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Abstract

The main goal of this work is to prove two recently published theorems by Antonio Alarcén, Franc
Forstneric and Francisco Lépez regarding the existence of holomorphic legendrian curves. To that end, we
define and develop the concepts of Riemann surfaces and holomorphic contact manifolds and explain the
techniques of holomorphic approrimation necessary for the proofs.

Keywords: Contact geometry, holomorphic approximation, legendrian curves, Mergelyan theorem, Riemann
surfaces, symplectic geometry

Resumen

El objetivo principal de este trabajo es demostrar dos teoremas recientemente publicados por Antonio
Alarcén, Franc Forstneric y Francisco Lopez sobre la existencia de curvas legendrianas holomorfas. Para
ello, definimos y desarrollamos los conceptos de superficie de Riemann y variedad de contacto holomorfa 'y
explicamos las técnicas de aproximacion holomorfa necesarias para las demostraciones.
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superficies de Riemann, teorema de Mergelyan
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Introduction and main results

The original Bachelor’s Project "Curvas holomorfas" was presented in the 14 of July of 2021 in Complutense
University of Madrid, being awarded a full mark and a honorific mention. The project was presented in
Spanish. This is a translation, carried out by the author, of the original work.

The study of symplectic and contact smooth manifolds appears naturally to formalise diverse problems
from classical mechanics. Its study during the past century has been a fruitful are of research, with important
consequences in both Physics and Geometry.

A symplectic manifolds is a smooth manifolds M of even dimension 2n together with a closed, nondegenerate
2-form w. A symplectic manifolds (M, w) together with a function H : M — R form a hamiltonian contact
system and represents the phase space of a conservative mechanical system.

The most paradigmatic example of these manifolds is the cotangent space of a smooth manifold T*M. In
canonical coordinates, (z7, y;j) the symplectic form is given by > j dz?d A dy;.

Immersed submanifolds f : N — M such that f*w = 0 are of special interest, and are known as isotropic
submanifolds. Among them, the ones with maximal dimension, which is n since w is non degenerate are
named lagrangian submanifolds and play an important role in diverse theorems of symplectic geometry such
as the Arnold-Liouville Theorem or Weinstein’s Tubular Neighbourhood Theorem. For example, a section
s: M — T*M is a closed differential form if and only if it is a legendrian immersion.

Contact manifolds are the odd-dimensional analog of symplectic manifolds. A contact structure on a
2n + 1-dimensional manifold M is a subbundle ¥ of the tangent bundle of codimension 1, which is given
locally as the kernel of a 1-form « such that a A (da)™ # 0. Given a smooth manifolds M, the space of 1-jets,
which is isomorphic to T*M x R, te projectivised cotantent bundle P(T*M) or the unit cotangent bundle in
case M is given a metric are examples of contact manifolds, among others.

Now, if M is as above, an immersion f : N — M is said to be isotropic if f.(TN) C ¥. The condition
aA(da)™ # 0 and Frobenius Integrability Theorem imply that n is the maximum dimension that N can have,
and in that case the immersion is said to be legendrian. Legendrian submanifolds are of special interest:

o Legendrian embeddings of S! into a contact 3-dimensional manifold are called legendrian knots. Two
legendrian knots K, K’ C R? with the standard contact form given by the kernel of o = dz — xdy are
contact-isotopic (this is, there exists a continuous family of legendrian knots ¢; such that ¢g = K,
¢1 = K') if and only if their projections onto the zy-plane can be related by a series of elementary
moves, which correspond to the movements one can do to untie the knot. A proof of this can be foun
in [Swi92].

e In his famous book [Gro86], Gromov proves using convex integration that any continuous path ~ :
[0,1] = (M, ¥), where ¥ is a contact structure, can be approximated by isotropic embeddings.

Contact and symplectic manifolds enjoy similar or analog properties. For instance, both satisfy the Darboux
Theorems, which basically show that locally, any sympletcic or contact manifold is equivalent to

n
R?", Z dazd A dy’ R ker(dz — Z wdy?) |,

Jj=1 J

respectively. This is why these two strutures are known as the standard symplectic and contact structures
in affine space.



Aitor Iribar Lépez

The definitions that we have in smooth manifolds can be generalised to complex manifolds without
problem, and the resulting structures are known as holomorphic symplectic and contact structures. Isotropic,
lagrangian and legendrian submanifolds can also be define in an analogous way and therefore one may wonder
which theorems about real geometry can be extended to complex manifolds.

In [Bry82], R. Bryant proved that every compact Riemann Surface can be embedded in CPP? as a legendrian
submanifold, with the standard contact structure in projective space.

The problem was unsolved for open Riemann surfaces until A. Alarcén, F. Fonstneric y F. Lépez proved
in 2017, using techniques of holomorphic approximation, an analogue of Bryant’s result. More precisely, in
[AFL17] they prove the following stronger statements:

Theorem 1. Let X be a Riemann surface and let f : Y — C?"*1 be an isotropic holomorphic map', where
Y CC X is a Runge open set. Then f can be approximated uniformly overY by isotropic, proper embeddings
f: X — C? ! with the standard contact structure of affine space.

Theorem 2. Let X be a compact, bordered Riemann surface, and let (M, ¥) be a holomorphic, contact
manifold of dimension 2n + 1. Then there exists an isotropic embedding of X into M.

The objective of this work is to give a complete, rigorous proof of these two Theorems in the case n =1,
illustrating the main ideas that the authors use for generic n.

In the first part, we will define complex manifolds and in particular, Riemann surfaces. Contrary to the
usual treatment given in some books like [For81] or [GR65], we will avoid the introduction of sheaves and
sheaf cohomology, since we will be focusing on open Riemann surfaces and a sistematic study of their sheaves
woould exceed the limits of this work. Following the ideas in [Varll], we will instead use Green functions to
prove analogues of the well known Cauchy formulas in arbitrary Riemann surfaces, which will be useful to
prove the classical theorems of Runge and Weierstrass.

The main feature of open Riemann surfaces for holomorphic approximation is Mergelyan-Bishop’s Theorem.
To prove it, we will explain the ideas in [Sak72].

Finally, we will explain what holomorphic symplectic and contact structures are, giving simple proofs of
the holomorphic Darboux Theorems, which were not found in the references, adapting the proof of the real
Darboux Theorems in [Leel2].

The second part is devoted to the proof of the two results and a systematic approach to some of the

techniques in holomorphic approximation. This techniques have been exploited by the authors in other
similar articles like [AFL17] or [AFL16].
To do so, we start with an exposition of the recurring ideas that appear in the proofs of the two theorems, and
we will also formalise some results that the authors use in an implicit way. In particular, propositions 2.1.1,
2.1.2 and 2.1.3 have not been found in any of the references or other articles by the authors, and therefore
their proof is original. We will exemplify the use of these ideas to strengthen Mergelyan Theorem and prove
a classical result by R. Gunning and M. Narasimhan about the existence of immersions of Riemann surfaces
in C, originally proved in [GN67]. The remaining part is rather technical and it’s dedicated to the proof of
theorems 1 and 2.

Although this project is mostly self contained (based on the Bachelor’s knowledge), we will use some ideas
from functional analysis to prove Runge and Mergelyan Theorems, and an argument using transversality
appears in the proof of 2.3.2. This two topics are treated in a succinct way in the Appendices.

IWe will see that it is necessary that f is isotropic



Part 1

Riemann surfaces and holomorphic
contact structures

1.1 Functions of several complex variables. Complex manifolds

First we will develop the local theory of holomorphic functions.

Definition 1.1.1. Let Q an open subset of C™. A continuous function f : Q — C is holomorphic if it
is holomorphic in each variable (as functions between open subsets of C). A function f : Q — C™ is
holomorphic if all of its components are holomorphic

A smooth function f = u + iv is holomorphic precisely when, for each j, the Cauchy-Riemann equations

hold:
ou v ou  Ov

dxi Oy dai Oyl

It is convenient to use the Wirtinger derivatives

o9 _1(0 .9 9 _1(9 . .90
820 2\ oy 871 2\ 91 oy

and then, the Cauchy-Riemann equations are equivalent to % = 0 for all j. To do calculus on complex

manifolds, we will follow the standard notation for indices up and down, as well as multi-index notation.
Einstein summation is not necessary since the formulas that will appear are small. An immediate consequence
of the usual Cauchy Formula is the following:

Lemma 1.1.2. Let f: Q2 — C holomorphic. Then for any z € €2,

1 f, -3 mm)
= - dny, ... d
f(Z) (271-2)71 /771|_r1 /|nn_rn (771 - Zl) ce (77n - Zn) 7 n

Proof. Using Cauchy formula for the first variable, one gets

L flm,ze, ... 2n)
f(Z) - 2mi ‘/|771|_T1 (771 - Zl) dnl

If one applies the theorem again, inside the integral,

_# f(771a7727~--,zn)
1= (2mi)? /Iml—n /|7I2—T'2 (m —2z1)(m2 — ZQ)dman'

And one can continue like this to get the desired formula. O

Corollary 1.1.3. Every holomorphic function is smooth, and the following formula holds

ol al / / Fn,. )
—f(2) = - . o dny, ...d
Dz~ ( ) (27”’)n [n1]=r1 [Mn|=Tn (771 — Zl)al—H cee (77n - Zn)a"_‘_l " n

9
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Corollary 1.1.4. If a sequence of holomorphic functions f, converges uniformly on compact sets to f, then

. . .. [ex| . le]
f is holomorphic and for any multi-index «, g7fn converges uniformly over compact subsets to gza

The classical theorems of calculus can be easily generalised; for that purpose, the following lemma will
be necessary. We don’t prove it but not that it is a direct consequence of the chain rule and the definitions

9 o)
of 527 and 357 -

Lemma 1.1.5. If f and g are functions between open subsets of complex affine space whose composition
makes sense, then

of og’  9of 9’ _ N~ Of 997 Of oy’

0
9D = Lgui o T oo 9t 0T 2 gur o T gud o

0zk

Corollary 1.1.6. The composition of two holomorphic functions is again holomorphic, and

D g OO
@(f 9) = - Owi Ozk"

If a holomorphic functions between open sets of equal dimension has reqular derivative

of _ (of*
0z \ 0z kg
in a point a, then on a neighbourhood of a, the function is invertible and its inverse is holomorphic. If a

holomorphic function F = F(z,w) between open subsets of CIT" and C™ wverifies that g—i(a, b) is invertible
and F(a,b) = 0, then there exists a holomorphic function g such that g(a) =b and F(t,g(t)) = 0.

Proof. These theorems follow from the usual chain rule and inverse function theorem and the formulas in
the previous lemma. O

With all these tools, one can replicate the same process one would follow to define a smooth manifold to
define a complex manifold. It can be seen in full details in [GR65], so we will do it quickly.

Definition 1.1.7. A complex manifold of dimension n es a topological space X locally homeomorphic to C™,
Hausdorff and second countable, together with a (mazimal) atlas of charts {(Uj, zj)jer} such that zj : Uj —
C" is a homeomorphism onto its image and z; o (21,)~ ! is holomorphic, with holomorphic inverse whenever
U; N Uy is nonempty.

2
As it was already noted, under the natural identification C* = R2", detp (%) = ’detc (%)’ and
thus, in particular, holomorphic change of coordinates have positive jacobian so a complex manifold is

orientable
Example 1.1.8.
a) Every open subset Q C C™ is a complex manifold.

b) Projective spaces CP" are n-dimensional complex manifolds of with charts (Uj,u;), where U; is given

by z; 0 and uj([z0 : ... : 2p]) = (z—z’, e ‘Z—:‘), omitting the j-th coordinate.
¢) If z,w are two complex numbers that are not collinear with 0, the set L = zZ + wZ forms a lattice in
C and the quotient C/L, homeomorphic to a torus inherits a complex structure in a natural way.

d) Although this is not a trivial fact, every orientable real surface X has a structure of 1-complex manifold,
also known as Riemann surface. The idea is to endow the surface with a metric and finding local
coordinates around each point such that g1o = 0 y g11 = g12. Using the orientability of X, these
coordinates can be assumed to verify gi1 > 0 and they constitute a holomorphic atlas.

e) Not every even dimensional smooth manifold has a complex structure. Orientability is one of the
requisites and, contrary to what the previous example shows, in higher dimensions there are more
requisites. For example, as it can be seen in [BS53], S™ is not a complex manifold if n # 2,6, and the
case n = 6 is an open problem.

10



Holomorphic curves

A continuous function f : X — C is said to be holomorphic if foz~! is holomorphic for each chart (U, z),
and a function f: X — Y between two complex manifolds is holomorphic if for any pair or charts (U, z) in
Y and (V,w) in X, zo f ow™?! is holomorphic.

As it is usual to see in the literature, if ¥ C X is an open set, O(Y) and C*°(Y") represent the spaces of
holomorphic and smooth functions, respectively, in Y.

Definition 1.1.9. The tangent space to a complex manifold is the complezification of its tangent space as
a smooth manifold, that is to say, TcX is a vector bundle with fibers (It X), = TX, ®r C, and inherits a
natural structure of complex manifold in such a way that © : Tc X — X is holomorphic.

Since T'X,, ® C is a complex vector space in a natural way, given holomorphic coordinates z = = + iy,
it makes sense to define in Tc X the vectors % and % using the same formulas as in C™. The interesting
phenomena is that these vectors depend of the coordinates one takes, but the subspaces generated by the
% and the % are invariant. We prove it in the following way::

For any p in X, given holomorphic coordinates z = = + 4y around p, we define a linear map J, : TX, — T'X,,

in a basis as o 5 9 5

Jp can be extended to TX, ® C by the formula J,(v ® a) = J,(v) ® a. Since J2 = —1, and J,, is C-linear,

Jp can be diagonalised. The vectors % have i as eigenvalue, while the vectors % have —i. Therefore, it
J
is sufficient to prove that J, is independent of the holomorphic coordinates taken.

If w = u+iv are another holomorphic coordinates, and j; is the map defined if we started with w, the chain
rule 1.1.5 shows that
o ow' 0 o ow' 0
023 0zl ow' 0z1 0z ow!’
and therefore, J, (5%) = iz% and J, (3%) = —izZ for all j. Since these form a basis of TX,®C, J,, = J,."
It makes sense to make the following definition:

Definition 1.1.10. T1°X s the subbundle generated by % and TO'X is the subbundle generated by %.

They are also complex manifolds in a natural way. In particular, holomorphic section of T*9X are what
we will refer to as holomorphic vector fields, since in local coordinates they can be expressed as X = Xj%
where X7 : X — C is holomorphic.

The space of alternating tensors are defined in the same way as in the smooth case, that is to say,
E"X = AN"(TcX™), where * denotes the dual. To the basis formed by a% 3% correspond the dual basis
J

o i’
dz?,dz? of Te X*, where ‘ ‘ ‘ ‘ 4 '
dz? =dx? +idy’ and dzZ’ =dz’ +idy’.
The decomposition TX = T10X @ T91 X gives raise to a decomposition
EX = @ X = P (ATOX*) A (AT X).
ptag=r ptag=r

The space EP-? is called the space of (p, ¢)—forms, and are the ones that can be expressed in local coordinates
as

w= Z frsdzt AdzE.

[|=p;|J|=q
The exterior derivative d also decomposes. If 7, , : EPT4 — EP4 is the projection, we have d =
d, seeing d : EP9 — EPTaT1 However, most of these terms are 0:

r+s=p+q+1 777"73 °

Proposition 1.1.11. With the previous notation, in a complex manifold X all the projections m, sod vanish
except when (r,s) = (p+1,q) and (r,s) = (p,q + 1).

Proof. Let w € P9 and write it in local coordinates as

w = Z fI’JdZI Adz7.
[I|=p,|J|=q

IThe vector bundle isomorphism J is usually called an almost complex structure in X.

11
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Then, using the elementary properties of d,

~Of1d kT e 1 T e +1 +1
dw = Z Z 5k dz" Ndz' NdzZ7 ) + Z Z 2k Az Ndz' Ndz7 | € EPTHI g gD
[ I|=p,|J|=q k=1 [I|=p,|J|=q k=1
O
Definition 1.1.12. We define the operators

O=mpi1q0d: EPT— EPTL J=m, q0d: EPT — EPITL

From the equalities d*> = 0 and d = 9 + 0 one deduces that 9 + 90 + 90 + 0% = 0, but this equality
occurs in different spaces of forms, so actually

9> =0*=00+00=0.

From the formula in last proposition one gets the coordinate formulas of these operators. In particular,
a function f is holomorphic precisely when 0f = 0. A naive definition of a holomorphic form would be
something that can be expressed as ), frdz" where f; is holomorphic. With these operators we can give
an invariant definition:

Definition 1.1.13. A form w is holomorphic if it is a (k,0)-form and Ow = 0. The set of holomorphic
k-forms is denoted by EF ,(X).

We finish this section with a result about smooth manifolds that we are not going to prove, but it will
be necessary in the future. It is a classical result in riemannian geometry and differential topology, and can
be easily proved taking a riemannian metric and using a covering of the manifold with geodesic balls.

Theorem 1.1.14 (Existence of good coverings). Let X be a smooth manifold, and let U be an open covering
of X. Then there exists a refinement V = {V;};er of U such that all the sets V; and their finite intersections
are contractible.

12



Holomorphic curves

1.2 Riemann surfaces

A Riemann surface is simply a 1-dimensional complex manifold. Unless the contrary is said, Riemann
surfaces are assumed to be connected. For the purpose of this work, we are interested in non-compact
Riemann surfaces, and we refer to them as open Riemann surfaces. The differences between the compact
case and the open case are abysmal; for instance, a compact Riemann surface does not admit non constant
holomorphic functions, but an open Riemann surface admits plenty of them. A complete study of compact
Riemann surfaces can be found in [For81].

We will use the term bordered Riemann surface to refer to an open, relatively compact subset of a
Riemann surface with smooth boundary or to refer to the closure of such an open set, but it will be clear
by the context which one are we talking about. The notation ¥ CC X says that Y is a relatively compact
subset of X.
for instance, the unit disk is a bordered Riemann surface but the complex plane is not. BY a holomorphic
curve we mean a holomorphic map f : X — CV when X is an open Riemann surface. The second most
important Riemann surface after open subsets of C is the Riemann sphere, C,, = CP! = C U {co}. Indeed,
we can define meromorphic functions using it:

Definition 1.2.1. A meromorphic function on X is a holomorphic map f: X — C. If f is meromorphic
and p € X, the order of f at p is the order of foz"1:Q C C — Cy at z(p), where (U, z) are holomorphic
coordinates around p. We denote it by ord,(f) and it is of course well defined.

In the same way we can define meromorphic forms:

Definition 1.2.2. A meromorphic form on a Riemann surface X is a holomorphic form w € &} (X ~ A),
where A is a discrete subset of X, such that for every p € X there are holomorphic coordinates (U, z) and a
meromorphic form f such that w = fdz. In that situation, we define the order of w in p to be the order f
at p.

Again, one can prove that these are well defined ideas. Most theorems of complex analysis have their
analogues in Riemann surfaces:

Theorem 1.2.3 (Identity principle). Let f,g be meromorphic functions in a Riemann surface X. If there
is a subset A with an accumulation point where f = g, then f = g in the whole of X.

Let o, 8 be two meromorphic forms in X. If there is a subset A having an accumulation point where o = 3,
then o = 3 in the whole X.

Theorem 1.2.4 (Maximum principle). If f : X — C is holomorphic and |f] attains an extreme value then
f is constant

In particular, the only holomorphic functions on a compact Riemann surface are the constants, as we
claimed before.

The notions of exact and closed differential forms can be defined in a Riemann surface, and one can also
integrate complex valued differential forms: if w = o+ i8 is a k-form , where « and § are real-valued, then
the integral of w along a k-submanifold Y where w has compact support is just

szﬁa|y+i/yﬁ\y

and one can easily check that Stokes theorem can be applied. In particular, Stokes theorem can be used to
define the De Rham map dR : H'(X) — Homgy(H;(X,Z),C)

dR(w)(n171+...+nk'yk):n1/ w+...+nk/ w,
e Tk

where we are thinking of H;(X,Z) as the set of linear combinations of smooth paths in X modulo the paths
that are the boundary of some open. The fact that dR is well defined and in fact is an isomorphism can be
seen in [For81].

Example 1.2.5. Every holomorphic 1-form is closed in a Riemann surface, since if can be written locally
as fdz, with f holomorphic, and then

0
d(fdz)=df Ndz = 8f

z

of
dz/\dz—&—a

z

13
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However, they are not exact in general. If X = C\ {0} andw = 4z o but its integral along a circle centred

4
at 0 is £2mi, by Cauchy formula, so it is not exact.

IN the complex plane, one has
0? 0? o 0
ox? = Oy? 0z 0z

So a smooth function f is harmonic if and only if

This motivated the following definition:

Definition 1.2.6. The Laplacian operator in a Riemann surface is A = 00. A smooth function f is said
to be harmonic if Af = 0.

We would like to define subharmonic functions also, but we will do it in other way for two reasons: first,
because it is difficult to make sense to the formula Af > 0 in an abstract surface and second because we
will need a weaker notion of subharmonic function, allowing singularities. To motivate the definition, let U
be an open subset of C and v : U — R a continuous function such that Au > 0 in U. If

1 27 )
f(r) = %/0 U(ZO + T@Zt)dt
then by the divergence theorem,

2m
fir)= / e"Vu(zg + re')dt = ! Vu(z) - N(z) = ! / Au(z) >0
0 D(z0,r)

2mr bD(zo,r)

so f is increasing. Also, lim, o f(r) = u(zp), so

1 2m )
u(zp) < %/0 u(zg + re't)dt.

If u attained its maximum in a point zp € U and we take r such that bD(zp,r) NbU # 0, then

1 2m )
0< — [u(z0 + re™) — u(z0)] dt,
2w 0
but u(zo + re®) —u(zg) < 0. The only possible option is that u(zg) = u(zg + re’’) for all ¢ and in particular,
u(z) = u(zo) for some z in bU. Therefore we obtain the weak maximum principle: If u is subharmonic, v is
harmonic and both are continuous in U and U is bounded, then if v > « in bU then v > w in U.

Definition 1.2.7. Let X be a Riemann surface and u : X — RU{—o00} an upper-semicontinuous function.”
We say u is subharmonic if whenever K is compact and v : K — R is continuous in K and subharmonic in
its interior, if v > u en bK, then v > u in K.

Despite this strange definition, subharmonic functions enjoy some nice properties: if u,v : X — RU{—o00},
then

a) If uw and v are subharmonic, u + v and max(u, v) also are.
b) If w is locally subharmonic, then it is subharmonic.

c¢) If u is subharmonic, v is continuous in a compact K, harmonic in its interior and v = v en bK, then
the function defined as
v(z) ifzekK

uttv(z) = {u(z) size XN K

is subharmonic.

%ie, u~([~o0,y)) is open for all y € R

14
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d) If f:Y — X is holomorphic and wu is subharmonic, so is wo f.
e) If f: X — C holomorphic, log|f|? is subharmonic.

f) (The maximum principle) If K is compact, u is continuous in K and subharmonic in its interior,

Sup u = sup u.
bK K

We will use Perron method to obtain Green functions.
Definition 1.2.8. A family of subharmonic functions F in a Riemann surface X is a Perron family when:
1. If u,v € F, max(u,v) € F.

2. Ifue F, v: K — R is continuous in a compact K, harmonic in its interior that agrees with u on its
boundary, then u#v € F.

And the main result we will need is the following:

Theorem 1.2.9 (Perron). Let F be a Perron family in a Riemann surface X. If

v(z) = sup u(=),
ueF

then either v(z) = +oo for all z or v is harmonic in X.

Proof. We refer to the proof in p. 180 of [For81]. O

Our first application will be to solve the Dirichlet problem, which consists in the following:
Given an open Y C X and a continuous function f : bY — R, we seek a continuous function Y, harmonic in
its interior that agrees with f in the border. We have to impose some conditions to f and to the boundary
of Y, as the following example shows:

Example 1.2.10. There is no continuous function u in D(0,1), harmonic in D(0,1)~{0} such thatu(0) =0
and u(z) = 1 whenever |z| = 1. To see this, define

1
gbr,s:—/ u(rz)dz,
(r,8) = 5 . (rz)

where A(s,1) is the annulus {w € C : s < |w| < 1}. Then, by the divergence theorem, %¢(r, s) =0 if
s, >0, but ¢ is continuous in r, so for all s > 0,

0=¢(0,3) =¢(1,s) = % [/ - u(w)dw _/|' I:u(w)dw] =1-— u(w)dw

But ¢ is also continuous in s, so

1 1 [ L

1= lim —/ u(w)dw = lim —/ u(se')sedt = 0,
s—0 27 lw|=s s—=0 21 J

a contradiction.

Definition 1.2.11. Let Y C X be open. We say x € bY is regular for the Dirichlet problem if there is a
neighbourhood U of x and a continuous function B :Y NU — R such that

1. B is subharmonic in Y NU.
2. B <0, with equality just in x.

Such a function is a barrier in . Most open subsets of C have regular boundary, as the following example
shows:

15
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Example 1.2.12. IfY C C, x € bY and there is a disk D = D(a,r) such that x € bD and Y N D = ).
Then

is a barrier in x.

Figure 1: Situation of example 1.2.12

Using this, one can easily prove that

Lemma 1.2.13. If Y CC Z C X are open sets, where Y. Then there is an open set W such that Y CC
W CC Z and the boundary of W is smooth and regular for Dirichlet problem.

IfY CC Xy f:bY = R is continuous and Py is the set of continuous functions u : Y — R that are
subharmonic in Y and less than f in bY. P; is nonempty because it contains constant functions and is
clearly a Perron family. By Perron method,

By = sup u
’U.G'Pf

is harmonic in Y, but we have to check if it extends continuously to the boundary.

Proposition 1.2.14. If x is a reqular point in bY for Dirichlet problem, where Y CC X, and f : bY — R
18 continuous,

lim By(y) = f(z).

Yy—x
Proof. Tt can be found in p. 183 of [For81]. O

So we see that if Y has regular boundary, one can always find a solution for Dirichlet problem. We now
turn to our main objective, which is to find Green functions in Riemann surfaces.

Definition 1.2.15. Let X be a Riemann surface and let Y C X be an open subset. A Green function in'Y
with singularity in x is a function G5 : Y — [—00,0] that is continuous in 'Y \ {x} and verifies:

(G1) G is subharmonic in'Y and harmonic in Y ~ {x}.
(G2) If (U, z) are coordinates around x such that z(z) = 0, G, — log|z|? es is harmonic in U.
(G3) If H is another continuous function satisfying G1 and G2, then G, > H.

Last property guarantees that G, is unique, so we can refer to it as the Green function in Y with
singularity in . Not all Riemann surfaces have Green functions, but the ones that we will need to do
approximation do:

Theorem 1.2.16. If X is a Riemann surface and Y CC X is an open set, with regular boundary, then Y
has a Green function with singularity in all of its points.

16
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Proof. We use Perron method. Let G be the set of restrictions to Y \ {z} of functions u : Y \ {x} — [0, o0)
with compact support and contained in Y, that are subharmonic in Y \ {z} and such that u(z) + log|2|?
can be extended in a subharmonic way to x whenever z are coordinates around p with z(x) = 0.

It is clear that G is nonempty because

) —log|z|? if |z] <1
A =
g0 0 in other case

for a chart (U, z) around x where z(U) = D(0, 2), which will remain fixed for the rest of the proof, belongs
to G.

The conditions of a Perron family are automatically satisfied. It is enough to take into account that if
u +log |z|? and v + log |2|? extend to 0 in a subharmonic way, its maximum, which is

max{u + log|z|%, v + log |2|*} = max{u,v} + log |2|?,

can also be extended and that, if K is a compact contained in Y \ {z}, z and bY are closed and disjoint
from K, so ufv is still in G.

Let 0 < 7 < 1 be fixed, and consider the harmonic function w, in Y ~. 271(D(0,r)) which is 0 in bY and 1 if
|z| = r, whose existence is granted by the solution to Dirichlet theorem. For any u € G, define also

ar = sup wr(2), b, = sup u(z).
|z|=1 |z]=r

Then, u — byw, is subharmonic, 0 in bY and is less than b, — b, = 0 in |z| = r. By the maximum principle,
u — byw, <0 if |z] = 1. Together with the fact that u + log 22 is subharmonic in D(0,2), we get that

b, +logr? = ‘m‘ax(u +log|z|?) < max(u + log |2|*) =
z|=r =1

ax v < max b,.w, = b.a,,
|2] =

|z|=1 |z|=1

S0 b, < =g r’  From here it follows, by the maximum principle again, that since u has compact support,

1—a,
—1 2
sup u= sup u="b, < 8T - +00, (1)
Y ~z—1(D(0,r)) |z|=r 1 —a,
—log r? —a, logr?
sup u + log |z|? < b, 4+ logr? < 08T logr? = “Ar 08T 4. (2)
|z|<r — Qar 1—a,

But these bounds do not depend on u, so from (1) one deduces that

U =supu
ueg

is harmonic in Y ~\ {z} by Perron method. Let G, = —U. By (2), U(z) + log |z|* = sup,cg(u + log |z|?)
is harmonic since it is the supremum of a bounded Perron family, so G, — log|z|? is harmonic. If H
satisfies (G1) and (G2), and v € G, then w + H is subharmonic in Y (it is subharmonic in x because
u+ H = u+log|z|?> + H —log|z|?). Since H is negative and u has compact support, u+H < 0 in Y. Taking
the supremum among all v, U + H < 0. In other words, G, > H. O

We will denote the Green function in Y with pole in = by Gx (z, ).

2
Example 1.2.17. The Green function for the unit disk is G(z,y) = log 1;};

(G1) y (G2), and since it is O in the boundary, (G3) follows from the maximum principle.

However, the complex plane does not have a Green function in 0, since it would have the form G(0,y) =
H(y) +log |y|? for some harmonic harmonic H. If f is holomorphic with Rf = H, since G < 0 we would
have

, since it clearly verifies

’ef(y)‘ — RIW) < BT < o
y

so el is bounded, But by Liouville Theorem, it is constant and therefore so is f and as a consequence, H,
but log |y|*> — 0o as y — 0o so G cannot be non-negative.
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Theorem 1.2.18. [Properties of Green functions] Let X be a Riemann surface andY CC X an open subset
with smooth and reqular boundary. Then:

a) Gy(x,y) =0 for all y € bY .
b) Gy (z,y) = Gy (y,z).

¢) For all p there is a neighbourhood U of (p,p) in X x X and holomorphic coordinates (x,y) in U such
that x(p) = y(p) = 0 and
Gy (z,y) = H(z,y) +log|z — y[*

for some continuous function H, harmonic in each variable.

Proof. Going through the proof of 1.2.16, one can see that Gy is the supremum of some functions that are
0 in bY, and this proves a).

b) Let Z be a bordered, compact Riemann surface u,v smooth functions in Z. By Stokes theorem, we have
the first Green identities:

/v65u+/8v/\5u:/ vOu /u58v+/5u/\81):/ udv
Z Z bz z Z bZ

and adding them we get the second Green identity:

/ v8Ou — udOV = / vOu + udv
Z

(Y4

Now let &, & different points in Y. Let 21, 22 two charts around them, with z;(§;) = 0. Let D, be the disk
defined by |z;| = € and assume they don’t intersect. Define g;(z) = Gy (¢j,2). Applying the second Green
identity Z =Y ~ (D1 U D3) to ¢1,92. They are harmonic and by a) they vanish in the boundary of Y, so

0= / 91092 + 92001
bD1UbDo
Now we write g; = G + log |21|?> where G is harmonic, and so
/ gl((;gz + g20g1 = / Glégz + g20G1 + log |z1\2692 + / g20log |Zl|2.
bDl bDl bDl

Since |z1| = € is constant along the path, by Stokes Theorem the first integral is 0, since g and G; are
harmonic,

d(Glégg + g20G1 + logszagg) = 0G1 A Oga + 0ga A g1 + G100gs + g200G1 + log £200gs = 0

while the second integral is

21

2 _ goz1) , [T iy o
g20log |z1|* = dz1 =1 g(& +ee™) = 2imga (&)
bDl ‘Zl‘:E 0

Similarly,

/ 91092 + 2091 = —2img1 (&)
bDo

and therefore, ¢1(£2) — ¢g2(&1) = 0, proving c¢)
c¢) Take a chart (U, z), and for each ¢ € U, let z; be defined as z4(r) = z(r) — 2(g). Then by property (G2),
for each ¢ there is a harmonic function H? such that

Gy (q,7) = H(2q(r)) +1log |24(r)|* = H(24(r)) +log |2(r) — 2(q) |*

so H1(zy(r)) = Gy(q,7) — log|z(r) — z(q)|> = H"(2,(¢q)) by the symmetry of Green function, so H? is
harmonic in ¢ and in particular continuous. O

18



Holomorphic curves

By an abuse of notation, we will denote

/ w = lim w
X =0 Jx  B(t)

when w is a compactly supported form with a singularity in z, where B(t) family of neighbourhoods of x
that decreases uniformly to z. Generally we will take B(t) = 2~}(D(z(z),t)) where z is some z. We will
often say that the integral is in an improper sense.

We can now prove the Cauchy-Green formulas:

Proposition 1.2.19 (Cauchy-Green formulas). Let Y CC Z CC X be open subsets of a Riemann surface
where Y has smooth, reqular border X, and Z has reqular border. If f :' Y — C is smooth, then

f@) =5 | 100G + g [ 06 10,0

2w i Jyey

where the second integral is improper. In particular, if f is holomorphic in a neighbourhood of Y, then

f(@) = — / I W2,62(y),

T 2mi

whereas if f vanishes in the boundary of Y,

fo =5 [ , Gaa) 10,1 )

T 2mi
Proof. For a fixed z, if (z,U) s a chart around = with z(z) = 0 and if B(e) = 271(B(0,¢)), the first Green
identity tells us that:
/ udv = du A Qv + uddwv,
bM M

so if we apply it to f and Gz(x,-) we obtain that

/ F)8,Cz(a,y) = / [8,/(s) A 8,Gz(z.y) + F(1)8,0,Cz(z.v)]
yeb(Y\B(e))

yEY N B(e)
Since G is harmonic, 9,0,Gz(z,y) = 0, and after reordering,

= B 0G z(z, 2)
| i@acsen s [ aceprasw= | o5 e

|z|=¢

but by property (G2), Gz(z, 2) = log |2|? + H(z) with H continuous. Therefore,

27
/ _ f(z)iaGZ(l’7 2) dz = /l _ [f(z) + f(z)aH(Z)} dz=1 fee™)dt + O(e).

z 0z 0
So after letting € — 0 we obtain the first formula, and the other two follow from it. O

This formula should be reminiscent of the well-known Cauchy-Pompeiu formula, which is used to solve
the equation % f = g; following the same ideas, we can prove an analogous result, that will be improved in
1.3.10, concerning the solution of df = «.

Proposition 1.2.20. Let X be an open Riemann surface, Y CC X an open subset with smooth, reqular
boundary, and let o € E%Y(X). Then there exists f € C*°(Y) such that Of = .

Proof. We can assume that « has compact support, contained in Y, because if Z is an open set with smooth
boundary such that Y CC Z cC X, and ¢ is a bump function with support in Z which is 1 in Y, then a
solution to 0f = (£a) in Z is a solution for Of = a en Y.

The last formula in 1.2.19 suggests defining

f2) = = / _ 0,Gy(z.9) Aaly)

= omi
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but f does not necessarily have compact support even if o does®. S slight modification is enough. We define

f@) = 5

211 yeY

9y(Gy (z,y)a(y)),
in the improper sense. Since « is a (0, 1)-form, 5y(Gy(x, y)a(y)) = 0 so by Stokes Theorem, for fixed z,

f(xo) = dy(Gy (zo,y)a(y)) = / Gy (z0,y)a(y)—lim Gy (z0,y)a(y) = — lim Gy (zo,y)a(y)-

yey yeELY t=0 JpB(1) =0 Jop(t)
We take holomorphic coordinates (1,£) as in b) from 1.2.18. We also write o = hd¢, and let B(e) =
~1(D(0,¢) for 0 < & < M, and we have

f@)=lim —= [ Gy (o, O)h()dE,

But this works for fixed z¢. However, if |n(z) — &(x)| < M/2, (n,€) is also a holomorphic chart for z, and so
in a neighbourhood of xy,

f(n) = lim / L v OnEaE = L Gymn—oOnn— 0.

e=0 278 Ji¢|=e

We derive under the integral sign and undo the change of variables to get

af -1 0Gy  O0Gy oh -
prn =gt [ | (B4 ) 00+ Gr 0 30| dé

After reordering the terms,

of -1 dGy d _
op0 = smtim [ [EE 0.0 + J(Gr(0. 06 |

and finally, using that Gy (x,y) = H(x,y) — log |v — y|?> where H is continuous,

oG 0
T 0.0 =500.9 41 v Gy(0.6=H©.6) - loge”

Substitution of this in the previous equation yields

0Gy 9 - h(€)dE R
[ |Froone+ geroone|i= [ %06 =i [ heni o)
S0 %2(0) = h(0), proving 0, f(z¢) = a(zo), and since z was arbitrary, that df = a. ]

3for instance, if g : C — C is formed by gluing % and Z with bump functions, g has compact support, and all functions h
such that &h = dg are of the form g + f with f holomorphic in C, but there is no f giving a compactly supported function
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1.3 The theorems of Runge and Weierstrass

The classical Runge theorem in the complex plane says the following.

Theorem 1.3.1 (Runge theorem in C). If K C C is a compact whose complement is connected, € is an
open subset containing K and f : Q — C is a holomorphic function, then there is a sequence of polynomials
that converge to f uniformly in K.

Its proof can be found in page 342 from [Gam01] or in page 270 from [Rud86]. In order to extend this
result to arbitrary Riemann surfaces, we need to change the assumption on K, and have a notion of what
it means "not to have holes". f Y C X h(Y) a la is the union of Y with all the connected components of
X \ Y whose closure (in X) is compact. We say that Y is Runge (en X) if h(Y) =Y.

Example 1.3.2. The definition depends strongly in the ambient space X, so if it is not clear by the context
we will use hx(Y) . For instance, if Y = {z € C: |z| = 1}, he(Y) is the closed unit disk, although Y is
Runge en C ~ {0}.

Before heading to Runge theorem, we start by looking at some properties of the operator h.
Proposition 1.3.3. Let X be a Riemann surface, Y, Z subsets of X.

a) h(h(Y))=h(Y) and h(Y) C h(Z) if Y C Z.

b) If Y C Z C X, where Z is open in X and hx(Y)=Y then hz(Y)=Y.

¢) If Y is compact, h(Y) is compact.

d) If Y CC X is an open set with smooth boundary, Y is Runge if and only if Y is.

e) If Y C X is an open, Runge subset, all of its connected components are also Runge.
Proof. Tt can be found along pages 187-189 of [For81] O

We can also characterise Runge subsets using algebraic topology. This will be more useful in the second
part, but it clarifies why Runge means "no holes"

Proposition 1.3.4. An open Y C X is Runge if and only if the natural map H1(Y,Z) — H1(X,Z) is
injective.

Proof. By Poincaré duality it is enough to check when the natural map H}(Y,Z) — H}(X,Z) is injective.
However, there is a long exact sequence, whose proof can be found in [Bre97]

HY(X,Z) — HX(X \Y,Z) » H\(Y,Z) - H:(X,Z)

But since X is non compact, H(X,Z) = 0 so the map is injective if and only if H)(X \Y,Z) = 0, which is
again equivalent to the definition of ¥ being Runge in X. 0

We want to use Runge compacts to do induction in a Riemann surface. IN order to do so, we will need
to use exhaustions by compact, Runge sets:

Theorem 1.3.5. [Existence of good exhaustions from outside] If Y CC X is open, there is a sequence of
Runge open sets such that Y;

a) Y CY, CC Yi
b) Yi has smooth, regular boundary for all k > 0.
c) Any compact in X is contained in some Y.
d) If Y is Runge and has smooth, regular boundary, we can assume Yo =Y
Proof. This is in p. 189 of [For81]. O

Proposition 1.3.6 (Existence of good exhaustions from inside). Let Y CC X be a Runge open set. Then
there are open sets with smooth, reqular boundary Wy such that
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a) Wi CC Wiq1.
b) Wy is Runge in X.
¢) Any compact set in'Y is contained in some Wy.
Proof. This can be easily proven using Lemma 23.7 in p. 188 of [For81]. O

Examples of such exhaustions can be seen in Figure 2

Figure 2: Exhaustions by Runge, compact sets

The proof of the theorems of Runge and Mergelyan use tools from functional analysis that can be found
in the appendix. If K is a compact in a Riemann surface, the space of all continuous functions f : K — C,
that we will denote by C(K) is a Banach space with the sup norm:

£l = sup [f(z)].
zeEK

If [ e 9dp = 0 for all g € F, we will say that y is orthogonal to /. Combining Riesz representation theorem
A.2 and Hahn-Banach theorem A.1, we see that if 7 C C(K) is a family of functions, f € C(K) belongs to
the closure of F (in other works, there exists a sequence of functions f, of F converging uniformly to f) if
and only if given a Borel measure p in K orthogonal to F, [ i fdp=0.

It is convenient to define the following subspaces of C(K): If Y is an open subset containing K, O(Y') g are
the restrictions to K of the holomorphic functions in Y, and O(K) denotes the set of all functions that are
holomorphic in some neighbourhood of K; in other words,

oK) = |J oY)«

We start proving a relative version or Runge theorem, from which the Runge theorems immediately follow.

Proposition 1.3.7. Let X be a Riemann surface and let K CY CC Z CC X, where K is a Runge compact
in X and 'Y, Z are open sets. Let f :' Y — C be a holomorphic function. Then f can be approximated
uniformly in K by holomorphic functions defined in the whole Z.

Proof. In light of the previous discussion, we take a complex Borel measure p with support K such that
S gdp = 0 for all g € O(Z)|x. Using 1.2.20, we define a linear functional S assigning to each (0, 1)-form
a € £%1(Z) with compact support the number

S(a) = / fdu, where df = a en Z
Y
S is well defined precisely because u is orthogonal to the holomorphic functions in Z. It is adequate to use
7(0) = | Gala)duta)

(which is well defined log |z|? is locally integrable). By the properties of Green functions 1.2.18 (in particular,
its symmetry and behaviour in the boundary), ¢ is harmonic in Z \ K, and 0 in bZ. Therefore, o is also 0
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in all the non-compact connected components of Z \ K; this is, 0 is 0 en Z \ hz(K) = Z \ K, since K is
Runge.

If f is holomorphic in Y, and h is a smooth extension of f to Y that vanishes outside Z, dh = 0 in K.
Therefore, by Fubini theorem and the explicit solution to df = « that we obtained 1.2.20, S(#) = [, 0(a0),

and therefore
/K fdp = /Y hdu = S(Oh) = /Z d(o0h) = /Z 9(0) = 0.

In other words, f can be approximated uniformly in K by holomorphic functions in Z. O

Theorem 1.3.8 (Runge theorem for compact sets). If X is a Riemann surface and K is a compact, Runge
subset, then every holomorphic function in a neighbourhood of K can be approzimated uniformly in K by
holomorphic functions defined in X.

Proof. Let f: Y — C holomorphic, with K C Y. Since K is Runge, we can assume, after restricting f, that
Y is also Runge. We take an exhaustion of Y by compact Runge subsets Y. We apply the relative version
of Runge theorem 1.3.7 successive times. Let ¢ > 0, and we start with a function f; holomorphic in Y7 such
that

€
If = fillx < 7
We get, inductively, holomorphic functions f,, : ¥;, — C such that

3
||fn - fn—1||7n_2 < on’

The sequence f, is then uniformly convergent to some F', which will be holomorphic in X and ||f — F||x <
E. O

Theorem 1.3.9 (Runge theorem for open sets). LetY C X be a Runge open subset. Then every holomorphic
function in'Y can be approzimated by holomorphic functions in X, uniformly over the compact subsets of Y.

Proof. Let W,, be an exhaustion of Y by compact Runge subsets of X as in 1.3.6, and let f be holomorphic
in Y. For each n, we take f, : X — C holomorphic and such that

1
Ifrn = fllw, < —.
n

Then the sequence f,, converges to f uniformly over the compact subsets of Y, since every compact of Y is
contained in some W,,. O

Now we can prove the non-relative version of 1.2.20:

Proposition 1.3.10. Let X be an open Riemann surface, o € E%Y(X). Then there exists a smooth function
f such that 0f = «.

Proof. Take an exhaustion of X by open Runge subsets Yy C Y1 C.... Let f; € C*(Y1) be a solution in Y
of 0f1 = «a, which exists due to 1.2.20. We construct in a recursive way functions f € C*(Y})) such that

i . 1
Ofk=ainYe1 vy |fe = fiz1llvio, < ok

To construct fiy1, we start with a solution ug41 of 5uk+1 = « in Y. Since upy1 — fr is holomorphic in
Yi_1, we can find a function g; holomorphic in Y} as close to is as we wish, and define fi11 = ugyr1 — gg. It
is clear that fi1 meets the requirements. Now, since fi1 — fx is holomorphic in Y) and is bounded by %,

the series
oo

> (fup1 — fr)

k=n
converges to a holomorphic h,,, and
k—o0

uniformly on compact subsets of Y;. Therefore {f,} converges in X to a smooth function f, and df =ain
Y:. for all k. O
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This is the point where we will use the existence of good coverings. The following theorem can be seen
as a generalisation of the classical factorisation theorem.

Theorem 1.3.11 (Weierstrass theorem). Let X be an open Riemann surface and m : X — 7Z a function that
is supported in a discrete set. Then there is a meromorphic function s defined in X such that ordy,(s) = m(p)
for all p.

Proof. We cover X by charts (Uj, z;). Using the existence of good coverings as in 1.1.14, after refining the
covering we can assume that all U; and U; NUj, are simply connected and relatively compact. Let A be the
support of m. Since Uj is relatively compact, AN Uj is finite, and using quotients of polynomials we obtain
functions, g; : U; — C such that ord,(g;) = m(p) for all p € U;. The functions % do not vanish in U; N Uy,
and since U; N Uy, is simply connected, there exist holomorphic functions p;; such that

95
9k

ePik = en U; N Uy.

Let & be a partition of unity subordinate to the covering {Uy}, and we consider the smooth functions
fi = >k &kpjk- Since pjx — pri + pij = prj — pjr = 0 for any indices,

Fi—Te=>_aWwi—pi) =D &pjx =pix D& =i
1 1 I

in U; N Uy and in particular, 5}; = éﬁ and therefore 5}; ranging over all j defines a (0, 1)-form « in X. If
f is such that 0f = «, and we define

fi=15n-1
then it clear that f; is holomorphic, but still satisfies f; — fr = p;x. Then, the functions
_ 9
h] B efj

are holomorphic in U; and agree in the overlaps, so they define a meromorphic function A in X such that
ord,(h) = m(p). O

Corollary 1.3.12. If X is an open Riemann surface, there is a holomorphic 1-form that does not vanish in
any point.

Proof. Let f be a non-constant holomorphic function X (to show that such an f exists, it suffices to apply
Runge theorem to a chart defined in a Runge open set),and let o« = df. Since « is not 0, by the identity
principle 1.2.3, its zeros are isolated. BY Weierstrass theorem there is s € M(X) such that ord,(s) =
—ord,(a) for all p and so s« is the desired form. O

The theorems of Runge and Weierstrass prove that in an open Riemann surface X there are plenty of
holomorphic functions. In particular, that:

o If p, g are distinct points then there is some f € O(X) such that f(p) = f(q).
e If K C X is compact, its holomorphic envelope
K ={peX:|f(z)| <|flx forall f € O(X)}
is compact.

The first one is immediate and the second one follows after proving that K = h(K) and recalling the
properties of h.

A complex manifold of any dimension with these two properties is a Stein manifold. It can be seen in [GR65]
that any Stein manifold of dimension n can be embedded in C?"*! and in particular, Riemann surfaces can
be embedded in C3.
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1.4 Mergelyan Theorem

In Runge theorem for compact sets the hypotheses are slightly stronger than necessary, as the following
example shows:

Example 1.4.1. The series

converges uniformly if |z| <1, because )", ‘Z:!! ‘ <3, & < oo and therefore it defines a function in D(0,1)
as the limit of entire functions. However, the radius of convergence of this series is 1, so it does not have

any analytic extension to any open subset containing the closed disk.

In general, if f,, is a sequence of holomorphic functions in X that converge uniformly on a compact K to
f, it follows that f is continuous in K and holomorphic in its interior. Mergelyan theorem proves that these
conditions are also sufficient for f to be approximated by holomorphic functions in X. There are very few
proofs of Mergelyan theorem for Riemann surfaces. We show here how its proof can be reduced to the proof
of a lemma, known as Bishop localisation lemma. We start with Mergelyan theorem in the complex plane:

Theorem 1.4.2. If f : K — C is continuous and holomorphic in the interior of K, K is compact and
C \ K is connected, then f can be approximated uniformly on K by polynomials.

Proof. Tt can be found in chapter 20 of [Rud86]. O

After seeing Runge theorem, it should not be surprising that its generalisation to Riemann surfaces is
the following;:

Theorem 1.4.3 (Mergelyan-Bishop theorem). Let X be a Riemann surface, K C X a compact set such
that h(K) = K and let f : K — X be a continuous function in K, holomorphic in its interior. Then there
is a sequence of holomorphic functions in X that approzimate f uniformly in K.

From Mergelyan theorem in the complex plane one can derive a local Mergelyan theorem in a Riemann
surface: If (V,z) is a chart such that z(V) = D(0,2), then the complement in C of z(K) N D(0,1) is
connected, so we can apply Mergelyan theorem: if U = 2=*(D(0,1), f can be approximated in K N U by
holomorphic functions in a neighbourhood of such set. In view of Runge theorem 1.3.8, it is sufficient to
prove the following

Proposition 1.4.4 (Bishop localisation lemma). If K is a compact subset of X, covered by a finite number
of charts Uy, ..., Uy such that for all j, f can be approzimated in U; N K by holomorphic functions in a
neighbourhood of U; N K, then f can be approzimated in K by holomorphic functions in a neighbourhood of
K.

We will explain the proof in [Sak72] of this lemma. Using the same ideas from functional analysis that
we used to prove Runge theorem (A.1 and A.2), Bishop localisation lemma follows from the following:

Proposition 1.4.5. If K is a compact in X, covered by a finite number of charts U,...,Uy and p is a
Borel measure in K orthogonal to O(K), then there are Borel measures pi; in U for all j that are orthogonal
to O(K NU;) and such that pp= 1 + ...+ pg.

To carry out the proof of this statement, we will use elementary differentials, whose existence was proven
in [BS47] by Behnke and Stein. They are very related to Green functions: If K C Y where Y is a relatively
compact open set that we will keep fixed, having Green function G, and w(z,y) = 9,G(x,y), then the
Cauchy equations 1.2.19 read

fla) = - /Ebzf@)w(x,ywl /ezw(x,y)wf(y) 1)

" 2mi 2rri
In particular, with f =1, [, w(z,y) = 2mi, so w(x,y) has residue 1. However, w is not holomorphic in z,

it is only harmonic.
An elementary differential is a holomorphic form w € QY(Y x Y \ Dy), where Dy is the diagonal, such
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that for fixed x, is a meromorphic form in y, with a unique pole in y = x and residue 1, and for fixed vy, is
meromorphic in z with a unique pole in = y. If (U, z) are some coordinates, we can write

W(l’, Z) = k(l’, Z)dZ
where k is meromorphic and has residue 1 and therefore, for fixed z, if z(z) =0, k(z,2) = % + g(2), and so
dz Ndz
/ |k(, y)ld= A dz| < / l9(2)|ld= A dz] +/ |dzndz| _
y v v 2l

Elementary differentials still verify the Cauchy formula in (1)We will also use the following formula: If (U, z)
are some coordinates and p, g are different,

i, E(z, p)oh(z) Aw(q, z) = L lim k(x, p)Oh(z) Aw(q,x) =

2m z€Y 211 e—0 z€Y \D(p,e)UD(q,e)

(1 1 B
= — lim ( /lz—p k(xz,p)h(z) ANw(q,x) + — /z_q_s k(z,p)h(x) /\w(qw)) = (2)

21

= [h(p) — h(q)]k(q; p)-
If 14 is a compactly supported measure in Y, fixed, we define the (1,0)-form

Tuly) = [ _ wl@ (o)

In local coordinates,

Tu(z) = </IEY k(z, z)du(x)) dz.

Since x > [, [k(, 2)||dz A dZ] is continuous (because it is bounded as was seen before), w(z, -), and p have
compact support, so by Fubini theorem,

[ wdul@id gz = [ ([ s nde ) di) <
(z,2)EUXY z€eY zeU

and in particular by Fubini theorem again, except on a measure 0 set A (with respect to |dz A dz|),

/ Ik, 2)\ ]| () < oo, (3)
€Y

so Tu(z) is defined.
Lemma 1.4.6. If Tu(y) =0 for almost all y in'Y, then u = 0.
Proof. By Cauchy formula (1), if g is smooth and has has compact support contained in some Z CC Y,

/xeyg(a?)du(x)Z/meY /yezw(w,y)/\ayg(y)du(x)Z/yEZTu(y)/\ayg(y)ZO

Since these functions are dense in the space of compactly supported continuous maps, p = 0. O

Lemma 1.4.7. If u has compact support contained in K, then u is orthogonal to O(K) if and only if
Tu(y) =0 forallye Y N K.

Proof. If u is orthogonal to O(K) and y ¢ K, w(z,y) is holomorphic in z, on a neighbourhood of K not
containing y, so Tu(y) = 0.
If Tu(y) =0 for all y € X . K. Then by Cauchy formula (1), if f is holomorphic in some Z CC Y gives
1
f(z :7./ w(z,y)f(y).
@)= 57 [, 2@0IW

So, if f € O(K), we can take bZ C Y ~\ K and so by Fubini theorem,

/ F(@)du(s /meX /yeby 4)0,G(z,y)du(y) = /yebyf(y)Tu(y)—O
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If h is continuous, for any y € Y \ A, where (3) happens, if z = z(y)

/mey|k‘(x,z)|d|hu(ﬂ?) =Ley|k(x,z)llh|du|<x) < HhIIK/ Y|k:(3c,z)|d|u|(g;) < o,

e
so T (hu)(y) is also defined.

Lemma 1.4.8. If U is a coordinate, relatively compact domain, h is smooth with compact support contained
in U and p is a compactly supported measure in U, there is a compactly supported measure py in U such
that

RTu(y) = T (y)

for almost all y

Proof. Let v be defined by dv = 0h A T, which has compact support in U. By equation (2),

o) = [ . / L @l Oh() A )da(z) = / . [ / M@ )h(e) Nlz.a)| du(z)dy =

=2i [ {ba) = B, 2)dn(:)dy = 2mib)Tity) = 2T (o))
zeY \
So p1 = hjt + 5 is the desired measure. O
Finally we can prove 1.4.5:

Proof of 1.4.5. Let h; be a partition of unity subordinate to the U;. By 1.4.8, there are measures p;,
supported in Uj;, such that T'u; = h;Tp. Since h; is 0 outside Uj;, and T’y also vanishes outside K, we have
Tu;(y) =0ify ¢ KNUj, so, by 1.4.7 p; is orthogonal to O(U; N K).

Since the h; sum up to 1, T'(p — > p;) = 0 and finally, using 1.4.6 we obtain the result. O

We will use Mergelyan theorem repeatedly in the second part of this work, as well as the following version:

Theorem 1.4.9 (Mergelyan Theorem with fixed points). Let X be a Riemann surface, K C X a compact
such that h(K) = K and f : K — X a continuous function in K, holomorphic in its interior. Let A be
a finite set disjoint from K and m : A — N a function. Then f can be approximated uniformly in K by
holomorphic functions in X having zeros of order at least m(a) in each a € A.

It is clear that it is sufficient to prove the following:

Lemma 1.4.10. If K is a compact, Runge subset of X and x1,...,x, € X ~\ K, then for each € there is a
holomorphic function h in X such that h(z;) =0 y |h(z) — 1| <e.

Proof. For any § > 0, by Mergelyan theorem 1.4.3, applied to K U{z,}, and the function that is 1 in K and
0 in the z;, there are holomorphic functions h; : X — C such that |h;(zx) — 1| < § and |h;(z;) < d. If we
define

T

(@) = [[(hs(x) = hy()))

Jj=1

Then for any £ > 0, we can choose § such that h verifies |h(z)| < eby the continuity of a product. O
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1.5 Holomorphic contact structures

Let X be a complex manifold of odd dimension 2n + 1. A contact structure in X is a holomorphic
subbundle ¥ of the holomorphic tangent bundle T1°X of complex codimension 1 such that for all p there is
a neighbourhood U of p and a holomorphic 1-form « in U such that:

a) ¥y =kera
b) a A (da)™ #0

Such a form is a said to be a contact form for ¥;;. The pair (X, ¥) is a contact holomorphic manifold. If «
works for all X, we will say also that (X, «) is a contact manifold and « is a contact form.
Real contact structures are the odd dimensional analogue of symplectic structures. There is a notion of
holomorphic symplectic structures:
If X is a complex manifold of even dimension 2n, a holomorphic, symplectic form is a holomorphic, closed
2-form such that w™ # 0. The pair (X, w) is a holomorphic symplectic manifold.

The following are the usual examples of holomorphic symplectic and contact structures:

Example 1.5.1.

a) In C*", with its usual (complex) coordinates x',y*, ..., x", y", the standard symplectic form is

w:dej/\dyj.
J

Since in the expansion of w™ all products vanish excepting the ones that involve all the coordinates,
w =nlde! Adyt AL Ad™ A dy™.

b) In C*" L with usual coordinates z,x',y', ... a"™ y", the standard contact structure is defined globally
by the contact form
n=dz— ijdyj.

J

Since dn = =3 dx? Ndy’, using the same calculation as above ) A (dn)™ = (=1)"nldz A dz' A dy* A
oo Adx" Ndy™ # 0.

¢) If X is an n-dimensional complex manifold, its holomorphic cotangent bundle T*X = 10X = T1OX*
which is 2n-dimensional, has a canonical symplectic form: If (U, z) are coordinates for X, they can be
extended to T*U by

() = (2000 (55 ) ) = @) v,

and then, o = Zj y;dx?, is independent of the coordinates z, is holomorphic and therefore doa = w is
closed, holomorphic and w™ # 0. by the same calculation as in a).

d) If X is a complex manifold of dimension n > 1, we consider the projectivised cotangent bundle P(T*X).
These are equivalence classes (p,[0]) with 0 € Ty°X* \ {0} con (p,[61]) = (p,[02]). The tautological
form is not invariant under this equivalence relation, but since it is homogeneous, its kernel gives rise
to a subbundle ¥ of codimension 1 of T*OP(T*X). If (x7,y;) are coordinates as in c), y k is fized, we
have coordinates for P(T*X)

(p, [yldxl + ...+ ypda")) — <z(p)7 ﬂ, el y") ,
Yk Yk

where y* is omitted, and so U is given as the kernel of

B=da* + yjda’
7k

which is holomorphic and B A (dB)™ #0 as in b).
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e) Using the same ideas, considering the form

Z 2 dw? — wdz’

J

in C?"*2, one can form projective space CP?"*1 as a quotient of C?"*2, and the kernel of this form
gives a subbundle U of codimension 1 in THOCP?" 1 which is given by the kernel of

B = dw® + szdwj —wldz’
itk

when z* # 0, so a similar calculation as in b) shows that B A (dB)™ # 0.

In the examples d) and e) it can be seen that there is no global contact form, but locally all the contact
forms were as in b). This is the case always, as the Darboux theorems prove.

The proofs that we present are adaptations of the ones given in [Leel2] for real contact and symplectic
structures. We should point out that all the constructions in real manifolds extend to complex manifolds
by C-linearity. For instance, the notions of Lie bracket, Lie derivative, the interior product 4 or the flux
associated to a vector field make sense in a complex manifold.

Lemma 1.5.2. Let Vi, ¢t € [0,1] be a time dependent holomorphic vector field in X and let o, = @0 be its
associated fluxz . Then, wherever p; is defined, it is a holomorphic function.

Proof. Let F = ¢; and take holomorphic coordinates (z,U) and (w, W) around p and F(p). We can write
0
V - V]f
t ; t 8,2]’

where th is holomorphic. Then it is clear by the properties of Lie brackets that [V, %] =0 for all j and

oFF
077

therefore the vectors % are invariant under F', but this implies = 0 for all k, 7, so F' is holomorphic. [

We can now prove the Darboux theorems:

Theorem 1.5.3 (Symplectic Darboux Theorem). Let (X,w) be a holomorphic symplectic manifold and let
p € X. There are holomorphic coordinates (x*,yt, ..., x™, y™) around p such that w = Zj dzi Ady?

Proof. For any non-degenerate skew-symmetric bilinear form in an even dimensional topological space thee
is a basis (X;,Y;), with dual basis (¢7,&7) such that the bilinear form is > @I AN&I. The proof can be done
by induction in the dimension of the vector space. We can assume X is the ball B(0,1) in C?", p = 0 and
that in the natural coordinates (27, w7), w agrees with wg := _.dz/ A dw’ in 0.

Let wy = tw + (1 — t)wp. If we found a time dependent holomorphic vector field V; such that
¢: Wt = Wo

Where ¢, is the associated flux, we would have finished by 1.5.2. Since the equation before works for ¢t = 0,
it is sufficient to prove that the derivatives of both sides agree. We use the formulas

d, . N dw
@(@wt) = ¢y (ﬁvtwt + dtt> Ly,wy = d(Vy swye) + Vi o dwy,

one can prove these following the proofs given in [Leel2] for 14.35 and 22.14. Since w is closed, by Poincaré
lemma, w — wg = —da for a holomorphic 1-form «, so

d d
i) = i (L + L) = 67 AVi s+ Vi s + 0 =) = 6 o d(Vi s — )

and then it is sufficient to define V; in such a way that V; Jw; = a. The can be done because w; is non
degenerate, and V; is holomorphic because o and w; are. O
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Theorem 1.5.4 (Contact Darboux theorem). Let (X, W) be a holomorphic contact manifold and p € X.
Then there are holomorphic coordinates (z,z*,y',..., 2", y") around p such that

dz — ij dy’

J
is a contact form for ¥ in a neighbourhood of p.

Proof. As before, we can assume that X is the ball B(0,1) in C?"*!, that p = 0 and ¥ is defined by a
contact form a. We consider the Reeb vector field R, : X — T™X which is the only vector field such that

a(Ry)=1 , Ryada=0.

Because « is holomorphic, one can easily see that R, is holomorphic too. Let (U,u’) be a chart around
p such that R, = %, and let Y C U be defined as u' = 0. Since 8% is not tangent in any point of Y,
a(%) =1and a A (da)" # 0, da)y is non-degenerate, and therefore it is a symplectic form. By Darboux
theorem, there are holomorphic coordinates (27, 47) for a neighbourhood of p in Y where da = 3 j dx? Ady? .
These can be extended to coordinates in a neighbourhood V of p in U, asking them to be constant along
the integral curves of %.

Let n be the 1-form Zj y?’dx’? en V. Then dn)y +dajy =0in V, but since R, 1da = R, sdn = 0, we have
dn + da = 0 in all points of Y. Also, Lr,n = Lr,a = 0 by Cartan magic formula, so a y n are the same
along the integral curves of R, and we obtain da + dn = 0 in the whole V. By Poincaré lemma there is a
holomorphic function z such that dz = a + 1. In other words,

a:dz—ijdyj.
J

Since 0 # a A (da)™ = (—=1)"dz Adz* Ady' ... Adz™ Ady™ dz,dz?,dy? form a basis in the cotangent space
to 0 and therefore are holomorphic coordinates in a neighbourhood of 0. O

The result that concerns us is about legendrian subvarieties of complex manifolds.

Definition 1.5.5. Let (X, V) be a (2n+1)-dimensional holomorphic contact manifold and letY a k-dimensional
complex manifold. If F':' Y — X is holomorphic, we will say it is isotropic if

F(T"Y) C .
and if k =n and it is an immersion, we will say it is legendrian.

It is clear that if « is a contact form for ¥, then F is isotropic if and only if F*a = 0. With some abuse of

notation, an isotropic function from a Riemann surface to the complex affine space with its standard contact
structure is said to be a legendrian curve.
If F is a legendrian immersion, k = n is the maximum one can get since, being an immersion implies it is
a local (in the domain) embedding and it is well known (lemma 8.32 in [Leel2]) that the lie bracket of two
vector fields that are tangent to a submanifold is again tangent to the submanifold. Therefore, if V, W are
tangent to F(Y), [V,W] C ¥, so if « is a contact form for ¥,

da(V,W)=XaY)—-Ya(X) —a[X,Y]) =0,

but since a A (da)™ # 0, day, is a non-degenerate 2-form in ¥,,, which has dimension 2n and the maximum
dimension of a subspace £ C ¥, such that dajp = 0 is n.
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Part 2

Legendrian embeddings of curves

2.1 Main ideas in the proofs

The proof in this second part will make repeated use of several ideas that we state here:
Idea 1. Refined exhaustions by compact sets

AS in the proof of Runge theorem, it is easier to obtain legendrian functions on compact subsets. We
can refine the exhaustion given in 1.3.5 to see that given a relatively compact, Runge open subset My with
smooth boundary, there is a sequence of open subsets

Mycc MycCcMycc...cX

such that M} has smooth boundary, is Runge in X, all compact subsets of X are contained in some M), and
for each k one of the following two things happen (there are pictures of this in Figure 3):

(A1.1) My is a deformation retract of My ;.

(A1.2) There is a smooth arc ay, : [0,1] = Myy; such that a(0), ax(1) € My, ap((0,1)) C int(Myy1) ~ My
and My U ay is a deformation retract of M.

We will not give a rigorous proof of this, but note that starting from the exhaustion in 1.3.5, in each step
K, C Kt1, by the classification of compact bordered surfaces, K, 1 is diffeomorphic to a sphere with
handles and holes. Since K, is Runge in K,,+1, K,, must be a compact subset containing a certain number
of these holes and handles, but no more holes. Therefore we can add arcs and compacts as in Figure 3 to
obtain the sequence of Mj. A proof can be found in the article [FMM12].

Idea 2. Metrics in Riemann surface and the Cauchy estimates

We will assume there is a riemannian metric g in X, and we use it to measure lengths of curves of
differential forms: if v : [a,b] — X is piecewise smooth, its length is defined to be

b
I(y) = / o7 (0.7 (D) Fd,

and the distance between two points d(p, ¢) is the infimum of the length of curves joining p and ¢. It is a
standard result (Theorem 2.55 in [Leel8]) that d is a metric and induces the natural topology in X.
If w,n are smooth, real 1-forms, we define their scalar product pointwise, (or using coordinates) as

(w,m), = gp(wh, nb) = w;(P)mk(p)g”" ()-

On each tangent space, one can extend this inner product to complex differential forms, asking the inner
product to be hermitic; this is, to be C-lineal in its first entry, and conjugate-symmetric. With this, one can

define the norm of a 1-form w to be |w| = (w, w>1/2 and it is easy to check that
[fwl = [fllwl;  lw+nl <o+ 9], |wl, = 0 implies w(p) = 0,
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Figure 3: Open sets of the form (A1.1) and (A1.2)

and the inequality that we will use the most, which is that

[yw

As with functions, we use the notation ||w|x = sup,cx |w|., and we use the supremum norm for maps

<) sup |w(p)]- (A2)

F:X —CN:
[dF[lrx = sup {[|dF}|x}-

=1,

|dF(p)| = sup {[|dF;(p)|},

Jj=1,...,
Now we can prove the Cauchy estimates in abstract Riemann surfaces.
Proposition 2.1.1 (Cauchy estimates). Let X be a Riemann surface, Y CC Z CC X open subsets with
smooth boundary. Then there is a constant M such that, for any holomorphic function f in X,

ldf = < MI|flIz.

Proof. Let W be an open subset, properly contained in Y and Z. By the Cauchy-Green formulas in 1.2.19,

we have .
f() / F@)0,Gz ().
yebW

" 2mi
We cover Y by a finite number of open sets V; which are again properly contained in (Uj, z;) (by this we
mean, V; CC U;). The sets V; NY and bW are disjoint and therefore the form @%Gz(zj( ), y) does not
— — J
have singularities if (p,y) € V; NY x bW, which is a compact set, so there is a bound M, for such form.

Therefore, if z € V; NY,

of

L(BW) - M:||ldz:]|v.
df ()] = ‘&izj (2)dz; (2) < LW - [ fllw My ZJ||VJ7

1 0
| 10005 )| < -

2mi

O

And we deduce the proposition.

As a direct corollary, we see that if f,, converges uniformly over compact subsets of X to f, then df,
converges uniformly over compacts of X to df, generalising 1.1.4 to Riemann surfaces. In particular, the
uniform limit of legendrian maps is again legendrian, showing that the conditions in Theorem 1 are necessary
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Idea 3. Injective maps and the map of differences.

Let f: A — C" a smooth function between manifolds. By the inverse function theorem, if f is an
immersion, it is locally injective. On the other hand, f is an embedding when it is a diffeomorphism onto
its image, but it is a simple result in topology that it is enough for f to be an injective, proper immersion.
If A is compact, any continuous f is proper.

It is convenient to use the difference map 6f : A x A — C", given by

0f(a,a’) = f(a) — f(d). (A3)

Then f is injective if and only if f~1({0}) is the diagonal of A x A. If we start with an immersion,there is
an open neighbourhood U of the diagonal in A x A such that f~*({0}) N U is the diagonal.

Idea 4. Uniformity of holomorphic immersions and embeddings

We will use the Cauchy estimates 2.1.1 to prove two surprising results, that fail in the smooth case. The
proofs are original.

Proposition 2.1.2. Let Y CC Z CC X, and let F': X — CN be a smooth map which is a holomorphic
immersion in' Y. Then there is an € > 0 and an v > 0 such that, if G : X — C~ is holomorphic and
|F— G|l < e then G is an immersion and if 0 < d(x,y) < r then G(z) # G(y).

Proof. Let M be the constant from the Cauchy inequalities for the pair Y CC Z. Let ¢ = ||dF ||y > 0 and

take p € Y and a chart (U, z) around it. The function %—5 and since z is a chart, dz # 0 so we can take a
disk V' CC U centred in p such that

oF oF c
= (q) — =— < ifgeV.
0z (@) 0z (p)‘ ~ 6|dz(p)| na
We cover Y by a finite number of V; as above, j = 1,...,n. Again, since z; is a chart, dz; is nonzero, and
V; is relatively compact, so we take € > 0 such that
cM |dz;(p)|c )
el —y €< - ,7=1...,n.
6 6M quer |dz;(q)]
Finally, if W = U?Zl V; x V3, W is an open neighbourhood of the diagonal
{(z,y) e X:z=yeY}
so there is an r > 0 such that d(z,y) < r whenever (z,y) € W.
If |G — F||z <€ and G is holomorphic, ||[dG|y > [|[dF|y — [|[d(G — F)|ly- > § so G is an immersion. If p is

the centre of V; and |dFy(p)| > ¢ then |g§z’; (p)ldzj(p) = |dGy(p)| > §. By the triangle inequality and the

choice of ¢,

P“@)

8Gk aGk 8Fk 3Fk 3Fk 3Fk 6Gk & - 8Gk
ade o

 adz, (Q)‘ = ‘adzj ®) = 54, (p)’+‘adzj )= 54z, (Q)‘+‘adzj @)~ 54, (Q)‘ = 20d5 ()] |0dz; (p)‘

forall g€ V;. If welet h = Gy, 0 zj_l, we will have that if ¢, € V; are different points and + is the segment

joining them
[ Wz
¥

And so Gy, and therefore G, is injective in Vj, but this happens for all j, so we get the desired result. [

[7(q)=h(r)| = >

> |W(a)llg—r|=[F (a)lg—r] = 0.

/W@—M@+H@Wz

J ) - K

We can deduce immediately that

Corollary 2.1.3. LetY cC Z CcC X, and F : X — CN a holomorphic map which is an embedding in'Y .
Then there is an € > 0 such that, if G : X — C" is holomorphic and |F — G|l < ¢ then G is an embedding
inY
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Proof. Let € and r as before. Since Y is compact,
c=inf{|6F(z,y)| : z,y € Y,d(z,y) > r} > 0.

If ey = min{e, £}. Then, if |G — F||z < &1 we can use the previous proposition, but also, if d(x,y) > r

|G(z) = Gy)| = |[F(z) = Fy)| = |G(z) - F(2)| - [Gy) — F(y)| =

wlo

So G is an injective immersion on a compact space, and therefore an embedding. O
Idea 5. Holomorphic sprays

We will distinguish between discrete and continue sprays. Let V, W be complex manifolds and let U be
an open set in CV containing 0.
A discrete spray of holomorphic functions is a sequence of holomorphic maps f, : V. — W converging
uniformly on compact subsets of U to a holomorphic map f, which we will refer to as the core of the spray.
The spray is said to be dominant at p € V' if f is regular in p.
A continuous spray is a family of maps F,, : V — W parametrised by v € V such that the induced map
F : V xU — W is holomorphic. Its core is Fp, and we say that the spray is dominant in p € V if u — F(p, u)
is a regular map in u = 0.
The two following results manifest the similarities between these two concepts:

Proposition 2.1.4. Let f, be a discrete spray with core f. If the pray is dominant in p and f(p) =b. Then
for any neighbourhood of p there is an N as big as wished and a z in this neighbourhood such that fn(z) = b.

Proof. We can assume that W = C”, b = 0 and %(O) is the identity matrix. We will use the following
lemma (1.3. in chapter 14 of [Lan93]):

Lemma 2.1.5. If p : C" — C™ verifies p(0) = 0, gf( ) = id and there are R, s such that || agp( )— %’:(9)” <
s whenever x,y € B(0, R)then, for if |z| < R(1 — s), there is a unique w € B(0, R) such that o(w) = z.

Proof. If h,(w) = w + ¢(w) — z, then the bounds in the lemma and the mean value theorem prove that
h, : B(0, R) — B(0, R) is contractive and therefore has a (unique) fixed point, corresponding to a solution
of p(w) = z O

[f’!'L

Since the function appearing are holomorphic, converges uniformly over compact sets, so the family

of functions f ~ : is equicontinuous. Let § > 0 be such that if |z — y| <4,

3fn 3fn 1

—1
Now define A,, = (%(O)) and g, = fn o An — fn(0). Since A,, — id, from some Ny onwards ||4,| < 2.
If ¢ < ¢ is arbitrary, and | f,,(0)| < 55 whenever n > Ny. If n > Ny, Ny, we have g,,(0) = 0, ag"( 0) = id, and
if z,y € B(0, ), then ||A,2 — Apy|| <e <6 so

-l
0z

of
0z

| An]|

2
< z
- 3 3

IN

Since | — fn(0)| <S5 =501- %) we can apply the lemma so there is some z € B(0, ) such that g,(z) =
(0,5), fn(w) = 0 as desired. -

Proposition 2.1.6. Let F' be a continuous spray which is dominant in p, having f as core and let b = f(z).
Then for any y in a neighbourhood of x there is some z such that F.(y) = b and z depends of y in a
holomorphic way, and converges to 0 if y converges to x

Proof. this is the implicit function theorem for holomorphic functions in 1.1.6. O

Idea 6. The third component in a legendrian map to C3
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Let f : (z,y,2) : X — C3 be a holomorphic map. The standard contact form in C?® says that f is
Legendrian if dz = xdy, or, in other words, if xdy is exact and z is a primitive for it. Therefore we can
reduce the problem of finding legendrian maps from X to C? can be reduced to finding pairs of holomorphic
functions (x,y) such that xdy is exact, and then define

z(p) = / xdy + C, (A4)

P

where 7, is any path joining a fixed py with p, and C' € C is a constant. By deRham theorem (section 1.2),
this integral is independent of the path taken, and by Stokes theorem, if dw = zdy, z(p) = w(p) — w(po) + C
so dz = xdy.

If Y cC X, and we start with a legendrian f = (z,y, z) and functions ,,, ¥, in a neighbourhood of Y such
that x,, — z, dy, — dy uniformly in Y and z,dy,, is exact for all n, defining 2, as in (A4) with C = z(p),
since Y is compact, the path joining py to p has bounded length L.

Then, by Stokes’ theorem:

|2(p) — zn(p)| =

/ (& — 20)dy + en(dy — dyn)| < L (2n — o]l dyls + [2nlllldy — dynlly) — 0
i

»
uniformly in p € Y.
Idea 7. Symmetry of the first and second coordinates
The equation xdy = dz does not appear to be symmetric in « and y. However, the map
O(z,y,2) = (a",y,7") = (v, —y,2 — 2y) (A5)
is involutive, and z'dy’ — dz’ = ydx — dz so the roles of x and y can be exchanged.
Idea 8. The period map

By deRham Theorem, to check if a differential form is exact in an open set Y it is enough to check that
t is closed and its integral along any path in Hy(Y,Z) is 0. If Y is relatively compact in X, this is a free
abelian group of finite rank generated by simple paths (this can be found along the pages of [Hat01]). After
choosing a basis «; for it, we will consider the period map

Plx,y) = ( / xdy) € clim A (v:E) (A4)
Vi
and make modifications to x and y that don’t alter the value of this period map. IN order to combine

holomorphic sprays and period maps, we will use this lemma repeated times:

Lemma 2.1.7. Let f : [0,1] — C continuous, with a finite number of zeros and let ¢ € C. There is a smooth
function g : [0,1] — C with compact support in (0,1) such that

1 1
/ f(@)ed®dz =c and / f(@)g(z)ed@dz £ 0.
0 0

Proof. We can take a simple function satisfying this (this is, a linear combination of characteristic functions
of some intervals) g with these properties. If g, is a sequence of smooth maps vanishing outside some
compact and that converge uniformly to g, and we consider the discrete spray

o(s) = / f()eson @)

with core ¢(s) = fol f(2)e*9@) | we have ¢(1) = ¢ and %gp(s) # 0 so, by 2.1.4, we can find s,, # 0 and define
h = $pgn SO

¢ = on(sn) = /0 @@ 02 D n(sn) = /0 ' Ha)h(a)eh®),

n
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Idea 9. Admissible sets

Given a Riemann surface X, an admissible set is a set S of the form S = K UT" where K is the closure of
a relatively compact open subset of X with smooth boundary and I" is the union of some pairwise disjoint,
embedded, smooth curves that intersect K only in its endpoints, and transversely, as in Figure 4.
If W is an open set with smooth boundary containing S such that S is a deformation retract of it, W is
Runge if and only if S is, because there is a commutative diagram

H1(S,2Z) H(X,Z)

where j is an isomorphism, so 1.3.4 proves the claim.
The classification of compact, bordered surfaces can be used to prove the following

Lemma 2.1.8. Given an admissible set S there is a set of curves y; that intersect each other in finitely
many points and can be taken to avoid any finite set, forming a basis of H1(S,Z).
If S is Runge in X, the y; can be taken in such a way that any union of the -y, is Runge in X.

If v is an embedded curve in X ,the inclusion Ty C T'X induces a natural inclusion Tgy = CorTy — TcX.
There is not an intrinsic decomposition of Tgy as in 1.1.10.

Figure 4: Admissible set

If S=KUT =Y UT, we say that a function f: S — C is of class C" if Jix and f|,, are of class C" for
any curve y; in I', and the derivative of f in I' and K agree up to order r in the endpoints of the paths.
The C! norm is || f||s + ||df||s, with respect to some metric g. Also, a map f = (z,y,2) of class C! is a
generalised legendrian curve in S if it is legendrian in K and for any parametrisation yof the curves in T,

zoy(t)- (yeor)(t) = (z279)(®),

although it is clear that it is enough to check for one such parametrisation.
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2.2 First examples of holomorphic approximation

We start by proving a classic result by R. Gunning and M. Narashiman, concerning the existence of exact
holomorphic forms with prescribed zeros, presented in [GN67] in 1967, but using the ideas mentioned above,
as well as an improved version of Mergelyan theorem in admissible sets.

As usual, we start with a relative version first

Proposition 2.2.1. Let X be a Riemann surface and Y C Z be Runge open sets with smooth boundary of
the form (A1.1) or (A1.2) and let w be a holomorphic 1-form in X such that f,yw = 0 for all closed paths
yCY.

Then, for any e > 0 there is a holomorphic function g in X such that |g] < e en'Y and fv edw = 0 for all
closed curves v C Z.

Proof. If w is 0 or if the compacts are of the form (Al.1), we my take g constant, so assume they are of the
form (A1.2) and let v1,...,7p,Vp+1 be paths forming a basis for H;(Y U o, Z) as in 2.1.8. Since the zeros
of w are isolated and 7; is compact, we can use 2.1.7 with f(t) = w(7}(?)) to get continuous functions g;
defined in 7, U ... U ~yp41 such that the support of g; is contained in «y; and

Yp+1 Vi K

J

In fact, since 7,41 only intersects Y in a finite number of points, we can also assume that g1 is defined
and equals 0 in Y. We consider the period map Q : O(X) — CP*! defined by

Qg) = <[w gw) 1<j<pt1

from which we obtain the following holomorphic map:

p:Crtt — crt!
(81,...,8q) > Q(esrurtFspriupi)

If a i(O, ...,0,1), the conditions (1) imply that ¢(a) = 0 and g—f(a) is invertible. The sets y1 U ... U Yp41
and Y U y,41 are Runge compacts by 2.1.8 and the homological characterisation of admissible sets. We use
(m)
J

Mergelyan theorem to obtain holomorphic functions g, in X converging uniformly to g; in 1 U...U7yp41

for 1<j<p,andin Y U Yp+1 for j =p+ 1. We consider the sequence
o7(5) = @ (et )

Which converges to ¢ uniformly on compact sets, and since a has zeros in its first entries, ¢™(a) = 0 for all

m. We can also find y = m such that ¢* is regular in a. Let h; = ug“) forj=1,...,p.
The discrete spray

U1 (s) = Q (entrt st )

has ¢/ as core, so it is dominant in a. By 2.1.4, for any § there is some Ny from which we can find s(™ at
distance at most d from a such that 1™ (s() = 0.

Let C' be a common bound for the functions wy,...,w, in Y. Since gz()i)l converges uniformly in Y to 0,
there is some Ny such that ||gz()1)1||7 < i whenever n > Nj. Finally, if § < min {1, %}, any s such that
|s — a| < § verifies

|sih1 + ...+ sphy + spng(ﬁr)lHK <eg,

and therefore ,f = sgn)wl + ...+ Sén)wp + 31(321“;()@1 is the desired function if [s(™ —a| < § and n >
max{Ny, No}. O

Theorem 2.2.2 (Gunning-Narashiman). Let X be an open Riemann surface and let w be a holomorphic
1-form. Then there is a function F € O(X) such that e¥'w is ezact.

37



Aitor Iribar Lépez

Proof. Recall that holomorphic forms are closed, as we noted in 1.2.5, and take an exhaustion by compact
sets of X as in Idea 1 such that Mj is a disk. Since in a disk closed forms are exact, fv w = 0 for all paths
v C My, we define fy : X — C to be 0. Using the previous lemma 2.2.1 in an inductive way, we can find
holomorphic functions f, : X — C such that:

a) [ efot+fny =0 for all y C M,

b) [fu(p)] < 2% forall pe K, _1

The second condition ensures that ZZO:O fn converges uniformly over compact subsets of X to some holomorphic
F'. For each path v in X, - is contained in some M, so taking limits in the first condition, f,y ef'w = 0.

F

Since e’ w is closed because it is holomorphic, and all of its periods are 0,it is exact O

In the language of immersions, we obtain the following corollary
Corollary 2.2.3. If X is an open Riemann surface, there is a holomorphic immersion of X in C

Proof. By 1.3.12, there is a nonvanishing holomorphic form w, and by 2.2.2, efw = dg for some g (g is
holomorphic because d = 9 + 0 and efw € QM9). Since dg is nowhere vanishing, g : X — C is an
immersion. O

However, these immersions are not dense in O(X). This is due to a well known theorem of Hurwitz that
can be found in p. 231 of [Gam01] which, among other things implies that a sequence of immersions into C
can only converge to a constant function or to an immersion.

However, immersions of Riemann surfaces in higher dimensional affine spaces are dense, and we can prove
it easily:

Proposition 2.2.4. Let X be an open Riemann surface. Any holomorphic map from X to CN can be
approximated uniformly on compact sets by immersions with non-constant component functions.

Proof. 1t is enough to prove it for N = 2. Write f = (z,y). If f is constant, take functions g,h : X — C
that are immersions and consider the sequence

1 1
fn= <x+ —9,y + h) .
n n
If y is constant but z is not, and h : X — C is any immersion, the sequence

n

is sufficient. In the remaining situation, let uj,us, ... be the zeros of dy. Using 1.3.12, there is a holomorphic
form w having zeros precisely in the u; such that da(u;) # 0. By 2.2.2, we can assume that w is exact. If
w = dh, h is holomorphic and we can take

1

n

Now we prove a version of Mergelyan theorem for approximations of class C'. It can be done for functions
of class C" by induction but we have not defined the C" norm and we don’t need this generalisation.

O

Theorem 2.2.5 (Mergelyan Theorem with approximation up to order 1). Let X be an open Riemann
surface and S = K U S C X an admissible, Runge subset. If f : S — C is of class C' and holomorphic in
the interior of S then it can be approzimated uniformly in S by holomorphic functions in X in the C' norm.

Proof. Let Y CC X be an open set containing .S, which is still Runge of whom S is a deformation retract.
Let v; be a basis for H1(Y,Z) (j =1,...,¢q) contained in S and 6 a nowhere vanishing 1-form as in 1.3.12.
Using 2.1.7 we find continuous functions g, defined in the paths ; such that

/9k9= ik
.

J
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We consider the period map Q(g) = (fw 99) )
17 ) j=1,..q
The usual Mergelyan theorem, applied to the functions gxyields holomorphic functions A in X, such that

the matrix ( fv- th) is invertible. If F' = %, F' continuous in S and holomorphic in its interior. By
’ Jik
Mergelyan theorem we find a sequence F,, converging to F' uniformly on S.

For these reasons, the discrete spray

™M (s) = Q (Fn + Zskhk>
k

has ¢(s) = Q(F + >_{_, skhi)0) as core, is dominant in 0 and ¢(0) = f»y,- Fo = fw df = 0. By 2.1.4, for all

n there is s(™ such that if

q
F,=F,+ Z s ah
k=1

these functions converge uniformly to h, s(™ converges to 0 and F,0 is exact in Y, so if

z

fal2) = flpo) + | Fu0 z€Y,

Po
fn is holomorphic in Y and for all p € S,

fu) =16 = [ (Fa - FYf dfaz) — di(2) = [Fu(z) — F(2))0(2).

Po

Since all paths can be taken of finite length because Y CC X, f, approximates f in C'-norm. Finally,
by Runge theorem applied to each F, we obtain a sequence of holomorphic functions converging to F,
uniformly over compact subsets of Y. By the Cauchy estimates, dG,,; also converges to dF),, so it is enough
to approximate f by the sequence G,,,. O
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2.3 Legendrian embeddings in bordered surfaces

We are now going to prove the main result to get holomorphic embeddings of bordered Riemann surfaces,
which in fact strengthens Theorem 2. We will need a theorem about transversality B.2 which can be found
in the Appendix. In all the proofs of this sections we will use the period map

Pla,y) = (L xdy)

that we introduced in (A4).
First, we explain how to get immersions:

Proposition 2.3.1. If X is an open Riemann surface and f : X — C? a Legendrian map, Y CC X a
smoothly bounded domain that is a deformation retract of X. Then f can be approzimated uniformly over
Y legendrian maps in X, which are immersions in Y, and do not have constant component functions.

Proof. Write f = (z,y, 2z). If both x and y are constants, z is also constant. If 4 : X — C is an immersion
and g : X — C is a non-constant function such that dg vanishes at some point

vho | _dn _1dg

h g
Yn =Yoo = adog n—dyn—ﬁdhﬂr

n

y fn = (xnv yna Z’ﬂ)
If one of z, y is non-constant, using the involution in (A5), we can assume that y is the non-constant function

and uy, ...,y are the points where dy vanishes in Y. Let vy, ... ,7Yq be a basis for Hy(Y,C), and let’s assume
that no such path contains any if the u;, and such that v, U... U, is Runge.
If (zy,y) is the sequence of immersion approximating (z,y) given by 2.2.4, and ¢, ..., g, are continuous

functions defined in vy U ... Uy, such that

/ grdy = 5,4
5

(this can be done thanks to 2.1.7). Using Mergelyan theorem with fixed points 1.4.9, there are holomorphic
functions hj in X such that

J

det (/ hkdy> #0 and dhg(uy) =0 for all m, k.
¥ ik

We consider now the discrete spray
©"(8) =P(xn + s1h1 + ... + Sqhq, Yn)s

with core

o(s) =P(x+s1th1+ ...+ s¢hg, y)
Since f is legendrian, ¢(0) = 0 and by the way we chose the h;, the spray is dominant in 0. We can apply
2.1.4, and thus from some Ny and onwards, we can find s(™ such that @"(s(")) = 0 and the points s(™
converge to 0. Let T, = 25 + s hy + ... + 55" hy, Yo = yn = y and %, defined as in (A3) with C = z(po).

It can be well-defined in the whole X precisely because Y is a deformation retract of X and so 7;,...,74 is
a basis of H1(X,Z) also. Now let

fn = (%’mgna gn) .

Since d(z,)(u;) = dx,(u;) # 0 for all j, the maps f, are immersions inﬁ?; they are clearly legendrian and
approximate f because, since s — 0 if n — 00,&, — « uniformly on ¥ and it is clear that dy, — dy, so
by the argument in Idea 6, we also have that z, converges to z uniformly over Y. O

Recall that on a compact manifold, an injective immersion is an embedding. This is how we will obtain
embeddings:
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Theorem 2.3.2. Let Y CC X be an open, Runge subset with smooth boundary of an open Riemann surface
X which, at the same time is a deformation retract of Y. If f : X — C3 is a legendrian map, then it can
be approzimated uniformly in Y by legendrian curves defined in X without constant components that are
embeddings in Y .

Proof. In light of 2.3.1, we may assume that f is an immersion without constant components. We divide
the proof into various steps:

Step 1: Given p # ¢ € Y, and a legendrian map ¢ : X — C? without constant components, we seek a
holomorphic family of maps H : X x C> — C3 such that:

a) H(7 0) =g
b) H(-,¢) is a legendrian map without constant component functions for all £ € B(0,r), for some r.
c) 6H(p,q,-) : C> — C3? is a submersion in 0.

Write g = (2,9, 2). If y1,...,7, is a basis for H;(X,Z), we look for functions of the form

J)('7§7S) :l'+§1h1 +§3h2+zgk8k7 y(7£) :y+£2h17
k

in such a way that the spray

(57 S) = ,P((ilf(,f7 5))7y(7£>)

is dominant in & = 0. Let p > 0. Since

%p(x(-, £,s), y(f))L_S_O - (/% gjdy)

This can be achieved if
i) ‘f% 95y — k| < p

and p is sufficiently small. In this case, using 2.1.6 we can solve s = p(&) in such a way that x(-, &, p(€))dy(+, §))
is exact and therefore we define z(+,£) as in (A4) with C' = 2(pg) and

H(ua 5) = (x(U,f,p(ﬁ)),y(U, 5)7 z(u,{)) .

Clearly H satisfies a) y b) because H(u, &) converges to g if £ — 0 and g does not have constant component
functions. We are left condition. Note that, if I' is a segment joining p with ¢, then

52(p,q,€) = / 2(2,&, p(€))dy(2,€) = / Eahady(-, &) + |2+ &b+ > grpr(€) | d(y + &aha)
r r .
So using the definitions of z(-,&, p(§)) e y(+, &), we obtain the formulas
0 0
501 &) = 0150 0.0) + it + 3 P () - )
66_7 £=0 k 853 £=0
0
8?jéy(p,q,é“) o d2,j0h1(p, q)-
9 5%(5)‘
—0 = | haod dy.
55,5 P 0:€) » /F > y+/rzk: 56 |,

Conditions
ii) hi(p) =1,h1(q) =0.
iii) [h2(p)], [h2(q)| < p-
iv) |1 — [phody| < p.
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Ensure that 6h1(p,q) = 1, [ hedy = 14 O() and 0ha(p,q) = 0+ O(p). On the other hand, to bound
6%;2(0), we derive with respect to £ the equality P(z(-,&, p(§),y(-,£)) = 0 to obtain:

J

0 0

9p(0) —P(x(-,&,s _1-— z(-,&, s
2 P, >7y<§>>]5_s_01 P65, 0(6)

o€

£=s=0

If in condition i) the approximation is strong enough, the first matrix is close to the identity, and the second
one is the matrix
</ hﬂiy,/ dhl,/ hgdy) .
Tk Yk Yk k

V) )f'm hgdy) < u along the paths g,

If we can take ho in such a way that

then, if we previously fix h; we have

9p(0) _ 9p(0) _ 9p(0) _
T& = 9, =0(1) 9Es =O0(u)

and thanks to the formulas for a%éH (p,¢,0) that we obtained before,
vi) |[pgedy| <1lenT

vii) [gk(p) — gr(@)| < p

then
P 1 0

0
9 - (1) +O(p) (2)

and so if p is small enough, H satisfies c¢). It is therefore enough to check that the functions hj, gi can
indeed be chosen to satisfy properties i)-iv). To do so, one starts selecting the paths in such a way that T' is
disjoint from the 7, and y; U... Uy, UT" is Runge.

Then we find a holomorphic function hy that satisfies ii) (which can be done, for instance, by Weierstrass
theorem 1.3.11) and we let it be fixed. there is some g such that if ;1 < 0, condition i) ensures that the
matrix f% gjdy has norm between 1/2 and 2. BY successive uses of 2.1.8, we find continuous functions in
71 U...Uv, UT that verify conditions i), iii)-vii). Since these conditions are of open nature, by Mergelyan
theorem we may assume that such functions are holomorphic in X, and since the bound O(u) that appears
only depends on g and its differential, hy and of the length of I' if u < pg, they don’t change after using
Mergelyan theorem. Finally, letting © — 0, we can ensure condition c). Step 2: We can assume that there is

an open set Z CC X containing Y such that f is a legendrian immersion in Z, without constant component
functions.

We are going to improve condition ¢) in Step 1. Let H'? be the family of function obtained before, given
p,q €Y and g: X — C3 legendrian and without constant component functions. Since the submersion is an
open condition, there is a neighbourhood V,, ; C X x X such that dH}%(a,b,-) is a submersion in 0 for all
(a,b) € Vp 4. Thanks to 2.1.2 we find a neighbourhood U (which we can assume has smooth boundary) of
the diagonal

Dy ={(z,z):z€Y}CXxX

and an € > 0 such that

if || f — g|l7 < € then g is an immersion in Y and
dg only takes the value 0 in U in the points of the diagonal.

(%)

=2
The set Y\ U is compact, so it can be covered by finitely many V,, ,, which we name V},, ¢,,..., Vpy.qn- NOW

we construct functions Hy, : X x B(0,7;) — C3, where B(0,7) C C**, in an inductive way for 1 <k < N
as follows:

Hi(u,m) = HE " (u,m)
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Pkdk

Hy(w,my, . ome) = Hyp® L (wsne),

where n; € Ci Note that Hy, is legendrian in u by construction and that Hy(-,71,...,7) approximates f
uniformly in Y and |5|, so for small enough 7, H*(-,1) has non-constant component function and therefore
we can carry on the construction of the previous step. On top of that, Hy(-,0,...,0) = f by construction,
so for all j,

HN(u, 0,..., MNjy- - ,O) = HZNN,(—H;,(',QWJ]%W,O) (u, 0) = HN,l(u, 0,..., Mjy- - 70) =
= HII?I];’V:127(Q'J:IOT~1..,7U7-..,O) (U" 0) = HN_Q(“’ 0,0y e 70) =

= Hj (u, 0,... 777j) = Hg;’gij,o,...,O)(“7 nj) = Hff)j,qj (u, nj)a
and so

0 0 0 o
?5HN(a,b,n1,...,77n) = T(SHN(a,b,O,...,nj,...7O) = ?5H]€J’qj(a,b,nj)
j n=0 1j n;=0 7j 7;=0

which has range 3 if (a,b) € Vj, 4,. Since the V,,, .. cover NERN U, and H = Hy, we will have found a
holomorphic map H : X x B(0,7) — C3, where B(0,r) C C*V, such that

b) H(-,n) is a legendrian immersion in Y without constant component functions, for all n
¢) 6H(a,b,-): B(0,7) — C? is a submersion in 0 for all a,b € Y x Y \ U

As before, H(-,n) converges to f uniformly in Z and || a f, so condition b) is ensured after reducing r, due
to (x).

Step 3: Since the submersion condition is of open nature, for all (p,q,0) € X x C3*" we can find a
neighbourhood V' of it such that §H (a, b, -) is a submersion in 7, if (a,b,7) € V. Since Y x Y \ U is compact,
finitely many of them cover it, so we can find an 7’ < r such that the modified condition

¢’) §H(a,b,-): C3N — C? is a submersion in 7 if (a,b,7n) € (72 ~U) x B(0,r")

holds. If M = (72 N U), M is a smooth manifold with boundary, and 6H : M x B(0,7") — C3 and
bSH : bM x B(0,7') — C3 are transverse to any submanifold of C? (because the differential is surjective onto
C3). In particular, they are transverse to 0, so using B.2, for generic points € B(0,r’), the map

Gy =0H(-,-,n): M - C?
is transverse to 0, but in these cases, counting dimensions with B.1,
dim(M) — dim(G;l({O})) = dim(C?) — dim({0}) = 3.

However, dim(M) = 2, so §H (-, -,n) has to omit 0. If H(-,n) is the corresponding map and 7 is small enough
so that |H(-,n) — f|l7 < €, where ¢ is the one (x), then 6H(-,n) omits 0 in NN Dy also, so H(-,n) is

injective in Y. Since 1 can be taken as small as one wishes, f can be approximated uniformly in Y by
legendrian embeddings without constant component functions O
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2.4 Legendrian approximation in admissible sets

We will prove now two result which will be the crucial for the recursive step in the proof of Theorem 1. We
start proving how to approximate generalised legendrian curve by ordinary legendrian curves:

Theorem 2.4.1. Let X be a Riemann surface, Y CC X an open, connected open set and S C Y an
admissible subset which is a deformation retract of Y. Any generalised legendrian curve f : S — C3can
be approximated uniformly in S by legendrian curves defined in Y, having no constant component function.
Furthermore, if f = (x,y,2) and x (resp. y) is non-constant, and holomorphic in a neighbourhood of Y, we
can assume that the first (resp. second) component of the functions approzimating f is in fact x (resp. y).

Proof. Since Y is connected, S = K UT is also connected. In a similar way to 2.1.8, we can find paths
M, ., contained in S, whose union is Runge in Y and that have a subarc contained in int(K).

If f is non-constant, since it s legendrian and int(X) is nonempty, using the involution (A5) we can
assume that y is non-constant in the interior of K, so dy is not identically 0 in some subarc of the ~;.
Therefore we can apply 2.1.7 to get continuous functions g; in v, U. ..U, with compact support such that

rdy = 0; .
v

We use Mergelyan theorem with approximation up to order 1 to obtain sequences (™, y(™) of holomorphic
functions in Y that converge to z and y in the C'-norm, and the usual Mergelyan theorem to approximate
g; in 71 U...U~, by holomorphic functions g™ defined in Y. Let

P(a,b) = (A adb) )

Since we have approximation of order 1, the spray
q
¢"(s) =P (33(") + Z swgy”, y(")>
k=1

has p(s) = P (z + > f_, Skgk. y) as core, is dominant in Oby the choice of the g, and ¢(0) = 0 because f a
generalised legendrian curve. Therefore, by 2.1.4 we can find for all n a s close to 0 sch that ¢™(s(™) =0

and so, since 71, ...,7, form a basis of H(Y,Z), the maps
o | ~ () (n)
(x(n) + Z Skn)g’(cn)7y(n),z(p0) +/ l'(n) + Zsl(: g](cn ] dy(n)>
k=1 Po k=1

can be defined in the whole Y, are holomorphic and approximate (z,y,z) in S because we are using
C'-approximation and using the argument in Idea 6.

If y is already holomorphic and non-constant we can take y(™ =y for all n. If z is holomorphic, we use the
involution in (A5).

If f is constant, we can repeat the argument in the beginning of 2.3.1. O

The following theorem is an analogue of the theorem by Gromov in [Gro86] that continuous real curves
in R? can be approximated uniformly by legendrian curves. We will adapt the proof of the result by Gromov
given in [HMW17] to the complex case to obtain our lemma:

Lemma 2.4.2. Any smooth curve v = (z,y,z) : [0,1] — C3 can be approzimated in [0,1] by embedded
legendrian curves X : [0,1] — C3 such that A\(0) = v(0) and A\(1) = ~(1).
In fact, if v'(0),~'(1) € ¥, where Pif = ker(zdy — dz), we can assume that N'(0), N (1) € V.

Proof. Let
Rie={(u,v) € C*: v — z(t)u| < emax{lul, [u®[}}.
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If we can find a curve (b,c) : [0,1] — C? such that (b/(t),c/(t)) € Ry then, defining a(t) = Z%g we

would have [la — z[/p,1] < . To show that we can do so, we reduce again to finding a family of functions
v(t,s) : [0,1] x R/Z — C? such that y(t,-) € Ry, because we can then define

(b(t), c(t)) = (y(0), 2(0)) +/0 7 (u, nu)du. (2.1)

If we also have

/R | 08)s = /10 /0) (22)

Then as n — oo, (b, ¢) approximates (y, z), because, by the periodicity of v in its second variable, the change

v =nu+ (k — 1), and the mean value theorem,
¢ 1
/ [v(u, nu) — / ~(u, v)dv} du
0 0
Ltn]

k/n 1 1
= Z/ y(u, nu) — {/ ~(u, v)dv} du + / v(u, nu) — y(u, v)dvdu| <
= Jk-1)/n 0 [tn)/n

k

|(b(#), e(t)) = (y(t), 2(1))| =

Ltnj k/n
vt+k—1
Z / o) _/ ’ / (u,v)dvdu| + (t — [tn] /n)|[]ljo,xz/z =
1 n

Lth

k/m vt+k—1
/ Y / { —,v) — V(u,v)} dvdu| + (t — [tn] /n)||V]l0,11xr/z <
—1)/n

0 |tn ]
< ||a7('7 ')||[0,1}XJR/ZTL2 + (t = [tn] /n) V0,1 xR /2>
which converges to 0 if n — co, uniformly in ¢.

Conditions (1) y (2) can be attained because the convex envelope R; . is C2, although in this case we can
find an explicit formula for ~:

2(t.6) = (rsinms /(). rsmzs +/ ) [0 + 2L IO o 1) )

For r big enough, also, if (z,y, z) was legendrian inn 0 y 1, we have

(t'(0),¢(0)) = ¥(0,0) = (y'(0), 2'(0))

(@0),50).c0) = (53

(1), ¢ (1)) = 7(Lm) = (5/(1), (1))
(a(1),b(1), (1)) = (yﬁ;

and we can carry out the calculations for a/(0) and a’(1). O

We note that this is an instance of the h-principle, and the fact that R; . has C? as convex envelope would
let us use the theorem of convex integration in [EMO02], so the h-principle is true in all of its versions. In
particular, in its relative version, and from this version follows our lemma. However, we prefer not to prove
the result this way, as the machinery necessary to understand the h-principle exceeds by far the objectives
and extension of this work.

The following result is the one requiring the most technical difficulty but it ensures that we can control
the behaviour of our legendrian curves so they don’t fold. In order to visualise the proof it is convenient to
remember that if Y CC Z and Z is a deformation retract of Y, Z \ Y is a finite union of rings.
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Theorem 2.4.3. Let Y CC Z CC X be open subsets with smooth boundary of an open Riemann surface X,
such that Y is a deformation retract of Z. If f = (x,y, 2) is a legendrian map defined in some neighbourhood
of Y such that

max{|al, [y} > i en bY

for some p > 0. Then f can be approzimated uniformly in Y by legendrian maps fz (z,9,2) defined in a
neighbourhood of Z such that

i) max{|Z|,|y]} > pn+1 en bZ.
i) max{|Z|,|y|} > pen Z\Y.

Proof. Lets assume, in order to simplify the notation, that A = Z \'Y consists of only one ring. Only in
this proof we will use subindices to denote the components of a function: F = (Fy, Fy, F3) : X — C3. Let ¥
be the standard contact structure in C3.

The hypotheses of the theorem and compactness of bY allows us to find points pq,...,p, such that there

are arcs «jq, ..., Q, such that pi is an extreme point for ay and ay_1, where integers are taken modulo n,
and such that
|z| > p en ay, if k is odd (1)
ly| > u k is even

Note that if |y| > p in « we can reduce to the case n = 1 using the involution in (A5). On the other hand,
since pg is both in o and a1,

max{|z(pk)|, ly(pr)[} > pif n > 1 (2)

We take points g € bZ and paths vy : [0,1] — Z \ Y joining py with g. AS before, the points g divide 3
into subarcs (i, and we can decompose

(-
k=1

Where €y, is the open set limited by ag, Bk, Yk, Vk—1- (See Figure 5).

n

Qr Uag U B U
1

Figure 5: Sets in the proof of 2.4.3

We look for smooth paths 7 : v, — C? such that r(pr) = f(pr), . (Px) = (V' (Pr))s 71 (ak) € Yoy (4)5
k() € {(z,y,2) € C* : min{|a|, [y|} > p} (resp r1(11) C {(2,y,2) € C*: || > p}ifn=1),
ri(ar) € {(z,y,2) € C* : min{|z|, [y} > p+ 1} (resp ri(m1) € {(z,y,2) € C*: || > p+ 1} if n=1).
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This can be done because the sets appearing are open subsets of C3 and by condition (1). Now, after using

2.4.2 we can assume that the paths r; are indeed legendrian so we have a generalised legendrian map defined
in the admissible set

S=YUnU...UY,

that can be seen in Figure 5. Using the theorem of approximation over admissible sets 2.4.1, we get a
legendrian map g = (g1, g2, g3) without constant components, defined in a neighbourhood of Z such that

(B1) g approximates f uniformly in Y

(B2’) min{|g1(gx)|;|g2(ar)[} > p+ 1 for all k (vesp. |gi(q1)| > p+1ifn=1)

(B3’) min{|g1(w)l,|g2(w)|} > w for all u € vy, and for all k (resp. |g1(uw)| > p+1forallu ey if n=1)
(B4") |g;(u)| > p if u € oy, j € {1,2} and j, k share parity

The function g is continuous and conditions B2’, B3’, B4’ are of open nature, so they occur in open
neighbourhoods of the sets appearing. Therefore, there are sets Ty, R, A (see Figure 6) such that
Qr = R UT, and A\, = R N P, and we have the improved conditions

(B2) min{|g1(u)l,|g2(u)|} > p+ 1 if w € Ag, (resp. |g1(u)| > p + lifu € Ay when n = 1)
(B3) |gj(u)| > pif u € Ry, j € {1,2} and j, k share parity.

Let ; be paths joining T} con ay

Figure 6: Sets in the proof of 2.4.3

We distinguish two cases:
If n =1, we consider the set

S'=YuU 01U Tl,
which is admissible, and the map § = (g1, 42,93) : S’ — C? given by

G =g (3.1)
g2 inY
g2 = ¢ Any holomorphic function with [ga(u)| > p+1 in Ty (3.2)
Any smooth function making g, of class C! in §;
~ p o~ —
g3 = g3(po) +/ g1dgs (3.3)
Po
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Where py € Y is any point. The integral is independent of the path because in Y, §1dgs = g1dgs so g3 = gs,
and any curve joining pg with §; U T} has to go through p; = §; N ;. Since §; U Ty is simply connected, we
conclude that the integral is independent of the path. Therefore, g is a generalised legendrian map and ¢
is holomorphic and non-constant in a neighbourhood of Z.

Since S’ is a deformation retract of Z and so of some neighbourhood of it, by 2.4.1 there is a map h =
(h1,ha, h3) in a neighbourhood of Z such that

(C1) hy=71.
(C2) h approximates g in S’.

In this case, (B3) and (C1) prove that |hi| > p in Ry; (B2) and (C1) prove that |hy| > p+ 1 in Ag;if the
approximation in (C2) is string enough, the way we chose g in (3.2) proves that |hy| > u + 1 in Ts; and
finally, (C2), (B1) and the fact that § = g in Y prove that h approximates f, so it is enough to take f: h.
If n > 1, let’s suppose that k& walks through odd indices and j through even ones. We consider the
admissible set
S :?UU(TkU(Sk) UUﬁj
k ,

J

and construct the function g : S; — C2 given by

g2 in ? U Uj ﬁj
Any holomorphic function [ga(u)| > g+ 1 in U, T . (4.2)
Any smooth function making g of class C*  in (J, &

Q
N
I

P
93 = g3(po) +/ 91dgo>. (4.3)

Po

In an analogous way to the constructions in (3.1), (3.2) and (3.3), conditions (4.1), (4.2) y (4.3) make g a
generalised legendrian map with non-constant first component and so, using 2.4.1, we find a legendrian map
with non-constant components A in a neighbourhood of Z such that

(D1) h1 =¢1-
(D2) h approximates g in Sy.
We repeat this construction exchanging S; with

So :?UU(T]'U(S]') UUﬁk,
j k

and the definitions (4.1), (4.2), (4.3) with

hy inY U Uk ﬁk
h1 = { Any holomorphic function such that |hi(u)| > p+1 en U; Tj : (5.1)
Any smooth function making h; of class C* in U y d;
ha = hy. (5.2)
~ P
hs = hg(po) + hidhs. (53)
Po

We use again 2.4.1 to obtain a legendrian map b defined in a neighbourhood of Z such that
(E1) by = ho.
(E2) b approximates hin Sy.
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Recapitulating everything,
El 7 5.2 D2  __ 4.2 B2 .
|b2| = |ha| = |h2| = [g2] = |g2| > p+1in A,
E2 ~ 5.1 D1 (.~ | 4.1 B2 .
|bi] = |h1] = |h1] = |g1] = |g1| > p+1in Ag.
El 5 (5.2 D2 42 -
|bo| = |ha| = |he| = |g2| > p+1in T},
E2 ~ 5.1 _
|bi] = |h| > p+1in T},
El 7 5.2 D2 4.2 B3 R
|b2] = |ha| = |he| = |G2| = |g2| > pin R;,
E2 ~ 5.1 D1 (~ | 4.1 B3 | =
b1 = |h1] = |h1] = |g1] = |g1| > pin Ry,
so taking into account (as can be seen in Figure 6) that,

bZ C OAmuTm Z\Y C OﬁmuTm
m=1

m=1

if the approximations (B1), (D2), (E2) are strong enough, we can take f=hb.
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2.5 Proof of Theorems 1 and 2

Using all the ideas and results in the last three sections, we can prove Theorems 1 and 2. In fact, we prove
stronger versions of both:

Theorem 2.5.1 (Alarcén-Fonstneric-Lopez). If X is an open Riemann surface, S C X is an admissible
Runge set and f : S — C3 a generalised legendrian map, f can be approzimated uniformly in S by legendrian,
proper embeddings without constant component g = (x,y, z) such that (z,y) : X — C2 is also proper.

Proof. By 2.4.1 and 2.3.2, there is an open set My with smooth boundary of which S is a deformation retract
and we can approximate f in S by a legendrian embedding fy without constant components, defined in a
neighbourhood of M. Since the component maps are non-constant, their zeros are isolated so after a slight
edition of the boundary of My, we can assume that there is a g > 0 such that max{|zol, |yo|} > p in bM.
Note that My is Runge

Let M}, be an exhaustion by open sets with smooth boundary as in Idea 1. This is:

a) My is Runge in X
b) M, CC Mk+1

c) My is a deformation retract of My1 or My U ay is a deformation retract of M1 where oy is a curve
with endpoints in M.

Given ¢ > 0, with € < £, we will construct inductively holomorphic maps fi defined in some neighbourhood
of M}, and an €, in such a way that:

(L) fe = frallgz,_, < 57 min{e, o, , . .., Ep—2}.

(2%) fr is an embedding in M}, and if ||g — fill77, . < é€x then g is an embedding in Mj_s.
(3) max{|zk|, lyk|} >+ k in bMj,.

(4) max{|zgl|, |yk|} > p+k—1in Mg~ My_1.

The map fy already satisfies the conditions, so we prove the inductive step, considering two cases:

If M}, is a deformation retract of M1, we use, in this order, theorems 2.4.3, 2.3.1 and 2.3.2, we obtain an
embedding fi,1 approximating fi in M. If the approximation given by 2.3.2 and 2.3.1 are strong enough,
the conclusions i) y ii) of 2.4.3 are still preserved and therefore fi+1 can be taken to satisfy (3i4+1) and
(4k41). Since fr41 approximates fi, we also obtain (1j).

If M}, U« is a deformation retract of M1 and p, ¢ are the endpoints of «, by (4;) we have

fe), fela) € {(2,y,2) : |2[ > p+ ko |yl > p+ K},

which is open and connected so they can be joined by a smooth map which is legendrian in these two points,
so by 2.4.2, we can extend fj to My Uayg, which is admissible. If we use 2.4.1 in My 1, we obtain a legendrian
map fry1 defined in My, that approximates f;, in M} and verifies

max{|Z], [y} > p+k en bMy U a.

Since this it is a continuous map, there is an open set W such that M U oy, C W, W is a deformation
retract of Myy1 and the previous inequality also occurs in bWV. As before, if we use 2.4.3, 2.3.1 and 2.3.2 in
the given order, we obtain the desired legendrian map fx41a.
Note that in both cases, ¢ is the one given by 2.1.3.

By (1x), the sequence f; converges uniformly over compact subsets of X to a holomorphic map f. Since
dfy converges to df by 2.1.1, f is legendrian. Furthermore,

o0 o0
Ek
”f - fk+1||Mk < ” § fj-‘rl 7fjHMk < § 95 +1 ek
Jj=k+1 j=k+1
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So, due to (241), f is a legendrian embedding in Mj,_1, for all k. Since X is the union of all the My, it
follows that f is an injective, legendrian immersion. Finally, by (1)

o0

1

1f = fellgz, < D fie = fillgr, <e < 5
=k

and thus, using (4g),

max{|z|, [y|} > max{|z], lye|} — g >k—1+ g >k —1en My~ My,

for all k. In particular, if |x(p)], |y(p)] < N, p € M x, which proves that (x,%) is a proper map and so is f
then. Since it is a proper, injective, holomorphic immersion it is an embedding (as can be seen in proposition
4.22 in [Leel2]).

Finally, | F — f0||ﬁ0 < g, which was arbitrary, so since fy approximates f, F' does so. O

As a corollary, we have an analogue of Whitney embedding theorem:
Corollary 2.5.2. Any open Riemann surface can be properly embedded in C3.
The proof of 2 follows from 2.3.2 and the Darboux theorems:

Theorem 2.5.3. If X is a bordered Riemann surface, (M, W) is a complex, contact manifold of dimension
3, then there is a legendrian embedding of X en M.

Proof. Let R be a Riemann surface such that X CC R with smooth boundary. The function (0,0,0) is
legendrian and therefore there is a legendrian embedding f = (v,y,2) : X — C? by 2.3.2. Since X is
compact, f(X) is bounded. By 1.5.4, we can find an open set U C M and Darboux coordinates G : U — C3.
After changing G' by AG if necessary, we can assume that f(X) C G(U) and therefore, G=1o f: X — M is

a legendrian embedding. O

We note that one cannot aim to embed any Riemann surface in any contact manifold. For example, if
M C C3 is a bounded open set with the standard contact structure, we cannot embed C in M because the
component functions would be holomorphic an bounded, and therefore constant by Liouville theorem.
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Appendix A

Functional analysis

A complex Banach space is a vector space F over the complex numbers, equipped with a norm ||.|| : E —
[0, +00) that makes it a complete metric space.
The prototype of a Banach space is C(K), the space of continuous functions f : K — C,with the norm

[/l = sup{[f(z)| : = € K}.

Other examples are the spaces C"([0,1]) of continuous, complex functions with contiunuous derivatives up
to order r in [0, 1], with the norm

1 ller = 1o,y + 1 oy + - -+ 177 llo,1y

although [0, 1] can be substituted by any compact domain in R™ with smooth boundary.
A linear map T : E — C is said to be a functional. We will say that it is bounded if there is some C' > 0
such that

Tz| < O],

and the infumum of such C is the norm of 7. The set of bounded functionals in E forms the dual space E’.
The celebrated theorem of Hahn-Banach allows us to obtain linear functionals with diverse properties:

Theorem A.1 (Hahn-Banach theorem). Let M C E be a linear subspace and T € M'. There is a functional
R € E' extending T and such that || R|| = ||T||.

A simple argument that can be found after the proof of the Hahn-Banach theorem in [Rud86] gives the
following useful criterion
If E is a Banach space and M C F is a subspace, then 2 € M if an only if for all T € E’ such that T(M) = 0,
T(x)=0.
In particular, if M C C(K), f is a uniform limit of functions of the family M if and only if for all T in C(K)’
such that T'(M) = 0, we have T'(f) = 0.
Is there a way to characterise C(K)’'? The answer is yes, and it is known as Riesz representation theorem

Theorem A.2 (Riesz representation Theorem). If K is a compact Hausdorff space, any linear functional
inT € C(K)' is represented by a unique reqular complex Borel measure i in K, in the sense that

/K fdu="T(f)

forall f: K — C.

Recall that a measure p is said to be orthogonal to a subset S of C(K) if fK fdu =0 for all f € S. With
A.2 and A.1 in hand, and taking int account what was commented earlier, we obtain the following principle,
which we use in the proof of 1.3.7:

If F C C(K) is a family of functions, then f € C(K') belongs to
the closure of F (in other words, there is a sequence f,, contained
in F converging uniformly to f) if and only if for any Borel
complex regular measure p in K which is orthogonal to F, | xJdu=0.
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A complex measure in K is a function p: M — C, where M C P(K) is a o-algebra, which is countably
additive for absolutely convergent sums. If p(M) C [0,+00), p is said to be positive. Given a complex
measure, it is always possible ot find a positive measure |u| such that |u|(A) > |u(A)|, called the total
variation of p.

There is a reasonable way to define the integral of a measurable function f : X — C with respect to a
complex measure, but we do not describe it. It can be found in [Rud86].

If K is a topological space, we say that a measure u is a Borel measure if M is the smallest o-algebra
containing the open sets. In this case, continuous functions are measurable, so

£ [ san
K
defines a bounded linear functional in C(K). We say that p is regular if
|ul(A) = inf{|p|(V) : AC V.V open} |u|(B) = sup{|u|(K): K C B, K compact},

for all A € M and all open B. Complex measures can be added and multiplied by scalars or by bounded
functions to obtain new complex measure, as we do in the proof of Mergelyan theorem.

A common example of a Borel measures arises when K is a compact submanifold of a Riemann surface
and p is given by the integration with respect to a (1,1)-form . We use the theorem of Fubini in repeated
occasions. Recall that a function is in L (u) if [ | f]d|u| < oo.

Theorem A.3 (Fubini Theorem). Let u y A be Borel measures in the compact spaces X and Y. If px X is
its product measure (which is again a Borel measure), f : X x Y — C is measurable, and we define

fa:(y):f(m?y) fy(x):f(x,y),

then

a) i Al = lul x A

b) If f, A\, u are positive, and we define

/fgg Ydu(y) and H(y) /fy YA (x

G and H are measurable and

/Xxyfd(ux)\ /G Ydp(z /H YA (y

c) If f € LY (u x ) then the functions G and H exist almost everywhere, are in L'(p) and L'(\)

respectively, and
/ fd(p x X)) = /G )du(z /H YdA(y
XxY

The proofs of all of these results can be found along chapters 1,2,5,6,7 and 8 of [Rud86], as well as a
great amount of important theorems about measure theory which can be used in complex analysis.
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Transversality

Let X, Y be smooth manifolds without border n y m, respectively, and let Z C Y be a submanifold of
dimension k.
A smooth map F': X — Y is said to be traversal to Z if for all p € X one of the following two things happen:

* F(p)¢ Z.
e FlppeZy TF(p)Y = DpF(TpX) 69TF(P)Z'

Informally, F is transversal if F/(X) intersects Z "not tangently". For example, if f,g: R — R? are given by

f(t) = (t7Sint) y g(t> = (tvt2)

then f is transverse to R x {0} but g is not. On the other hand, submersions are always transverse to any
submanifold of Y. The reason why transversality is a desirable property is the following proposition:

Proposition B.1. If X is allowed to have boundary and both iF : int(X) — Y and bF : bX — Y are
transverse to Z and F~1(Z) is nonempty, F~1(Z) is a submanifold of X with codimension m — k having
F~YZ)NbX as boundary.

Proof. This is a direct consequence of the regular value theorem. O
The key to finding transverse maps is the following theorem:

Theorem B.2. [Parametric transversality] If A is a smooth manifold without border, we let X to have
border and F : X x A — 'Y is smooth and both , then for almost all s € B, iFs = iF(-,s) and bFs = bF(-,s)
are transverse to Z, and in particular B.1 applies

Here, almost all is in the sense of measure theory. We recall that it makes sense to speak about sets of
measure 0, as it is explained in [Leel2]. IN particular, measure 0 sets have empty interior, so the conclusions
of the previous theorem happen in a dense subset of A. The proof of this theorem uses Sard’s theorem and
can be found in [ORR20], or in [Leel2] in the particular case when X does not have boundary. The first
reference also contain numerous examples, applications and generalisations of the theorem. In [EM02], this
theorem is used to prove theorems concerning holonomic approximation and the h-principle.
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