bounded length. Then, there exists a C3 = C3(CY, Cy)
so that distr(vyy,72) < Cs.

Proof. We proceed by contradiction. That is, assume one had a sequence of I'* satis-
fying the hypotheses of the theorem but so that distp:(vi,~74) — oco. We claim that,
for 4 sufficiently large, there exist disjoint embedded closed curves of and ¢ in I so
that the o (j = 1,2) are homotopic to 7/ (I = 1,2) and one component of I'\ (o} Uc})
has positive total curvature. As I is minimal, this is impossible, yielding the desired
contradiction.

In order to verify the claim, we note that it is enough (by the Gauss-Bonnet
theorem) to find o}, o4 so that the total geodesic curvature (in I") of the o? (j = 1,2)
has appropriate sign. In other words, if we order things so o] lies between ~} and o3
then we want the total geodesic curvature of o} to be negative with respect to the
normal (in I';) to o} that points toward 7i and similarly we want the total curvature
of o4 to be negative with respect to the normal pointing toward 3.

Now suppose we translate so 74 C Bg,(0). The Gauss-Bonnet theorem and the
estimates on the total curvature of 7;'- (for 7 = 1,2) imply that fri |A]? < 47Cy. We
may thus pass to a sub-sequence of the I'; and appeal to the intrinsic version of the
estimates of Choi and Schoen [11]. Hence, there is an Ry > 0 with Ry = Ro(C4, Cs) so
that for any R > Ry there is an iy = ig(R) so if i > i and distr(z,vi) € (Ry, R) then
|A]?(z) < 1. Thus, one has uniform curvature estimates on compact sets sufficiently
far from «! and so may pass to a limit and appeal to Arzela-Ascoli to see that on
compact subsets of R3\ Byc, 125, (0) the I converge to an embedded minimal surface
['>°. Since each I'* has uniformly bounded total curvature this is also true of I'*°.
By [57], I'* must be asymptotic to a plane or half a catenoid. Note that for a catenoid
or plane (normalized to be symmetric with respect to the origin) by intersecting with
the boundary of a very large (extrinsic) ball one obtains a curve (in the catenoid or
plane) with total curvature less then —7 (with respect to the normal pointing inside
the ball). As a consequence, for i sufficiently large one can find o! as desired. The
exact same argument, with I'* translated so v lies in B, (0), allows one to construct
05. 0

We will also need a certain sort of “stability” result for minimizing geodesics in
flat surfaces:

Lemma 7.2.3. Let ¥ C By(0) be an embedded disk with 0% C 0By(0). Suppose there
exists u : D32(0) — R so the graph {(z,u(z)): x € D3;»(0)} = £° C . Then for
any 6 > 0 there is an € > 0 so: if ||ul|c2 < € and px € 0B1(0) N X% are such that
v C X0 the minimizing geodesic in X° connecting p+, has v N Be(0) # O then there
is a line 0 € L so that the Hausdorff distance between v and LN D(0) is less than §.
As a consequence £(y) > 2 — 24.
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Proof. Fix 0 > 0 and suppose this result was not true. That is, one has a sequence of
¥; and u; with u; — 0 in C* and points p, connected by minimizing geodesic v; C %°
that meet B, (0) where ¢; — 0, but the conclusion of the lemma does not hold.

We first note that for ¢ sufficiently large the control on |Vu;| implies that for
any points a,b € 39, distgs(a,b) > %distzg(a, b). Thus, as the condition imposed on
7; implies that disty, (p’.,p~) > 1, it follows that distgs(p’,p’) > 1/2. Hence, by
passing to a sub-sequence we may assume that u; — 0 and that p,. — p® € 9D;(0)
and the distance between p%° and p> is bounded below by 1/2 (and in particular the
points don’t coincide). Now, let L be the line connecting p3°.

We claim that 0 € L. If this was not the case then ¢(L N D;(0)) = 2 — 4« for
some o > 0. Let L; be the graph (of u;) over L N D;(0), so L; is a segment that
is a subset of ;. By the convergence it is clear that one may find an iy so that
for ¢ > ig, disty, (pl, L;) < « and ¢(L;) < £(L N D;(0)) + o. Thus, for i > iy, one
has disty, (p",p’.) < 2 — . On the other hand, the hypotheses imply that there is
a p' € v with p — 0. In particular, by increasing i, if needed, one has for i > i,
disty, (p'., p’) > distgs(p,, p’) > 1 — /2. But then disty, (p",p%) > 2 — a.

Arguing similarly, we see that L N D;(0) must be Hausdorff close to «y;, when i is
sufficiently large, yielding the desired contradiction. Finally, we note that the length
estimate follows as the two segments are Hausdorff close. O

We make the following definition:

Definition 7.2.4. Suppose v C R3 is a smooth, immersed closed curve parametrized
by f : S' — 7. For a fixed compact subset K of R?® we say 7/ C ~ is an arc of 7y in
K (through p) if v/ = f(I') where I' is a connected component of f~'(K NS') (and

pEY).
Remark 7.2.5. If v is embedded then an arc in K is just a component of v N K.

Our final technical lemma shows that, for a sequence of ¥; converging to a minimal
lamination with nice singular set, any closed geodesics in the ¥;, that are of uniformly
bounded length and that do not run off to infinity, must collapse to the singular set.

Lemma 7.2.6. Fiz A,C > 0. Suppose ¥; € E(e,g,R;), R; — o0, the ¥; converge
to the singular lamination L with singular set S = Sy in the sense of Colding and
Minicozzi [12], and that S is the xz-axis. Then, given € > 0 there exists an ig so
that for i > g, if v; is a closed geodesic in %;, with {(7v;) < 2A and v; C Bea, then
vi C T.(S), the extrinsic e-tubular neighborhood of S.

Proof. Suppose the lemma was not true; then there exists a sub-sequence of the
Y, so that v; intersects K, = Boa(0)\T.(S). As a consequence, there are points
pi € v: N K, that (after possible passing to a further sub-sequence) converge to some
point po, € K. The convergence of [12] implies that for sufficiently large i (so R;
is large), Be/2(poo) M 3, converges smoothly to Bea(pe) N {x3 = t}, in the sense of
graphs. Let 7] be an arc of 7; in B./2(pso) through p;; then 7] is a geodesic segment
with boundary points qi:t lying in the boundary of B2(ps). Finally, let us choose I';
to be the component of B2(pss) N X; that contains p;.
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For a given § > 0, there exists i sufficiently large such that I';, 7. satisfy the
hypotheses of Lemma 7.2.3 (up to a rescaling). Notice that for large i, I'; is very
flat and in particular is geodesically convex and hence 7/ is the minimizing geodesic
connecting ¢*. Hence, if L; is the line given by the lemma, 4/ lies in the d-tubular
neighborhood of L;N D, /4. By passing to a sub-sequence, the v; converge to a segment
of aline L in {3 = x3(pso)} that goes through p...

We next show this is impossible. Clearly at least one of the rays of L starting
at Poo, LT, does not meet S. Thus, there is an €/4 > ¢, > 0 so one can cover
LT by balls of radius € that are disjoint from S. Now, let pl be the point of
intersection of Bey/2(poo) With LT and inductively define p*™! to be the point of
intersection of By, /o(pk,) with LT that is further from ps than p% . Let ~/, be an
arc of v/ in Be,/2(pL,) (note, for i sufficiently large, the convergence, the fact that
Beyj2(pL) C Beja(pso), and R; — oo together imply this is non-empty). Moreover,
one then has that +;, converge to L N By, /2(p%). This comes from applying Lemma
7.2.3, given the fact that an end-point of +; (and thus a point of 7} ;) converges to pZ..
Now let 7], be an arc in Be,/2(p2,) through a point of 7/ ; (by increasing 7 if needed we
may ensure this is non-trivial). By Lemma 7.2.3 and the fact that the 7}, converge
to L N Bey/2(pl,), the 7, converge to L N By /2(p2,). Now, fixing some large jo, we
may proceed inductively and define v; ; (for j < jo) to be the arc of ; in B, /s (pl.)
through a point of 7; ; ;. Again, we may have to choose i large enough (depending on
Jo) so everything is non-trivial. Note also that, by an inductive argument, we obtain
that ; ; converge to L N Bejs(pl,) as i — oc.

Notice by construction that for [l — j| > 2, v, N7, = (. Moreover, by the
convergence result, for i sufficiently large, £(v; ;) > €o/2. Choose j large enough so
€0jo = 10A. This contradicts the upper bound for the length of +;, thus proving the
lemma. O

7.2.2 Proof of Theorem 7.1.1

We apply the preceding lemmas in order to show uniform curvature bounds:

Lemma 7.2.7. Let 3; € (e, g, R;) be such that 0 € ¥;, injx, > 1, injx,(0) < C and
R; — oo then a sub-sequence of the ¥; satisfy

(7.1) sup sup |A]* < oo.
i KN3,

Proof. If this was not the case then by the lamination theorem of [12] a sub-sequence
of the 3J; would converge to a singular lamination £. For any = € ¥; with |z| < R;/2,
the injectivity radius lower bound and the weak chord-arc bounds of [24] imply that
there is a 0; > 0 so By, (x) N Y is a subset of the intrinsic ball of radius 1/2 centered
at x. Fixing z, as long as i is large enough so |z| < R;/2, this implies that every
component of By, () NY; is a disk. Thus, the sequence of ¥; is ULSC and so the
structure of the singular set of £ is & = Sy Hence, after rotating if needed,
L = {w3 =t},.g and S is parallel to the z3-axis and consists of either one or two
lines. If there were two lines then pick Ry large enough so that Bpg,/2(0) meets both
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Figure 7-1: The points of interest in the proof of Lemma 7.2.7.

of them. By the nature of the convergence in this case (modeled on the degeneration
of the Riemann examples see [12] or Section 6.4.2), for any f > 0 there is an iy so for
1 > 19, at least one component of Br, N ¥; has boundary consisting of more than f
connected components. This contradicts Proposition 7.2.1 and so does not occur.

We next rule out any singular behavior. To that end, we note that the injectivity
bound at 0 and the non-positive curvature of ¥; imply the existence of 0 € 4/ C ¥,
a geodesic lasso with singular point 0 and ¢(v}) < 24, (recall a geodesic lasso is a
closed continuous curve that is geodesic away from one point). For the existence
of such lassos 7} we refer to Proposition 2.12 of [10]. Note that the length bound
implies 7/ C Bsa,(0). The fact that ¥; has non-positive curvature implies that
vi is not null-homotopic. We may minimize the homotopy class of 7, to obtain a
closed geodesic v;, note that Lemma 7.2.2 allows us to do this without worry even
though ¥; has boundary. Indeed, either +/ intersects «; and so 7; C Bga, Or as
0(7;) < £(v;) we may apply Lemma 7.2.2 (after smoothing out 7, a bit). In the latter
case, disty,(v},7:) < (C — 3)Dy for some large (but uniform) C' and so may take
Yi C By (0).

Now for € > 0, let T.(S) be the extrinsic e-tubular neighborhood of §. Lemma
7.2.6 then implies there is an i, so that for all i > i., v; C T.(S). For each i, fix
pi € 7 so that x3(p;) = min {x3(p) : p € v} i.e. the lowest point of 7;. Then a sub-
sequence of the p; converge to p,, and, by the above, p,, € §. Let p, be the point of
intersection of 0By, /2(Poc) NS, chosen so x3(p) > 3(po). Pick ig large enough so for
i > 1o, |Poo —Pi| < 60/4. The choice of 6y implies that ~; is not contained in By, /2(poo);
but for i > iy, 7; meets this ball. Let 7} be an arc of 7; in B, 2(pes) through p;. Note
that 7Y has boundary on dBjs, /2(Pss). Denote these two boundary points by ¢ and
q; (See Figure 7.2.2). Notice that for i > ig, do/3 gives a uniform lower bound on
the intrinsic distance between ¢;" and ¢; . To see this we first note that for ¢ > 4y the
length of 1! is bounded below by dy/3, as the extrinsic distance between ¢ and p;
is bounded below by do/4. On the other hand, by the lower bound on the injectivity
radius, either the intrinsic distance between ¢; and ¢;* is greater than 1/2 or both
lie in a geodesically convex region and 4 must be the unique minimizing geodesic
connecting them.
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Figure 7-2: Illustrating the consequence of the one sided curvature estimates

Now by Lemma 7.2.6, for any § > 0, there is an i5 > iy so for i > i5, ¢= € Bs(py).
By the one-sided curvature estimate of [22] (see in particular Corollary 3.1.9), there
exist ¢ > 1 and 1 > € > 0 so that if 3, ¥ are disjoint embedded disks in B.z with
0Y.; C OB.r and B.pNY; # (), then for all components 3 of BpNY; that intersect Beg,
supy, |A[> < R72. Thus, as long as 5,09 > § > 0, because lim;.oc Supy,, g, () [A° —
0o, there is an i§ > i5 so for ¢ > 4 there is only one component of B, (p;+) N Y;
that meets Bs(p4). As a consequence, for <0y > 0 > 0 and i > 4}, there is a 0; in
Besje(p+) NS that connects ¢;° (see Figure 7-2).

Now, choose § small enough so that (£41)0 < do. Then, fori > i§, ¢; € Bas(g;") C
Besys(q), and thus the component 39 of Besys(g;) N'E; that contains g is a disk
and, by the above analysis, ¢; € ¥2. Let 1 > §; > 0 be given by the weak chord
arc bounds (see Proposition 3.2.3) and decrease 8, if necessary, so (¢ + 1)§ < £000;.
Then, the intrinsic ball of radius 2(¢ 4 1)dd; ! centered at ¢; is a disk, and hence
the weak chord arc bounds imply that X9 is a subset of the intrinsic ball of radius
(€4 1)00; " centered at ¢;”. Thus, there exists a uniform constant C' = (£ + 1)d; " so
that disty, (¢;", ¢; ) < Cd as long as ¢ > i§. But for § sufficiently small, this contradicts
the uniform lower bound on the distance between ¢;” and ¢; , proving the lemma.

U

Corollary 7.2.8. Suppose 0 € %; € E(e, g, R;) are such that inj s, > 1, inj x,(0) <
Ay and R; — oo. Then, a sub-sequence of the ¥; converges uniformly in C* on
compact subsets of R and with multiplicity 1 to a non-simply connected surface Yoo €
E(e,g',00) where e <e+g,¢9 <g.

Proof. By Lemma 7.2.7, the curvature of the ¥; is uniformly bounded on any compact
subset of R3. However, we do not, a priori, have uniform area bounds, and so some
care must be taken in discussing convergence. In particular, the Arzela-Ascoli theorem
and Schauder estimates, only imply that a sub-sequence of the ¥; converge smoothly
on compact subsets of R3 to some complete, embedded (by the maximum principle)
minimal, smooth lamination, L.
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We first claim that L., does not contain a plane and so is in fact a smooth
minimal surface X,. Suppose L, contained a plane P, and choose R > A so that
OBr(0) meets each 3; transversely (such an R exists by Sard’s theorem) and let ¥
be the component of Br(0) N Y; that contains 0. Notice that, as inj x,(0) < A
and 3; has non-positive curvature, ¥? is not a disk and so x(X9) < 0. The smooth
convergence implies that for ¢ sufficiently large there are domains €2; C P and smooth
maps u; : ; — R so X is the graph of u; and the XY converge smoothly to ¥2°,
moreover the €); exhaust Dgr = P N Bg. Thus, we have that the area of XY is
uniformly bounded as is its total curvature and the geodesic curvature of 9¥?. Now
by the Gauss-Bonnet theorem, fzg K+ faz? ky < 0, whereas fDR K+ faDR k, = 2m.
However, the smooth convergence implies lim;_, fz,‘g K+ [ o5 ko= [, b, K+ /. oDy, Ko
which is clearly impossible.

Thus, L, does not contain a plane and hence no leaf of £ is stable (by [56]). One
may thus argue as in Appendix B of [12] to see that the ¥; converge to some 3,
with multiplicity 1. Roughly speaking, if the convergence was with a higher degree of
multiplicity, one would be able to construct a positive Jacobi function on Y., which
would force X, to be stable (by [29]).

Let the XY continue to be as above. Then XY converges uniformly in C* on
compact sets and with multiplicity 1 to a surface X which is a component of
Bgr(0) N X,. Notice that, by Proposition 7.2.1, ¥V has at most e + g boundary
components. If v, = 9X0 and 7, = 9%%, then 7; converge to 7. smoothly and
with multiplicity one. Then one immediately checks that lim;_,. fz? K = fE‘S,o K and

lim; o [00 kg = [550 kg and so by the Gauss-Bonnet theorem %2 has non-positive
Euler characteristic, i.e. is not a disk. Thus, the maximum principle implies that >

is not simply connected. The convergence can only decrease the genus and increase
number of ends by the indicated amount which gives the result. O

7.3 The Intrinsic and Extrinsic Normalization

We wish to apply Theorem 7.1.1 to sequences of surfaces in £(1, g, R;). In particular,
we hope to show that the resulting limit surfaces are in £(1, ¢, 00) where 0 < ¢’ < g.
The main tool we will use to restrict the topology of the limit surfaces is the no-
mixing theorem of [12]. In order to apply the no-mixing theorem, we must first treat
sequences that have stronger properties. Namely, we will first show that sequences
which have both upper and lower bounds on the scale of the genus sub-sequentially
converge to elements of £(1,¢) and do so without loss of genus. When g = 1, such
strong, two-sided, control follows when either the intrinsic or extrinsic normalization
is imposed. Thus, for genus-one surfaces, Theorems 7.0.7 and 7.0.8 are immediate.
When one does not have an upper bound on the outer scale of the genus. The no-
mixing theorem implies that there is a scale, that is a fixed fraction of . (3;), on which
each ¥; still has connected boundary and has, as we are below r(%;), smaller genus
then g. Thus, one can induct on the genus and obtain the result. Such an argument
would prove both Theorems 7.0.7 and 7.0.8. However, the former is technically easier
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to prove in this manner and with it a simple argument can be given to prove Theorem
7.0.8.
Let us first define the extrinsic scale of the genus precisely:

Definition 7.3.1. For X € £(1, g, R) let
(7.2) ro(X)= inf inf{r: B.(x) C Bg(0)
z€BR(0)

and B,.(r) N'Y has a component of genus g} .

We call 7, (X) the outer extrinsic scale of the genus of ¥. Furthermore, suppose for
all ¢ > 0, one of the components of B, (ny+(x) N Y has genus g; then we say the
genus is centered at x.

Remark 7.3.2. Note that one trivially has that r(X) < R.

The outer scale of the genus measures how spread out all the handles are and the
center of the genus should be thought of as a “center of mass” of the handles. We
also need to measure the scale of individual handles and where, extrinsically, they are
located. To that end define:

Definition 7.3.3. For ¥ € £(1, ¢, R) and x € Br(0) Let

(7.3) r_(3,x) =sup{r: B.(x) C Bg(0)

and B,(x) NY has all components of genus zero}

If, for all r so B,(z) C Bgr(0), every component of B,.(x) N X is of genus zero set
r_(X,z) = oc.

Definition 7.3.4. For ¥ € £(1, g, R) let

7.4 _(X)= inf r_(X, o).
(7.4 )= gt (50)
We call r_(X) the inner extrinsic scale of the genus of ¥.. Furthermore, suppose for

all € > 0, one of the components of B,_(s)c(x) N X has positive genus; then we say
that the genus is concentrated at x.

Remark 7.3.5. One easily checks that r, (X) > r_(X) for X € £(1, g, R), with equality
holding if ¢ = 1. When g = 1 we denote the common value by ().

7.3.1 Two-sided bounds on the genus

We first need a simple topological lemma that is a localization of Lemma 6.4.1 and
is proved using the maximum principle in an identical manner.

Lemma 7.3.6. Let ¥ € £(1, g, R) and suppose the genus is centered at x. If B,(y) N
B, () = 0 and B,(y) C Bg(0), then each component of B,(y) N¥ is a disk.
Moreover, if B, ()(x) C By(y) C Bg(0), then one component of B,(y) N3 has genus

g and connected boundary and all other components are disks.
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We wish to use Theorem 7.1.1, but to do so we need to first check that a uniform
extrinsic lower bound on the scale of the genus (i.e. on r_(X)) gives a lower, intrinsic,
bound on the injectivity radius. This is true, provided we have a uniform bound on
r+(X), by the no-mixing theorem of [12]:

Lemma 7.3.7. Fizr0 < a <1 and g € Z*. Then there exists Ry > 1 and 1 > §y > 0
depending only on o and g so: If ¥ € £(1,¢9, R) with R > Ry, 1 =r_(X) > ar,(2),
and the genus of ¥ is centered at 0, then as long as Bs,(x) C Bg(0), every component
of Bs,(x) N Y is a disk.

Proof. Suppose the lemma was not true. Then, one would have a sequence of surfaces
Y, €&(1,9,Ry) with 1 =7r_(3;) > ary(%;), R; — oo, and the genus of ¥; centered
at 0. Further, there would exist points x; and a sequence ¢; — 0 so that one of the
components of Bs, (x;)NY; was not a disk. Notice for fixed x and r, if B,(2)NBy-1(0) =
() with ¢ large enough so B,(z) C Bg,(0), then each component of B.(x) N Y; is a
disk. Thus, we may assume z; € By,-1(0). Because the injectivity radius of ¥; at x;
goes to zero, we see that SUDp, _, (0)ns; |A|*> — oco. Hence, by possible passing to a
sub-sequence, the ¥; convergence to a singular lamination L.

Let us now determine £ and see that this gives a contradiction. By possibly
passing to a further sub-sequence, we may assume that x; — z.,. Pick iy large enough
so that |r; — xoo| +9; < 1/8 for all @ > 4. Then for ¢ > iy, Bs,(v;) C Bij2(2) and
thus By )2(2) NY; contains a non-disk component. As r_(¥;) > 1/2, this component
has genus zero. By the maximum principle the boundary of this component is not
connected, and hence one checks that ., is a point of S,. of the lamination £ (see
Definition 3.2.5).

For any ball B,(r) with B,(z) N Ba-1(0) = @ and i large enough so B,(x) C
Bp,/2(0), one has that all components of B, (x) NY; are disks, and thus the maximum
principle and the no-mixing theorem of [12] implies that the singular set S of L is
contained in B,-1(0). As a consequence, one may rotate so that £ C {|z3] < a™'}.
Thus, for any k € N there is an i; so that for i > 4y, B((0,0,k+2a7!))NY; = 0 and
R; > k%. Now set ik = %Zik, SO ik is a new sequence with the genus still centered
at 0, 9%, N B(0) =0, 7 (Z) < o' /k — 0, and By((0,0,1+ 2o~ /k)) N%, = 0 for
[ > k. Clearly the curvature in Bs,-1(0) is still blowing up and so by possible passing
to a sub-sequence we have convergence to a singular lamination L. But r+(ik) — 0
implies that 0 € Sy while for & > 3a™", By/4((0,0,1)) C B1((0,0,1 + 2o~ /k))
and so for k > 3a~", By4((0,0,1)) N = 0 which contradicts the lamination result
of [12] for ULSC sequences. O

We now show that the injectivity radius of ¥ is uniformly bounded above by
Agr_(X), for Ag > 0 depending only on the ratio between the inner and outer extrinsic
scales of the genus.

Lemma 7.3.8. There ezists Ry, Ag with Ry > 5Aq > 10 > 0, so: If ¥ € £(1,9, R),
where R > Ry, and one of the components, X', of ¥ N Brj2(0) satisfies r_(3',0) <1
then the injectivity radius of some point of ¥’ N B1(0) is bounded above by Ay.

76



Proof. Pick 0 < §; < 1/2 as in the weak chord-arc bounds of [24] (i.e. Proposition
3.2.3). We claim that we may choose Ay = 2/6; > 3 and Ry = 54A,. To see this,
suppose that ¥ satisfies the hypotheses of the lemma, for some R > Ry and ¥/ was a
component of ¥ N Bp/s so that r_(X’,0) < 1, but the injectivity radius of each point
of ¥ N By is (strictly) bounded below by Ay.

Notice that, as r_(¥',0) < 1, there is a point x € ¥’ N B; so that 3,5 the
component of Bs(x) N X containing x has non-trivial genus. By assumption and
choice of Ay, the intrinsic ball of radius Ay in ¥ centered at x is disjoint from the
boundary and is topologically a disk. Then the weak chord-arc bounds of [24], i.e.
Proposition 3.2.3, imply that the component of By(z) N X containing x is contained
in this disk, which by the maximum principle implies that this component is itself a
disk. This contradiction proves the lemma. O

Corollary 7.3.9. Fiz1 > a >0 andlet ¥ € £(1, ¢, R) and suppose that 1 = r_(3) >
ary (X)), R > Roa™', the genus is centered at 0, and Ry, A¢ are as above. Then there
is a point py € XN By-1 with inj x(x) < Apa™ .

Proof. The center of the genus at 0 and 7, (X) < a™! together imply that r_(3,0) <
a~!. Thus, by rescaling, we may apply Lemma 7.3.8 to obtain a point 2y € B,-1 N
50 inj x(z0) < Aga™t. O

We may now prove a compactness result when we uniformly bound both the inner
and outer scales of the genus.

Corollary 7.3.10. Suppose ¥; € E(1,g, R;) are such that 1 = r_(%;) > ary (%),
the genus of each ¥; is centered at 0 and R; — oco. Then a sub-sequence of the 3;
converges uniformly in C* on compact subsets of R and with multiplicity 1 to a
surface Yoo € E(1,9,00) and 1 =r_(X) > ary(3y).

Proof. By Lemma 7.3.7, the injectivity radius of the ¥; is uniformly bounded below
by dp > 0. Moreover, by Corollary 7.3.9 there is a point p; in the ball B,-1(0) so
that inj », (p;) < Ap. As a consequence, we may apply Theorem 7.1.1 and obtain a
sub-sequence of the ¥; that converges uniformly in C* on compact subsets of R? to
some complete, embedded (by the maximum principle) non-simply connected minimal
surface X,. Moreover, the convergence is with multiplicity one.

Choose R > 2a7! so that dBx(0) meets each 3; transversely (such an R exists by
Sard’s theorem) and let ©? be the component of Bx(0) N'Y; that contains the genus.
Then, XY converges uniformly in C*° on compact sets and with multiplicity 1 to a
surface X2 which is a component of Br(0) N Xu. If v; = %Y and ., = 0X2 , then
v; converge to Vo, smoothly and with multiplicity one. Then, one immediately checks
that lim;_, fzg K = fZ‘B,o K and lim;_,o fzg kg = ngo k, and so by the Gauss-Bonnet
theorem Y% has genus g. On the other hand, any other components of Br(0) N 3;
are necessarily disks and so one concludes by a similar argument that the same is
true for any other component of Br(0) N X. Similarly, for any ball disjoint from
Bgr(0) every component of the intersection of the ball with 3; is a disk and hence the
same is true for X, and so (o) < a~!. Finally, note that 9%? is connected by
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Lemma, 7.3.6 and so the same is true of 9X?. As a consequence, we conclude that Y.,
is in £(1,g,00). Notice that the above argument gives r_ (X ) < R for a dense set
of R > 1 and hence r_(3,) < 1. On the other hand as B;_s(x) N %; contains only
components of genus zero, this is also true of ¥, and so r_(Xy) > 1 — J. Letting
0 — 0 gives the final conclusion. O

7.3.2 Intrinsic normalization

The weak-chord arc bounds of [24] imply that a uniform lower bound on the injectivity
radius of 3 gives a uniform lower bound on the scale of the genus of ¥, i.e. on r_(X%).
Thus, to prove Theorem 7.0.7 we must understand what happens with the outer scale.

For genus-one surfaces, control on the inner scale of the genus automatically im-
plies control on the outer scale (as they are equal), moreover, an easy argument
relates this scale to the injectivity radius at 0. In particular, Theorem 7.0.7 follows
immediately from Corollary 7.3.10 for genus-one surfaces. On the other hand, when
the genus is > 2, the possibility remains that the outer scale is unbounded and so
Corollary 7.3.10 cannot be immediately applied. However, in this case, the lamina-
tion theory of Colding and Minicozzi [12] implies that by restricting to a scale that is
a fixed fraction of the outer scale, there exists a connected component of the surface
with connected boundary, smaller genus, and suitable control on the outer scale of
the surface relative to the new scale of the genus. That is, one may induct on the
genus. This is precisely how we will prove Theorem 7.0.7:

Theorem 7.3.11. Suppose ¥; € E(1,9,R;) (9 > 1) with0 € ¥;, injy, > 1, injy,(0) <
Ay and R;[r(%;) — oco. Then a sub-sequence of the ¥; converges uniformly in C'*
on compact subsets of R* with multiplicity 1 to a surface Yo, € US_ E(1,1).

Proof. First note that the lower bound on the injectivity radius and the weak chord-
arc bounds of [24] (i.e. Proposition 3.2.3) imply that r(3;) > r_(¥;) > d > 0.
Thus, R; — oo. If there is a sub-sequence of the ¥; so r,(¥;) < C, then Lemma
7.3.6 and the upper bound on the injectivity radius at 0 together imply that, x;, the
centers of the genus of the 3J;, lie in the ball By (0). In this case, the theorem follows
immediately from Corollary 7.3.10. Thus, we may assume that lim; ., 7, (3;) = oo.

We will handle this by induction on the genus. When g = 1 we consider the
sequence of rescalings of the ¥;, ¥; = 7(X)™'%;. Notice that, r(X;) = 1, but the
injectivity radius at 0 of this sequence goes to zero. These two facts and Lemma 7.3.6
imply that the centers of the genus, &;, lie in By(0). Thus, Corollary 7.0.8 implies
the sequence contains a convergent sub-sequence which contradicts the injectivity
radius going to 0 at infinity. Thus, 7(¥;) < C' is uniformly bounded which proves the
theorem when g = 1.

For any g > 1, assume the theorem holds for all 1 < ¢’ < g. We claim this implies
the result is also true for g, and hence the theorem is true by induction. To that
end let \; = r(%;) and set Y = A7, Then, the 3, have injectivity radius at 0
going to 0 and r+(i}i) = 1 and so, by Lemma 7.3.6, the centers of the genus, z;, lie
in B3(0). Because, inj 5 (0) — 0, the curvature of the sequence blows-up at 0. Thus,

up to passing to a sub-sequence, 3; converges to a lamination £ with singular set S.
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The fact that the centers of the genus of 3; are near 0, 7, (3;) = 1 and the no-mixing
theorem of [12] together imply that, up to passing to a further sub-sequence, 0 € Sy
For details on why this is so, see the proof Lemma 7.3.7.

Thus, by definition (see 3.2.4), there is a radius 0 < r < 1 and radii r; — 0 so
that B,(0) N %; has the same genus, §;, as B,,(0) N'Y; and the boundary of each
component of B, (0) N Y, is connected. We claim that there exists ' < 7 so that,
after possibly passing to a sub-sequence, each component of B,/(ys) N 3, also has
connected boundary. Indeed, if this was not the case then one could find 7; € (r;,r)
with 7, — 0 and some component of B, (ys) N ii having disconnected boundary.
But notice the genus of By, (ys0) N 3, is equal to the genus of B (ys0) N 3, but, by
definition, this would imply yoo € Speck, contradicting the no-mixing theorem.

The facts that inj ¢ (0) — 0, r; — 0 and (%) = 1 together imply 1 < §; < g.
Let ¥ be the component of B,(0) NY; that contains 0 and let ¥} = \;3. Then
¥e &(1, g, \ir'), where 1 < ¢i < §; < g. Notice that, r(2;) < \; and so
Air! r
> — — 0.

7“+(2;) T

(7.5)

In addition, by passing to sub-sequence, there is a ¢’, so 1 < ¢ < g and ¥ €
E(1,¢', \ir"). Thus, X satisfies the conditions of the inductive hypothesis and so
contains a further sub-sequence that converges smoothly and with multiplicity one to
a surface ¥ € £(1,¢") where 1 < ¢"” < ¢’. Notice that ¥ is properly embedded
and the X! converge to ¥/ with multiplicity 1. Moreover, there can be no complete
properly embedded minimal surface in R3\YX . Thus, for any fixed compact subset
of R?, K, and for 7 sufficiently large, depending on K, ¥; N K = ¥/ N K, and so %
converge to X/ _, which proves the theorem. O

7.3.3 Extrinsic normalization

Having proved Theorem 7.0.7, we now use it to prove Theorem 7.0.8. In order to do
so, we need to show that a uniform lower bound on the scale of the genus (i.e. on
r_) gives a lower bound on the injectivity radius. Recall, in Lemma 7.3.7 this was
proved, using the no-mixing theorem, assuming also an upper bound on the scale of
the genus. Theorem 7.0.7 allows us to remove this second condition. That is:

Lemma 7.3.12. Fiz g € Z", then there exists Q = Q > 8 and oy = ay > 0,
depending on g, so: For R > 1if¥ € £(1,¢9,R), r—(X) =1 and R > Qr(X) then
for all p € Br/y MY, inj x(p) > ao.

Proof. Suppose the lemma was not true and that one had a sequence of 2; — oo and
Y, € £(1,9,R;) so that r_(X); = 1 and R; > Qr(X), but ming, .qx,; inj s, — 0
(recall, inj x(p) is a continuous function in p). Notice that, as v (3) > 1, R; — oc.
Let p; be a point of ¥; N Bp, /s so A; = inj 5, (p;) = minBRi/QOEZ_ inj y,. Proposition
7.3.6, implies that |p;| < 2r (%;) < 2%. Notice that Bpg,/4(p;) C Br,/2(0), because
Q; > 8. Also, by assumption r_(3;, p;) > 1.
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Now let ¥ = )‘i_l((zi)pi,RiM — p;) (recall, ¥, g is the component of Br(z) N X
containing ). By Proposition 7.3.6, ¥} € £(1,¢},\; ' R;/4) where 1 < ¢/ < g and
Q4 (29 < A\7'R;. Moreover, the injectivity radius of 3/ is uniformly bounded below
by 1 and injy; (0) = 1. Thus, we may apply Theorem 7.0.7 to see that a sub-sequence
of the X! converge to an element ¥/ € £(1,¢') where 1 < ¢’ < g. Notice that ¢’ > 1
and so r_(3/_,0) = C' < oo. But this implies that r_(X},0) < 2C for sufficiently
large 7. But this, in turn, implies that r_(%;,0) < 2C\; < 1, for large enough ¢, which
is a contradiction and proves the lemma. O

We can now easily prove Theorem 7.0.8:

Theorem 7.3.13. Suppose 3; € E(1,9,R;) (g > 1) withr_(%;) =1, r_(3;,0) < C,
and R;/r(2;) — oo. Then, a sub-sequence of the 3; converges uniformly in C*
on compact subsets of R® with multiplicity 1 to a surface Yo, € U_E(1,1,00) with
r_(¥a) < C.

Proof. By replacing ¥; by the component of ¥; N Bg, /o that contains the genus,
Lemma 7.3.12 tells us that the injectivity radius of ¥; is uniformly bounded below by
ap > 0. On the other hand, because r_(%;,0) < C, a rescaling of Lemma 7.3.8 implies
that inj s, (p;) < AeC, for some p; € By NY;, as long as i is sufficiently large. Thus,
the >3; satisfy the conditions of Theorem 7.0.7 which allows us extract a convergent
sub-sequence. O

7.4 Applications

The compactness results developed in the previous section are particularly strong for
sequences of genus-one surfaces, as there is no “loss” of genus. In particular, they
proved more information about the geometric structure of elements of £(1,1, R). We
present two such results in this section.

7.4.1 Compactness of £(1,1)

Throughout this section, we consider only complete surfaces. Recall, in Chapter 6,
we showed that any ¥ € £(1) is conformally a once punctured compact Riemann
surface and, if it is not a plane, is asymptotic (in a Hausdorff sense) to some helicoid.
When the genus is positive there are at least two interesting scales, the scale of the
asymptotic helicoid and the scale of the genus. In principle, one might expect a
relationship between these two scales. This is the case for genus one, however, due to
the possibility that one may “lose” genus, as noted in Theorem 7.0.8, we cannot (as
yet) establish such a connection for genus 2 or greater.

Let us now focus on the space £(1,1), i.e. genus-one helicoids. We show that, for
any X € £(1, 1), there is an upper and lower bound on the ratio between the scale of
the genus and the scale of the asymptotic helicoid. As a consequence, we deduce that
any sequence of elements of £(1,1) that are asymptotic to the same helicoid H has
a sub-sequence that converges smoothly on compact subsets to an element of £(1, 1)
that is also asymptotic to H (or to H itself).
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Theorem 7.4.1. Let ¥; € £(1,1) and suppose that all the ¥; are asymptotic to H, a
fixed helicoid. Then, a sub-sequence of the 3; converge uniformly in C'°° on compact
subsets of R® to Yo, € E(1,1) U {H} with X, asymptotic to (or equaling) H.

Remark 7.4.2. Translations along the axis show H may occur as a limit.

The theorem will follow from evaluating certain path integrals of holomorphic
Weierstrass data. To that end, we first establish a uniform R such that all vertical
normals of each ¥; (after a rotation) occur in Bg(0). We then find annular ends I';,
conformally mapped to the same domain in C by z; = (23); + v/—1(2%); and with
Weierstrass data as described Corollary 6.0.8. Finally, we use calculus of residues
on JI'; to establish uniform control on the center and radius of the genus for a sub-
sequence of ¥;.

Note that Theorem 6.1.1 implies that for ¥ € £(1,1), there are two points where
the Gauss map points parallel to the axis of the asymptotic helicoid. As mentioned,
we first need to gain uniform control on the position of these points.

Lemma 7.4.3. Suppose 3 € E(1,1), the genus of ¥ is centered at 0, r(X) = 1, and
that g, the usual stereographic projection of the Gauss map of ¥, has only a single
pole and single zero. Then there is an R > 1 independent of ¥ so that the pole and
zero of g lie in Br(0) N X.

Remark 7.4.4. Theorem 6.1.1 implies that, after translating, rescaling and rotating
any Y € £(1,1) appropriately, the conditions of the lemma apply.

Proof. Suppose this was not the case. That is, one has a sequence ¥; € £(1,1) so
that the genus of each ¥; is centered at 0, r(3;) = 1, and each g; has a single pole and
single zero, at least one of which does not lie in B;(0). By rotating ¥;, we may assume
the pole does not lie in B;(0). By Corollary 7.0.8 a sub-sequence of the ¥; converge
uniformly in C'* on compact subsets of R?, with multiplicity 1, to ¥, € £(1, 1) where
r(Xs) = 1.

We note that Theorem 6.1.1 implies, by our normalization of the ¥;, that for
1 < 00, % is meromorphic with a double pole at oo. Moreover, g, has at least

one zero. We claim it has only one zero and one pole and consequently, C;g—w is
oo

meromorphic with a double pole at oco.

Suppose g, has more than one zero and call two such zeros ¢, ¢y € ¥,. Denote
by a7_ a closed, embedded curve in the component of Bs,/2(qj) N Yo that contains
q;, chosen so that o  surrounds ¢; but neither surrounds nor contains any other pole

or zero of geo. Additionally, we choose the two o/ to be disjoint. Thus, [, 4900 —

O Yoo

21/ —1.

By the convergence, there are smooth, embedded, closed curves ag (j=1,2)in %;
so that 7 converges smoothly to o7 . Let D/ C ¥; denote a disk such that 9D = o7.
For large enough i, D} N D? = (). Because there is at most one zero of g; in 3;, for
cach i either [ ngii = 0 or the same is true for o2 (for i sufficiently large there can
be no pole by z;ssumption, though the claim still follows without this hypothesis).
Letting 7 go to oo gives a contradiction; so g, has only one zero. Similarly, g, has
only one pole.
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To conclude the proof, note there exists some R; such that the pole, p,, of g is
in Br, N Yu. Let 0, C Yo be a smooth, embedded, closed curve in By, /2(ps) that

surrounds p., and neither contains nor surrounds the zero of g.,. Thus, fa ‘i]g—"" =
oo oo

—2my/—1. Then by our convergence result, there are smooth, embedded, closed curves
0; C X; N Bssyja(poo), with o; converging to o.,. Note o; is necessarily null-homotopic
and by perturbing, if necessary, we may assume ¢; has no zero on o;. For i large
enough so 0., C B;/»(0) we compute 27&% o % > 0 (as 0; may contain the zero
of g;). Letting 7 go to infinity and using the smooth convergence, one obtains a
contradiction. O

Before proving the main compactness result, Theorem 7.0.6, we establish the
necessary uniform control on the center and radius of the genus for surfaces in £(1,1)
that are asymptotic to a fixed helicoid H. Throughout the following proof, we make
repeated use of results from Section 6.3.

Lemma 7.4.5. Let ¥; € £(1,1) and suppose that all the ¥; are asymptotic to the
same helicoid, H, which has axis the xs-axis. Then, there exist C,Cy > 0 and a
sub-sequence (also called 3;) such that 1/Cy < r(3;) < C} and, after a rotation,
|z1(pi)| + |z2(pi)| < Ca, where p; is the center of the genus of each 3.

Proof. Translate each X; by —p; so that the genus of each of the ¥; is centered at 0.
Then rescale each ¥; by «; so that after the rescaling r(%;) = 1. Thus, each rescaled
and translated surface 3; is asymptotic to the helicoid H; = o;(H — p;).

By Corollary 7.0.8, passing to a sub-sequence, ¥; converges uniformly on compact
sets to some Y., with multiplicity one. By Corollary 6.0.9 we know that ¥, is
asymptotic to some helicoid H'. Now since each ; is asymptotic to H;, which has an
axis parallel to H, after possible rotating so H is a vertical helicoid, the stereographic
projection g; of the Gauss map of ¥; has exactly one pole and one zero. Thus, as in
the proof of Lemma 7.4.3, we can conclude the same for ¥ .

Now pick R big enough so that both the zero and pole of g, lie on the component
of Bg(0) N X containing the genus and so 0Bsg(0) meets each ¥;, 1 < i < oo,
transversely. By our convergence result and Lemma 7.4.3 (and in particular arguments
as in the proof of that lemma), there exists an iy such that, for igp < i < oo, the zero
and pole of g; lie in the component XY of Byg(0) N'Y; containing the genus. Thus, for
i < i < oo, Iy = %;\3Y is topologically an annulus and moreover g; has no poles or
zeros in I';. Hence, by the arguments of Section 6.3, z; = (x3); + v/—1(23); : I; — C
and f; =logg; : I'; — C are well-defined. (Here (z3); is 3 restricted to ¥; and (x3); is
the harmonic conjugate of (x3);.) Note that, by Chapter 6, f;(p) = v—1\iz(p)+F;(p)
where )\; determines the scale of the helicoid H; and F;(p) is holomorphic on I'; and
indeed extends holomorphically to oo with a 0 there.

By suitably translating (23)}, zeo(les) D {2 € C: |2] > 2O} for some C' > 0, and
hence by increasing i, if needed, for ig < i < o0,

By precomposing with z; !, we may think of f; as a holomorphic function on Aq. If
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u is the standard coordinate of C restricted to A¢, then for ig < i < oo, fi(u) =
VvV —=1\ju + F;(u) where F; is a holomorphic function which extends holomorphically
(and with a zero) to oc.

Clearly, there is an R' > 2R so that {p € ' : |200(p)| < 2C} C Bg/(0) thus
by the convergence (and increasing ig) for ig < i < oo, {peT;: |z(p)| <2C} C
Bar(0). As a consequence, the uniform convergence of ¥; to ¥, implies that for
v ={u:|ul=3C} C Ac, fi = [ in C=(y). On the other hand, the calculus of
residues implies that for iqg < i < o0,

(7.7) /fz(u)i—z = 271\

and hence we see immediately that \; — A, > 0. Since the initial helicoid H had
some Ay associated with its Weierstrass data, this gives an upper and lower bound
on the rescaling of each initial 3J;, thus producing the necessary C}.

Since each F; is holomorphic on Ag with a holomorphic extension to oo (and a
zero there), we can expand in a Laurent series, i.e. for every u € A¢ one has

(7.8) Fi(u) = Z OZj

where this is a convergent sum. Thus, for i <17 < 0o
(7.9) /fi(u)uj_ldu =21V —1la;;
v

and hence lim; . @, ; = a ;. It follows that F; — F in C>®(Ayc), where Aye =
{u:2C < |u| < oo}

We now show the Weierstrass representation then implies that H; converge to
H., and hence that z1(p;) — 21 (pso) and xo(p;) — Z2(pso). This will produce the
necessary bound, Cy, on the distance between the center of the genus and the axis of
the initial helicoid H. To see this, note that the convergence F; — F., implies there

is a uniform Cj so that for u > 2C and iy < i < 0o, one can write Fj(u) = “= + Fi(u),

where |F(u)| < £ and |a;1| < Cp. Recall the Weierstrass representation gives that
(7.10) dxy, — v/ —1dvy = g 'dh — gdh,

where dh = dxs + \/—1dzj is the height differential. Integrating this form along
{t+(V=1)0:t € [3C.t4]} C Ac, we see

(7.11) ((21)i(t1) = (21)i(3C)) = V=1((w2)i(t1) — (22)i(3C)) = /301 H(t)dt

where H;(t) = e~V 1ut+Im (1) (p=Re (1) _ gRe (1)) - For (' sufficiently large, | F(t)| <
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1/2 and so expanding in a power series,
Req;
(7.12) Hi(t) = —2e7VTMZEIL 4 Gy()

where here |G;(t)] < 1950,
The first term is a convergent (as t; — 00) oscillating integral while the integral
of G;(t) is absolutely convergent. Thus, there exists a Cy depending only on Cy (and

in particular independent of ¢;,4) so, for ig <7 < oo, on each ¥,
(7.13) [(1)i(t1) — (21)i(BC)| + [(w2)i(t1) — (22):(3C)[ < Ca.

Recall the translated surfaces YJ; have genus centered at zero. Since one finds the axis
by letting t; — oo, the above bound shows each translated surface has axis a uniform
distance from the origin. Thus, the original center for each genus, p;, satisfies the
desired uniform bound. O

The previous lemma tells us that for any sequence of surfaces in £(1, 1), asymptotic
to a fixed helicoid, there is a sub-sequence with the scale of the genus uniformly
controlled and the center of the genus lying inside of a cylinder. With this information,
we can now show Theorem 7.0.6.

Proof. By the previous lemma, we know that there exists an R > 0 and a sub-sequence
¥; such that r(X;) — ro > 0 and the genus of these ¥; is centered in a cylinder of
radius R. With this sort of uniform control on the genus, one can apply Theorem
7.0.8 to show that either the center of the genus goes to oo, or 3; — 3, € £(1,1),
which is asymptotic to some helicoid. If the center goes to co, the above lemma shows
that it must do so inside of a cylinder around the axis, and hence ¥; — H.

By the same techniques of the previous lemma, if the genus does not go to oo
then, given that f; = v/—1Agu + Fi(u), we see that fo, = vV/—1Agu + Fy(u). Thus,
in this case, ¥, is in fact asymptotic to the original helicoid H. O

7.4.2 Geometric Structure of £(1,1, R)

An immediate local result of Theorem 7.0.6 is the following theorem. It should be
compared with the structural results of Chapter 5.

Theorem 7.4.6. Given e > 0 and R > 1 there exists an R' = R'(¢, R) > R so that: if
Y e &(1,1, R) with r(X) = 1 and the genus of ¥ is centered at 0, then the component
of Br(0)NX containing the genus is bi-Lipschitz with a subset of an element of £(1,1)
and the Lipschitz constant is in (1 —€,1 4 ¢€).

Proof. We proceed by contradiction and assume no such R’ exists. Thus, we obtain
a sequence of ¥; € £(1,1, R;) with R; — oo, r(¥;) = 1, and the genus of each ¥;
centered at 0 but Y, the component of Br(0) N Y; containing the genus, is not bi-
Lipschitz with a subset of any element of £(1,1). By Corollary 7.0.8, a sub-sequence
of the ¥; converges uniformly in C° on compact subsets of R? to ¥, € £(1,1),

84



with 7(X4) = 1, with multiplicity 1. In particular, 3¢, the component of 3; N Bg(0)
containing the genus, converges to X0, similarly defined. Find C so that max |Aso | <
C. -
Choose R’ large enough to ensure minimizing geodesics between points in X2
lie in Yo N By (using the properness result of [24]). By the smooth convergence
on compact sets, there exists 7y large such that for all i > i, minimizing geodesics
between points in ¢ lie in 3; N Bp. For any ¢, and increasing 4 if necessary, we find
a smooth v; defined on a subset of 3, so that C|v;| + |Vs_vi| < € and the graph of
v; is the component of ¥; N B containing the genus. Then Lemma 5.1.2 gives the
desired contradiction. O
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Chapter 8

Conclusion

We have completely understood the conformal and geometric asymptotics of the ends
of elements of £(1). In particular, we have classified the conformal type of surfaces in
€(1) and completely classified the surfaces in £(1,0). Nevertheless, many interesting
questions remain open. One important task is to verify, for ¢ > 1, that the space
E(1,g) is actually non-trivial. That is, to rigorously prove the existence of genus-
two (and higher) helicoids. Computer graphics suggest that there is an embedded
genus-two helicoid but at present there is no rigorous proof. It is possible that the
compactness theory developed in Chapter 7 might provide some insight in this direc-
tion. Another important question regards the finer geometric structure of elements of
&(1). The most ambitious conjecture in this direction is the following due to Weber,
Hoffman and Wolf (for genus one) [61] and Meeks and Rosenberg (for higher genus):

Conjecture 8.0.7. For each g > 1 there exists a unique (after normalizing) element

of £(1,9)

This result seems a bit optimistic and there is not much intuition as to why such
a strong result should be true. A less ambitious conjecture is:

Conjecture 8.0.8. For each g > 1 there are at most a finite number (after normal-
izing) of elements of £(1, g)

The Weierstrass representation, Theorem 6.1.1 and the compactness theory of
Chapter 7 provide some evidence that this conjecture is at least reasonable. Namely,
Theorem 6.1.1 and standard facts about meromorphic one-forms on compact surfaces
imply that d?g and dh are elements in a finite-dimensional vector space (with dimen-
sion bounded in terms of the genus). In other words, they are determined up to a
finite number of parameters. On the other hand, for the Weierstrass representation to
be well-defined, g and dh must satisfy a certain number (depending also on the genus)
of (non-linear) constraints (i.e. the period conditions, see (2.3)). In [7], Bobenko dis-
cusses the construction of immersed genus-g helicoids (see Remark 8.0.10) and notes
that in general this is an over-determined problem. In other words, there are more
non-linear equations coming from the period conditions than there are parameters.
This leads one to believe that the set of such helicoids is, at best, discrete. For £(1, 1)
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this immediately implies by 7.0.6 that one has a finite number of them, whereas for
higher genus one would need a suitable compactness theory.

There are some weaker results that would still be interesting. In [7], Bobenko
also notes that if the underlying once-punctured Riemann surface admits a conformal
involution compatible with the Weierstrass data, then the situation is markedly sim-
pler. Indeed, the number of unknown parameters and number of constraints coming
from the period conditions are not only reduced (which one expects) but actually
become equal. Thus, the problem becomes (at least in principle) well-posed. As the
involution induces (due to the compatibility condition and Weierstrass representa-
tion) a symmetry on the surface (rotation around a coordinate axis by 180°), this
leads him to the following conjecture:

Conjecture 8.0.9. (Bobenko) Let ¥ be an immersed genus-g helicoid, then ¥ is
symmetric with respect to a 180° rotation around one of the coordinate axes.

Remark 8.0.10. Here an immersed genus-g helicoid is a minimally immersed once
punctured compact Riemann surface whose Weierstrass data at the puncture satisfies
the same conditions as in Theorem 6.1.1.

One would like to prove this for £(1) (i.e. embedded genus g helicoids) as it would
provide a major restriction on the possible conformal structures of elements of genus
greater than 1.
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