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Abstract In this paper we prove that every bordered Riemann surface M admits a
complete proper null holomorphic embedding into a ball of the complex Euclidean
3-space C3. The real part of such an embedding is a complete conformal minimal
immersion M — R3 with bounded image. For any such M we also construct proper
null holomorphic embeddings M < C3 with a bounded coordinate function; these
give rise to properly embedded null curves M — SL,(C) and to properly immersed
Bryant surfaces M — H? in the hyperbolic 3-space. In particular, we provide the first
examples of proper Bryant surfaces with finite topology and of hyperbolic conformal
type. The main novelty when compared to the existing results in the literature is that
we work with a fixed conformal structure on M. This is accomplished by introducing
a conceptually new method based on complex analytic techniques. One of our main
tools is an approximate solution to certain Riemann-Hilbert boundary value problems
for null curves in C3, developed in Sect. 3.
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1 Introduction

The study of locally area minimizing surfaces, or minimal surfaces, has been a major
topic of geometry ever since Euler observed in 1744 that the only area minimizing
surfaces of rotation in R3 are planes and catenoids. After the grounbreaking work
of Lagrange (1760) and Meusnier (1776) it became clear that a smooth immersed
surface M — R3 is minimal if and only if its mean curvature vanishes identically.
Assuming that M is orientable and fixing a conformal (equivalently, a complex) struc-
ture on M, it is natural to study immersions M — R3 that are conformal (angle
preserving). It is classical that a conformal immersion is minimal if and only if it is
harmonic. This observation naturally links the theory of minimal surfaces to complex
analysis. A simple computation (cf. Osserman’s classical survey [38]) shows that a
conformal minimal immersion M — R3 is locally (on any simply connected sub-
set of M) the real part RF of a holomorphic null curve—a holomorphic immersion
F=(F,F,F3):M— C3 into the complex Euclidean 3-space which is directed
by the conical quadric subvariety

A={z=(21,22,23) € C*: F + 23 + 2} =0}, €))

in the sense that the derivative F’ = (Fy, F,, F3) withrespect to any local holomorphic
coordinate on M takes values in 2(\ {0}. Conversely, the real and the imaginary part of
a holomorphic null curve F: M — C? are conformally immersed minimal surfaces
in R3. Furthermore, the Riemannian metric F*ds? on M induced by the immersion
F is twice the one induced by the real part RF: M — R? or by the imaginary part
IF: M — R3; cf. [38, p. 65]. Here ds? denotes the Euclidean metric on R or C3.
An immersion F : M — R” is said to be complete if the induced metric F*ds? is a
complete metric on M.

This connection enables the use of a rich array of complex analytic methods in the
study of minimal surfaces. For example, applying Runge’s approximation theorem
on a planar labyrinth of compact sets, Nadirashvili [37] showed in 1996 that the disc
D = {z € C: |z| < 1} admits a complete bounded minimal immersion D — R3,
thereby disproving a famous conjecture of Calabi from 1965 [14].

When applying Nadirashvili’s technique to more general Riemann surfaces, an
issue is that Runge’s theorem can not be used to control the placement in R? of the
entire surface, and one is forced to cut away pieces of the original surface in order
to keep the image suitably bounded. This of course changes the conformal structure
on the surface, except in the simply connected case when the surface is conformally
equivalent to the disc.

In this paper we introduce considerably stronger and more refined complex analytic
tools to this subject: the Riemann-Hilbert problem for null curves, the gluing method
for holomorphic sprays (this amounts to a nonlinear version of the d-problem in
complex analysis), and a technique of exposing boundary points of Riemann surfaces.
Some of these methods were already employed in [5] where we constructed proper
complete holomorphic immersions of an arbitrary bordered Riemann surface to the
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The Calabi—Yau problem, null curves, and Bryant surfaces 915

unit ball of C? and, more generally, to any Stein manifold of dimension > 1. Somewhat
surprisingly we discovered that the Riemann-Hilbert method can also be adapted to
the construction of holomorphic null curves in C3; cf. Theorem 4 below. The proof
of this result depends on the technique of gluing holomorphic sprays applied to the
derivatives of null curves. This requires on the one hand to control the periods of
some maps in the amalgamated spray (in order to obtain well defined null curves by
integration), and on the other hand rather delicate estimates to verify that the resulting
null curves have the desired properties.

We now give a sampling of what can be achieved with these methods. Our first
main result is a considerable extension of Nadirashvili’s theorem from [37].

Theorem 1 Every bordered Riemann surface carries a complete proper null holo-
morphic embedding into the unit ball of C3.

By considering the real or the imaginary part of a complete bounded null curve
F: M — C3 and taking into account that F*ds*> = 2(RF)*ds*> = 2(IF)*ds*> we
obtain the following corollary to Theorem 1.

Corollary 1 (On the conformal Calabi—Yau problem) Every bordered Riemann sur-
face carries a conformal complete minimal immersion into R> with bounded image.

Theorem 1 is proved in Sect. 4. In view of [6, Theorem 2.4] we can ensure that
the resulting null curve is embedded. The main novelty in comparison to all existing
results in the literature is that

we do not change the complex (conformal) structure on the source Riemann surface.

We wish to emphasize that results concerning Riemann surfaces in which one con-
trols the conformal structure are typically much more subtle, but also more interesting,
than those without keeping track of the structure. For example, the problem of embed-
ding open Riemann surfaces as closed complex curves in C? is tractable if one only
controls the topology of the surface [10], but is notoriously difficult and far from set-
tled when trying to control the complex structure; see e.g. [25,26] and the references
therein.

Remark 1 Our proof of Theorem 1 does not provide any information on the asymptotic
behavior of the real or the imaginary part of null curves. However, it is possible to
adapt our methods, in particular, the Riemann-Hilbert problem (cf. Theorem 4 below),
to the construction of conformal minimal immersions in R3. This allows us to prove
that every bordered Riemann surface admits a conformal complete proper minimal
immersion into a ball of R, thereby improving Corollary 1. We postpone the details
to a future publication.

Before proceeding to other topics and results, we pause for a moment to briefly
recall the fascinating history of the Calabi—Yau problem for surfaces.

In 1965, Calabi [14] conjectured the nonexistence of bounded complete minimal
surfaces in R3. Even more, he conjectured that there is no complete minimal surface
in R3 with a bounded projection into a straight line. After groundbreaking counterex-
amples by Jorge and Xavier [30] (for the latter) and Nadirashvili [37] (for the former),
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916 A. Alarcén, F. Forstneric¢

these conjectures were revisited by Yau in his 2000 millenium lecture [44] where he
posed several questions on the geometry of complete bounded minimal surfaces in
RR3. (See also Problem 91 in Yau’s 1982 problem list [43]). This is why the problem of
constructing complete bounded minimal surfaces is known as the Calabi—Yau problem
for surfaces.

Nadirashvili’s technique from [37] was the seed of several construction methods,
providing a plethora of examples. In this line, Ferrer et al. [20] found complete properly
immersed minimal surfaces with arbitrary topology in any given either convex or
smooth and bounded domain in R3. The case of finite topology had been settled
earlier in [4]. On the other hand, embedded complete minimal surfaces with finite
genus and at most countably many ends are always proper in R3, hence unbounded
(see Colding and Minicozzi [15] and Meeks et al. [35]). The general problem for
embedded surfaces remains open.

With such a rich collection of examples at hand, a natural question was whether
there exists a complete bounded minimal surface in R? whose conjugate surface is well
defined and bounded as well; equivalently, whether there exists a complete bounded
null curve in C3. More precisely, Martin, Umehara, and Yamada asked whether there
exist complete properly immersed null curves in a ball and complete bounded embed-
ded null curves in C3 [32, Problems 1 and 2].

This question was answered affirmatively by Alarcén and Lépez [8] who con-
structed complete properly immersed null curves with arbitrary topology in any given
convex domain of C3. Their method relies on Runge’s and Mergelyan’s approxima-
tion theorems and is different from Nadirashvili’s one. Very recently, Alarcén and
Forstneri¢ [6] proved that the general position of null curves in C? is embedded; com-
bining this with [8] one obtains complete properly embedded null curves with the
given topology (but without control of the conformal type) in any convex domain of
C3 [6, Corollary 6.2].

Since complex submanifolds of a complex Euclidean space are minimal, the Calabi—
Yau problem is closely related to an old question of Yang [41,42] whether there exist
complete bounded complex submanifolds of C" for n > 1. In the particular case of
complex curves, Jones [29] gave a simply connected immersed example in C2, Martin,
Umehara, and Yamada [33] gave ones with arbitrary finite genus, and Alarcén and
Lopez [8] provided examples with any given topological type. Only recently, a com-
plete bounded embedded complex curve in C? has been discovered [12]. As for higher
dimensional examples, it was observed in [5, Corollary 1] that any bounded strongly
pseudoconvex Stein domain admits a complete bounded holomorphic embedding into
a high dimensional Euclidean space C". Very recently, Globevnik [27] settled Yang’s
question in an optimal way by proving the existence of complete bounded complex
hypersurfaces in CV forall N > 1.

Concerning the second and more ambitious conjecture by Calabi, it was proved
by Alarcén, Ferndndez, and Lépez [1-3] that every nonconstant harmonic (resp.,
holomorphic) function M — R (resp., M — C) on an open Riemann surface can
be realized as a coordinate function of a conformal complete minimal immersion
M — R3 (resp., of a complete null holomorphic immersion M — C3). This result
can be viewed as an extension of the one by Jorge and Xavier [30]. It implies in
particular that M is the underlying Riemann surface of a complete minimal surface in
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The Calabi—Yau problem, null curves, and Bryant surfaces 917

RR? with a bounded projection into a straight line if and only if M carries a nonconstant
bounded harmonic function.
The preceding discussion brings us to the next main result of the paper.

Theorem 2 Every bordered Riemann surface M carries a proper holomorphic null
embedding F = (F1, F», F3): M — C3 such that the function F3 is bounded on M.

This means that (Fy, F): M — C%isa proper immersion. Our construction
ensures that | F3| can be chosen arbitrarily small on M, a fact which is also seen by
rescaling. Since a translation on C> maps null curves to null curves, this also gives
examples with ¢y < |F3| < ¢, for any given pair of constants 0 < ¢; < ¢3.

Comparing Theorem 2 to the existing results in the literature, we should recall
that every open Riemann surface carries a conformal minimal immersion in R? prop-
erly projecting into R x {0} ¢ R3 [7], and a holomorphic null embedding in C>
properly projecting into C> x {0} c C3 [6]. The constructions in [7] and [6] use
particular versions of Runge’s theorem for minimal surfaces and null curves that
do not enable any control on the third coordinate function. The solutions to the
Riemann-Hilbert problem, provided by Theorem 4 in this paper, allow us to over-
come this problem in the case of null curves. To the best of the authors’ knowledge,
these are the first examples of proper null curves in C* with a bounded coordinate
function.

Theorem 2 above contrasts the theorem of Hoffman and Meeks [28] asserting that
the only properly immersed minimal surfaces in R? contained in a halfspace are planes.
(Similar phenomenona are known for proper holomorphic discs D — C2, cf. [24]). In
particular, if F: M — C3 is a null curve as in Theorem 2, then NE''F): M — R3is
a complete non-proper conformal minimal immersion for all € R. (Here 1 = /—1).
On the other hand, null curves (Fj, F2, F3): M — C3 with the property that both
N, Fo): M — R? and JI(F1,Fh): M — R? are proper maps were provided in
[11].

Theorem 2 is proved in Sect. 5; here is the main idea in the simplest case when M is
the disc ID. Choose a couple of orthogonal null vectors in C2 x {0} ¢ C3, for example,
Vi = (1,1,0) and V, = (1, —1,0). We begin with the linear null embedding D >
z > z V1. In the next step we use Theorem 4 (the Riemann-Hilbert problem for null
holomorphic curves) to deform this embedding near the boundary into the direction
V5. Dropping the nullity condition, one could simply take D 3 z +— zV; + V'V for
a big integer N >> 0. However, to get a null curve, the third component must be
involved, but it can be chosen arbitrarily € small if the integer N is big enough. Next
we deform the map from the previous step again in the direction Vi, changing the
third component only slighly in the €°(ID) norm. Repeating this zig-zag procedure,
the resulting sequence of holomorphic null maps converges to a proper null curve with
a bounded third component.

For a general bordered Riemann surface M this construction is performed locally
on small discs abutting the boundary M, and the local modifications are assembled
together by the technique of gluing holomorphic sprays of maps with control up to
the boundary. This technique, which was first developed in [18,22], uses bounded
linear solution operators for the d-equation on strongly pseudoconvex domains and
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918 A. Alarcén, F. Forstneric¢

the implicit function theorem on Banach spaces. In the case at hand we actually
glue the derivative maps with values in the null quadric 2\{0} (1), ensuring that the
periods over the loops in M generating the homology group H{(M; Z) remain zero,
so the new map integrates to a null curve. This gluing is enclosed in the proof of
Theorem 4 in Sect. 3. Another ingredient used in the proof is a method of exposing
boundary points of Riemann surface, first developed in [25], which we adapt to null
curves.

Theorems 1 and 2 yield a nontrivial line of corollaries. Recall that a null curve in
the special linear group

211 212
SLz((C)=[z=( )G(C4: detz = z11222 — 212221 =1}

221 222

is a holomorphic immersion F': M — SL>(C) of an open Riemann surface M into
SL,(C) which is directed by the quadric variety

Zil 212 4
E=41z= sdetz =2z112220 — 212221 =07 C C°.
221 222

As before, to be directed by € means that the derivative F': M — C* with respect
to any local holomorphic coordinate on M belongs to €\{0}. The biholomorphic map
T: C3\{z3 = 0} = SLy(C)\{z11 = 0}, given by

1 1 71 +122
T(z1,22,23) = — N L @)
3 \z1—1z22 z1 T+

carries null curves into null curves (see Martin et al. [32]). Furthermore, if F =
(F),Fp, F3): M — Clisa proper null curve such that ¢; < |F3| < ¢; on M for a
pair of constants 0 < ¢; < ¢ (such null curves exist in view of Theorem 2), then
G =ToF: M — SLy(C)isapropernull curvein SL;(C). This proves the following
corollary.

Corollary 2 Every bordered Riemann surface admits a proper holomorphic null
embedding into SL,(C). Furthermore, there exist such embeddings with a bounded
coordinate function.

The projection of a null curve in SL,(C) to the real hyperbolic 3-space H® =
SL>(C)/SU(2) is a Bryant surface, i.e., a surface with constant mean curvature one
in H3 [13]. More specifically, considering the hyperboloid model of the hyperbolic
space

H3 = {(xo, x1, X2, X3) E]L4:x§=1+xl2+x%+x32, xo > 0},

where L* denotes the Minkowski 4-space with the canonical Lorentzian metric of
signature (— + ++), and the canonical identification
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X0 + x3 X1 +1x2
X1 —1X2 X0 — X3

(x0, x1, X2, x3) = ( ) € SLy(0),

it follows that H3 = {A-ZT: A € SL,(C)}, where~and -7 mean complex conjugation
and transpose matrix. In this setting, Bryant’s projection SLy(C) — H3, A > A -

ZT, maps null curves in SLy(C) to conformal Bryant immersions (i.e., of constant
mean curvature one) in H>. Furthermore, proper null curves in SLy(C) project to
proper Bryant surfaces since the fibration SL(C) — H? has a compact fiber SU (2).
Conversely, every simply connected Bryant surface in H? lifts to a null curve in
SL,(C) [13]. Bryant surfaces are special among constant mean curvature surfaces
in H> for many reasons. For instance, they are connected to minimal surfaces in
R? by the so-called Lawson correspondence [31] which implies that every simply
connected Bryant surface is isometric to a minimal surface in R3, and vice versa.
This class of surfaces has been a fashion research topic that received many important
contributions in the last decade; see e.g. [16,39,40] for background on Bryant surface
theory.

By projecting to H? proper null curves M — SL,(C), furnished by Corollary 2,
we obtain the following result.

Corollary 3 Every bordered Riemann surface is conformally equivalent to a properly
immersed Bryant surface in H°.

To the best of the authors’ knowledge these are the first examples of proper null
curves in SL,(C), and of Bryant surfaces in H>, with finite topology and hyperbolic
conformal type, in the sense of carrying non-constant negative subharmonic functions.
On the contrary, the geometry of regular ends of Bryant surfaces, which are confor-
mally equivalent to a punctured disc, is very well understood. In particular, since
properly embedded Bryant annular ends in H? are regular (see Collin et al. [16]), the
examples in Corollary 3 are not embedded.

The analogue of Corollary 3 in the context of minimal surfaces in R was a long-
standing open problem until 2003 when Morales [36] gave the first example of a
properly immersed minimal surface in R3 with finite topology and hyperbolic con-
formal type, thereby disproving an old conjecture of Sullivan (see Meeks [34]). More
recently, it was shown that every open Riemann surface carries a proper conformal
minimal immersion into R [7] and a proper holomorphic null embedding into C3 [6].
Thus, one is led to ask:

Problem 1 Is every open Riemann surface conformally equivalent to a properly
immersed Bryant surface in H3? Even more, does every open Riemann surface admit
a proper holomorphic null embedding (or immersion) into SL>(C)?

Obviously, not every open Riemann surface admits a null holomorphic immersion
into C2 with a nonconstant bounded component function, as those in Theorem 2; hence
an affirmative answer to the above problem would require a different approach. On
the other hand, this problem is purely complex analytic, in the sense that there are no
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920 A. Alarcén, F. Forstneric¢

topological obstructions. Indeed, combining our arguments in the proof of Theorem 2
with the Mergelyan theorem for null curves in C3 (cf. [6,7]) we obtain the following
result.

Theorem 3 Every orientable noncompact smooth real surface N without boundary
admits a complex structure J such that the Riemann surface (N, J) carries

e a proper holomorphic null embedding (Fy, F», F3): (N, J) — C3 such that the
function F3 is bounded on N; hence

e a proper holomorphic null embedding (N, J) — SL»(C), and

e a proper conformal Bryant immersion (N, J) — H>.

Theorem 1 also has interesting ramifications concerning null curves in SL,(C) and
Bryant surfaces in H>. The transformation 7 (2) maps complete bounded null curves
in C3 N {|z3] > ¢} for any ¢ > 0 into complete bounded null curves in SL,(C) (cf.
[32]). Furthermore, the Riemannian metric on an open Riemann surface M, induced
by a null holomorphic immersion M — SL;(C), is twice the one induced by its
Bryant’s projection M — H?3; cf. [13,40]. Hence Theorem 1 implies the following
corollary.

Corollary 4 Every bordered Riemann surface admits a complete null holomorphic
embedding into SL,(C) with bounded image, and it is conformally equivalent to a
complete bounded immersed Bryant surface in H?.

Complete bounded immersed null holomorphic discs in SL,(C), hence complete
bounded simply-connected Bryant surfaces, were provided in [21,32]. Existence
results in the line of Corollary 4, for surfaces with arbitrary topology but without
control on the conformal structure on the Riemann surface, can be found in [6,8].

We expect that our approximate solutions to the Riemann-Hilbert problem for null
curves, furnished by Lemma 1 and Theorem 4, will be useful for further developments
in this classical subject. In fact, in the time since an earlier version of this paper was first
posted on the arXiv in August 2013, this method has already been used in subsequent
works. In particular, Drinovec Drnovsek and the second named author [19] have used
Lemma 1 (among other tools) to characterize minimal hulls of compact sets in R3
by bounded sequences of conformal minimal discs whose boundaries converge to the
given compact set in the measure theoretic sense.

2 Preliminaries

We denote by (-, -), | - |, dist(-, -), and length(-), respectively, the hermitian inner
product, norm, distance, and length on C", n € N. Hence % (-, -) is the Euclidean inner
product on R?* = C". Given u € C", we set (u)~ = {v € C": (u,v) = 0} and
span{u} = {¢u: ¢ € C}.Obviously, ifu, v € C", u # 0, then v+ (u)" is the complex
affine hyperplane in C" passing through v and orthogonal to u.

If K is a compact topological space and f: K — C” is a continuous map, we
denote by || fllo,x = sup,cg |f(x)| the maximum norm of f on K. If M is a smooth
manifold, K C M, and f is of class €', we denote by | f Il1.x the €' -maximum
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norm of f on K, measured with respect the expression of f in a system of local
coordinates in some fixed finite open cover of K. Similarly we define these norms for
maps M — X to a smooth manifold X by using a fixed cover by coordinate patches
on both manifolds.

2.1 Bordered Riemann surfaces

If M is a topological surface with boundary, we denote by bM the 1-dimensional
topological manifold determined by the boundary points of M. We say that a surface
is open if it is non-compact and does not contain any boundary points.

A Riemann surface is an oriented surface together with the choice of a complex
(equivalently, of a conformal) structure.

An open connected Riemann surface, M, is said to be a bordered Riemann surface
if M is the interior of a compact one dimensional complex manifold, M, with smooth
boundary bM # () consisting of finitely many closed Jordan curves. The closure
M = M UbM of such M is called a compact bordered Riemann surface.

A domain D in a bordered Riemann surface M is said to be a bordered domain
if it has smooth boundary; such D is itself a bordered Riemann surface with the
complex structure induced from M. It is classical that every bordered Riemann surface
is biholomorphic to a relatively compact bordered domain in a larger Riemann surface.

We denote by Z(M) the family of relatively compact bordered domains R € M
such that M is a tubular neighborhood of R; that is to say, Ris holomorphically convex
(also called Runge) in M, and M\ R is the union of finitely many paiwise disjoint open
annuli.

Let M be abordered Riemann surface and X be acomplex manifold. Given anumber
r > 0, we denote by .&/" (M, X) the set of all maps f: M — X of class € that are
holomorphic on M. For r = 0 we write &/°(M, X) = «/(M, X). When X = C,
we write &/ (M, C) = /" (M) and &/°(M) = </ (M). Note that &/" (M, C") =
/" (M)" is a complex Banach space. Furthermore, for any complex manifold X and
any number r > 0, the space /" (M, X) carries a natural structure of a complex
Banach manifold [22].

Let M be a bordered Riemann surface of genus g and with m ends; i.e., ‘M has
m boundary components. The first homology group H(M; Z) is then a free abelian
group on [ = 2g + m — 1 generators which are represented by closed, smoothly
embedded loops y1, ..., y;: S! — M that only meet at a chosen base point p € M.
LetT'; =y, (S') ¢ M denote the trace of y;j. Their union I' = U§:1 I"; is a wedge
of [ circles meeting at p.

2.2 Null curves in C3

Denote by 2 the quadric conical subvariety (1) of C>. Note that 2 is not contained
in any finite union of real or complex hyperplanes. It is easily seen that 2\{0} is a
closed complex submanifold of C3\ {0} which has nonempty intersection with every
complex linear hyperplane of C3. Vectors in 2\ {0} are called null vectors.
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922 A. Alarcén, F. Forstneric¢

Definition 1 Let M be an open Riemann surface. A holomorphic immersion F: M —
C? is said to be null if its derivative F’ with respect to any local holomorphic coordinate
on M assumes values in 2\ {0}. The same definition applies if M is a compact bordered
Riemann surface with smooth boundary bM C M and F is of class V(M) and
holomorphic in the interior M = M\bM.

Given a bordered Riemann surface M, we denote by Jg(M) the set of all €’ null
immersions M — C?3 that are holomorphicin M. If F = (Fy, Fa, F3) € Jg(M) then
(dF1)? + (dF>)* + (dF3)? vanishes identically on M; here d denotes the complex
differential. Conversely, if ® = (¢, ¢2, ¢3) is an exact vectorial holomorphic one-
form such that q&% + qﬁ% + qﬁ% vanishes on M, then ® integrates to a null holomorphic
immersion

X
F: M — C, F(x):/ O, xeM.

The triple ® = d F is said to be the Weierstrass representation of F.
We denote by G% the conformal Riemannian metric in M induced by the Euclidean
metric of C3 via a holomorphic immersion F: M — C3:ie.,

o (x:v) = (dFy(v), dFy(v)) = [dF, (0)]*, x €M, veT M.

We denote by dist(y, ) (-, -) the distance function in the Riemannian surface (M, JI%).
Anarc y: [0, 1) — M is said to be divergent if y is a proper map; that is, if the
point y () leaves any compact subset of M when t — 1.

Definition 2 Let M be an open Riemann surface. A null holomorphic immersion
F: M — C3is said to be complete if (M, 01%) is a complete Riemannian surface; that
is, if the image curve F o y in C? has infinite Euclidean length for any divergent arc
yin M.

If F: M — C3 is a null holomorphic immersion, then its real and imaginary
parts WF,IF: M — R3 are conformal minimal immersions (cf. Osserman [38]);
furthermore, "F and I F are isometric to each other, and the Riemannian metric in
M induced by the Euclidean metric of R? via them equals %0% (cf. [38, p. 65]). In
particular, if one of the immersions F, N F', and I F is complete, then so are the other
two.

3 Riemann-Hilbert problem for null curves in C3

In this section we construct approximate solutions to Riemann-Hilbert boundary value
problems for holomorphic null curves in C3. Theorem 4 below is the main new analytic
tool for the construction of null curves developed in this paper. With this result at hand,
we will prove Theorem 1 by adapting the method developed in [5]. The same result is
the key ingredient in the proof of Theorem 2. We expect that this technique will find
many subsequent applications.
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We proceed in three steps. First, Lemma 1 gives an approximate solution to the
Riemann-Hilbert problem when the central curve is a null disc. In Sect. 3.2 we consider
families of null discs and obtain an estimate that is used in the general case. Finally,
Theorem 4 in Sect. 3.3 pertains to the case of an arbitrary bordered Riemann surface
as the central null curve.

3.1 Riemann-Hilbert problem for null discs
Recall that D = {7z € C : |z| < 1} is the unit disc and 2 is the null quadric (1).

Lemmal Let F: D — C3 be a null holomorphic immersion (cf. Def. 1), let 9 €
A\{0} be a null vector (the direction vector), let u: bD = {¢ € C: |¢] = 1} —>
Ry := [0, 4+00) be a continuous function (the size function), and set

x:bD x D — C, (£, &) =F(@)+ p)Ev.

Given numbers € > 0 and O_< r < 1, there exist a number v’ € [r, 1) and a null
holomorphic immersion G : D — C3 satisfying the following properties:

(i) dist(G(¢), x(¢, bD)) < € forall ¢ € bD,
(ii) dist(G(p¢), %(¢, D)) < € forallt € bD and all p € [r', 1), and
(iii) G is e-close to F in the €' topology on {¢ € C: |¢| < r'}.

Furthermore, if I is a compact arc in bD, the size function jv vanishes everywhere on
bD\ 1, and U is an open neighborhood of I in D, then

(iv) one can choose G to be e-close to F in the €' topology on D\U.

Remark 2 Lemma 1 holds on any smoothly bounded simply connected domain D &
C. A conformal map D — D, furnished by the Riemann mapping theorem, extends to
a smooth diffeomorphism ¢: D — D; by using such ¢ we can transport the Riemann-
Hilbert data from D to D and then transport a solution on ID back to a solution on D.
Choose an annular neighborhood A C D of the boundary curve C = bD and a
retraction p: A — C. A natural statement of the lemma, which is clearly equivalent
to the above statement when D = D), is then the following:

(*) Given a number € > 0 and a compact set K C D, there exist a null curve
G € Jy(D) and a compact set K’ C D such that K € K’, K’ U A = D, and the
following hold:

(i) dist(G(¢), x(¢,bD)) < e forall¢ € bD,
(i) dist(G(p(¢), #(p(¢), D)) < e forall ¢ € D\K’, and
(iii)"" G is e-close to F in the ¢! topology on K.

Proof (Proof of Lemma 1) We begin by constructing a null holomorphic immersion
G:D—> C3 enjoying properties (i), (ii), and (iii); condition (iv) will be considered
in the second part of the proof. Replacing p by || and ¥ by ¥/|J| we may assume
that |9 = 1.
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Consider the following unbranched two-sheeted holomorphic covering map:
T (Cz\{(O, 0)} — A\{0}, m(u,v) = (u2 — 2, t(u2 + v2), 2uv). 3)
This map is usually called the spinorial representation formula for the (punctured)
null quadric in C3. Since I is simply connected, the derivative F': D — 20\ {0} admits
a holomorphic r-lifting («, v): D — C2\{(0, 0)} such that

F' =m@u,v) = ®—v? 1@® +v?), 2uv). )

Likewise, there exists a vector (p, q) € (Cz\{(O, 0)} such that
¥ =m(p.q) = (p* — ¢*. 1(p* + ¢%). 2pq) € A\{0}. Q)

By compactness of D we can fix a number Co > 0 satisfying
[(pu — qv, pu+qv, qu+ pv)lly < Co. (6)

Set n = /w: b — R,. We approximate n uniformly on bID by a Laurent
polynomial

N
i) = > Aji™ ™
j=1

with a pole of order m — 1 at the origin, where the A ;’s are complex numbers and N
and m natural ones. The function 7> then approximates z uniformly on oD and is of
the form

2N
ﬁ2(§)=ZBj§f‘2’”; By, ..., By €C. (8)
j=1

Observe that for any integer k > m the function ¢ + ¢¥7(¢) is a holomorphic
polynomial fixing the origin 0 € C. If the approximation of n by 7 is close enough on
bD, there exists a number r’ € [r, 1) such that

|F(pg) = F(O)| + 1% (p¢) — (@) < €/2 Vi € bD, p e[, 1). ©))
For any integer n > m we define functions u,,, v,: D — C of class <7 (D) by
un(§) = u(®) + V20 +17(§) 8" p, va(€) = v(E) + V20 +17(€)§"q.  (10)
Consider the map of class .7 (D) given by
@y = 7@, V) = (U2 — V2, 12 +v2), 2upv,): D — A C C (a1

After an arbitrarily small change of the vector (p, q) € C? we may assume that the
map (i, v): D — C2 does not assume the value (0, 0) for any sufficiently large
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n € N. Indeed, it suffices to choose (p, ¢) such that (u(£), v(€)) +s5 - (p, g) # (0,0)
for all £ € bD and s € C, a condition which holds by dimension reasons for almost
all vectors (p, g) € C2. By continuity the same is then true for all & € D satisfying
r < |&| < 1 for some r < 1 sufficiently close to 1; hence (u,(§), v,(§)) # (0, 0)
for such & and for any n € N. Since 4/2n 4+ 1|£"| — 0 uniformly on {|&| < r} as
n — 400, we see that (u,,, v,) converges to («, v) uniformly on |§| < rasn — +o0,
and hence the range of the map (u,, v,) avoids the value (0, 0) for all sufficiently big
n. For such (p, ¢) € C>\{(0,0)} and n € N, the map ®, = 7 (u,, v,) (11) has range
in 2A\{0}, and hence it furnishes a null holomorphic immersion G, € Jg(ID) by the
expression

¢ —
Gu©) = FO) + [ @u6) a5, £ <D
Taking into account (4) and (5), a straightforward computation gives

Gn(§) = F(§) +Bn(0) U + An(2), (12)

where

2N

= n . — S — > I
n (& P 0 J j_12n+1+j—2m j§

and
¢ N .

AD) =292 F 1/0 S A E T W) (p,1p. q) + v(E)(—q, 19, p)dE € C.
j=1

Since the coefficients (2n + 1)/(2n + 1 + j — 2m) in the sum for B,, converge to
1 as n — 400, there exists an ng € N such that for all n > ng we have

sup B,,(¢) — ¢ M2 ()] < €/4. (13)
¢|=

[See also the expression (8) for 72(2)]. The remainder term A, (¢) in (12) can be
estimated as follows; the first inequality uses (6) and the last one |¢| < 1:

N 2] ,
|An ()] sw—zn“conﬂ/o EPm g

N
2n+
Al 14
g = —14;| (14)
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It follows that |A,| — 0 uniformly on Dasn — +oo. In view of (12) and (13), we
obtain for big enough n € N that

sup |G (0) = (F(O) + ()¢ T9)| < /2. (15)
¢|=<

Let us verify that the null disc G = G, : D — C3 satisfies conditions (i), (ii), and
(iii) in the lemma provided that » is chosen sufficiently big.
For { = ¢'* € bD one has the estimate

dist(G(¢), % (¢, bD)) < |G(e”) — x(”, els(2n+l))|

(15) | . €
= ’nZ(ets)els(Zn-i-l)l? _M(ets)els(Zn+l)l9‘ + 5 <€

for the last inequality use (9) and recall that || = 1. This ensures property (i).
Likewise, for ¢ = ¢'* € bD and p € [r’, 1), we infer that

dist(G (p?), x(¢, D)) < |G(pe”) — x(e", p2n+lew(2n+1))|
5 ‘
( )E+|F(pelb) F(é‘”)|

+ |77 (pezs)p2n+lezs(2n+l)l9 _ M(els)p2n+le”(2n+l)ﬁ)|.
Since p € [r/, 1) and || = 1, the above is not greater than

[F(pe®) = Fe)| + [ (pe') — ue)| + 5 e,

thereby proving property (ii). Finally, it is clear from (4) and (11) that ®, — F’
uniformly on {¢ € C: |[¢| < r'} as n — +00; hence property (iii) is achieved
provided that n is chosen big enough. This completes the proof for a general size
function .

Proof of property (iv). Assume now that I is a compact arc in the circle bID and that
the function w: bD — Ry vanishes on bD\I. Pick an open neighborhood U of / in
D. Let D & C be a smoothly bounded convex domain such that D ¢ D, D\U C D,
and I’ := bD N bD is a compact arc containing 7 in its interior (see Fig. 1). Such D
is obtained by pushing the boundary curve of I slightly out of I, except on a small
neighborhood of the arc I where it remains fixed.

By the Mergelyan theorem for null curves (cf. [7], [8, Lemma 1], and [6]) we can
approximate the null disc F : D — C3 by a null holomorphic immersion F:D— C.
The proof is completely elementary over a simply connected domain: we write the
derivative of F: D — C3 in the form F’' = 7 (u, v) with (u, v): D — (Cz\{(O, 0)}
(cf. (11)). By the usual Mergelyan theorem and the general position argument we can
approximate (u, v) in the %' (ID) topology by a map (i1, ): D — (Cz\{(O 0)} of class
&/ (D) and take 7 (i1, 0) as the derivative of the new null immersion F:D — C3.
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Fig. 1 The domain D

Consider the continuous function iz: bD — Ry given by

&lpprwD = ilpprsp and  itlppypn = 0.

Define
7:bDx D — C, %(5, &) = F(¢) + A(ED.
Pick a number 7 € [r, 1) close enough to 1 such that
D\UC?D:={f¢: (€D} ED
and
|F(p¢) — F(¢)| <e€/2 forall ¢ €D andallp € [, 1).

Since D is conformally equivalent to the disc D by a diffeomorphism extending
smoothly to the closures, the already proved case of the lemma can be applied to
F on D to find a number ' € [7, 1) and a null holomorphic immersion G e T (D)
satisfying the following properties (which correspond to (i")—(iii") in Remark 2):

(a) dlst(G({‘) %(Z, b]D)) <e€/2forall ¢ € bD.
(b) d1st(G(p§) %(C, ]D))) <¢/2forall¢ € bD and all p € [/, 1).
) Gis 5-close to F in the %" topology on r'D C D.

It is straightforward to verify that the null immersion G := G Iy € T(D) meets
the requirements (i)—(iv). In particular, since the compact set D\U is contained in D,
and hence in "D for some r’ < 1, property (iv) of G follows directly from property (c)
of G. The same observation gives (iii), and we leave the trivial verification of (i)—(ii)
to the reader.
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3.2 Riemann-Hilbert problem for families of null discs

An inspection of the proof of Lemma 1 gives the analogous conclusion for a family
F;: D — C3 of null discs of class .7 | (D) depending holomorphically on a parameter
t € B C CV inaball B centered at the origin in a complex Euclidean space, provided
that the 7-lifting (u, v;): D — C? of the derivatives F, = 7 (u, v;): D — A\{0}
(cf. (4)) satisfy the following condition:

(ur(§), v (§)) +s(p.q) # (0,0) V& €bD, seC, 1€B. (16)

Lemma 2 Assume that {F;};ep is as above. For every sufficiently big n € N there
exists a holomorphic family of null discs G;,,: D — C3 (t € B) of class /' (D) and
of the form

Gin(Q) = F () +By()0 +An(), ¢eD,teB, (17)

where By, is independent of t and |A; .| — 0 as n — 400, uniformly on B’ x D for
any smaller ball B' € B. In particular, if n is big enough then for every t € B’ the
map G, satisfies the conclusion of Lemma 1 with respect to F; and a given € > Q.

Furthermore, there exist a constant § > 0 and an integer ny € N with the following
property. Write g, (t,¢) = G;’n(f) (the derivative with respect to ¢). If n > ngo and
B: B’ x D — B isamap of class /(B x D) and of the form B(t, ¢) =t + b(t, ¥),
with ”buo,?x]]]) < 8, then the null disc

- ¢ _
Grn(e) = Fz(0)+/0 gn(t +b(1.£),8)ds, ¢ D, (18)

satisfies the conclusion of Lemma I with respect to Fy for everyt € B'.

The case of Lemma 2 with a variable parameter depending on the base point will
be used in the proof of Theorem 4 below.

Proof The first part is seen by a straightforward inspection of the proof of Lemma 1.
In particular, the estimate (14) holds uniformly int € B’ € B.

We now consider the second part. Write f (¢, ) := F/ = w(uy, v;) fort € B; see
(4). Denote by A; ,, = A, (¢, -) and B, the corresponding quantities (12). By choosing
n big enough, we may assume that G, , satisfies Lemma 1 with respect to F;, with €
replaced by €/2. Note that the term B,, is independent of 7, while ¢ enters in A, (z, -)
only through (u;, v;). The equation (12), written for the ¢-derivatives, is

@, 0)=ft, ) +B()Y+AL(t,¢), ¢eD,teB. (19)
Replacing ¢t by B(¢, ¢) =t + b(¢, ) gives

gt +b,0),8)=f(t+b1,0).0)+B(O)Y+A,(t+b(1.0).C) (20
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forall{ € Dandr € B'. The map 5,,,, (18) is obtained by integrating this expression.
To conclude the proof, it suffices to show that for any given constant ¢ > 0 we can
choose the number § > 0 (which controls the size of the function b in (18)) such that

1Gin = Ginllyp <o VieB. 1)

Properties (i) and (ii) in Lemma 1 then follow by choosing o = €/2, and the property
(iii) follows from (21) by Cauchy estimates provided that & > 0 is small enough.

To prove the estimate (21), we compare the integrals of the terms on the right hand
side of (20) to the integrals of the corresponding terms in (19). Since the second term
does not contain the variable 7, we need not consider it. For the first term we have by
continuity

|f(t.¢) = f(t+b@,0).¢)| <e€/4 VieB', ¢ eD,

provided that § > 0 is small enough, so the integrals of these two functions along a
straight line segment from O to any point ¢ € D differ by at most €/4.

It remains to estimate the last term in (20). Recall that 7 (p, g) = ¢ is the direction
null vector. By compactness there is a constant Cp > 0 satisfying

I(pus — que, pus + qui, qus + pv)lly 5 < Co V1 € B, (22)

Using this constant, the estimate (14) for A, remains valid and shows that the integral
of the last term in (20) converges to zero uniformly on B’ x D as n — +o0. O

3.3 Riemann-Hilbert problem for bordered Riemann surfaces as null curves

We are now ready to prove the following main technical result of this paper.

Theorem 4 Let M be a bordered Riemann surface and set M = M U bM. Let
I, ..., Ix be a finite collection of pairwise disjoint compact subarcs of bM which
are not connected components of bM. Choose a small annular neighborhood A C M
of bM (that is, A consists of pairwise disjoint annuli, each of them containing a
connected component of bM in its boundary) and a smooth retraction p: A — bM.
Let F: M — C? be a null holomorphic immersion of class Jg(M) (the central curve).
Let 91, ..., U € A\{0} be null vectors (the direction vectors), let u: bM — R, be
a continuous function supported on Uf:l I; (the size function), and consider the
continuous map

— F(x); x e bM\ UL, I,
:bM x D — C°, E) = i=1
% P *(x,8) [F(x)—l—u(x)éz?,-; xel, iell,... k.
Then for any number € > 0 there exist an arbitrarily small open neighborhood <2
of U[ 1 Ii in A and a null holomorphic immersion G : M — C? of class Tg(M)
satisfying the following properties:
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(i) dist(G(x), »(x, b]D))l< € forall x € bM.
(ii) dist(G(x), x(p(x),D)) < € forall x € Q_
(iii) G is e-close to F in the €' topology on M\.

At this time we are unable to prove Theorem 4 if the support of the size function p
contains a complete boundary curve of M, except if M is the disc when it coincides
with Lemma 1. However, the stated result suffices for all applications in this paper.
For results without the nullity condition see [17,24] and the references therein.

Proof For the sake of simplicity we assume that k = 1; the general case trivially
follows from a finite recursive application of this particular one. Write I = [ and
¥ = 1. We denote by C the connected component of bM containing the arc 1.

Choose oriented closed curves I'1, ..., I € M whose homology classes are a
basis of the 1st homology group H;(M; Z) (see Sect. 2). Let y;: [0,1] — I'; be a
parametrization of I'j and set I' = U[j=1 I"j. Pick a nowhere vanishing holomorphic
one-form 6 on M (such exists by the Oka-Grauert principle; cf. Theorem 5.3.1 in [23,
p. 190]). Then dF = f6 where f = (f1, f>, f3): M — 2\{0} is a map of class
</ (M) with values in the null quadric.

We denote by

P=/Pi,....,P): &M, C — (C (23)

the period map whose j-th component, applied to f € &7 (M, C3), equals
1
Pi(f) =/ 1o =/O () 0(yj(s), () ds € C.
Vi

Observe that a holomorphic map f € o7 (M, A\{0}) integrates to a null holomorphic
immersion F(p) = fp £6 from M to C3 (i.e., F € Jg(M)) if and only if P(f) = 0.

By [6, Theorem 2.3] we can approximate the null immersion F arbitrarily closely
in the 7! (M, C3) topology by a regular null immersion, i.e., by one for which the
tangent planes to 2\ {0} at all points f (x) for x € M together span C* (cf. Definition
2.2 in [6]; here f = d F/6). Assume from now on that F is regular.

By [6, Lemma 5.1] there exist an open ball B centered at the origin in some Euclid-
ean space C" and a holomorphic map

B x M > (t,x) — fi(x) € A\{0},
with fo = f, such that the period map B 3 1 — P(f;(-)) € (C?)! (23) has maximal

rank 3/ at# = 0. By increasing the integer N € N if necessary we can also ensure that
for every point x € M the map

9
o fr(x): ToCN =CN — Ty (A\(0))
=0

is surjective. This means that the family of maps f;: M — 2A\{0}, t € B, is a
dominating holomorphic spray of class </ (M) with values in 2(\{0} in the sense of
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[18, Definition 4.1]. (See also [23, §5.9]). The domination condition can be obtained
by applying to an existing (possibly non-dominating) spray f;(x) the local flows (with
independent complex time variables) of holomorphic vector fields which generate the
tangent space of the null quadric at every point of 2\{0}. For instance, we can use
flows of the linear vector fields

Vi / + + ) d Vv 9 9
=z1—+22—+2z37— an =i — T
0 1811 28zz 3813 b laZj Tz

I1<i#j<3.

Choose a smoothly bounded, connected and simply connected domain D C M
such that DNT = @, I’ := bD NbM is a proper subarc of the curve C, and the arc /
is contained in the relative interior of I’. Since the function p: C — R is supported
in I, we can extend it to a continuous function p: bD — R that vanishes on bD\ 1.

The maps f;: M — 2A\{0} do not necessarily integrate to null curves since their
periods over the curves I'j need not vanish for ¢ # 0. However, on D there is no period
problem, so f; 6 restricted to D is the differential of a null immersion

F;(x) = F(xo) +/X fi0, xeD,teB. (24)
X0

Here xo € D is an arbitrary initial point and the integral is independent of the choice of
apath in D from x to x. Note that for = 0 the map Fy coincides with the restriction
to D of our given null immersion F: M — C3.

Choose a conformal diffeomorphism 7 : D — D with h(xg) = 0. Denote by ¢
the variable on ID. Since 6 and dh are nonvanishing holomorphic one-forms on D,
their quotient @ = 6/dh: D — C\{0} is a nowhere vanishing function in .7 (D). Let
¢ D — A\{0} be the unique map of class </ (D) determined by the condition

(pyoh)a = f; onD, VteB. (25)

The chain rule then gives h* (¢;(¢)d¢) = f;0 = dF, on D forall r € B.

We now follow the construction in the proof of Lemmas 1 and 2.

Since B x D is simply connected, we can find a holomorphic family of maps
(ur, v;): D — C2\{(0, 0)} such that ¢, = 7 (uy, v;) for every t € B;cf. (4). Likewise
we choose a vector (p,g) € C2\{(0,0)} such that 7(p,q) = ¥ is the given null
direction vector. We may consider the size function u: C — R4 as a function on
b which vanishes outside the arc /. Set n = ,/u: bD — R, and let 7 denote its
rational approximation of the form (7) with a pole of order m — 1 at the origin. For
every n > m we define functions u; », v; : D — C of class <7 (D) by (10):

urn(§) =u (§) + V20 +17E)E"p, v n(§) = vi(§) +v2n + 11(§) §"q. (26)
By the same argument as in the proof of Lemma 1 we can change the vector (p, ¢) € C?
slightly to ensure that for all large enough n and for all ¢ sufficiently close to 0 € CV

the image of the map (u; ,, v;.,): D — C2 avoids the origin 0 € C2. By shrinking the
ball B around 0 € CV we may assume that this holds for all € B. For such choices
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of n and B the map g, , := w(Usp, Vr.n): D — 2 has range in 2A\{0}, and hence it
furnishes a null holomorphic immersion G; , € Jg(ID) by the expression

¢ _
Grn(£) = Flxo) + /O gin()de, <D, 1eB. 27

(Compare with (17)). The dependence is holomorphic in ¢ € B. The estimates in the
proof of Lemma 1 show that, after a slight shrinking of the ball B, the sequence of
null immersions

é,,n ::G,,noh:5—> (C3, teB, neN,

satisfies Theorem 4 with respect to the null curve F,: D — C3 and the size function
w. In particular, as n — +o00, we have (~},,,, — F, in the €' topology on D\I,
uniformly on compacts and uniformly with respect to 7 € B.

Note that dG;,, = g;., 0 where g, = (g1.n 0 h)a: D — 2A\{0}. We also have
ft = (¢ oh) @ on D by (25). Since g;, — ¢; on 5\1 as n — o0, it follows that
for any neighborhood W C D of the arc I and for sufficiently big 7 the map g, , is
arbitrarily ¢-close to f; on D\ W, uniformly with respect to the parameter ¢ € B.

To complete the proof, we will show that for all sufficiently big n the two sprays
of maps {fi};ep and {g; »},ep, with values in A\ {0}, can be glued into a single spray
f;,n: M — 2\ {0} of maps of class .7 (M) such that f,,n is uniformly close to f; on
M\ D, and is uniformly close to g; , on D. Assuming for a moment that this gluing
can be done, let us indicate how it will be used to complete the proof of the theorem.
Since the period map B > 1 +— P(f;) € C3 (23) has maximal rank 3/ at r = 0
and all curves I'; are contained in M\ D where fm is close to f; for big n, there
exists a typ = fo(n) € B very close to 0 (depending on how big n we choose) such
that the map f,o,n : M — \{0} has vanishing periods, so it integrates to a null curve
G : M — C3. We shall verify that G satisfies the special case of Theorem 4 provided
that all approximations were close enough and » is chosen sufficiently big.

We glue the sprays by the method in [18, §4] (see also [23, §5.9]). From now on
the parameter ball B C CV and the size function n will be kept fixed; the neces-
sary approximations to enable gluing and to control the subsequent estimates will be
achieved by choosing the integer n big enough. We begin by explaining the underlying
geometry.

Recall that the arc I C C is contained in the relative interior of I’ = bD NbM =
bM N C and the function w: bD — R, vanishes on bD\I. Also, A C M is an
annular neighborhood of the boundary curve C C bM. Choose a smoothly bounded,
simply connected compact neighborhood V. C DN A of I in D such that bV NbM is
contained in the relative interior of I’. Note that the arc [ is contained in the relative
interior of bV N bM.

By denting the boundary curve C C bM slighty inwards along a relative neigh-
borhood of the arc I we obtain a compact, connected, smoothly bounded domain
U C M such that U UV = M, the intersection U N V has smooth boundary, and
U\V NV\U = @. A pair (U, V) with these properties is called a Cartan decomposi-
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I/
1

Y. W L

Fig.2 Thesets U and V

tion of the bordered Riemann surface M (cf. [23, §5.7]). We can also ensure that the
point xg lies in U. See Fig. 2.

We now consider the following two sprays of maps with values in 2\ {0}. The first
spray over U is { f;|y : t € B}; this spray is of class .7 (U) and is dominating by the
construction. The second spray over V is {g; » : t € B};itisof class .o/ (V). Recall that
the second spray converges to the first one uniformly on B x (U N'V) as n — +oo.
Choose a slightly smaller ball 0 € B’ € B and a number § > 0. By [18, Lemma 4.4]
(or [23, Lemma 5.9.3, p. 216]) there exists for every sufficiently big n € N a pair of
holomorphic maps «,: B x U — B, B,: B’ x V — B, of the form

ay(t,x) =t+au(t,x), Pu(t,x)=1t+b,(t, x),
satisfying the following sup-norm estimates
lanllo,pxv <38, lbnllo,gxv <8, (28)
and the compatibility condition
fantt.0)(X) = 8B, (t.)n(x), x€UNV, teB. (29)
Hence the two sides above amalgamate into a spray of maps ft,n UuUV=M—
2\ {0} of class 7 (M, C*) depending holomorphically on the parameter f € B'.

By the argument made above, we can find for every sufficiently big n € N a point
to = to(n) € B’ arbitrarily near O such that the map f;, , has vanishing periods. Let

X
Fo(x) = F(xo) +/ Fon0,  xel
X0

Then the map G := F,, satisfies the conclusion of Theorem 4 if § > 0 is small enough
and n € N is big enough. Indeed, on the set U, F, is as close as desired to F in
the €' (U) topology for big n as follows from (28) (applied with a sufficiently small
6 > 0)and (29). Over V we can pass to the coordinate ¢ = h(x) € D (x € V), and the
desired estimates follow immediately from Lemma 2 (the case of variable parameter).
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4 On the conformal Calabi-Yau problem

In this section we prove Theorem 1 stated in the introduction; this will also prove
Corollary 1. Theorem 1 is a particular case of the following more precise result.

Theorem 5 Let M be a bordered Riemann surface. Every null holomorphic immersion
F € J(M) can be approximated, uniformly on compacts in M, by complete proper
null holomorphic embeddings into any open ball in C* containing the image F (M).

As usual in such constructions, Theorem 5 follows from a recursive application of
an approximation result, Lemma 3 below.

We denote by B(s) = {u € C3: |u| < s} the open ball of radius s > 0 centered at
the origin in C3, and by E(s) ={u € C3: |u| < s} the closed ball with same center
and radius. Recall from Sect. 2 that (M) is the set of all bordered Runge domains
R € M homeotopic to M, and Jg(M) is the set of all €' null immersions M — C3
that are holomorphic on M.

Lemma 3 Let M be a bordered Riemann surface, let R € B(M), let zg be a point in
R, let F € Jy(M), and let €, p, and s > € be positive numbers. Assume that

(i) F(M\R) C B(s)\B(s — ¢), and
(ii) dist g7 g (20, BM) > p.

Given é > 0 and § > 0, there exists F € T (M) enjoying the following properties:
(L1) |F—Fl|, 7 <é
(L2) F(bM) C BG)\BG — ¢), where § := /5% + 2.

(L3) FO(M\R) NB(s — €) = 0.
(L4) dist(ﬁ’f)(zo, bM) > p:=p+34.

Lemma 3 is the analogue of [5, Lemma 5] in the context of null curves in C3. The
main improvement with respect to previous related constructions of null curves in C3
and minimal surfaces in R? is that we do not modify the complex structure on the
curve; compare for instance with [4, Lemma 5], [8, Lemma 3], and [9, Lemma 4.1],
among others.

Proof (Proof of Theorem 5 assuming Lemma 3) The proof is an adaptation of the one
of [5, Theorem 2]; we indicate the main points and refer to the cited source for further
details.

Let M be a bordered Riemann surface, let F € Jg(M), and let B C C3 be an open
ball containing F(M). Fix a compact set K C M and a positive number > 0. We
may assume that B = B is the unit ball and that F (b M) does not contain the origin of
C3. Moreover, by general position we may assume that F: M — C? is an embedding;
see [0, Theorem 2.4].

Pick numbers 0 < ¢ < r < 1 such that F(bM) C B(r)\B(r — ¢). Choose a
bordered domain R € (M) such that K C R and F(M\R) C IB%(r)\E(r — ).
Set ¢ := /6(1 —r?)/m > 0. Fix a point ¢y € R, and define sequences p,,r, > 0
(n € N U {0}) recursively as follows:
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2
. C C
po = dist(y, 7y (80, BR), on = pn—1+ TS = r2 o+ -

Notice that
lim p, =400 and lim r, =1. 30)

n——+00o n—-+o00o

Set (Ro, Fo, €0) = (R, F, ¢). We shall inductively construct sequences of bor-
dered domains R, € #(M), null holomorphic embeddings F,, € Jo (M), and con-
stants &, > 0 satisfying the following conditions for every n € N:

(an) Rn—l S 7?/n

Enl Lmin {min|dFj|: j =1 n— 1}} and every holomor-
R o il e y
phic map G: M — C? satisfying |G — F,_; I, = o, < 2¢p, is an embedding on
Ru-1.

(cn) ”Fn__ Fr_i Hlsﬁn—l <_8n'

(dn) FH(M\RH) - Bgn)\B(rn - 8n)-

(en) Fn(M\Ry—1) NB(rp—1 — &n—1) = 9.

(£n) dista, £, (50, DRn) > pn-

We will also ensure that

(b,) &, < min [

M= R (31
neN

For the basis of the induction, take a number 0 < &1 < /2 small enough so that
(by) holds; such & exists since Fy € Jg(M) is an embedding. Applying Lemma 3 to
the data

(M, R, z0, F,E,,O,S,@,(S) = (M, Ro, %o, F(),Eo,p(),r(),sl,c)

one gets a null holomorphic immersion F| € Jg (M), which can be assumed to be
an embedding by general position argument [6]. It is straightforward to check that
(ap)—(f1) are satisfied up to fixing a sufficiently large bordered domain R| € A(M).

For the inductive step, assume that for some n > 1 we already have (R, hj, ¢;)
enjoying properties (a;)—(f;) forall j € {I,...,n — 1}. Since Fj,_1: M — C3isan
embedding, there exists a number &,, > 0 satisfying (b,). Applying Lemma 3 to the
data

(Mssz()’ F7€7pas7€76) = (Ma Rn—lv ;0’ Fn—lasn—la pn—larn—198na ’%)

one obtains a null holomorphic immersion F, € Jg(M) which can be assumed an
embedding by general position [6] and, together with ¢, and a sufficiently large domain
R, € (M), meets all requirements (a, )—(f,).

Finally, (31) holds if the bordered domain R,, is chosen large enough in each step
of the inductive process.

This concludes the construction of the sequence {(R,,, Fy, &1)}neN-
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Since F, € jg((M ) for all n € N, properties (c;), (b,), and (31) ensure that the
sequence {F M- C3 }neN converges umformly on compacts in M to a holomor-
phic map F: M — C3? whose derivative, F/, with respect to any local holomorphic
coordinate on M assumes values in the null quadrlc 2A\{0}.

Let us show that F satisfies the conclusion of Theorem 5. Indeed, from (b,,) and
(c;,) we have that

|F — Fill, =, <2ej41 <& < n/2’ VjeNU{0}; (32)

recall that ¢; < n/2. This and (c,) imply that F: M — C3isanul holomorphic
embedding which is n-close to F = Fj in the €' topology on Ry D K. To finish, it
suffices to check that F(M) C Band F: M — Bis complete and proper.

For the inclusion in B, let p € M. From (d,) and the Maximum Principle we have
|Fr(p)| < ry f forall n € N. By the second part of (30) and taking limits as n — 400,
one obtains |F (p)] < 1 hence F (M) C B by the Maximum Principle.

Next we show that F: M — Bisa proper map. Pick any number 0 < ¢ < 1. Since
r, = land g, — 0 asn — 400, there exists ng € N large enough so that

t+e,-1+n/2" <r,_1 Vn>nyg. (33)
On the other hand, (e,;) and (32) give that
f(ﬁn\Rn_l) NBru—1 — en_1 —n/2") =@ VYn > ny.
Together with (33) this implies
(Ru\Ru-1) NF~'B@) =0 ¥n = no;

hence F~! B(1)) C R, 1s compact in M. This shows that F: M — Bis proper.
Finally, to verify completeness, let p € M and ng € N be such that p € R,. From
(cp) and (b,) it is not hard to infer that 2|dF(p)| > |d Fp,(p)l|; hence

, () P
dist 3y 7 (%0, bRy) > dlst(M F)(C0, bRy) > 2" Vn e N.

Taking limits in the above inequality as n — 4-00, the completeness of F follows
from the former Eq. (30).
This concludes the proof of Theorem 5 granted Lemma 3. O

Proof (Proof of Lemma 3) The proof consists of adapting to the context of null holo-
morphic curves in C3 the technique that we developed in order to prove Lemma 5 in
[5]. We will therefore emphasize the main differences with respect to the argument in
[5] and will omit some of the details which can be found in that paper.

We begin with a couple of reductions. Replacing ‘R by a larger bordered domain in
HAB(M) if necessary, we assume without loss of generality that

diSt(M,F)(Zo, bR) > p. (34)
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We may assume that M is a bordered domain in an open Riemann surface M such
that M € %(M\ ). By the Mergelyan theorem for null curves (see [8, Lemma 1] or [6,
Theorem 7.2]) we may also assume that F' € Jg(M) extends to a null holomorphic
immersion F' € jQ[(M ).

The proof consists of three different steps. The main novelties appear in the last
one where the approximate solution to the Riemann-Hilbert problem for null curves
(cf. Theorem 4 in §3) is invoked. m|

Step 1: Splitting bM

The first step in the proof consists of suitably splitting the boundary curves of M
into a finite collection of compact Jordan arcs. The splitting strongly depends on the
placement in C> of the image F(bM) of the boundary of M.

Up to decreasing the number € > 0 if necessary, it follows from (i), the definition of
§ in (L2), the strict convexity and compactness of B(s — €), and Pythagoras’ theorem,
that every point u € F(bM) admits an open neighborhood %, in C3 such that

dist(v, BE\BG — ) N (w + (2)1) > 8 Vv, w,z €%, (35)

and
W+ wWHNBs—€) =0 Yv,w e %,. (36)

Furthermore, since F(bM) C B(s) € B(s) and these balls are centered at the origin
of C3, we may assume (after possibly shrinking the sets %) that for every point
u € F(bM) there exists a real constant T = 7 (1) > 0 such that

v ()t N{zeC:lzl=1) CBE\BG —¢) VYo, w e %,. (37)

Set % ={%,: u € F(bM)}.

Denote by Cy, ..., C; the connected boundary curves of ‘M these are pairwise
disjoint smooth closed Jordan curves in M and bM = Ui—, Ci. Since % is an
open covering of the compact set F(bM) C C3, we may choose an integer j > 3
and compact connected subarcs {C; j: (i, j) € T := {1,...,i} x Z;} (here Z; =
{0, ...,j — 1} denotes the additive cyclic group of integers modulus j), enjoying the
following properties:

@) U, Cij =G
(a2) C;,j and C; j+1 have the common endpoint p; ; and are otherwise disjoint.
(a3) There exist points ¢; ; € B($)\B(S — €) such that
(@i j+ (Fpi) ) NBE—&) =0 Vke{j,j+1}.
(a4) Forevery (i, j) € I there exists aset % ; € % containing F(C; ;). In particular

F(pij) € U,; N U, js1. _
(a5) Forevery pointu € span{F(p; ;)}N B(s) there exists a constant T > 0 such that

u+ (Fpi)-N{zeClzl=1) CBE\BG —&) Vke{j,j+1}
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To find a splitting with these properties, simply choose the arcs C; ; such that their
images F(C; ;) C C? have small enough diameter.

Step 2: Stretching from the points p;, ;

We now describe how to attach to the immersed null curve F(M) C C3 a family of
compact arcs at the points {F'(p; j): (i, j) € I}and then stretch the image along these
arcs, modifying the map only slightly away from the points p; ;. The resulting null
curve is still normalized by M, and the boundary distance to the points p;, j increases
by at least § (see (L4)).

For every (i, j) € I we choose an embedded real analytic arc y; ; C M that
is attached to M at the endpoint pi,j and intersects bM transversely there, and is
otherwise disjoint from M. We take the arcs vi,j to be pairwise disjoint. Let g; ;
denote the other endpoint of y; ;. We split ; ; into compact subarcs yi i and yfj, with
a common endpoint, so that p; ; € yif j andg; j € yi%j.

Choose compact smooth embedded arcs A; ; C C3 satisfying the following prop-
erties:

(b1) A ; C BE\B(s — e).

(b2) A;,; is split into compact subarcs )»}’ j and Ai j with a common endpoint.

(b3) )\il’j agrees with the arc F(y; ;) near the endpoint F(p; ;); recall that F' €
Joa(M).

(b4) A} j C U,j N\ U, j+1; see (a4) and (b3).

d5) If J C )‘,'1, j is a Borel measurable subset, then

min{length(s; ;(J)), length(m; j+1(J))}
+ min{length(m,j()\}’./\J)), length(m’jﬂ()u}’j\]))} > 4,

where 7; : C* — span{F(p;x)} C C* denotes the orthogonal projection;
observe that F(p; k) # 0 by Lemma 3-(i).

(b6) ()‘1'2,/ +(F(pix) ) NB(s —e) =B fork € {j, j + 1}; see (ad), (b4), and (36).

(b7) The endpoint v; ; of A; ; contained in the subarc )Ll.z’ j lies in span{F(p; j)} N
(B($)\B($—¢)) and satisfies (v, ;+(F (pi,x)) HNB(E—€) = Wfork € {j, j+1};
see (a3).

(b8) For every pointu € Ai j there exists a constant 7 > 0 such that

u+ (F(pi)y N{zeC:lzl =1) CBEO\BG —&) Vke{j,j+1}
(b9) The tangent vector to A;, ; at any point lies in 2(\ {0}; see (1) and take into account
property (b3).

To construct such arcs A; j, we first chose arcs X,, j meeting all the above require-
ments except for (b8) and (b9); such were provided in [5, Sect. 3.2]. In order to ensure
also (b8), we simply take )L%j to be close to a segment in span{F (p;, ;)}; take into
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account (37) and (a5). Then we use Lemma 7.3 in [6], which is analogous to Gro-
mov’s convex integration lemma, in order to approximate the arcs /):,', ;j by another ones
Ai,j meeting also (b9).

Notice that the compact set

K:=MU U Vi, j cM
(i,j)eT

is admissible in the sense of [7, Def. 2.2] (see also [8, Def. 2] or_ [6, Def. 7.1)).
Furthermore, property (b3) enables one to find a smooth map F: M — C? Wthh
agrees with F on an open neighborhood of M, and which maps the arcs yl, i and
7/3 ; diffeomorphically onto the corresponding arcs )»il, j and Al.z j for all (7, j) € I.
Taking into account (b9), the map F.: K — C3 is a generalized null curve in the
sense of [8, Def. 5]. Since the set K is admissible, the Mergelyan theorem for null
holomorphic immersions [6,8] applies, allowing one to approximate Fe, uniformly on
an open neighborhood of M and in the %" topology on each of the arcs Vi,j» by anull
holomorphic immersion F: M — C3.

Let V C M be a small open neighborhood of K. For every (i, j) € T we choose a
pair of small neighborhoods Wl.” ;€ Wi, ; @ M\'R of the point p;, ; and aneighborhood
Vij € M \ﬁ of the arc y; ;. (Here R € Z(M) is the domain in the statement of the
lemma). In this setting, [25, Theorem 2.3] (see also [23, Theorem 8.8.1]) furnishes a
smooth diffeomorphism¢: M — ¢ (M) C V satisfying the following properties (see
Fig. 3):

— ¢: M — ¢(M) is a biholomorphism.
— ¢ is as close as desired to the identity in the €' topology on M\ U(l et W/
- ¢(pi,j) = gqi,j and d(M N Wl-/’j) C W j UV, forall (i, j) € I.

Furthermore, up to slightly deforming each of the arcs y; ;, keeping its endpoints fixed,
we can replace A; ; by the arc F (y; ;) preseving the properties (b1)—(b9) above; recall
that F is null. Therefore, we can also assume that

— vi.;\Maqi,j} € ¢(M\R) forall (i, j) € I.
Set
ai]fj = ¢_1(Vi]fj) fork € {1, 2}, 0ij = ¢_1()/i,j) = Gil’j Uai%j. (38)

(See Fig. 3).
If one chooses the diffeomorphism ¢ close enough to the identity in the ¢”! topology
on M\ U, jyer W/ ;. then the map

Fo:=Fo¢: M — C> (39)

lies in Jg((M) and enjoys the following properties:

(c1) Fo(pij) € BE\BG — &) and (Fo(pi,j) + (F(pi))™) NBE — &) = ¢ for
k € {j,j+1}and (i, j) € I;see (b7) and recall that Fo(p;, ;) = F(ql i)~
Fe(‘lt,/) =Vij-
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H(M)

Fig. 3 The biholomorphism ¢

(c2) || Fy — F||1ﬁ < €/2.
(c3) Fy (M\R) C IB%(&)\E(S — €); see properties Lemma 3-(i) and (b1).
(c4) dist(y, ry) (20, PR) > p; see (34).

(c5) For every point p € Ci j, (i, ) € I, there exists a constant T > 0, which can
be taken to depend continuously on p, such that

Fo(p) + (F(pi, )" N{z € C*: |z] = 7)) € BE\BG — &);

see (37), (b4), (b8), and (38).
(c6) (Fo(Ci )+ (F(p,-,j))L) NB(s — €) = @; see (36), (ad), (b4), and (b6).

If the above approximations are close enough and the neighborhood V' of K (con-
taining the image ¢ (M)) is small enough, then properties (b1)—(b9) and (c1)—(c6)
allow one to find simply connected neighborhoods Ul.3’ j € Ul.z, ; € Ul.f j of the point

pij in M\R, (i, j) € T, meeting the following requirements (see Figs. 3, 4):

d) U, NU, = Bifk # .
—1 . .
d2) U; ;NCix=9ifk ¢{j,j+1}.
(d3) Uil’j N C; x is a connected compact Jordan arc for k € {j, j + 1}.

(d4) B{fj = Ci,j\(Ui'fjl U Uilf;rll) are connected compact Jordan arcs for k € {1, 2},

and Fo(ﬁl-lyj) C U, ;; see (a4).
@) o}, U \U2, 07 C Uij (see (38)), and ¢~ (pi,j) € (U} )N M.

W@6) Fo(T; ;) © BE\BG — &) and (Fo(T,; ;) + (F(pii)*) N BG — &) = 6 for
ke{j,j+ 1};see(cl).

d7) (FO(U%,) + (F(p,-,k»i) NB(s —e) = P forall k € {j, j + 1}; see (b6).
(d8) Fo(UL\UZ)) C % j N T j11; see (b4).
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Fig. 4 The setsin M\R

) If y C Ull is an arc connecting M\U i and Ul T and J C y is a Borel
measurable subset, then, see (b5),

min{length(7; j (Fo(J))), length(wr; j1+1(Fo(J)))}
+ min{length(r; ; (Fo(y\J))), length(r; j11(Fo(y\J)))} > 6.

Step 3: Stretching from the arcs C;

In the final step of the proof we use approximate solutions of certain Riemann-Hilbert
problems for null curves in C3, provided by Theorem 4, in order to stretch the images
of the central parts of the arcs C; ; very close to the sphere of radius § in C3.

For every i = 1,...,1i, we choose a small compact annular neighborhood A; C
M\ﬁ of the boundary curve C; and a smooth retraction p;: A; — Cj, such that

AN U i,j is a compact Jordan arc and A;\ U] - U2 consists of j pairwise disjoint
closed discs A; j, j € Z;. Assume that A; ; N C, k ;é Vit and only if j = k. (See Fig.
4). From (d4) we may choose Aj sothat p; (A; ) = ,311 ;A
Fo(Aij) C %, Y@, j)€T. (40)
For every (i, j) € I, take a unitary null vector
%, € Q0D N (F(pi ) 41)
such exists since (F(p;, j))L is a complex vectorial hyperplane of C3; recall that

F(pi,j) # 0by Lemma 3-(i). Combining (c5), (c6), (d6), and (41), we can easily find
a continuous function u: bM — Ry such that

nw=0 on bM\ U ﬂfj, (42)

(i, j)eT
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and the map

0(p) P € bM\ U([ Jj)ex ﬁl i
Fo(p) +m(p)&dij; pep?y, () eT,
(43)

x:bM x D — C, Jf(p,f):[

satisfies the following conditions:

(el) x(p, bD) C BE\BG — &) forall p € bM.

€2) x(p,D)NB(s —e) =@ forall p € bM.

Since the compact arcs ,Bl% I (i, j) € I, are pairwise disjoint, the continuity of © and
(42) ensure that x is well defined and continuous.
In this setting, Theorem 4 gives small open neighborhoods €2; ; C A; of the arcs ,Bi% j
and a holomorphic null immersion F e T (M) satisfying the following conditions:
(f1) Q;j N (0i,j—1 Yo ;) =@ and bQ2; ; N DA, is a compact arc contained in the
relative interior of C; ;; see Fig. 4.

(f2) I?(p) € B(5)\B(5 —é) forall p € bM; see (el) and Theorem 4-(i). In particular,
F (M) j B(5) by the Maximum Prmaple

(f3) T j o F is close to 7, j o Fyon Q; ,j;> see (43), (41), and Theorem 4-(ii).

(f4) F is close to Fy in the €' topology on M’ := M\ U, jer i, j; see Theorem
4-(ii), (iii).

(f5) f(M\R) NB(s — €) = ¥; see (c3), (¢2), and Theorem 4-(ii), (iii).

By the Mergelyan theorem for null curves (cf. [6,8]) we may assume that F extends
to a null holomorphic immersion of a neighborhood of M in M. Letus verify that this
extension, still denoted F, meets all the requirements of Lemma 3 provided that the
approximations in (f3) and (f4) are close enough.

Property (L1) follows from (c2) and (f4); recall that RcCM. Properties (L.2) and
(L3) agree with (f2) and (f5), respectively.

In order to verify property (L4) we have to work a little harder. In view of (f4) and
(c4), it suffices to check that dist(M’ ) (bR, bM) > 8. Let y be any arc in M\'R with
one endpoint in bR and the other one in bM. We wish to see that length(l? (y)) > 4.

Assume first that y ﬂﬁz # () for some (i, j) € I.In this case there exists a subarc

y C U j of y connecting M\Ul and U see Fig. 4. Then

l]’

length(F (7)) % length(F(5 N S ;) + length(F(7 N Sy j11)
+ length(Fo(y N M"))
> length(m; ; (F (9 N Qi j))) + length(ri_j+ 1 (F (P N Qi j11)))
+ length(Fo(y N M"))

£3) - e
~ length(m; j(Fo(7 N Q;;))) + length(m; j4+1 (Fo(P N Qi j4+1)))

do
+ length(Fo(p N M) 2 5

hence § < length(ﬁ()?)) < length(f':(y)) and we are done.
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. . 2 .
It remains to consider the case when y N {J;, jyer Ui j = ¥. Then there exist an

index (i, j) € I and a subarc y C A;,j of y connecting a point pg € A; j\$2; j toa
point p; € ,31.1!,. C A; j; see Fig. 4. In view of (f4) and (f3) we have that

F(po) ~ Fo(po) and 7 ;(F(p1)) ~ mi j(Fo(p1))- (44)

On the other hand, (40) gives that {Fo(po), Fo(p1)} C %, and (f2) that f(pl) €
B(ﬁ)\ﬁg — €). Therefore, (35) and (44) ensure that § < dist(f(p()), F(pp)) <
length(F(y)) < length(F (y)) and we are done.

5 Proper null curves in C with a bounded coordinate function

This section is devoted to the proof of Theorem 2 in the following more precise form.

Theorem 6 Let M be a bordered Riemann surface. Every null holomorphic immersion
F = (F1, F2, F3) € Jy(M) can be approximated, uniformly on compacts in M,
by proper null holomorphic embeddings G = (G1, G2, G3): M — C> such that
|G3| < non M for any given constant n > || 3| 37-

The proof relies on the approximation result furnished by Lemma 4 below.

We fix the following notation in the remainder of this section. Let {V], V2} be an
orthonormal basis of C? x {0} c C? consisting of null vectors.

(We can take for instance V| = \sz(l, 1,0)and V; = \%(1, —1,0)). Given a set K

andamap f: K — C3, set

m(f) = max{|(f, V)|, [(f, V2)I}: K — Ry. (45)

Lemma 4 Let M be a bordered Riemann surface, let R € B(M), let s > 0 be a
positive number; let F = (Fy, Fa, F3) € Jo(M), and assume that

m(F)>s on M\R. (46)

Given numbers € > 0 and § > s there exists a null immersion F = (ﬁl, 1?2, 1/4:3) €
T (M) enjoying the following properties:

(L1) |F — F”lﬁ < €.

(L2) m(F) > § on bM.

(L3) m(F) > s on M\R.

(L4) 1F5llg 37 < I1F3llg37 + €

The main novelty of Lemma 4 with respect to previous related constructions of
minimal surfaces in R and null curves in C3 is the control on the third coordinate
function provided by property (L4); cf. [7, Lemma 5.1] and [6, Lemma 8.2].

Proof (Proof of Lemma 4) Assume without loss of generality that M is a bordered
domain in an open Riemann surface M such that M € %A (M) and, by the Mergelyan
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theorem for null curves (cf. [6,8]), that F € Jg (M) extends to a null holomorphic
immersion F € Cig((]l?).

The proof is accomplished in three different steps that follow the spirit of those
in the proof of Lemma 3. Again, the main novelties with respect to previous related
constructions arise in the last step where the solutions to the Riemann-Hilbert problem
for null curves (Theorem 4) are employed.

Step 1: Splitting bM . Denote by C1, . .., C; the connected boundary curves of M, so
bM = U}:l C;.Foreveryi = 1, ..., ichoose a small annular neighborhood A; C M
of C; and a smooth retraction p; : A; — C; such that R C K := M\ U}Zl A;.

In view of (46), we can split bM into a finite family of compact arcs C; ;, (i, j) €
I:={l,...,i} x Zj,j € N, so that the following properties hold for every i €
{1,...,1}:

(al) U)j:l Ci,j = Ci.
(a2) Cj,j and C; j+1 have a common endpoint, p; ;, and are otherwise disjoint.
(a3) Either [(F, V1)| > s on C; j or |[(F, V2)| > s on C; j for every j € Z;.

Set I1 = {(i,j) € I:|{F,Vi)| > s on C;;}and I = I\Ij, so we have

[(F, V2)| > s on C; j forall (i, j) € I, in view of (a3).

Step 2: Stretching from the points p; ;. For each (i, j) € I choose a compact smooth
embedded arc A; ; C C3 enjoying the following conditions:

(bl) A; ; is attached to F (M) at F( pi,j) and it is otherwise disjoint from F (M).

(b2) |{z, Vi)l > sforallz € A; j_1 UA; j forall (i, j) € Ij.

(13) |{vig, Vk)| > s foralll € {j — 1, j} and all (i, j) € I, where v;; denotes the
endpoint of A; ; different from F(p; ;).

(04) {2, (0,0, D)| < [ F3llg 37 +€/2forallz € 4; ;.

Observe that (b1) and (b2) are compatible thanks to (a3). For (b4) take into account

that the third component of V| and V; equals 0.

Up to slightly modifying the arcs A; ;, we can use the method of exposing boundary
points (see [25, Theorem 2.3] and also [23, Theorem 8.8.1]) in order to approximate
F in the ¢! topology outside a small open neighborhood of {p;. j: (@, j) €I}bya
null curve FO € Jg(M) containing these arcs and mapping the point pi,j to v; j for
all (i, j) € I.Furthermore, F 0 can be taken such that FO(M) is arbitrarily close to
F(M)U U(i, j)et Ai,j- More precisely, arguing as in Step 2 in the proof of Lemma 3,
we find a null curve FO = (F?, F20, F30) € Jg (M) enjoying the following properties:
) |F° = Fllik <e€/2.

(c2) |(FO, Vi)l > s on C; j forall (i, j) € Ij; see (b2).

(c3) |(FO, Vi)| > § on {pi,j—1, pi,j} forall (i, j) € Ij; see (b3).
() 1F9 137 < I1Fsll 37 + €/2: see (b4).

(c5) m(F% > s on M\R; see (b2) and (46).

Step 3: Stretching from the arcs C; j. In view of (c3), the continuity of F 0 gives
compact subarcs «; j of C; j\{pi j—1, pi,j}, (i, j) € I, such that

|(F0, Vi)l >§ on Cij\ojj forall (i, j) € I,k =1,2. a7
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a4~ i541 € Gigaa

Pij—1 Pij+1
Fig. 5 The sets in M\R

(See Fig. 5).

From (47), we can easily find compact subarcs 8; ; of C; j\{pi, j—1, pi,j}, contain-
ing o; ; in its relative interior, (i, j) € I, and a continuous function p: bM — R
such that

w=0 onbM\ |J Bi. (48)
(i, )T

and the map »: bM x D — C3 given by

FO(P); p € bM\ U(i,j)ez Bi.j

49
FOp) + u(pEVes pefiy o) eI k=1,2, &

Jf(p,E) = [

enjoys the following properties:

dl) [(x(p,&), Vi)| > sforall p € ; j and & € b, (i, j) € I\Ix, k =1, 2.

(d2) |(x(p,&), V)| > §forall p € C; j\o; j and £ € D, @i, j) € Ir, k =1,2; see
(47), (49), and recall that (V, V») = 0.

(d3) [(x(p,&), k)| > sforall p € C; jand § € D, @i, j) € Ik, k = 1,2; see (c2),
(49), and take into account that (V, V) = 0.

Notice that (48) and the continuity of u imply the one of x; observe that the arcs g; ;,
(i, j) € I, are pairwise disjoint.

We can now use Theorem 4 to obtain small open neighborhoods 2; ; C A; C M\K
of the arcs B; ;, (i, j) € I, and a holomorphic null immersion

F = (F, Fa, F3) € Iy(M)

satisfying the following conditions (see Fig. 5):

(el) @;;NQ;; = Pforalll # j,and Q; ;NbM isacompactarcin C; j\{pi j—1, pi,;}
containing B; ; in its relative interior.

(€2) (F, Vi)l > Sona; j, (i, j) € I\I, k = 1, 2; see (d1) and Theorem 4-(i).

(e3) |(E, Vi)| > § on Cij\aij, (i, j) € I, k = 1, 2; see (d2) and Theorem 4-(ii).

(e4) |F — FOHLM\U(,j)ez Q, < €/2; see Theorem 4-(iii).

(e5) ||I?3||0,M < ||F3O||0ﬁ+e/2; see (49), Theorem 4-(ii), (iii), and recall that V| and
V, are orthogonal to (0, 0, 1).

(e6) m(ﬁ) > § on M\R; see (d2), (d3), (c5), Theorem 4-(i), (ii), and (iii).
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The immersion F € T (M) meets all the requirements of the lemma. Indeed, (L1)
is implied by (cl) and (e4); (L2) is ensured by (e2) and (e3); (L3) agrees with (e6);
and (L4) is given by (c4) and (e5). This concludes the proof of Lemma 4. O

Remark 3 A reader familiar with the standard constructions of proper holomorphic
maps (see for instance the introduction and references in [18], or [23, §8.6]) might ask
why are we using the additional device of exposing boundary points in the proof of
Lemma 4. Indeed, if one could prove Theorem 4 with the size function u: bM — R4
supported on the entire boundary of M (and not only on arcs), then such a proof would
be possible by following the zig-zag procedure outlined in the introduction for the
case when M is the disc. However, we find this a minor issue, in particular since the
exposing of points technique has been an integral part of our analysis already in Sect.
4 above.

Proof (Proof of Theorem 6) Let K C M be a compact subset. Pick a constant £ > 0
such that

1 F3llo37 +& < (50)

Set FO = (F?, FZO, Fé’) := F and g := ¢. By a general position argument we may
assume that m(F°) = max{[(F°, V1)|, |(F°, V»)|} does not vanish anywhere on bM;
hence there exists a constant so > 0 and a bordered domain Ry € % (M) containing
K such that .

m(F% > s on M\Ry. (51)
Set s, := so + n for n € N. We shall inductively construct sequences of bordered
domains R, € #(M), null holomorphic embeddings F" = (F{', Fy, F3) € Jo(M),
and constants ¢, > 0, n € N, satisfying the following properties:
(@) Ry @ Ru—1. o
(by) 0 < &, < &,—1/2 and every holomorphic map G: M — C3 satisfying the
estimate |G — F"~1 I Ry < 2¢, is an embedding on R,,_1.
) I1F* = F* Nz < én
(dy) m(F") > 5, on M\R,,.
(ep) m(F") > 5,1 on M\R;,_y.
&) 1F o3z < I1FS o 37 + &n-
We will also ensure that

M=JRa (52)
neN
For the basis of the induction, take a number 0 < ¢; < ¢/2 small enough so that

(b1) holds; recall that FO € Jg(M) is an embedding. Condition (51) shows that we
can apply Lemma 4 to the data

(M,R,F,s,e,§ =M, Ry, F°, 50, €1, s1),

obtaining a null holomorphic immersion F! € Jg(M), which can be assumed to be
an embedding by general position argument [6, Theorem 2.5]. Conditions (cy), (e1),
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and (f) trivially follow, whereas (a;) and (d) are ensured by Lemma 4-(L2) provided
that the bordered domain R| € #(M) is chosen large enough.

For the inductive step, assume that for some n > 1 we already have a triple
(R;, F, €j) enjoying properties (a;)—(f;) for all j € {1,...,n — 1}. Take any
en > 0 satisfying (b,); again the existence of such a number is ensured by the fact
that F"~! e T (M) is an embedding. In view of (d,—1) we can apply Lemma 4 to the
data

(M’RvFas9€a§)=(M7Rn71’Fn_l,SI’l*lrgn’sn)r

obtaining F" € Jo((M) which can be assumed an embedding [6] and which, together
with ¢, and a sufficiently large domain R,, € Z(M), meets all requirements (a, )—(f,).

Finally, in order to ensure (52), we simply choose the domain R, large enough in
each step of the inductive process.

This concludes the construction of the sequence {(R,, F", €x)}neN-

Since F" € Jg(M) for all n € N, properties (c;), (b,), and (52) show that the
sequence { F" € Jo((M)}, ey converges uniformly on compacts in M to a holomorphic
map G = (G1,G2,G3): M — C3 whose derivative, G’, with respect to any local
holomorphic coordinate on M assumes values in 2.

Let us show that G satisfies Theorem 6. From (b,,) and (c,) it follows that

||G—Fj||1ﬁj <241 <ej <e/2 V¥jeNU{0}. (53)

This and (c,) imply that G: M — C? is a null holomorphic embedding which is
g-close to FO = F in the ¢! topology on the domain R D K.

Next we check that G: M — C3 is a proper map. Indeed, by (e,,) and (53), we
have

m(G) > sy_1 —¢&/2" on R,\R,—1, forall neN

(see (45)). Together with (52) and the fact that {s,},eny — —+00, it follows that the
map m(G): M — R is proper; hence so is G; cf. (45).

Finally, (b,), (f,), and (50) ensure that |G3| < 1 on M, thus concluding the proof
of Theorem 6. m|

Lemma 4 can be also combined with the Mergelyan theorem for null curves in C3
(cf. [6,7]) in order to prove the first assertion in Theorem 3. Afterward, the second and
third assertions in Theorem 3 follow as explained in the introduction. We can actually
prove the following more precise result in the line of the first part of Theorem 3.

Theorem 7 Assume that N is an orientable noncompact smooth real surface without
boundary, K is a compact subset of N such that N\K does not have any relatively
compact connected components in N, and Jx is a complex structure on an open
neighborhood U C N of K.

Let F = (Fy, Fa, F3) € J9(U) be a null holomorphic immersion. Then for any
€ > O there exist a complex structure J on N and a proper null holomorphic embedding
G = (G1, G2, G3) of the Riemann surface N := (N, J) to C3 such that:
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(i) J = Jk on a neighborhood of K,
(i) |G — Fl1,x <¢€, and
(iii) |G3| < | F3llo,x +€onN.

Proof If N has finite topological type then the conclusion is implied by Theorem 6.

Assume now that N has infinite topology. Choose a bordered Riemann surface M,
with K C My € U, suchthat N\ M has norelatively compact connected components.
Choose a complex structure Jo on N such that

J() = JK on Mo (54)

and denote by N := (N, Jp) the corresponding Riemann surface. In the sequel we
use Jo as the complex structure on subdomains of N.

Note that M is Runge in Np. Pick an exhaustion {M ;};cn of N by smoothly
bounded compact domains such that Mj,l C Mj, every M; is Runge in N, and
the difference M j\M_1 has the Euler characteristic x(M \M;_1) = —1 for every
Jj € N;see [10, Lemma 4.2].

Set Ro := M. Since ﬁo is Runge in M1, the inclusion map ﬁo <> M, induces a
monomorphism of the homology groups H;(Ro; Z) < Hi(M1; Z), hence we may
assume that Hy (Ro; Z) € Hi(M; Z). (Recall that x (M {\Ro) = —1, so the inclusion
is proper). There is a smooth Jordan curve y C M intersecting M\ in a compact
connected Jordan arc y with endpoints a, b € bR and otherwise disjoint from R
such that

Hi(RoUy:Z) = Hi(M1; Z). (55)

Set FO = (F?, F20, F30) := F and €y := €. By a general position argument, we
may assume that m(FO) > 5o > 0 on bMy for some constant sy > 0; see (45). Set
sy ;=380 +nforalln € N.

We may assume without loss of generality that FO: Ry — C3 is a null embedding
[6, Theorem 2.5]. Hence there is a number €] with 0 < €] < €p/2 such that every
holomorphic map ¥ : Ro — C satisfying |¥ — F°||, 7, < 2e1 is an embedding.

We extend FY, with the same name, to a smooth injective map ﬁo Uy — C3 so
that the following conditions are satisfied:

- m(F% > 59 on bRy U y.
0 0
- |I1F3 HO,ROUV < |IF3 ”0,730 +e€1/2.
— The tangent vector to F© at any point of y lies in 2\ {0}.

Observe that the compact set ﬁo Uy C Ny is admissible in the sense of [7, Def.2.2]
(see also [8, Def.2] or [6, Def.7.1]), and that FO. ﬁo Uy —> Clisa generalized null
curve in the sense of [8, Def.5] or [6]. Therefore, the Mergelyan theorem for null
curves in C? [6-8] applies, providing a smoothly bounded compact domain R C M
and a null curve F! = (I?l, 1?21, 1/7\31) € Jg(R1) enjoying the following properties:

- RoU y C Ry € M) and the inclusion map R < M, induces an isomorphism

between the homology groups H; (ﬁl; 7) —> Hi(My; Z); see (55).
— |IF' - F0||1ﬁ0 <e€/2.
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- m/(\fl) > 50 on ﬁl\Ro.
1 g, < 1Fl =, + €1/2.

Then, we can apply Lemma 4 to the data
(M, R, F,s5,¢,8) = (M1, Ri, F', 50, €1/2, 51),

obtaining F le Jo(R1), which can be assumed an embedding [6], such that:
- |IF' = F0||1ﬁ0 <.
- m(Fl) > 50 on R \Ro.
- m(F") > s on bR;.
- I1F 7w, < IF N5, +€-

By repeating the above procedure inductively as in the proof of Theorem 6, we find
sequences of bordered domains R,, € N, null holomorphic embeddings F": R, —
C3, and numbers €, > 0, n € N, such that the following conditions hold for every
neN:

(a) Ry—1 € Ry, C M, and the inclusion map R, < M, induces an isomorphism

between the homology groups H(R,; Z) = H (M, 7).

(b) €4 < €4-1/2 < €/2" and every holomorphic map Y: R, — C? satisfying
Y — F"~ l||1 Ry < 2¢, is an embedding on Ra1.

(©) IIF" — F"~ 1||1,R”_1 < e

(d) m(F") > s, on bR,.

(€ m(F") > s, 1 on Ry\Ry—1.

O IF oz, < 1F; oz, +€n/2-

The union Ny := J,,cy Rn C N is an open domainin N. Since N = |J,,cry My, it

follows from (a) that the inclusion Ny < N induces an isomorphism Hj(No; Z) —>
H{(N; Z). Therefore Ny is homeomorphic to N, and hence also diffeomorphic to N.
Fix adiffeomorphism¢: N — No which equals the identity map on a neighborhood of
K,andlet J = ¢*(Jp|n,) be the complex structure on N obtained by pulling back the
complex structure Jy by ¢. The Riemann surface N := (N, J) is then biholomorphic
to (No, Joln,) via ¢, and we have J = Jy = Jg on a neighborhood of K (see (54)).

Taking into account conditions (b) and (c), the sequence {F"},eN converges uni-
formly on compacts in Ny to a null holomorphic map G: Ny — C3 (with respect to
the complex structure Jp) satisfying

IG — F"ll, 7, < 2€nt1 <€ YneNU{0). (56)

Therefore G is an embedding by (b), and property Theorem 7-(ii) holds. Moreover,
(56) and (e) show that m(@): No — R is a proper map; hence so is G. Finally,
properties (f) and (b) ensure (iii). The composed map G := Go ¢: N —> C3 is then
a null embedding of the Riemann surface N' = (N, J) satisfying Theorem 7. O
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