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Let M be an open Riemann surface and n ≥ 3 be an integer. We prove that on any closed discrete subset
of M one can prescribe the values of a conformal minimal immersion M→ Rn. Our result also ensures
jet-interpolation of given finite order, and hence, in particular, one may in addition prescribe the values of
the generalized Gauss map. Furthermore, the interpolating immersions can be chosen to be complete,
proper into Rn if the prescription of values is proper, and injective if n ≥ 5 and the prescription of values
is injective. We may also prescribe the flux map of the examples.

We also show analogous results for a large family of directed holomorphic immersions M → Cn,
including null curves.

1. Introduction and main results

The theory of interpolation by holomorphic functions is a central topic in complex analysis which began
in the 19th century with the celebrated Weierstrass interpolation theorem [1876]: on a closed discrete
subset of a domain D ⊂ C, one can prescribe the values of a holomorphic function D→ C. Much later,
Florack [1948] extended the Weierstrass theorem to arbitrary open Riemann surfaces. In this paper we
prove an analogue of this classical result for conformal minimal surfaces in Euclidean spaces.

Theorem 1.1 (Weierstrass interpolation theorem for conformal minimal surfaces). Let 3 be a closed
discrete subset of an open Riemann surface M, and let n ≥ 3 be an integer. Every map 3→ Rn extends to
a conformal minimal immersion M→ Rn.

Let M be an open Riemann surface and n ≥ 3 be an integer. By the identity principle it is not possible
to prescribe values of a conformal minimal immersion M→Rn on a subset that is not closed and discrete;
hence the assumptions on 3 in Theorem 1.1 are necessary.

Recall that a conformal immersion X = (X1, . . . , Xn) : M → Rn is minimal if, and only if, X is a
harmonic map. If this is the case then, denoting by ∂ the C-linear part of the exterior differential d = ∂+ ∂̄
on M (here ∂̄ denotes the C-antilinear part of d), the 1-form ∂X = (∂X1, . . . , ∂Xn) with values in Cn is
holomorphic, has no zeros, and satisfies

∑n
j=1(∂X j )

2
= 0 everywhere on M. Therefore, ∂X determines

the Kodaira-type holomorphic map

G X : M→ CPn−1, M 3 p 7→ G X (p)= [∂X1(p) : · · · : ∂Xn(p)],
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which takes values in the complex hyperquadric

Qn−2 = {[z1 : · · · : zn] ∈ CPn−1
: z2

1+ · · ·+ z2
n = 0} ⊂ CPn−1

and is known as the generalized Gauss map of X . Conversely, every holomorphic map M→Qn−2⊂CPn−1

is the generalized Gauss map of a conformal minimal immersion M → Rn; see [Alarcón, Forstnerič
and López 2017]. The real part <(∂X) is an exact 1-form on M ; the flux map (or simply, the flux) of
X is the group homomorphism FluxX : H1(M;Z)→ Rn of the first homology group of M with integer
coefficients, given by

FluxX (γ )=

∫
γ

=(∂X)=−i
∫
γ

∂X, γ ∈ H1(M;Z),

where = denotes the imaginary part and i=
√
−1.

Conversely, every holomorphic 1-form 8= (φ1, . . . , φn) with values in Cn, vanishing nowhere on M,
satisfying the nullity condition

n∑
j=1

(φj )
2
= 0 everywhere on M, (1-1)

and whose real part <(8) is exact on M, determines a conformal minimal immersion X : M→ Rn with
∂X =8 by the classical Weierstrass formula

X (p)= x0+ 2
∫ p

p0

<(8), p ∈ M, (1-2)

for any fixed base point p0 ∈ M and initial condition X (p0)= x0 ∈ Rn. (We refer to [Osserman 1986]
for a standard reference on minimal surface theory.) This representation formula has greatly influenced
the study of minimal surfaces in Rn by providing powerful tools coming from complex analysis in one
and several variables. In particular, Runge and Mergelyan theorems for open Riemann surfaces (see
[Bishop 1958; Runge 1885; Mergelyan 1951]) and, more recently, the modern Oka theory (we refer
to the monograph [Forstnerič 2017] and to the surveys [Lárusson 2010; Forstnerič and Lárusson 2011;
Forstnerič 2013; Kutzschebauch 2014]) have been exploited in order to develop a uniform approximation
theory for conformal minimal surfaces in Euclidean spaces which is analogous to the one of holomorphic
functions in one complex variable and has found plenty of applications; see [Alarcón and López 2012;
2014; 2015; Alarcón and Forstnerič 2014; Drinovec Drnovšek and Forstnerič 2016; Alarcón, Forstnerič
and López 2016a; 2016b; Forstnerič and Lárusson 2016]. In this paper we extend some of the methods
invented for developing this approximation theory in order to provide also interpolation on closed discrete
subsets of the underlying complex structure.

Theorem 1.1 is a consequence of the following much more general result ensuring not only interpolation
but also jet-interpolation of given finite order, approximation on holomorphically convex compact subsets,
control on the flux, and global properties such as completeness and, under natural assumptions, properness
and injectivity. If A is a compact domain in an open Riemann surface, by a conformal minimal immersion
A→Rn of class C m(A), m ∈ Z+ = {0, 1, 2, . . .}, we mean an immersion A→Rn of class C m(A) whose
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restriction to the interior Å= A \bA is a conformal minimal immersion; we use the same notation if A is
a union of pairwise-disjoint such domains.

Theorem 1.2 (Runge approximation with jet-interpolation for conformal minimal surfaces). Let M be
an open Riemann surface, 3 ⊂ M be a closed discrete subset, and K ⊂ M be a smoothly bounded
compact domain such that M \ K has no relatively compact connected components. For each p ∈3 let
�p ⊂ M be a compact neighborhood of p in M, assume that �p ∩�q = ∅ for all p 6= q ∈ 3, and set
� :=

⋃
p∈3�p. Also let X : K ∪�→Rn (n ≥ 3) be a conformal minimal immersion of class C 1(K ∪�)

and let p : H1(M;Z)→ Rn be a group homomorphism satisfying

FluxX (γ )= p(γ ) for all closed curves γ ⊂ K .

Then, given k ∈ Z+, X may be approximated uniformly on K by complete conformal minimal immersions
X̃ : M→ Rn enjoying the following properties:

(I) X̃ and X have a contact of order k at every point in 3.

(II) FluxX̃ = p.

(III) If the map X |3 :3→ Rn is proper then we can choose X̃ : M→ Rn to be proper.

(IV) If n ≥ 5 and the map X |3 :3→ Rn is injective, then we can choose X̃ : M→ Rn to be injective.

Condition (I) in the above theorem is equivalent to X̃ |3 = X |3 and, if k > 0, the holomorphic 1-form
∂(X̃ − X), assuming values in Cn, has a zero of multiplicity (at least) k at all points in 3; in other
words, the maps X̃ and X have the same k-jet at every point in 3 (see Section 2B). This is reminiscent
of the generalization of the Weierstrass interpolation theorem provided by [Behnke and Stein 1949]
and asserting that on an open Riemann surface one may prescribe values to arbitrary finite order for a
holomorphic function at the points in a given closed discrete subset; see [Napier and Ramachandran 2011,
Theorem 2.15.1]. In particular, choosing k = 1 in Theorem 1.2 we obtain that on a closed discrete subset
of an open Riemann surface M, one can prescribe the values of a conformal minimal immersion M→ Rn

(n ≥ 3) and of its generalized Gauss map M→ Qn−2 ⊂ CPn−1 (see Corollary 7.1). The case 3=∅ in
Theorem 1.2 (that is, when one does not take care of the interpolation) was recently proved by Alarcón,
Forstnerič, and López [2016a, Theorem 1.2].

Note that the assumptions on X |3 in assertions (III) and (IV) in Theorem 1.2 are necessary. We also
point out that if 3 is infinite then there are injective maps 3→ Rn which do not extend to a topological
embedding M→ Rn; hence, in general, one cannot choose the conformal minimal immersion X̃ in (IV)
to be an embedding (i.e., a homeomorphism onto X̃(M) endowed with the subspace topology inherited
from Rn). On the other hand, since proper injective immersions M→Rn are embeddings, we can choose
X̃ in Theorem 1.2 to be a proper conformal minimal embedding provided that n ≥ 5 and X |3 :3→ Rn

is both proper and injective.
Let us now say a word about our methods of proof. Given a holomorphic 1-form θ on M with no zeros

(such a θ exists by the Oka–Grauert principle, see [Grauert 1957; 1958; Forstnerič 2017, Theorem 5.3.1]),
any holomorphic 1-form 8= (φ1, . . . , φn) on M with values in Cn and satisfying the nullity condition



564 ANTONIO ALARCÓN AND ILDEFONSO CASTRO-INFANTES

(1-1) can be written in the form 8= f θ where f : M→ Cn is a holomorphic function taking values in
the null quadric (also called the complex light cone)

A := {z=(z1, . . . , zn) ∈ Cn
: z2

1+ · · ·+ z2
n= 0}. (1-3)

Therefore, in order to prove Theorem 1.1 one needs to find a holomorphic map

f : M→ A \ {0} ⊂ Cn

such that <( f θ) is an exact real 1-form on M and

2
∫ p

p0

<( f θ)= Z(p) for all p ∈3,

where p0 ∈ M \3 is a fixed base point and Z :3→ Rn is the given map. Then the formula (1-2) with
x0 = 0 and 8= f θ provides a conformal minimal immersion satisfying the conclusion of the theorem.
The key in this approach is that the punctured null quadric

A∗ := A \ {0} (1-4)

is a complex homogeneous manifold and hence an Oka manifold [Alarcón and Forstnerič 2014, Exam-
ple 4.4]; thus, there are many holomorphic maps M→ A∗ (see Section 2C for more information).

The proof of Theorem 1.2 is much more involved and elaborate. It requires, in addition to the above,
a subtle use of the Runge–Mergelyan theorem with jet-interpolation for holomorphic maps from open
Riemann surfaces into Oka manifolds (see Theorem 2.6) to achieve condition (I). Additionally, it requires
a conceptually new intrinsic-extrinsic version of the technique from [Jorge and Xavier 1980] to ensure
completeness of the interpolating immersions (see Lemma 5.5 and Section 6B), and, in order to guarantee
assertion (III), we must extend the recently developed methods in [Alarcón and López 2012; Alarcón and
Forstnerič 2014; Alarcón, Forstnerič and López 2016a] for constructing proper minimal surfaces in Rn

with arbitrary complex structure (see Lemma 5.6 and Section 6C). Moreover, in order to prove (IV) we
adapt the transversality approach by Abraham [1963] in Theorem 5.3; see [Alarcón and Forstnerič 2014;
Alarcón, Drinovec Drnovšek, Forstnerič and López 2015; Alarcón, Forstnerič and López 2016a] for its
implementation in minimal surface theory.

The above-described method for constructing conformal minimal surfaces in Rn, based on Oka theory,
was introduced in [Alarcón and Forstnerič 2014] and it also works in the more general framework of
directed holomorphic immersions of open Riemann surfaces into complex Euclidean spaces. Directed
immersions have been the focus of interest in a number of classical geometries such as symplectic, contact,
Lagrangian, totally real, etc.; we refer for instance to the monograph [Gromov 1986], to [Eliashberg and
Mishachev 2002, Chapter 19], and to the introduction of [Alarcón and Forstnerič 2014] for motivation on
this subject. Given a (topologically) closed conical complex subvariety S of Cn (n ≥ 3), a holomorphic
immersion F : M → Cn of an open Riemann surface M into Cn is said to be directed by S, or an
S-immersion, if its complex derivative F ′ with respect to any local holomorphic coordinate on M
assumes values in

S∗ :=S \ {0};
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see [Alarcón and Forstnerič 2014, Definition 2.1]. If A is a compact domain in an open Riemann surface,
or a union of pairwise-disjoint such domains, by an S-immersion A→ Cn of class A m(A) (m ∈ Z+)

we mean an immersion A→ Cn of class C m(A) whose restriction to the interior, Å, is a (holomorphic)
S-immersion. Among others, general existence, approximation, and desingularization results were proved
in [Alarcón and Forstnerič 2014] for certain families of directed holomorphic immersions, including null
curves, i.e., holomorphic curves in Cn which are directed by the null quadric A⊂ Cn; see (1-3). It is well
known that the real and imaginary parts of a null curve M → Cn are conformal minimal immersions
M → Rn whose flux map vanishes everywhere on H1(M;Z); conversely, every conformal minimal
immersion M → Rn is locally, on every simply connected domain of M, the real part of a null curve
M→ Cn; see [Osserman 1986, Chapter 4].

The second main theorem of this paper is an analogue of Theorem 1.2 for a wide family of directed
holomorphic curves in Cn which includes null curves. Given integers 1≤ j ≤ n we denote by πj :C

n
→C

the coordinate projection πj (z1, . . . , zn)= z j .

Theorem 1.3 (Runge approximation with jet-interpolation for directed holomorphic curves). Let S be
an irreducible closed conical complex subvariety of Cn (n ≥ 3) which is contained in no hyperplane and
such that S∗ =S \ {0} is smooth and an Oka manifold. Let M, 3, K , and � be as in Theorem 1.2 and let
F : K ∪�→ Cn be an S-immersion of class A 1(K ∪�). Then, given k ∈ N, F may be approximated
uniformly on K by S-immersions F̃ : M→ Cn such that F̃ − F has a zero of multiplicity (at least) k at
every point in 3. Moreover, if the map F |3 :3→ Cn is injective, then we can choose F̃ : M→ Cn to be
injective.

Furthermore:

(I) If S ∩ {z1 = 1} is an Oka manifold and π1 : S→ C admits a local holomorphic section h near
ζ = 0 ∈ C with h(0) 6= 0, then we may choose F̃ to be complete.

(II) If S∩ {z j = 1} is an Oka manifold and πj : S→ C admits a local holomorphic section h j near
ζ = 0 ∈ C with h j (0) 6= 0 for all j ∈ {1, . . . , n}, and if the map F |3 : 3→ Cn is proper, then we
may choose F̃ : M→ Cn to be proper.

In particular, if we are given S, M, and 3 as in Theorem 1.3 then every map 3→ Cn extends to an
S-immersion M→ Cn. When the subset 3⊂ M is empty, the above theorem except for assertion (I) is
implied by [Alarcón and Forstnerič 2014, Theorems 7.2 and 8.1]. It is perhaps worth mentioning in this
respect that, if S is as in assertion (I) and F |3 :3→ Cn is not proper, Theorem 1.3 provides complete
S-immersions M→ Cn which are not proper maps; these seem to be the first known examples of such
apart from the case when S is the null quadric. Let us emphasize that the particular geometry of A allows
for the construction of complete null holomorphic curves in Cn and minimal surfaces in Rn with a number
of different asymptotic behaviors (other than proper in space); see [Alarcón and López 2013a; Alarcón
and Forstnerič 2015; Alarcón, Drinovec Drnovšek, Forstnerič and López 2015; ≥ 2019; Alarcón and
Castro-Infantes 2018].

Most of the technical parts in the proofs of Theorems 1.2 and 1.3 will be furnished by a general result
concerning periods of holomorphic 1-forms with values in a closed conical complex subvariety of Cn



566 ANTONIO ALARCÓN AND ILDEFONSO CASTRO-INFANTES

(see Theorem 4.4 for a precise statement). With this at hand, the proofs of Theorems 1.2 and 1.3 are
very similar; this is why, with brevity of exposition in mind, we shall spell out in detail the proof of
Theorem 1.3 (which is, in some sense, more general) but only briefly sketch the one of Theorem 1.2.

This paper is, to the best of our knowledge, the first contribution to the theory of interpolation by
conformal minimal surfaces and directed holomorphic curves in a Euclidean space.

Organization of the paper. In Section 2 we state some notation and the preliminaries which are needed
throughout the paper; we also show an observation which is crucial to ensure the jet-interpolation conditions
in Theorems 1.2 and 1.3 (see Lemma 2.2). Section 3 is devoted to the proof of several preliminary results
on the existence of period-dominating sprays of maps into conical complex subvarieties S∗ of Cn; we use
them in Section 4 to prove the noncritical case of a Mergelyan theorem with jet-interpolation and control
on the periods for holomorphic maps into such a S∗ being Oka (see Lemma 4.2), and the main technical
result of the paper (Theorem 4.4). In Section 5 we prove a general position theorem, a completeness
lemma, and a properness lemma for S-immersions, which enable us to complete the proof of Theorem 1.3
in Section 6. Finally, Section 7 is devoted to explaining how the methods in the proof of Theorem 1.3 can
be adapted to prove Theorem 1.2.

2. Preliminaries

We define i=
√
−1, Z+ = {0, 1, 2, . . .}, and R+ = [0,+∞). Given an integer n ∈ N= {1, 2, 3, . . .} and

K ∈ {R,C}, we denote by | · |, dist( · , · ), and length( · ) the Euclidean norm, distance, and length in Kn,
respectively. If K is a compact topological space and f : K → Kn is a continuous map, we denote by

‖ f ‖0,K :=max{| f (p)| : p ∈ K }

the maximum norm of f on K . Likewise, given x = (x1, . . . , xn) in Kn we define

|x |∞ :=max{|x1|, . . . , |xn|} and ‖ f ‖∞,K :=max{| f (p)|∞ : p ∈ K }.

If K is a subset of a Riemann surface M, then for any r ∈ Z+ we shall denote by ‖ f ‖r,K the standard
C r norm of a function f : K → Kn of class C r (K ), where the derivatives are measured with respect to a
Riemannian metric on M (the precise choice of the metric will not be important).

Given a smooth connected surface S (possibly with nonempty boundary) and a smooth immersion
X : S→ Kn, we denote by distX : S× S→ R+ the Riemannian distance induced on S by the Euclidean
metric of Kn via X ; i.e.,

distX (p, q) := inf{length(X (γ )) : γ ⊂ S an arc connecting p and q}, p, q ∈ S.

Likewise, if K ⊂ S is a relatively compact subset we define

distX (p, K ) := inf{distX (p, q) : q ∈ K }, p ∈ S.

An immersed open surface X : S→Kn (n ≥ 3) is said to be complete if the image by X of any proper
path γ : [0, 1)→ S has infinite Euclidean length; equivalently, if the Riemannian metric on S induced by
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distX is complete in the classical sense. On the other hand, X : S→ Kn is said to be proper if the image
by X of every proper path γ : [0, 1)→ S is a divergent path in Kn.

2A. Riemann surfaces and spaces of maps. Throughout the paper every Riemann surface will be con-
sidered connected if the contrary is not indicated.

Let M be an open Riemann surface. Given a subset A ⊂ M we denote by O(A) the space of functions
A→ C which are holomorphic on an unspecified open neighborhood of A in M. If A is a smoothly
bounded compact domain, or a union of pairwise-disjoint such domains, and r ∈Z+, we denote by A r (A)
the space of C r functions A→ C which are holomorphic on the interior Å = A \ bA; for simplicity
we write A (A) for A 0(A). Likewise, we define the spaces O(A, Z) and A r (A, Z) of maps A→ Z
to any complex manifold Z . Thus, if S is a closed conical complex subvariety of Cn (n ≥ 3), by an
S-immersion A→ Cn of class A r (A) we simply mean an immersion of class A r (A) whose restriction
to Å is an S-immersion. In the same way, a conformal minimal immersion A→ Rn of class C r (A) will
be nothing but an immersion of class C r (A) whose restriction to Å is a conformal minimal immersion.

By a compact bordered Riemann surface we mean a compact Riemann surface M with nonempty
boundary bM consisting of finitely many pairwise-disjoint smooth Jordan curves. The interior M̊=M\bM
of M is called a bordered Riemann surface. It is well known that every compact bordered Riemann
surface M is diffeomorphic to a smoothly bounded compact domain in an open Riemann surface M̃. The
spaces A r (M) and A r (M, Z), for an integer r ∈ Z+ and a complex manifold Z , are defined as above.

A compact subset K in an open Riemann surface M is said to be Runge (also called holomorphically
convex or O(M)-convex) if every continuous function K → C, holomorphic in the interior K̊ , may
be approximated uniformly on K by holomorphic functions on M ; by the Runge–Mergelyan theorem
[Runge 1885; Mergelyan 1951; Bishop 1958] this is equivalent to M \ K having no relatively compact
connected components in M. The following particular kind of Runge subsets will play a crucial role in
our argumentation.

Definition 2.1. A nonempty compact subset S of an open Riemann surface M is called admissible if
it is Runge in M and of the form S = K ∪0, where K is the union of finitely many pairwise-disjoint
smoothly bounded compact domains in M and 0 := S \ K is a finite union of pairwise-disjoint smooth
Jordan arcs and closed Jordan curves meeting K only in their endpoints (or not at all) and such that their
intersections with the boundary bK of K are transverse.

If C and C ′ are oriented arcs in M, and the initial point of C ′ is the final one of C , we denote by C ∗C ′

the product of C and C ′, i.e., the oriented arc C ∪C ′ ⊂ M with initial point the initial point of C and
final point the final point of C ′.

Every open connected Riemann surface M contains a 1-dimensional embedded CW-complex C ⊂ M
such that there is a strong deformation retraction ρt : M→ M (t ∈ [0, 1]); i.e., ρ0 = IdM , ρt |C = Id|C for
all t ∈ [0, 1], and ρ1(M)= C . It follows that the complement M \C has no relatively compact connected
components in M and hence C is Runge. Such a CW-complex C ⊂ M represents the topology of M
and can be obtained, for instance, as the Morse complex of a Morse strongly subharmonic exhaustion
function on M. Recall that the first homology group satisfies H1(M;Z)= Zl for some l ∈ Z+ ∪ {∞}. It
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is not difficult to see that, if M is finitely connected (for instance, if it is a bordered Riemann surface),
i.e., if l ∈ Z+, then, given a point p0 ∈ M there is a CW-complex C ⊂ M as above which is a bouquet of
l circles with base point p0; i.e., {p0} is the only 0-cell of C , and C has l 1-cells C1, . . . ,Cl which are
closed Jordan curves on M that only meet at p0.

2B. Jets. Let M and N be smooth manifolds without boundary, x0 ∈M be a point, and f, g :M→N
be smooth maps. The maps f and g have, by definition, a contact of order k ∈ Z+ at the point x0 if their
Taylor series at this point coincide up to the order k. An equivalence class of maps M→N which have a
contact of order k at the point x0 is called a k-jet ; see, e.g., [Michor 1980, §1] for a basic reference. Recall
that the Taylor series at x0 of a smooth map f :M→N does not depend on the choice of coordinate
charts on M and N centered at x0 and f (x0) respectively. Therefore, fixing such a pair of coordinates,
we can identify the k-jet of f at x0, which is usually denoted by j k

x0
( f ), with the set of derivatives of f

at x0 of order up to and including k; under this identification of jets we have

j0
x0
( f )= f (x0), j1

x0
( f )=

(
f (x0),

∂ f
∂x

∣∣∣∣
x0

)
, j2

x0
( f )=

(
f (x0),

∂ f
∂x

∣∣∣∣
x0

,
∂2 f
∂x2

∣∣∣∣
x0

)
, . . .

Analogously, if M and N are complex manifolds then we consider the complex (holomorphic) derivatives
with respect to some local holomorphic coordinates. It is clear that the definition of the k-jet of a map at
a point is local and hence it can be made for germs of maps at the point. Moreover, if a pair of maps have
the same k-jet at a point then, obviously, they also have the same k ′-jet at the point for all k ′ ∈ Z+, k ′ ≤ k.

In particular, if � is a neighborhood of a point p in an open Riemann surface M and f, g :�→ Cn

are holomorphic functions, then they have a contact of order k ∈ Z+, or the same k-jet, at the point p if,
and only if, f − g has a zero of multiplicity (at least) k+ 1 at p; if this is the case then for any distance
function d : M ×M→ R+ on M (not necessarily conformal) we have

| f − g|(q)= O(d(q, p)k+1) as q→ p. (2-1)

If f, g : �→ Rn are harmonic maps (as, for instance, conformal minimal immersions), then we
say that they have a contact of order k ∈ Z+, or the same k-jet, at the point p if, assuming that � is
simply connected, there are harmonic conjugates f̃ of f and g̃ of g such that the holomorphic functions
f + i f̃ , g+ ig̃ :�→ Cn have a contact of order k at p; this is equivalent to f (p)= g(p) and, if k > 0,
the holomorphic 1-form ∂( f − g) has a zero of multiplicity (at least) k at p. Again, if such a pair of
maps f and g have the same k-jet at the point p ∈� then (2-1) formally holds.

The following observation will be crucial in order to ensure the jet-interpolation in the main results of
this paper.

Lemma 2.2. Let V be a holomorphic vector field in Cn (n ∈ N), vanishing at 0 ∈ Cn, and let φs denote
the flow of V for small values of time s ∈ C. Given an open Riemann surface M, a point p ∈ M, and
holomorphic functions f : M→ Cn and h : M→ C such that h has a zero of multiplicity k+ 1 at p for
some k ∈ Z+, then the holomorphic map

q 7→ f̃ (q)= φh(q)( f (q)),
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which is defined on a neighborhood of p in M, has a contact of order k with f at the point p; that is, f
and f̃ have the same k-jet at p.

Proof. The flow φs of the vector field V at a point z ∈ Cn may be expressed as

φs(z)= z+ sV (z)+ O(|s|2);

see, e.g., [Abraham, Marsden and Ratiu 1988, §4.1]. Since h has a zero of multiplicity k+ 1 at p, the
conclusion of the lemma follows. �

We shall use the following notation in several places throughout the paper.

Notation 2.3. Let n ≥ 3 be an integer and S be a (topologically) closed conical complex subvariety
of Cn; by conical we mean that tS =S for all t ∈ C∗ = C \ {0}. We also assume that S is contained
in no hyperplane of Cn, and S∗ :=S \ {0} is smooth and connected (hence irreducible). We also fix a
large integer N ≥ n and holomorphic vector fields V1, . . . , VN on Cn which are tangential to S along S,
vanish at 0 ∈S, and satisfy

span{V1(z), . . . , VN (z)} = TzS for all z ∈S∗. (2-2)

(Such vector fields exist by Cartan’s theorem A [1953].)

Let φ j
s denote the flow of the vector field Vj (2-3)

for j = 1, . . . , N and small values of the time s ∈ C.

Remark 2.4. Throughout the paper we shall say that a holomorphic function has a zero of multiplicity k ∈
N at a point to mean that the function has a zero of multiplicity at least k at the point. When the multiplicity
of the zero is exactly k, it will be explicitly mentioned. We will follow the same pattern when claiming
that two functions have the same k-jet or a contact of order k at a point.

2C. Oka manifolds. We recall the notion of Oka manifold and state some of the properties of such
manifolds which will be exploited in our argumentation. A comprehensive treatment of Oka theory can be
found in [Forstnerič 2017]; for a briefer introduction to the topic we refer to [Lárusson 2010; Forstnerič
and Lárusson 2011; Forstnerič 2013; Kutzschebauch 2014].

Definition 2.5. A complex manifold Z is said to be an Oka manifold if every holomorphic map from a
neighborhood of a compact convex set K ⊂ CN (N ∈ N) to Z can be approximated uniformly on K by
entire maps CN

→ Z .

The central result of Oka theory is that maps M → Z from a Stein manifold (as, for instance, an
open Riemann surface) to an Oka manifold satisfy all forms of the Oka principle; see [Forstnerič 2006].
In this paper we shall use as a fundamental tool the following version of the Mergelyan theorem with
jet-interpolation which trivially follows from [Forstnerič 2017, Theorems 3.8.1 and 5.4.4]; see also
[Forstnerič 2004, Theorem 3.2; Hörmander and Wermer 1968, Theorem 4.1].
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Theorem 2.6. Let Z be an Oka manifold, let M be an open Riemann surface, and let S = K ∪0 ⊂ M be
an admissible subset in the sense of Definition 2.1. Given a finite subset 3⊂ K̊ and an integer k ∈ Z+,
every continuous map f : S→ Z which is holomorphic on K̊ can be approximated uniformly on S by
holomorphic maps M→ Z having the same k-jet as f at all points in 3.

As we emphasized in the Introduction, the punctured null quadric A∗⊂Cn, see (1-3) and (1-4), directing
minimal surfaces in Rn and null curves in Cn is an Oka manifold for all n≥ 3; see [Alarcón and Forstnerič
2014, Example 4.4 Forstnerič 2017, Example 5.6.2]. Furthermore, for each j ∈ {1, . . . , n} the complex
manifold A∩ {z j = 1} is an embedded copy of the complex (n−2)-sphere

CSn−2
= {w=(w1, . . . , wn−1) ∈ Cn−1

: w2
1 + · · ·+w

2
n−1=1}.

Observe that CSn−2 is homogeneous relative to the complex Lie group SO(n− 1,C), and hence it is an
Oka manifold; see [Grauert 1957; Forstnerič 2017, Proposition 5.6.1]. For a more detailed discussion,
see [Forstnerič 2017, Example 6.15.7; Alarcón and Forstnerič 2014, Example 7.8]. Moreover, choosing
k ∈ {1, . . . , n}, k 6= j , the map h = (h1, . . . , hn) : C→ A given by

h j (ζ )= ζ, hk(ζ )=
√

1− ζ 2, hl(ζ )=
i

√
n− 2

for all l 6= j, k, ζ ∈ C,

is a local holomorphic section near ζ = 0∈C of the coordinate projection πj :A→C, πj (z1, . . . , zn)= z j ,
which satisfies h(0) 6= 0. Thus, the null quadric A⊂Cn meets the requirements in Theorem 1.3, including
the ones in assertions (I) and (II), for all n ≥ 3.

3. Paths in closed conical complex subvarieties of Cn

We now use Notation 2.3; in particular, S ⊂ Cn (n ≥ 3) denotes a closed conical complex subvariety
which is contained in no hyperplane of Cn and such that S∗ =S\ {0} is smooth and connected. We need
the following:

Definition 3.1. Let Q be a topological space and n ≥ 3 be an integer. A continuous map f : Q→ Cn is
said to be flat if f (Q)⊂ Cz0 = {ζ z0 : ζ ∈ C} for some z0 ∈ Cn , and nonflat otherwise. The map f is said
to be nowhere flat if f |A : A→ Cn is nonflat for all open subsets ∅ 6= A ⊂ Q.

It is easily seen that a continuous map f : [0, 1] →S∗ ⊂ Cn is nonflat if, and only if,

span{T f (t)S : t ∈ [0, 1]} = Cn.

3A. Paths on I := [0, 1]. We prove a couple of technical results for paths [0, 1] →S∗ which pave the
way to the construction of period-dominating sprays of holomorphic maps of an open Riemann surface
into S∗ (see Lemma 3.4 in the next subsection).

Lemma 3.2. Let f : I→S∗ and ϑ : I→C∗ be continuous maps. Let ∅ 6= I ′⊂ I be a closed subinterval
and assume that f is nowhere flat on I ′. There exist continuous functions h1, . . . , hN : I → C, with
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support on I ′, and a neighborhood U of 0 ∈ CN such that the period map P :U → Cn given by

P(ζ )=
∫ 1

0
φ1
ζ1h1(t) ◦ · · · ◦φ

N
ζN hN (t)( f (t))ϑ(t) dt, ζ = (ζ1, . . . , ζN ) ∈U,

see (2-3), is well-defined and has maximal rank equal to n at ζ = 0.

Proof. We choose continuous functions h1, . . . , hN : I → C, with support on I ′, which will be specified
later. Then we define for a small neighborhood U of 0 ∈ CN a map

8 :U × I →S

given by
8(ζ, t) := φ1

ζ1h1(t) ◦ · · · ◦φ
N
ζN hN (t)( f (t)), ζ = (ζ1, . . . , ζN ) ∈U, t ∈ I.

Note that 8(0, t)= f (t) for all t ∈ I ; recall that each Vj vanishes at 0 for all j ∈ {1, . . . , N }. Thus, since
f (I )⊂S∗ is compact, we may assume that U is small enough so that 8 is well-defined and takes values
in S∗. Furthermore, 8 is holomorphic in the variable ζ and its derivative with respect to ζj is

∂8(ζ, t)
∂ζj

∣∣∣∣
ζ=0
= h j (t)Vj ( f (t)), j = 1, . . . , N . (3-1)

(See (2-2) and (2-3).) Thus, the period map P :U → Cn in the statement of the lemma can be written as

P(ζ )=
∫ 1

0
8(ζ, t)ϑ(t) dt, ζ ∈U.

Observe that P is holomorphic and, in view of (3-1),

∂P(ζ )
∂ζj

∣∣∣∣
ζ=0
=

∫ 1

0
h j (t)Vj ( f (t))ϑ(t) dt, j = 1, . . . , N . (3-2)

Since f is nowhere flat on I ′ (see Definition 3.1), (2-2) guarantees the existence of distinct points
t1, . . . , tN ∈ I ′ such that

span{V1( f (t1)), . . . , VN ( f (tN ))} = Cn. (3-3)

Now we specify the values of the function h j in I ′ ( j = 1, . . . , N ); recall that supp(h j ) ⊂ I ′. We
choose h j with support in a small neighborhood [tj − ε, tj + ε] of tj in I ′, for some ε > 0, and such that∫ 1

0
h j (t) dt =

∫ tj+ε

tj−ε

h j (t) dt = 1.

Then, for small ε > 0, we have∫ 1

0
h j (t)Vj ( f (t))ϑ(t) dt ≈ Vj ( f (tj ))ϑ(tj ), j = 1, . . . , N .

Since ϑ(t) 6= 0, (3-3) ensures that the vectors on the right side of the above display span Cn, and hence
the same is true for the vectors on the left side provided that ε > 0 is chosen sufficiently small. This
concludes the proof in view of (3-2). �
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Lemma 3.3. Let ϑ : I→C∗ be a continuous map. Given points u0, u1 ∈S∗ and x ∈Cn, and a domain �
in Cn containing 0 and x , there exists a continuous function g : I → S∗ which is nowhere flat on a
neighborhood of 0 in I and such that:

(I) g(0)= u0 and g(1)= u1.

(II)
∫ s

0 g(t)ϑ(t) dt ∈� for all s ∈ I .

(III)
∫ 1

0 g(t)ϑ(t) dt = x.

Proof. Set I0 :=
[
0, 1

2

]
and choose any continuous nowhere-flat map g0 : I0→S∗ such that

g0(0)= u0,

∫ s

0
g0(t)ϑ(t) dt ∈� for all s ∈ I0. (3-4)

Such a map can be constructed as follows. For any 0< δ < 1
2 let fδ : I0→ [δ, 1] be the continuous map

given by fδ(s) = 1− ((1− δ)/δ)s for s ∈ [0, δ] and fδ(s) = δ for s ∈
[
δ, 1

2

]
. Choose any continuous

nowhere-flat map g̃0 : I0→S∗ with g̃0(0)= u0. Then g0 := fδ g̃0 : I0→S∗ satisfies the requirements
for any δ > 0 sufficiently small.

Let ∅ 6= I ′ ⊂ I̊0 be a closed subinterval. Thus, Lemma 3.2 applied to g0 provides continuous functions
h1, . . . , hN : I→C, with support on I ′, and a neighborhood U of the origin in CN, such that the period map

U 3 ζ 7→ P(ζ )=
∫ 1/2

0
φ1
ζ1h1(t) ◦ · · · ◦φ

N
ζN hN (t)(g0(t))ϑ(t) dt, ζ = (ζ1, . . . , ζN ) ∈ CN ,

has maximal rank equal to n at ζ = 0. (See (2-3).) Set

8(ζ, t) := φ1
ζ1h1(t) ◦ · · · ◦φ

N
ζN hN (t)(g0(t)) ∈S, ζ ∈U, t ∈ I0,

and observe that 8(0, t)= g0(t) ∈S∗ for all t ∈ I0. Then, up to shrinking U if necessary, we have:

(a) 8(U × I0)⊂S∗ and P(U ) contains a ball in Cn with radius ε > 0 centered at

P(0)=
∫ 1/2

0
g0(t)ϑ(t) dt ∈�;

see (3-4).

(b) 8(ζ, t)= g0(t) for all (ζ, t) ∈U ×
{
0, 1

2

}
; recall that h j (0)= h j

( 1
2

)
= 0 for all j = 1, . . . , N.

(c)
∫ s

0 8(ζ, t)ϑ(t) dt ∈� for all ζ ∈U and s ∈ I0; see (3-4).

To conclude the proof we adapt the argument in [Alarcón and Forstnerič 2014, Lemma 7.3]. Since the
convex hull of S is Cn, see [Alarcón and Forstnerič 2014, Lemma 3.1], we may construct a polygonal path
0 ⊂� connecting P(0) and x ; to be more precise, 0 =

⋃m
j=1 0j where each 0j is a segment of the form

0j =wj+[0, 1]z j for somewj ∈Cn and z j ∈S∗, the initial pointw1 of01 is P(0), the final pointwm+zm of
0m is x , and the initial pointwj of 0j agrees with the final onewj−1+z j−1 of 0j−1 for all j=2, . . . ,m. Set

Ij :=

[
1
2
+

j − 1
2m

,
1
2
+

j
2m

]
, j = 1, . . . ,m,
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and observe that
⋃m

j=1 Ij =
[1

2 , 1
]
. For any number 0< λ < 1/(4m), set

I λj :=
[

1
2
+

j − 1
2m
+ λ,

1
2
+

j
2m
− λ

]
⊂ Ij , j = 1, . . . ,m.

Without loss of generality we may assume that m ∈ N is large enough so that

bj (λ) :=

∫
I λj

ϑ(t) dt 6= 0 for all 0< λ < 1
4m

, j = 1, . . . ,m; (3-5)

recall that ϑ has no zeros. Fix a number 0 < λ < 1/(4m) and set bj := bj (λ). Pick a constant
κ >max{|u0|, |u1|, |z1/b1|, . . . , |zm/bm |}. Also choose numbers 0< τ < µ < λ, which will be specified
later, and consider a continuous map g1 :

[ 1
2 , 1

]
→S∗ satisfying the following conditions:

(d) g1
( 1

2

)
= g0

( 1
2

)
and g1(1)= u1.

(e) g1(t)= z j/bj for all t ∈ I λj .

(f) |g1(t)| ≤ κ for all t ∈
[1

2 , 1
]
.

(g) |g1(t)| ≤ τ for all t ∈ I τj \ Iµj .

If τ > 0 is chosen sufficiently small, and if µ is close enough to λ, then (e), (f), (g), and (3-5) ensure that:

(h) The image of the map
[ 1

2 , 1
]
3 s 7→ P(0)+

∫ s
1/2 g1(t)ϑ(t) dt is close enough to 0 in the Hausdorff

distance so that it lies in �.

(i)
∣∣P(0)+ ∫ 1

1/2 g1(t)ϑ(t) dt − x
∣∣< ε, where ε > 0 is the number appearing in (a).

For ζ ∈U, let gζ : I→S∗ denote the function given by gζ (t)=8(ζ, t) for t ∈
[
0, 1

2

]
and gζ (t)= g1(t)

for t ∈
[ 1

2 , 1
]
. Properties (a) and (i) guarantee the existence of ζ0 ∈U such that∫ 1/2

0
gζ0(t)ϑ(t) dt = x −

∫ 1

1/2
g1(t)ϑ(t) dt,

and so
∫ 1

0 gζ0(t)ϑ(t) dt = x . Thus g := gζ0 meets (III). By (3-4), (b), and (d), we have that g is continuous
and satisfies (I), whereas (c) and (h) ensure (II). �

3B. Paths on open Riemann surfaces. Let us now state and prove the main result of this section; recall
that we are using Notation 2.3.

Lemma 3.4. Let M be an open Riemann surface and let θ be a holomorphic 1-form vanishing nowhere
on M. Let p0 ∈ M be a point, C1, . . . ,Cl (l ∈ N) be a family of oriented Jordan arcs or closed curves
in M that only meet at p0 (i.e., Ci ∩C j = {p0} for all i 6= j ∈ {1, . . . , l}) and such that C :=

⋃l
i=1 Ci

is Runge in M. Also let f : C → S∗ be a continuous map and assume that for each i ∈ {1, . . . , l}
there exists a subarc C̃i ⊂ Ci such that f is nowhere flat on C̃i . Then there exist continuous functions
hi,1, . . . , hi,N : C→ C, with support on C̃i , i = 1, . . . , l, and a neighborhood U of 0 ∈ (CN )l such that
the period map U → (Cn)l whose i-th component U → Cn is given by

U 3 ζ 7→
∫

Ci

φ1
ζ 1

1 h1,1(p)
◦ · · · ◦φN

ζ 1
N h1,N (p)

◦ · · · ◦φ1
ζ l

1hl,1(p)
◦ · · · ◦φN

ζ l
N hl,N (p)

( f (p))θ,
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see (2-2) and (2-3), where

ζ = (ζ 1, . . . , ζ l) ∈ (CN )l, ζ i
= (ζ i

1, . . . , ζ
i
N ) ∈ CN ,

are holomorphic coordinates, is well-defined and has maximal rank equal to nl at ζ = 0.

Proof. Consider the period map P = (P1, . . . ,Pl) : C (C,Cn)→ (Cn)l whose i-th component is defined
by

C (C,Cn) 3 g 7→ Pi (g)=
∫

Ci

gθ, i = 1, . . . , l. (3-6)

For each i = 1, . . . , l, let γi : I = [0, 1]→Ci be a smooth parametrization of Ci such that γi (0)= p0. If
Ci is closed then we choose γi with γi (1)= p0; further, up to changing the orientation of Ci if necessary,
we assume that the parametrization γi is compatible with the orientation of Ci . Thus,

Pi (g)=
∫ 1

0
g(γi (t))θ(γi (t), γ̇i (t)) dt, g ∈ C (C,Cn). (3-7)

Let ∅ 6= Ii ⊂ I̊ be a closed interval such that γi (Ii ) ⊂ C̃i . Lemma 3.2 applied to Ii , f ◦ γi , and
θ(γi ( · ), γ̇i ( · )) provides continuous functions hi

1, . . . , hi
N : I→C, supported on Ii , and a neighborhood Ui

of 0 ∈ CN such that the period map Pi :Ui → Cn given, for any ζ i
= (ζ i

1, . . . , ζ
i
Ni
) ∈Ui , by

Pi (ζ
i )=

∫ 1

0
φ1
ζ i

1hi
1(t)
◦ · · · ◦φN

ζ i
N hi

N (t)
( f (γi (t)))θ(γi (t), γ̇i (t)) dt, (3-8)

see (2-2) and (2-3), is well-defined and has maximal rank equal to n at ζ i
= 0. Let U be a ball centered at

the origin of (CN )l and contained in U1× · · ·×Ul . For each i ∈ {1, . . . , l} and j = 1, . . . , N, we define
hi, j : C→ C by hi, j (γi (t))= hi

j (t) for all t ∈ I , and hi, j (p)= 0 for all p ∈ C \Ci . Recall that hi
j (0)= 0

and so hi, j is continuous and hi, j (p0)= 0. Define 8 :U ×C→S by

8(ζ, p)= φ1
ζ 1

1 h1,1(p)
◦ · · · ◦φN

ζ 1
N h1,N (p)

◦ · · · ◦φ1
ζ l

1hl,1(p)
◦ · · · ◦φN

ζ l
N hl,N (p)

( f (p)),

and, up to shrinking U if necessary, assume that 8(U ×C)⊂S∗.
Let P :U → (Cn)l be the period map whose i-th component U → Cn, i = 1, . . . , l, is given by

U 3 ζ 7→
∫

Ci

8(ζ, · )θ = Pi (ζ
i ), ζ = (ζ 1, . . . , ζ l) ∈U ;

see (3-8) and recall that hi, j vanishes everywhere on C \Ci . It follows that P has maximal rank equal
to nl at ζ = 0. �

4. Jet-interpolation with approximation

We begin this section with some preparations.

Definition 4.1. Let M be an open Riemann surface. An admissible subset S = K ∪ 0 ⊂ M (see
Definition 2.1) will be called simple if K 6=∅, every component of 0 meets K , 0 does not contain closed
Jordan curves, and every closed Jordan curve in S meets only one component of K . Further, S will be
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S0

K0

Figure 1. A very simple admissible set.

called very simple if it is simple, K has at most one nonsimply connected component K0, which will be
called the kernel component of K , and every component of 0 has at least one endpoint in K0; in this case
we denote by S0 the component of S containing K0 and call it the kernel component of S.

A connected admissible subset S = K ∪ 0 in an open Riemann surface M is very simple if, and
only if, K has m ∈ N components K0, . . . , Km−1, where Ki is simply connected for every i > 0, and
0 = 0′ ∪0′′ ∪

(⋃m−1
i=1 γi

)
where 0′ consists of components of 0 with both endpoints in K0, 0′′ consists

of components of 0 with an endpoint in K0 and the other one in M \ K , and γi is a component of 0
connecting K0 and Ki for all i = 1, . . . ,m−1. Observe that, in this case, K0∪0

′ is a strong deformation
retract of S. In general, a very simple admissible subset S ⊂ M is of the form S = (K ∪0)∪ K ′ where
K ∪0 is a connected very simple admissible subset and K ′ ⊂ M \ (K ∪0) is a (possibly empty) union of
finitely many pairwise-disjoint smoothly bounded compact disks. (See Figure 1.)

If S = K ∪0 ⊂ M is admissible, we denote by A (S) the space of continuous functions S→ C which
are of class A (K ). Likewise, we define the space A (S, Z) for maps to any complex manifold Z .

In the remainder of this section we use Notation 2.3.

Lemma 4.2. Let M be an open Riemann surface and θ be a holomorphic 1-form vanishing nowhere on M.
Let S= K ∪0⊂M be a very simple admissible subset and L⊂M be a smoothly bounded compact domain
such that S ⊂ L̊ and the kernel component S0 of S is a strong deformation retract of L (see Definition 4.1).
Denote by l ′ ∈ Z+ the dimension of the first homology group H1(S;Z) = H1(S0;Z) ∼= H1(L;Z). Let
K0, . . . , Km , m ∈ Z+, denote the components of K contained in S0, where K0 is the kernel component
of K .

Let m′ ∈ Z+, m′ ≥m, and let p0, . . . , pm′ be distinct points in S such that pi ∈ K̊i for all i = 0, . . . ,m
and pi ∈ K̊0 for all i = m + 1, . . . ,m′, and let Ci , i = 1, . . . ,m′, be pairwise-disjoint oriented Jordan
arcs in S with initial point p0 and final point pi . Set l := l ′ +m′. Also let Ci , i = m′ + 1, . . . , l, be
smooth Jordan curves in S determining a homology basis of S and such that Ci ∩ C j = {p0} for all
i 6= j ∈ {1, . . . , l} and C :=

⋃l
i=1 Ci is Runge in M. (See Figure 2.)
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Figure 2. The sets in Lemma 4.2

Given k ∈ N and a map f : S→S∗ ⊂ Cn of class A (S) which is nonflat on K̊0 (see Definition 3.1),
the following hold:

(i) There exist functions hi,1, . . . , hi,N : L→ C, i = 1, . . . , l, of class A (L) and a neighborhood U of
0 ∈ (CN )l such that:

(i.1) hi, j has a zero of multiplicity k at pr for all j = 1, . . . , N and r = 1, . . . ,m′.

(i.2) Denoting by 8 f :U × S→S the map

8 f (ζ, p)= φ1
ζ 1

1 h1,1(p)
◦ · · · ◦φN

ζ 1
N h1,N (p)

◦ · · · ◦φ1
ζ l

1hl,1(p)
◦ · · · ◦φN

ζ l
N hl,N (p)

( f (p)),

see (2-2) and (2-3), where ζ = (ζ 1, . . . , ζ l) ∈ (CN )l and ζ i
= (ζ i

1, . . . , ζ
i
N ) ∈ CN, are holomorphic

coordinates, the period map U → (Cn)l whose i-th component U → Cn is given by

U 3 ζ 7→
∫

Ci

8 f (ζ, · )θ

has maximal rank equal to nl at ζ = 0.

Furthermore, there is a neighborhood V of g ∈ A (S,S∗) such that the map V 3 g 7→8g can be chosen
to depend holomorphically on g.

(ii) If S∗ is an Oka manifold, then f may be approximated uniformly on S by maps f̃ : L → S∗ of
class A (L) such that:

(ii.1) ( f̃ − f )θ is exact on S, equivalently,
∫

Cr
( f̃ − f )θ = 0 for all r = m′+ 1, . . . , l.

(ii.2)
∫

Cr
( f̃ − f )θ = 0 for all r = 1, . . . ,m′.

(ii.3) f̃ − f has a zero of multiplicity k at pr for all r = 1, . . . ,m′.

(ii.4) No component function of f̃ vanishes everywhere on M.
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Notice that conditions (ii.1) and (ii.2) in the above lemma may be written as a single one in the form∫
Cr

( f̃ − f )θ = 0 for all r = 1, . . . , l.

However, we write them separately with the aim of emphasizing that they are useful for different purposes;
indeed, (ii.1) concerns the period problem, whereas (ii.2) deals with the problem of interpolation.

Proof. Choose k ∈ N and let f : S→S∗ be a map of class A (S) which is nonflat on K0. Consider the
period map P= (P1, . . . ,Pl) :C (C,Cn)→ (Cn)l whose i-th component Pi :C (C,Cn)→Cn is defined by

C (C,Cn) 3 g 7→ Pi (g)=
∫

Ci

gθ, i = 1, . . . , l. (4-1)

Since S is very simple and f is holomorphic and nonflat on K̊0, each Ci , i = 1, . . . , l, contains a
subarc C̃i ⊂ K̊0 \ {p0} such that f is nowhere flat on C̃i ; if i ∈ {m + 1, . . . ,m′} then we may choose
C̃i ⊂ Ci \ {p0, pi }. Thus, Lemma 3.4 applied to the map f |C : C → S∗, the base point p0, and the
curves C1, . . . ,Cl furnishes functions gi,1, . . . , gi,N : C → C, with support on C̃i , i = 1, . . . , l, and a
neighborhood U of 0∈ (CN )l such that the period map P :U→ (Cn)l whose i-th component Pi :U→Cn

is given by

Pi (ζ ) :=

∫
Ci

φ1
ζ 1

1 g1,1(p)
◦ · · · ◦φN

ζ 1
N g1,N (p)

◦ · · · ◦φ1
ζ l

1gl,1(p)
◦ · · · ◦φN

ζ l
N gl,N (p)

( f (p)) θ,

see (2-2) and (2-3), is well-defined and has maximal rank equal to nl at ζ = 0. Since C ⊂ M is
Runge, Theorem 2.6 enables us to approximate each gi, j by functions hi, j ∈ O(M) ⊂ A (L) ⊂ A (S)
satisfying condition (i.1); recall that every function gi j vanishes on a neighborhood of pr for all
r = 1, . . . ,m′. Furthermore, if the approximation of gi, j by hi, j is close enough then the period
map defined in (i.2) also has maximal rank at ζ = 0. Finally, by varying f locally (keeping the
functions hi, j fixed) we obtain a holomorphic family of maps f 7→8 f with the desired properties. This
proves (i).

Let us now prove assertion (ii), so assume that S∗ is an Oka manifold. Up to adding to S a smoothly
bounded compact disk D ⊂ M \ S and extending f to D as a function of class A (S) all of whose
components are different from the constant 0 on D, we may assume that no component function of f
vanishes everywhere on S. Consider the map 8 : U × S→S given in (i.2) and, up to shrinking U if
necessary, assume that 8(U × S) ∈S∗. Note that the functions hi, j are defined on L but f only on S.
By (i), the period map Q :U → (Cn)l with i-th component

Qi (ζ )=

∫
Ci

8(ζ, · )θ = Pi (8(ζ, · )), ζ ∈U,

see (4-1), has maximal rank equal to nl at ζ = 0. It follows that the image by Q of any open neighborhood
of 0 ∈ U ⊂ (CN )l contains an open ball in (Cn)l centered at Q(0) = P( f ); see (4-1). Since S ⊂ M is
Runge and S∗ is Oka, Theorem 2.6 allows us to approximate f by holomorphic maps f̂ : M→S∗ such
that

f̂ − f has a zero of multiplicity k at pr for all r = 1, . . . ,m′. (4-2)
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Define 8̂ :U × L→S by

8̂(ζ, p)= φ1
ζ 1

1 h1,1(p)
◦ · · · ◦φN

ζ 1
N h1,N (p)

◦ · · · ◦φ1
ζ l

1hl,1(p)
◦ · · · ◦φN

ζ l
N hl,N (p)

( f̂ (p)) (4-3)

and, up to shrinking U once again if necessary, assume that 8̂(U × L)⊂S∗. Consider now the period
map Q̂ :U → (Cn)l whose i-th component U → Cn is given by

U 3 ζ 7→
∫

Ci

8̂(ζ, · ) θ, i = 1, . . . , l.

Thus, for any open ball 0 ∈W ⊂U, if the approximation of f by f̂ is close enough, the range of Q̂(W )

also contains P( f ). Therefore, there is ζ0 ∈W ⊂U close to 0 ∈ (CN )l such that

f̃ := 8̂(ζ0, · ) : L→S∗ (4-4)

lies in A (L) and satisfies (ii.1) and (ii.2); recall that S0 is a strong deformation retract of L and so the
curves Ci , i = m′+ 1, . . . , l, determine a basis of H1(L;Z). To finish the proof, Lemma 2.2, (i.1), (4-3),
and (4-4) guarantee that f̃ − f̂ has a zero of multiplicity (at least) k at pr for all r = 1, . . . ,m′. This and
(4-2) ensure (ii.3). Finally, if the approximation of f by f̃ on S is close enough, since no component
function of f vanishes everywhere on S, no component function of f̃ vanishes everywhere on M, which
proves (ii.4) and concludes the proof.

�

We now show the following technical result which will considerably simplify the subsequent proofs.

Proposition 4.3. Let n ≥ 3 be an integer and S be an irreducible closed conical complex subvariety of
Cn which is not contained in any hyperplane. Let M = M̊ ∪ bM be a compact bordered Riemann surface,
θ be a holomorphic 1-form vanishing nowhere on M, and 3⊂ M̊ be a finite subset. Choose p0 ∈ M \3
and, for each p ∈3, let C p ⊂ M̊ be a smooth Jordan arc with initial point p0 and final point p such that
C p ∩Cq = {p0} for all p 6= q ∈3.

Let f : M→S∗ be a map of class A (M) which is flat (see Definition 3.1) and k ∈ N be an integer.
Then f may be approximated uniformly on M by nonflat maps f̃ : M→S∗ of class A (M) satisfying the
following properties:

(i) ( f̃ − f )θ is exact on M.

(ii)
∫

C p
( f̃ − f )θ = 0 for all p ∈3.

(iii) f̃ − f has a zero of multiplicity k at all points p ∈3.

Proof. Without loss of generality we assume that 3 6= ∅, write 3 = {p1, . . . , pl ′}, and set Ci := C pi ,
i = 1, . . . , l ′. Choose Cl ′+1, . . . ,Cl closed Jordan loops in M̊ forming a basis of H1(M,Z)∼= Zl−l ′ such
that Ci ∩C j = {p0} for all i, j ∈ {1, . . . , l}, i 6= j , and C :=

⋃l
j=1 C j is a Runge subset of M ; existence of

such loops is ensured by basic topological arguments. Consider smooth parametrizations γj : [0, 1] → C j

of the respective curves verifying γj (0) = p0 and γj (1) = pj for j = 1, . . . , l ′, and γj (0) = γj (1) = p0

for j = l ′+ 1, . . . , l.
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Since f is flat there exists z0 ∈ S∗ such that f (M) ⊂ C∗z0. Observe that Cz0 is a proper complex
subvariety of S. We consider the period map P = (P1, . . . ,Pl) : A (M)→ (Cn)l defined by

A (M) 3 g 7→ Pj (g) :=
∫

C j

gθ =
∫ 1

0
g(γj (t))θ(γj (t), γ̇j (t)) dt, j = 1, . . . , l. (4-5)

Note that a map g ∈ A (M) meets (i) and (ii) if, and only if, P(g) = P( f ). So, to finish the proof it
suffices to approximate f uniformly on M by nonflat maps f̃ ∈A (M) satisfying the latter condition and
also (iii).

Choose a holomorphic vector field V on Cn which is tangential to S along S, vanishes at 0, and is not
everywhere tangential to C∗z0 along f (M). Let φs(z) denote the flow of V for small values of time s ∈C.
Choose a nonconstant function h1 : M→ C of class A (M) such that h1(p0)= 0. Denote by f the space
of all functions h : M→ C of class A (M) having a zero of multiplicity k ∈ N at all points p ∈3. The
following map is well-defined and holomorphic on a small open neighborhood f∗ of the zero function
in f:

f∗ 3 h 7→ P(φh1( · )h( · )( f ( · ))) ∈ (Cn)l .

Each component Pj , j = 1, . . . , l, of this map at the point h = 0 equals

Pj (φ0( f ))= Pj ( f )

(recall that V vanishes at 0 ∈ Cn). Since f is infinite-dimensional, there is a function h ∈ f arbitrarily
close to the function 0 (in particular, we may take h ∈ f∗) and nonconstant on M, such that

P(φh1( · )h( · )( f ( · )))= P( f ).

Set f̃ (p)=φh1(p)h(p)( f (p)), p ∈M. Assume that ‖h‖0,M is sufficiently small so that f̃ is well-defined
and of class A (M), f̃ approximates f on M, and f̃ (p) ∈S∗ for all p ∈ M. By the discussion below
equation (4-5), f̃ satisfies (i) and (ii). On the other hand, since h has a zero of multiplicity k at every
point of 3 and h1 is not constant, we infer that hh1 also has a zero of multiplicity (at least) k at all points
of 3. Thus, Lemma 2.2 ensures that f̃ − f satisfies (iii). Finally, since h1(p0) = 0 and V vanishes at
0, we have f̃ (p0) = f (p0) ∈ C∗z0, whereas since hh1 is nonconstant on M and V is not everywhere
tangential to C∗z0 along f (M), there is a point q ∈ M such that f̃ (q) /∈ C∗z0. This proves that f̃ is
nonflat, which concludes the proof. �

The following is the main technical result of this paper.

Theorem 4.4. Let n ≥ 3 be an integer and S be an irreducible closed conical complex subvariety of Cn

which is not contained in any hyperplane and such that S∗ =S \ {0} is smooth and an Oka manifold.
Let M be an open Riemann surface, θ be a holomorphic 1-form vanishing nowhere on M, K ⊂ M be a
smoothly bounded Runge compact domain, and 3⊂ M be a closed discrete subset. Choose p0 ∈ K̊ \3
and, for each p ∈3, let C p ⊂ M be an oriented Jordan arc with initial point p0 and final point p such
that C p∩Cq ={p0} for all q 6= p ∈3 and C p ⊂K for all p ∈3∩K. Also, for each p ∈3, let�p ⊂M be
a compact neighborhood of p in M such that �p∩ (�q ∪Cq)=∅ for all q 6= p ∈3. Set � :=

⋃
p∈3�p.
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Let f : K∪�→S∗ be a map of class A (K∪�), let q : H1(M;Z)→ Cn be a group homomorphism,
and let Z :3→ Cn be a map, such that:

(a)
∫
γ

f θ = q(γ ) for all closed curves γ ⊂ K.

(b)
∫

C p
f θ = Z(p) for all p ∈3∩K.

Then, for any integer k ∈N, f may be approximated uniformly on K by holomorphic maps f̃ : M→S∗
satisfying the following conditions:

(A)
∫
γ

f̃ θ = q(γ ) for all closed curves γ ⊂ M.

(B) f̃ − f has a zero of multiplicity k at p for all p ∈3; equivalently, f̃ and f have the same (k−1)-jet
at every point p ∈3.

(C)
∫

C p
f̃ θ = Z(p) for all p ∈3.

(D) No component function of f̃ vanishes everywhere on M.

Proof. Up to slightly enlarging K if necessary, we may assume without loss of generality that 3∩bK=∅.
Further, up to shrinking the sets �p, we may also assume that, for each p ∈ 3, either �p ⊂ K̊ or
�p ∩K =∅. Finally, by Proposition 4.3 we may assume that f : K→S∗ is nonflat.

Set M0 := K and let {Mj }j∈N be a sequence of smoothly bounded Runge compact domains in M such
that

M0 b M1 b M2 b · · ·b
⋃
j∈N

Mj = M.

Assume also that the Euler characteristic χ(Mj\M̊j−1) of Mj\M̊j−1 is either 0 or−1, and that3∩bMj =∅
for all j ∈ N. Such a sequence can be constructed by basic topological arguments; see, e.g., [Alarcón
and López 2013b, Lemma 4.2]. Since 3 is closed and discrete, Mj is compact, and 3∩ bMj = ∅ for
all j ∈ Z+, we know 3j := 3∩Mj = 3∩ M̊j is either empty or finite. Without loss of generality we
assume that 30 6=∅ and 3j \3j−1 =3∩ (M̊j \Mj−1) 6=∅ for all j ∈ N, and hence 3 is infinite.

Set f0 := f |K and, for each p ∈30 6=∅, choose an oriented Jordan arc C p
⊂ M̊0 with initial point p

and final point p0, such that

C p
∩Cq

= {p0} for all p 6= q ∈30. (4-6)

Such curves trivially exist.
To prove the theorem we shall inductively construct a sequence of maps f j : Mj → S∗ ⊂ Cn and

a family of oriented Jordan arcs C p
⊂ M̊j , p ∈ 3j \3j−1 6= ∅, j ∈ N, with initial point p and final

point p0, satisfying the following properties:

(ij ) ‖ f j − f j−1‖0,Mj−1 < εj for a certain constant εj > 0 which will be specified later.

(iij )
∫
γ

f jθ = q(γ ) for all closed curves γ ⊂ Mj .

(iiij )
∫

C p f jθ = q(C p ∗C p)−Z(p) for all p ∈3j . (Recall that ∗ denotes the product of oriented arcs;
see Section 2A.)

(ivj ) f j − f has a zero of multiplicity k at p for all p ∈3j .
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Figure 3. The set K ⊂ M, the arcs C p, and the domains �p in Theorem 4.4.

(vj ) C p
∩Cq

= {p0} for all p 6= q ∈3j .

(vij ) No component function of f j vanishes everywhere on Mj .

(See Figure 3.) Assume for a moment that we have already constructed such sequence. Then choosing
the sequence {εj }j∈N decreasing to zero fast enough, (ij ) ensures that there is a limit holomorphic map

f̃ := lim
j→∞

f j : M→S∗

which is as close as desired to f uniformly on K, whereas properties (iij ), (iiij ), (ivj ), (vj ), and (vij )
guarantee (A), (B), (C), and (D). This would conclude the proof.

The basis of the induction is given by the nonflat map f0 = f |K and the already fixed oriented arcs
C p, p ∈30. Condition (i0) is vacuous, (ii0) = (a), (iii0) is implied by (a) and (b), (iv0) is trivial, and
(v0)= (4-6). For the inductive step, we assume that we already have a map f j−1 : Mj−1→S∗ and arcs
C p
⊂ M̊j−1, p ∈3j−1, satisfying properties (iij−1)–(vj−1) for some j ∈N, and let us construct a map f j

and arcs C p for p ∈3j \3j−1 =3∩ (M̊j \Mj−1), enjoying conditions (ij )–(vij ). We distinguish cases
depending on the Euler characteristic χ(Mj \ M̊j−1).

Case 1: the noncritical case. Assume that χ(Mj \ M̊j−1)= 0. In this case Mj−1 is a strong deformation
retract of Mj . Recall that 3j \3j−1 is a nonempty finite set. Choose, for each p ∈3j \3j−1, an oriented
Jordan arc C p

⊂ M̊j with initial point p and final point p0, so that condition (vj ) holds; such arcs trivially
exist. Up to shrinking �p if necessary, we assume without loss of generality that �p ⊂ M̊j \Mj−1 for all
p ∈3j \3j−1 and �p ∩Cq

=∅ for all q ∈3j \3j−1, q 6= p.
Set

K := Mj−1 ∪

( ⋃
p∈3j\3j−1

�p

)
, 0 :=

( ⋃
p∈3j\3j−1

C p
)
\ K̊ ,

and, up to slightly modifying the arcs C p, p ∈3j \3j−1, assume that S := K ∪0 ⊂ M̊j is an admissible
subset of M (see Definition 2.1). Notice that S is connected and a strong deformation retract of Mj ;
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moreover, as admissible set, S is very simple and the kernel component of K is Mj−1 (see Definition 4.1).
Thus, Lemma 3.3 furnishes a map ϕ : S→S∗ of class A (S) such that:

(I) ϕ = f j−1 on Mj−1.

(II) ϕ = f on
⋃

p∈3j\3j−1
�p.

(III)
∫

C p ϕθ = q(C p ∗C p)−Z(p) for all p ∈3j \3j−1.

Now, given εj > 0, Lemma 4.2(ii) applied to S, Mj , the arcs C p, p ∈3j , the integer k ∈ N, and the
map ϕ, provides a map f j : Mj →S∗ of class A (Mj ) satisfying the following conditions:

(IV) ‖ f j −ϕ‖0,S < εj .

(V) ( f j −ϕ)θ is exact on S.

(VI)
∫

C p( f j −ϕ)θ = 0 for all p ∈3j .

(VII) f j −ϕ has a zero of multiplicity k at p for all p ∈3j .

(VIII) No component function of f j vanishes everywhere on Mj .

We claim the map f j satisfies properties (ij )–(ivj ); recall that (vj ) is already guaranteed. Indeed, (ij )
follows from (I) and (IV); (iij ) from (iij−1), (I), (V), and the fact that Mj−1 is a strong deformation retract
of Mj ; (iiij ) from (iiij−1), (I), (III), and (VI); (ivj ) from (ivj−1), (I), (II), and (VII); and (vij )= (VIII).

Case 2: the critical case. Assume that χ(Mj \ M̊j−1)=−1. Now, the change of topology is described by
attaching to Mj−1 a smooth arc α in M̊j \ M̊j−1 satisfying Mj−1 only at its endpoints. Thus, Mj−1 ∪α is
a strong deformation retract of Mj . Further, we may choose α such that α∩3=∅ and S := Mj−1∪α is
an admissible subset of M, which is very simple (see Definition 4.1). Since both endpoints of α lie in
bMj−1, there is a closed curve β ⊂ S which contains α as a subarc and is not in the homology of Mj−1.
Now, Lemma 3.3 furnishes a map ϕ : S→S∗ of class A (S) such that ϕ = f j−1 on Mj−1 and∫

β

ϕθ = q(β).

Choose a smoothly bounded compact domain L ⊂ M̊j such that S ⊂ L̊ , S is a strong deformation retract
of L , and L ∩ (3j \3j−1) = ∅. Given εj > 0, Lemma 4.2(ii) applied to S, L , the arcs C p, p ∈ 3j−1,
the integer k ∈ N, and the map ϕ, provides a map f̂ : L→S∗ of class A (L) satisfying the following
conditions:

(i) ‖ f̂ −ϕ‖0,S < 1
2εj .

(ii) ( f̂ −ϕ)θ is exact on S.

(iii)
∫

C p( f̂ −ϕ)θ = 0 for all p ∈3j−1.

(iv) f̂ −ϕ has a zero of multiplicity k at p for all p ∈3j−1.

Since the Euler characteristic satisfies χ(Mj \ L̊)= 0, this reduces the construction to the noncritical case.
This finishes the inductive process and concludes the proof of the theorem. �
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To finish this section we prove a Runge–Mergelyan-type theorem with jet-interpolation for holomorphic
maps into Oka subvarieties of Cn in which a component function is preserved provided that it holomor-
phically extends to the whole source Riemann surface. This will be an important tool to ensure conditions
(III) and (IV) in Theorem 1.2 and (I) and (II) in Theorem 1.3.

Lemma 4.5. Let n ≥ 3 be an integer and S be an irreducible closed conical complex subvariety of Cn

which is not contained in any hyperplane. Assume that S∗ =S \ {0} is smooth and an Oka manifold, and
that S∩ {z1 = 1} is also an Oka manifold and the coordinate projection π1 : S→ C onto the z1-axis
admits a local holomorphic section h near z1 = 0 with h(0) 6= 0. Let M be an open Riemann surface of
finite topology, θ be a holomorphic 1-form vanishing nowhere on M, S = K ∪0 ⊂ M be a connected
very simple admissible Runge subset (see Definition 4.1) which is a strong deformation retract of M.
Let 3 ⊂ K̊0 be a finite subset where K0 is the kernel component of S. Choose p0 ∈ K̊0 \3 and, for
each p ∈ 3, let C p ⊂ K̊0 be an oriented Jordan arc with initial point p0 and final point p such that
C p ∩Cq = {p0} for all q 6= p ∈3.

Let f = ( f1, . . . , fn) : S→ S∗ be a continuous map, holomorphic on K , such that f1 extends to a
holomorphic map M→ C which does not vanish everywhere on M. Assume also that f |K : K →S∗ is
nonflat. Then, for any integer k ∈ Z+, f may be approximated in the C 0(S)-topology by holomorphic
maps f̃ = ( f̃1, f̃2, . . . , f̃n) : M→S∗ such that:

(i) f̃1 = f1 everywhere on M.

(ii) f̃ − f has a zero of multiplicity k at p for all p ∈3.

(iii)
∫

C p
( f̃ − f )θ = 0 for all p ∈3.

(iv)
∫
γ
( f̃ − f )θ = 0 for all closed curves γ ⊂ S.

Proof. We adapt the ideas in [Alarcón and Forstnerič 2014, proof of Theorem 7.7]. Set S′ :=S∩{z1= 1}.
By dilations we see that S \ {z1 = 0} is biholomorphic to S′×C∗ (and hence is Oka), and the projection
π1 :S

′
→C is a trivial fiber bundle with Oka fiber S′ except over 0∈C. Write ( f1, f̂ )= ( f1, f2, . . . , fn);

that is, f̂ := ( f2, . . . , fn) : S → Cn−1. Since f1 is holomorphic and nonconstant on M, its zero set
f −1
1 (0) = {a1, a2, . . .} is a closed discrete subset of M. The pullback f ∗1 π1 : E = f ∗S→ M of the

projection π1 :S→ C is a trivial holomorphic fiber bundle with fiber S′ over M \ f −1
1 (0), but it may be

singular over the points aj ∈ f −1
1 (0). The map f̂ : S→ Cn−1 satisfies f̂ (x) ∈ π−1

1 ( f1(x)) for all x ∈ S,
so f̂ corresponds to a section of E→ M over the set S.

Now we need to approximate f̂ uniformly by a section E→ M solving the problem of periods and
interpolation. (Except for the period and interpolation conditions, a solution is provided by the Oka
principle for sections of ramified holomorphic maps with Oka fibers; see [Forstnerič 2003; 2017, §6.14].
We begin by choosing a local holomorphic solution on a small neighborhood of any point aj ∈ M \ S so
that f̂ (aj ) 6= 0, and we add these neighborhoods to the domain of holomorphicity of f̂ . Then we need to
approximate a holomorphic solution f̂ on a smoothly bounded compact set K ⊂ M by a holomorphic
one on a larger domain L ⊂ M assuming that K is a strong deformation retract of L and L \ K does not
contain any point aj . This can be done by applying the Oka principle for maps to the Oka fiber G ′ of
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π : G→ C over C∗. In the critical case we add a smooth Jordan arc α to the domain K ⊂ M disjoint
from the points aj and such that K ∪ α is a strong deformation retract of the next domain. Next, we
extend f̂ smoothly over α so that the integral

∫
α

f̂ θ takes the correct value by applying an analogous
result of Lemma 3.3 but keeping the first coordinate fixed; this reduces the proof to the noncritical case
and concludes the proof of the lemma. �

5. General position, completeness, and properness results

In this section we prove several results that pave the way to the proof of Theorem 1.3 in Section 6. Thus,
all the results in this section concern directed holomorphic immersions of open Riemann surfaces into Cn;
we point out that the methods of proof easily adapt to give analogous results for conformal minimal
immersions into Rn (see Section 7).

We begin with the following:

Definition 5.1. Let S be a closed conical complex subvariety of Cn (n ≥ 3), M be an open Riemann
surface, and S = K ∪0 ⊂ M be an admissible subset (see Definition 2.1). By a generalized S-immersion
S → Cn we mean a map F : S → Cn of class C 1(S) whose restriction to K is an S-immersion of
class A 1(S) and the derivative F ′(t) with respect to any local real parameter t on 0 belongs to S∗.

We now prove a Mergelyan-type theorem for generalizedS-immersions which follows from Lemmas 4.2
and 4.5; it will be very useful in the subsequent results.

Proposition 5.2. Let S⊂ Cn be as in Theorem 4.4. Let M be a compact bordered Riemann surface and
let S = K ∪0 ⊂ M̊ be a very simple admissible Runge compact subset such that the kernel component S0

of S (see Definition 4.1) is a strong deformation retract of M. Let3⊂ K̊ be a finite subset and assume that
3∩ K ′ consists of at most a single point for each component K ′ of K , K ′ 6= K0, where K0 is the kernel
component of K . Given an integer k∈N, every generalized S-immersion F= (F1, . . . , Fn) : S→Cn which
is nonflat on K̊0 may be approximated in the C 1(S)-topology by S-immersions F̃= (F̃1, . . . , F̃n) :M→Cn

such that F̃ − F has a zero of multiplicity k ∈ N at all points p ∈3 and F̃ has no constant component
function.

Furthermore, if S ∩ {z1 = 1} is an Oka manifold, the coordinate projection π1 : S→ C onto the
z1-axis admits a local holomorphic section h near z1 = 0 with h(0) 6= 0, 3 ⊂ K̊0, and F1 extends to a
nonconstant holomorphic function M→ C, then F̃ may be chosen with F̃1 = F1.

We point out that an analogous result of the above proposition remains true for arbitrary admissible
subsets; we shall not prove the most general statement for simplicity of exposition. Anyway, Proposition 5.2
will suffice for the aim of this paper.

Proof. Let θ be a holomorphic 1-form vanishing nowhere on M. Set f = d F/θ : S→S∗ and observe
that f is nonflat on K̊0 and of class A (S), and that f θ is exact on S. Fix a point p0 ∈ K̊0 \3. If S is
not connected then S \ S0 consists of finitely many pairwise-disjoint, smoothly bounded compact disks
K1, . . . , Km . For each i ∈ {1, . . . ,m} choose a smooth Jordan arc γi ⊂ M̊ with an endpoint in (bK0) \0,
the other endpoint in bKi , and otherwise disjoint from S. Choose these arcs so that S′ := S∪

(⋃m
i=1 γi

)
is an
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admissible subset of M. It follows that S′ is connected, very simple, and a strong deformation retract of M.
By Lemma 3.3 we may extend f to a map f ′ : S′→S∗ of class A (S′) such that F(p0)+

∫ p
p0

f θ = F(p)
for all p ∈ S′. From now on we remove the primes and assume without loss of generality that S is
connected.

For each p ∈3 choose a smooth Jordan arc C p ⊂ S joining p0 with p such that C p ∩Cq = {p0} for
all p 6= q ∈ 3. By Lemma 4.2(ii) applied to the set S ⊂ M, the map f , the integer k − 1 ≥ 0, and the
arcs C p, p ∈3, we may approximate f uniformly on S by a holomorphic map f̃ : M→S∗ such that:

(a) f̃ θ is exact; recall that f θ is exact on (S and hence on) S0 and that S0 is a strong deformation retract
of M.

(b) F(p0)+
∫

C p
f̃ θ = F(p0)+

∫
C p

f θ = F(p) for all p ∈3.

(c) f̃ − f has a zero of multiplicity k− 1 at all points p ∈3.

(d) No component function of f̃ vanishes everywhere on M.

Then, property (a) ensures that the map F̃ : M→ Cn defined by

F̃(p) := F(p0)+

∫ p

p0

f̃ θ, p ∈ M,

is a well-defined S-immersion and is as close as desired to F in the C 1(S)-topology. Moreover, properties
(b) and (c) guarantee that F̃ − F has a zero of multiplicity k at all points of 3, whereas (d) ensures that
F̃ has no constant component function. This concludes the first part of the proof.

The second part of the lemma is proved in an analogous way but using Lemma 4.5 instead of
Lemma 4.2(ii). Moreover, in order to reduce the proof to the case when S is connected, we need to extend
f to a map f ′ on S′ as above such that the first component of f ′ equals d F1/θ ; this is accomplished by a
suitable analogue of Lemma 3.3, we leave the obvious details to the interested reader. �

5A. A general position theorem. We prove a desingularization result with jet-interpolation for directed
immersions of class A 1 on a compact bordered Riemann surface. We use Notation 2.3.

Theorem 5.3. Let M be a compact bordered Riemann surface and3⊂ M̊ be a finite set. Let F :M→Cn

(n ≥ 3) be an S-immersion of class A 1(M) such that F |3 is injective. Then, given k ∈ N, F may be
approximated uniformly on M by a S-embedding F̃ : M→ Cn of class A 1(M) such that F̃ − F has a
zero of multiplicity k at p for all p ∈3.

Proof. Proposition 4.3 allows us to assume without loss of generality that F : M→ Cn is nonflat. We
assume that M is a smoothly bounded compact domain in an open Riemann surface R. We associate to
F the difference map

δF : M ×M→ Cn, δF(x, y)= F(y)− F(x).

Obviously, F is injective if and only if (δF)−1(0)= DM = {(x, x) : x ∈ M}.
Since F is an immersion and F |3 :3→ Cn is injective, there is an open neighborhood U ⊂ M ×M

of DM ∪ (3×3) such that δF 6= 0 everywhere on U \ DM . To prove the theorem it suffices to find
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arbitrarily close to F another S-immersion F̃ : M → Cn of class A 1(M) such that F̃ − F has a zero
of multiplicity k at all points of 3 whose difference map δ F̃ |M×M\U is transverse to the origin. Indeed,
since dimC M × M = 2 < n, this will imply that δ F̃ does not assume the value 0 on M × M \U, so
F̃(y) 6= F̃(x) when (x, y) ∈ M × M \U. On the other hand, if (x, y) ∈ U \ DM then F̃(y) 6= F̃(x)
provided that F̃ is sufficiently close to F .

To construct such an S-immersion we will use the standard transversality argument by Abraham
[1963]. We need to find a neighborhood V ⊂ CN of the origin in a complex Euclidean space and a map
H : V ×M→ Cn of class A 1(V ×M) such that:

(a) H(0, · )= F .

(b) H − F has a zero of multiplicity k at p for all p ∈3.

(c) The difference map δH : V ×M ×M→ Cn, defined by

δH(ζ, x, y)= H(ζ, y)− H(ζ, x), ζ ∈ V, x, y ∈ M,

is a submersive family of maps in the sense that the partial differential

dζ δH(ζ, x, y)|ζ=0 : T0CN ∼= CN
→ Cn

is surjective for any (x, y) ∈ M ×M \U.

By openness of the latter condition and compactness of M ×M \U it follows that the partial differential
dζ δH is surjective for all ζ in a neighborhood V ′ ⊂ V of the origin in CN. Hence, the map δH :
M × M \U → Cn is transverse to any submanifold of Cn, in particular, to the origin {0} ⊂ Cn. The
standard argument then shows that for a generic member H(ζ, · ) : M→ Cn of this family, the difference
map δH(ζ, · ) is also transverse to 0 ∈ Cn on M ×M \U. Choosing such a ζ sufficiently close to 0 we
then obtain the desired S-embedding F̃ := H(ζ, · ).

To construct a map H as above we fix a nowhere-vanishing holomorphic 1-form θ on R and write
d F = f θ , where f : M→S∗ is a map of class A 1(M). We begin with the following.

Lemma 5.4. For any point (p,q)∈M×M\(DM∪(3×3)) there is a deformation family H =H (p,q)(ζ, · )

satisfying conditions (a) and (b) above, with ζ ∈Cn, such that the differential dζ δH(ζ, p, q)|ζ=0 :C
n
→Cn

is an isomorphism.

For the proof we adapt the arguments in [Alarcón and Forstnerič 2014, Lemma 6.1] in order to guarantee
also the jet-interpolation, i.e., condition (b) of the map H .

Proof. Pick (p, q) ∈ M ×M \ (DM ∪ (3×3)). We distinguish cases.

Case 1: assume that {p, q} ∩3 6= ∅. Assume that p ∈ 3 and hence q /∈ 3; otherwise we reason in a
symmetric way. Write 3= {p = p1, . . . , pl ′}. Pick a point p0 ∈ M \ (3∪ {q}) and choose closed loops
C j ⊂ M \3, j = 1, . . . , l ′′, forming a basis of H1(M,Z)= Zl ′′, and smooth Jordan arcs Cl ′′+ j joining p0

with pj , j = 1, . . . , l ′, such that setting l := l ′+ l ′′, we have that Ci ∩C j = {p0} for any i, j ∈ {1, . . . , l}
and that C :=

⋃l
j=1 C j is a Runge set in M. Also choose another smooth Jordan arc Cq joining p0 with q

and verifying C ∩Cq = {p0}. Finally let γj : [0, 1] → C j , j = 1, . . . , l, and γ : [0, 1] → Cq be smooth
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parametrizations of the respective curves verifying γj (0)= γj (1)= p0 for j = 1, . . . , l ′′, γj (0)= p0 and
γj (1)= pj for j = l ′′+ 1, . . . , l, and γ (0)= p0 and γ (1)= q .

Since F is nonflat, there exist tangential fields V1, . . . , Vn on S, vanishing at 0, and points x1, . . . , xn ∈

Cq \ {p0, q} such that, setting zi = f (xi ) ∈S∗, the vectors V1(z1), . . . , Vn(zn) span Cn. Let ti ∈ (0, 1)
be such that γ (ti ) = xi and φi

t be the flow of the vector field Vi for small values of t ∈ C in the sense
of Notation 2.3. Consider for any i = 1, . . . , n a smooth function hi : C ∪Cq → R+ ⊂ C vanishing on
C ∪ {q}; its values on the relative interior of Cq will be specified later. As in the proof of Lemma 4.2, set
ζ = (ζ1, . . . , ζn) ∈ Cn and consider the map

ψ(ζ, x)= φ1
ζ1h1(x) ◦ · · · ◦φ

n
ζnhn(x)( f (x)) ∈S, x ∈ C ∪Cq ,

which is holomorphic in ζ ∈ Cn. Note that ψ(0, · )= f : M→S∗ (hence ψ(ζ, · ) does not vanish for ζ
in a small neighborhood of the origin) and ψ(ζ, x)= f (x) for all x ∈ C ∪ {q}. It follows that

∂ψ(ζ, x)
∂ζi

∣∣∣∣
ζ=0
= hi (x)Vi ( f (x)), i = 1, . . . , n.

We choose hi with support on a small compact neighborhood of ti ∈ (0, 1) in such a way that∫ 1

0
hi (γ (t))Vi ( f (γ (t)))θ(γ (t), γ̇ (t)) dt ≈ Vi (zi ) θ(γ (ti ), γ̇ (ti )). (5-1)

Assuming that the neighborhoods are sufficiently small, the approximation in (5-1) is close enough so
that, since the vectors on the right side above form a basis of Cn, the ones in the left side also do.

Fix a number ε > 0. Theorem 2.6 furnishes holomorphic functions gi : M→ C such that

gi has a zero of multiplicity k− 1 at all points of 3 (5-2)

and
sup

C∪Cq

|gi − hi |< ε, i = 1, . . . , n.

Following the arguments in the proof of Lemma 4.2, we define holomorphic maps

9(ζ, x, z)= φ1
ζ1g1(x) ◦ · · · ◦φ

n
ζn gn(x)(z) ∈S,

9 f (ζ, x)=9(ζ, x, f (x)) ∈S∗,

where x ∈ M, z ∈S, and ζ belongs to a sufficiently small neighborhood of the origin in Cn. Observe that
9 f (0, · )= f . In view of (5-1), if ε > 0 is small enough then we have that the vectors

∂

∂ζi

∣∣∣∣
ζ=0

∫ 1

0
9 f (ζ, γ (t))θ(γ (t), γ̇ (t)) dt =

∫ 1

0
gi (γ (t))Vi ( f (γ (t)))θ(γ (t), γ̇ (t)) dt, (5-3)

i = 1, . . . , n, are close enough to Vi (zi )θ(γ (ti ), γ̇ (ti )) so that they also form a basis of Cn.
To finish the proof it remains to perturb 9 f in order to solve the period problem and ensure the

jet-interpolation at the points of 3. From the Taylor expansion of the flow of a vector field it follows that

9 f (ζ, x)= f (x)+
n∑

i=1

ζi gi (x)Vi ( f (x))+ O(|ζ |2).
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Since |gi | < ε on C (recall that hi = 0 on C), the integral of 9 f over the curves C1, . . . ,Cl can be
estimated by ∣∣∣∣∫

C j

(9 f (ζ, · )− f )θ
∣∣∣∣= ∣∣∣∣∫

C j

9 f (ζ, · )θ

∣∣∣∣≤ η0ε|ζ |, j = 1, . . . , l ′′ (5-4)

(recall that
∫

C j
f θ =

∫
C j

d F = 0 for all j = 1, . . . , l ′′, since these curves are closed),∣∣∣∣∫
C j

(9 f (ζ, · )− f )θ
∣∣∣∣= ∣∣∣∣F(p0)−

(
F(pj )−

∫
C j

9 f (ζ, · )θ

)∣∣∣∣≤ η0ε|ζ |, j = l ′′+ 1, . . . , l, (5-5)

for some constant η0 > 0 and sufficiently small ζ ∈ Cn. Furthermore, (5-2) guarantees that

9 f (ζ, · )− f has a zero of multiplicity k− 1 at all points of 3 (5-6)

for ζ in a small neighborhood of the origin (see Lemma 2.2).
Now, Lemma 4.2(i) furnishes holomorphic maps 8(ζ̃ , x, z) and 8 f (ζ̃ , x)=8(ζ̃ , x, f (x)) with the

parameter ζ̃ in a small neighborhood of 0∈CÑ for some large Ñ ∈N and x ∈M such that8(0, x, z)= z∈S
for all x ∈ M and

8 f (0, · )=89 f (0,· )(0, · )= f, (5-7)

and the differential of the associated period map ζ̃ 7→ P(8 f (ζ̃ , · )) ∈ Cln , see (4-1), at the point ζ̃ = 0
has maximal rank equal to ln. The same is true if we allow that f vary locally near the given initial map.
Thus, replacing f by 9 f (ζ, · ) and considering the map

CÑ
×Cn

×M 3 (ζ̃ , ζ, x) 7→8(ζ̃ , x, 9 f (ζ, x)) ∈S∗

defined for x ∈M and (ζ̃ , ζ ) in some sufficiently small neighborhood of 0∈CÑ
×Cn, the implicit function

theorem provides a holomorphic map ζ̃ = ρ(ζ ) near ζ = 0 ∈ Cn with ρ(0)= 0 ∈ CÑ such that the map
defined by 8(ρ(ζ ), x, 9 f (ζ, x)) satisfies:

(i) P(8(ρ(ζ ), · , 9 f (ζ, · )))= P(8(0, · , 9 f (0, · )))= P(9 f (0, · ))= P( f ).

(ii) 8(ρ(ζ ), · , 9 f (ζ, · ))−9 f (ζ, · ) has a zero of multiplicity k− 1 at all points of 3.

Condition (ii) together with (5-6) ensure that

8(ρ(ζ ), · , 9 f (ζ, · ))− f has a zero of multiplicity k− 1 at all points of 3 (5-8)

for all ζ in a small neighborhood of 0 ∈ Cn. Obviously the map ρ = (ρ1, . . . , ρn) also depends on f . It
follows that the integral

HF (ζ, x)= F(p0)+

∫ x

p0

8(ρ(ζ ), · , 9 f (ζ, · ))θ (5-9)

is independent of the choice of the arc from p0 to x ∈ M. Moreover,

HF (0, · )= F, (5-10)
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see (5-7), and HF (ζ, · ) is an S-immersion of class A 1(M) for every ζ ∈ Cn sufficiently close to zero
such that

HF (ζ, · )= F on 3; (5-11)

see (i). In addition, from (5-4) and (5-5) we have

|ρ(ζ )|< η1ε|ζ |

for some η1 > 0. If we call Ṽj the vector fields and g̃j the functions involved in the construction of the
map 8 (see Lemma 4.2), the above estimate gives

|8(ρ(ζ ), x, 9 f (ζ, x))−9 f (ζ, x)| =
∣∣∣∑ ρj (ζ )g̃j (x)Ṽj (9 f (ζ, x))+ O(|ζ |2)

∣∣∣< η2ε|ζ |

for some η2 > 0 and all x ∈ M and all ζ near the origin in Cn. Clearly, applying this estimate to the
arc Cq we have∣∣∣∣∫ 1

0
8(ρ(ζ ), γ (t),9 f (ζ, γ (t)))θ(γ (t), γ̇ (t))−

∫ 1

0
9 f (ζ, γ (t))θ(γ (t), γ̇ (t))

∣∣∣∣< η3ε|ζ |

for some η3 > 0. Finally, choosing ε > 0 small enough, the derivatives

∂

∂ζi

∣∣∣∣
ζ=0

∫ 1

0
8(ρ(ζ ), γ (t),9 f (ζ, γ (t))) θ(γ (t), γ̇ (t)) ∈ Cn, i = 1, . . . , n,

are so close to the vectors (5-3) that they also form a basis of Cn. From the definition of HF , (5-9), and
(5-11), we have

δHF (ζ, p, q)= HF (ζ, q)− HF (ζ, p)

= HF (ζ, q)− F(p)

= F(p0)− F(p)+
∫ 1

0
8(ρ(ζ ), γ (t),9 f (ζ, γ (t)))θ(γ (t), γ̇ (t)),

and hence the partial differential

∂

∂ζ

∣∣∣∣
ζ=0
δH(ζ, p, q) : Cn

→ Cn

is an isomorphism. This, (5-10), (ii), and (5-11) show that H satisfies the conclusion of the lemma.

Case 2: assume that {p, q} ∩3=∅. In this case setting 3′ :=3∪ {p} reduces the proof to Case 1. This
proves the lemma. �

The family HF depending on F given in (5-9) is holomorphically dependent also on F on a neighbor-
hood of a given initial S-immersion F0. In particular, if F(ξ, · ) : M→ Cn is a family of holomorphic
S-immersions depending holomorphically on ξ ∈C such that F(ξ, · )−F has a zero of multiplicity k at all
points p ∈3 for any ξ , then HF(ξ,· )(ζ, · ) depends holomorphically on (ζ, ξ). This allows us to compose
any finite number of such deformation families by an inductive process. For the case of two families
suppose that H = HF (ζ, · ) and G = G F (ξ, · ) are deformation families with HF (0, · )= G F (0, · )= F
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and such that HF (ζ, · )− F and G F (ξ, · )− F have a zero of multiplicity k ∈ N at all points of 3 for all
ζ and ξ respectively. Then, we define the composed deformation family by

(H # G)F (ζ, ξ, x) := G HF (ζ,· )(ξ, x), x ∈ M.

Obviously, we have (H # G)F (0, ξ, · )= G F (ξ, · ) and (H # G)F (ζ, 0, · )= HF (ζ, · ), and H # G− F has
a zero of multiplicity k at p for all p ∈3. The operation # is associative but not commutative.

To finish the proof of Theorem 5.3, Lemma 5.4 gives a finite open covering {Ui }
m
i=1 of the compact

set M × M \U and deformation families H i
= H i (ζ i , · ) : M → Cn, with H i (0, · ) = F , where ζ i

=

(ζ i
1, . . . , ζ

i
ηi
) ∈ �i ⊂ Cηi for positive integers ηi ∈ N and i = 1, . . . ,m. It follows that the difference

map δH i (ζ i , p, q) is submersive at ζ i
= 0 for all p, q ∈ Ui . By taking ζ = (ζ 1, . . . , ζm) ∈ CN, with

N =
∑m

i=1 ηi , and setting

H(ζ, x) := (H 1 # H 2 # · · · # H m)(ζ 1, . . . , ζm, x),

we obtain a deformation family such that H(0, · ) = F , H(q, · )− F has a zero of multiplicity k at p
for all p ∈3, and δH is submersive everywhere on M ×M \U for all ζ ∈ CN sufficiently close to the
origin. �

5B. A completeness lemma. We develop an intrinsic-extrinsic version of the arguments from [Jorge and
Xavier 1980] in order to prove the following

Lemma 5.5. Let S⊂ Cn (n ≥ 3) be as in Lemma 4.5. Let M be a compact bordered Riemann surface
and K ⊂ M̊ be a smoothly bounded compact domain which is Runge and a strong deformation retract
of M. Also let 3 ⊂ K̊ be a finite subset and p0 ∈ K̊ \3 be a point. Then, given an integer k ∈ N and
a positive number τ > 0, every S-immersion F : K → Cn of class A 1(K ) may be approximated in the
C 1(K )-topology by S-immersions F̃ : M→ Cn of class A (M) satisfying the following conditions:

(I) F̃ − F has a zero of multiplicity k at all points p ∈3.

(II) distF̃ (p0, bM) > τ .

Proof. Without loss of generality we assume that M is a smoothly bounded compact domain in an open
Riemann surface M̃. By Proposition 5.2 we may assume that F is holomorphic on M and that its first
component has no critical points on M. Fix a holomorphic 1-form θ vanishing nowhere on M̃ and set
d F = f θ , where f = ( f1, . . . , fn) : M→S∗ is a holomorphic map.

Since K is a strong deformation retract of M , we know M̊ \ K consists of a finite family of pairwise-
disjoint open annuli. Thus, there exists a finite family of pairwise-disjoint, smoothly bounded, compact
disks L1, . . . , Lm in M̊ \ K satisfying the following property: if α ⊂ M \

⋃m
j=1 L j is a arc connecting p0

with bM then ∫
α

| f1θ |> τ. (5-12)

Recall that f1 6= 0. (Such disks can be found as pieces of labyrinths of Jorge–Xavier-type [1980] on the
annuli forming M̊ \ K ; see [Alarcón, Fernández and López 2013, proof of Lemma 4.1] for a detailed
explanation). Set L :=

⋃m
j=1 L j .
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For each j = 1, . . . ,m, choose a Jordan arc γj ⊂ M̊ with an endpoint in K , the other endpoint in L j ,
and otherwise disjoint from K ∪ L , such that γi ∩ γj =∅ for all i 6= j ∈ {1, . . . ,m} and the set

S := K ∪ L ∪0,

where 0 :=
⋃m

j=1 γj , is an admissible subset of M. It follows that S is a connected very simple admissible
subset of M with kernel component K (see Definition 4.1) such that K is a deformation retract of S
(hence of M). Take a map h = (h1, . . . , hn) : S→S∗ of class A (S) satisfying the following conditions:

(a) h1 = f1|S .

(b) h|K = f |K .

(c)
∣∣∫
α

hθ
∣∣> τ for all arcs α ⊂ S with initial point p0 and final point in L .

Existence of such a map is clear; we may for instance choose h close to 0 ∈ Cn on each component
of L and such that

∣∣∫
γj

hθ
∣∣ is very large for every component γj of 0. Also choose for each p ∈ 3 a

smooth Jordan arc C p ⊂ K̊ with initial point p0 and final one p, and assume that C p ∩Cq = {p0} for all
p 6= q ∈3. Then, Lemma 4.5 provides a holomorphic map f̃ = ( f̃1, f̃2, . . . , f̃n) : M→S∗ such that:

(i) f̃ approximates h on S.

(ii) f̃1 = f1 everywhere on M.

(iii) f̃ − h has a zero of multiplicity k− 1 at p for all p ∈3.

(iv)
∫

C p
( f̃ − h)θ = 0 for all p ∈3.

(v)
∫
γ
( f̃ − h)θ = 0 for all closed curves γ ⊂ S.

Since f θ = d F is exact, properties (b) and (v) and the fact that K is a strong deformation retract of M
guarantee that f̃ θ is exact on M as well. Therefore, the map F̃ = (F̃1, F̃2, . . . , F̃n) : M→ Cn defined by

F̃(p) := F(p0)+

∫ p

p0

f̃ θ, p ∈ M,

is well-defined and an S-immersion of class A 1(M). We claim that if the approximation in (i) is close
enough then F̃ satisfies the conclusion of the lemma. Indeed, properties (i) and (b) guarantee that F̃
approximates F as close as desired in the C 1(K )-topology. On the other hand, (iii), (iv), and (b) ensure
that F̃ − F has a zero of multiplicity k at all points of 3, which proves (I). Finally, in order to check
condition (II), let α ⊂ M be an arc with initial point p0 and final one in bM. Assume first that α∩ L 6=∅
and let α̃ ⊂ α be a subarc with initial point p0 and final point q for some q ∈ L . Then we have

length(F̃(α)) > length(F̃(α̃))≥ |F̃(q)− F̃(p0)| =

∣∣∣∣∫ q

p0

f̃ θ
∣∣∣∣ (i)
≈

∣∣∣∣∫ q

p0

hθ
∣∣∣∣ (c)
> τ.

Assume that, on the contrary, α ∩ L =∅. In this case,

length(F̃(α))=
∫
α

| f̃ θ | ≥
∫
α

| f̃1θ |
(ii)
=

∫
α

| f1θ |
(5-12)
> τ.

This proves (II) and completes the proof. �
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5C. A properness lemma. Recall that given a vector x = (x1, . . . , xn) in Rn or Cn we define |x |∞ =
max{|x1|, . . . , |xn|}; see Section 2 for notation.

Lemma 5.6. Let n ≥ 3 be an integer and S be an irreducible closed conical complex subvariety of Cn

which is not contained in any hyperplane. Assume that S∗ =S \ {0} is smooth and an Oka manifold, and
that S∩ {z j = 1} is an Oka manifold and the coordinate projection πj :S→ C onto the z j -axis admits
a local holomorphic section h j near z j = 0 with h j (0) 6= 0 for all j = 1, . . . , n. Let M be a compact
bordered Riemann surface and K ⊂ M̊ be a smoothly bounded compact domain which is Runge and a
strong deformation retract of M. Also let 3⊂ K̊ be a finite subset, F : K → Cn be an S-immersion of
class A 1(K ), let τ > ρ > 0 be numbers, and assume that

|F(p)|∞ > ρ for all p ∈ bK . (5-13)

Then, given an integer k ∈ N, F may be approximated in the C 1(K )-topology by S-immersions
F̃ : M→ Cn of class A 1(M) satisfying the following conditions:

(I) F̃ − F has a zero of multiplicity k at all points p ∈3.

(II) |F̃(p)|∞ > ρ for all p ∈ M \ K̊ .

(III) |F̃(p)|∞ > τ for all p ∈ bM.

Proof. Without loss of generality we assume that M is a smoothly bounded compact domain in an
open Riemann surface M̃. By Proposition 5.2 we may assume that F = (F1, . . . , Fn) is holomorphic
on M̃. Since K is a strong deformation retract of M, we have that M \ K̊ consists of finitely many
pairwise-disjoint compact annuli. For simplicity of exposition we assume that A := M \ K̊ is connected
(and hence a single annulus); the same proof applies in general by working separately on each connected
component of M \ K̊ . We denote by α the boundary component of A contained in bK and by β the one
contained in bM ; both α and β are smooth Jordan curves.

From inequality (5-13) there exist an integer l ≥ 3, subsets I1, . . . , In of Zl (where Zl ={0, 1, . . . , l−1}
denotes the additive cyclic group of integers modulus l), and a family of compact connected subarcs
{αj : j ∈ Zl} of bK , satisfying the following properties:

(a1)
⋃

j∈Zl
αj = α.

(a2) αj and αj+1 have a common endpoint pj and are otherwise disjoint.

(a3)
⋃n

a=1 Ia = Zl and Ia ∩ Ib =∅ for all a 6= b ∈ {1, . . . , n}.

(a4) If j ∈ Ia then |Fa(p)|> ρ for all p ∈ αj , a = 1, . . . , n.

(Possibly Ia =∅ for some a ∈ {1, . . . , n}.)
Consider for each j ∈ Zl a smooth embedded arc γj ⊂A with the following properties:

• γj joins α ⊂ bK with β ⊂ bM and intersects them transversely.

• γj ∩α = {pj }.

• γj ∩β consists of a single point, namely, qj .

• The arcs γj , j ∈ Zl , are pairwise disjoint.
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Consider the admissible set

S := K ∪
(⋃

j∈Zl

γj

)
⊂ M

and fix a point x0 ∈ K̊ \3. Let z = (z1, . . . , zn) be the coordinates on Cn and recall that πa : C
n
→ C is

the a-th coordinate projection πa(z)= za for all a = 1, . . . , n. Let θ be a holomorphic 1-form vanishing
nowhere on M̃, and let f : S→ S∗ be a map of class A (S) such that f = d F/θ on K and the map
G̃ : S→ Cn given by

G̃(p)= F(p0)+

∫ p

x0

f θ,

which is well-defined since K is a deformation retract of S, satisfies the following conditions:

(b1) G̃ = F on K and on a neighborhood of pj for all j ∈ Zl .

(b2) If j ∈ Ia then |πa(G̃(z))|> ρ for all z ∈ γj−1 ∪ γj , a = 1, . . . , n.

(b3) If j ∈ Ia then |πa(G̃(qj−1))|> τ and |πa(G̃(qj ))|> τ , a = 1, . . . , n.

Existence of such an f is guaranteed by (a4). Theorem 4.4 provides a map g :M→S∗ of class A (M)
such that gθ is exact on M, and the S-immersion G = (G1, . . . ,Gn) : M→ Cn of class A 1(M) given
by G(p)= F(x0)+

∫ p
x0

gθ enjoys the following properties:

(c1) G approximates G̃ in the C 1(K )-topology.

(c2) G− G̃ has a zero of multiplicity k at all points of 3.

(c3) If j ∈ Ia then |Ga(p)|> ρ for all p ∈ γj−1 ∪αj ∪ γj , a = 1, . . . , n.

(c4) If j ∈ Ia then |Ga(p)|> τ for p ∈ {qj−1, qj }, a = 1, . . . , n.

Property (c3) follows from (a4) and (b2), whereas (c4) follows from (b3), provided that the approximation
of f by g is close enough.

For each j ∈ Zl let βj ⊂ β denote the subarc of β with endpoints qj−1 and qj which does not contain
qi for any i ∈ Zl \ { j − 1, j}. It is clear that ⋃

j∈Zl

βj = β. (5-14)

Also denote by Dj ⊂A the closed disk bounded by the arcs γj−1, αj , γj , and βj ; see Figure 4. It follows
that

A=
⋃
j∈Zl

Dj . (5-15)

Call H0 := G = (H0,1, . . . , H0,n) and I0 := ∅. We shall construct a sequence of S-immersions
Hb = (Hb,1, . . . , Hb,n) : M→ Cn, b = 1, . . . , n, of class A 1(M) satisfying the following requirements
for all b ∈ {1, . . . , n}:

(d1b) Hb approximates Hb−1 in the C 1-topology on M \
(⋃

j∈Ib
D̊j
)
.

(d2b) Hb− Hb−1 has a zero of multiplicity k at all points of 3.
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Figure 4. The annulus A.

(d3b) If j ∈
⋃b

i=1 Ii then |Hb(p)|∞ > ρ for all p ∈ Dj .

(d4b) If j ∈
⋃b

i=1 Ii then |Hb(p)|∞ > τ for all p ∈ βj .

(d5b) If j ∈ Ia then |Hb,a(p)|> ρ for all p ∈ γj−1 ∪αj ∪ γj , a = 1, . . . , n.

(d6b) If j ∈ Ia then |Hb,a(p)|> τ for p ∈ {qj−1, qj }, a = 1, . . . , n.

We claim that the S-immersion F̃ := Hn : M → Cn satisfies the conclusion of the lemma. Indeed,
F̃ approximates F in the C 1(K )-topology by properties (b1), (c1) and (d11)–(d1n); condition (I) is
guaranteed by (d2), (c2), and (b1); condition (II) by (d3n), (a3), and (5-15); and condition (III) by (d4n),
(a3), and (5-14). So, to conclude the proof it suffices to construct the sequence H1, . . . , Hn satisfying
the above properties. We proceed by induction. Assume that we already have H0, . . . , Hb−1 for some
b∈ {1, . . . , n} with the desired properties and let us construct Hb. Notice that (d50)= (c3) and (d60)= (c4)
formally hold. By the continuity of Hb−1 and conditions (d5b−1) and (d6b−1), for each j ∈ Ib there exists
a closed disk �j ⊂ Dj \ (γj−1 ∪αj ∪ γj ) such that the following hold:

(i) �j ∩βj is a compact connected Jordan arc.

(ii) |Hb−1,b(p)|> ρ for all p ∈ ϒj := Dj \�j .

(iii) |Hb−1,b(p)|> τ for all p ∈ βj \�j .

Next, for each j ∈ Ib choose a smooth embedded arc λj ⊂ϒj \ (γj−1∪γj ) with an endpoint in αj and the
other one in �j and otherwise disjoint from bϒj (see Figure 4). Moreover, choose each λj so that the set

Sb :=

(
M \

⋃
j∈Ib

ϒ̊j

)
∪

(⋃
j∈Ib

λj

)
is admissible. Notice that Sb is connected and very simple in the sense of Definition 4.1.

Set h= (h1, . . . , hn)= d Hb−1/θ and let h̃= (h̃1, . . . , h̃n) : Sb→S∗ be a map of class A (Sb) such that:

(iv) h̃ = h on M \
(⋃

j∈Ib
D̊j
)
.
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(v) h̃b = hb on Sb.

(vi) The map H̃ : Sb→ Cn given by

H̃(p)= Hb−1(x0)+

∫ p

x0

h̃θ, p ∈ Sb,

satisfies |H̃(p)|∞ > τ for all p ∈
⋃

j∈Ib
�j .

To construct such a map h̃ we may for instance choose h̃ = h on M \
⋃

j∈Ib
ϒ̊j and suitably define it

on
⋃

j∈Ib
λj . Now, Lemma 4.5 furnishes a map φ : M→S∗ of class A (M) such that φθ is exact on M

(take into account that h̃θ = hθ = d Hb−1 on K and that K is a deformation retract of M) and the map
Hb : M→ Cn given by

Hb(p)= Hb−1(x0)+

∫ p

x0

φθ, p ∈ M,

is an S-immersion of class A 1(M) enjoying the following properties:

(vii) Hb is as close as desired to H̃ in the C 1-topology on M \
(⋃

j∈Ib
D̊j
)
.

(viii) Hb,b = Hb−1,b (take into account (v)).

(ix) Hb− H̃ has a zero of multiplicity k at all points of 3.

Since H̃ =Hb−1 on M\
(⋃

j∈Ib
D̊j
)
⊃3∪

(⋃
j∈Zl

γj−1∪αj∪γj
)
, we have (d1b)= (vii), (d2b)= (ix), and,

if the approximation in (vii) is close enough, (d5b) and (d6b) follow from (d5b−1) and (d6b−1), respectively.
Pick j ∈

⋃b
i=1 Ii and p ∈ Dj . If j /∈ Ib then (d3b−1) and (vii) ensure that |Hb(p)|∞ > ρ. On the other

hand, if j ∈ Ib then (ii) and (viii) ensure that |Hb(p)| ≥ |Hb,b(p)| > ρ provided that p ∈ ϒj , whereas
(vi) and (vii) guarantee that |Hb(p)|> τ > ρ provided that p ∈�j . This proves (d3b).

Finally, choose j ∈
⋃b

i=1 Ii and p∈βj . As above, if j /∈ Ib then (d4b−1) and (vii) give that |Hb(p)|∞>τ .
Likewise, if j ∈ Ib then (iii) and (viii) ensure that |Hb(p)| ≥ |Hb,b(p)| > τ provided that p ∈ βj \�j ,
whereas (vi) and (vii) imply that |Hb(p)|> τ provided that p ∈ βj ∩�j . This proves (d4b) and concludes
the proof of the lemma. �

6. Proof of Theorem 1.3

As in the proof of Theorem 4.4 we can assume that 3∩ bK =∅ and also that for each p ∈3 we have
either �p ⊂ K̊ or �p ∩ K =∅.

Set M0 := K and let {Mj }j∈N be an exhaustion of M by smoothly bounded Runge compact domains
in M such that:

• M0 b M1 b · · ·b
⋃

j∈N Mj = M.

• χ(Mj \ M̊j−1) ∈ {−1, 0} for all j ∈ N.

• bMj ∩3 = ∅ for all j ∈ N and so, up to shrinking the sets �p if necessary, we may assume that
�p ⊂ M̊j or �p ∩Mj =∅ for all p ∈3.
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The existence of such a sequence is guaranteed as in the proof of Theorem 4.4. The set 3j :=3∩Mj =

3 ∩ M̊j , j ∈ Z+, is empty or finite; without loss of generality we may assume that 30 6= ∅ and
3j \3j−1 6= ∅ for all j ∈ N, and hence 3 is infinite. Observe that 3j−1 ( 3j for all j ∈ N. Fix a
sequence {εj }j∈N↘ 0 which will be specified later, set

F0 := F |M0 : M0→ Cn

and, by Proposition 4.3 and Theorem 5.3, assume without loss of generality that F0 is nonflat and, if F |3
is injective, an embedding.

6A. Proof of the first part of the theorem. For the first part of the theorem we shall construct a sequence
{Fj }j∈N of nonflat S-immersions Fj : Mj → Cn of class A 1(Mj ) satisfying:

(ij ) ‖Fj − Fj−1‖1,Mj−1 < εj .

(iij ) Fj − F has a zero of multiplicity k ∈ N at every point p ∈3j .

(iiij ) If F |3 is injective then Fj is an embedding.

We proceed by induction. The basis is given by the S-immersion F0, which clearly satisfies (ii0)
and (iii0); condition (i0) is vacuous. For the inductive step assume that we have an S-immersion
Fj−1 : Mj−1→ Cn of class A 1(Mj−1) satisfying (ij−1), (iij−1), and (iiij−1) for some j ∈ N, and let us
furnish Fj :Mj→Cn enjoying the corresponding properties. We distinguish two different cases depending
on the Euler characteristic of Mj \ M̊j−1.

Noncritical case: assume that χ(Mj \ M̊j−1) = 0. It follows that Mj−1 is a strong deformation retract
of Mj , and then Proposition 5.2 applied to the data

S = Mj−1 ∪

( ⋃
p∈3j\3j−1

�p

)
, S0 = Mj−1, 3=3j , k,

and the generalized S-immersion S→ Cn agreeing with Fj−1 on Mj−1 and with F on
⋃

p∈3j\3j−1
�p,

provides an S-immersion Fj : Mj → Cn of class A 1(Mj ) that satisfies (ij ) and (iij ). Finally, if F |3 is
injective then Theorem 5.3 enables us to choose Fj being an embedding; this ensures (iiij ).

Critical case: assume that χ(Mj \ M̊j−1)=−1. We then have that the change of topology is described by
attaching to Mj−1 a smooth arc α in M̊j \ M̊j−1 satisfying Mj−1 only at its endpoints. Thus, Mj−1 ∪α is
a strong deformation retract of Mj . Further, we may choose α such that α ∩3=∅; and S := Mj−1 ∪α

is an admissible subset of M, which is clearly very simple (see Definition 4.1). We use Lemma 3.3 to
extend Fj−1 to S as a generalized S-immersion. By Proposition 5.2, we may approximate Fj−1 in the
C 1(Mj−1 ∪α)-topology by nonflat S-immersions on a small compact tubular neighborhood M ′j b Mj of
Mj−1 ∪α having a contact of order k with F at all points of 3j . Since χ(Mj \ M̊ ′j )= 0, this reduces the
proof to the previous case and hence concludes the recursive construction of the sequence {Fj }j∈N.

Finally, if the number εj > 0 is chosen sufficiently small at each step in the recursive construction,
properties (ij ), (iij ), and (iiij ) ensure that the sequence {Fj }j∈N converges uniformly on compacta in M to
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an S-immersion
F̃ := lim

j→∞
Fj : M→ Cn,

which is as close as desired to F uniformly on K , is injective if F |3 is injective, and is such that F̃ − F
has a zero of multiplicity k at all points of 3.

6B. Proof of assertion (I). Suppose that the assumptions in assertion (I) hold. Fix a point p0 ∈ K̊ \3.
We shall now construct a sequence of S-immersions Fj : Mj → Cn of class A 1(Mj ), j ∈ N, satisfying
conditions (ij )–(iiij ) above and also:

(ivj ) distFj (p0, bMj ) > j for all j ∈ N.

Observe that F0 = F |M0 satisfies (iv0) since it is an immersion and p0 ∈ K̊ . For the inductive step
assume that we already have Fj−1 satisfying (ij )–(ivj ) for some j ∈ N and, reasoning as above, construct
an S-immersion F ′j : Mj → Cn satisfying (ij ), (iij ), and (iiij ). Let M ′j ⊂ M̊j be a smoothly bounded
compact domain which is Runge and a strong deformation retract of Mj and contains Mj−1 ∪3j in its
relative interior. Then, Lemma 5.5 applied to the data

M = Mj , K = M ′j , 3=3j , k, τ = j, and F = F ′j |M ′j ,

gives an S-immersion Fj : Mj → Cn of class A 1(Mj ) satisfying (iij ), (ivj ), and also (ij ) provided that
the approximation of F ′j by Fj on M ′j is close enough; Theorem 5.3 enables us to assume that Fj also
satisfies (iiij ). This closes the induction and concludes the construction of the sequence {Fj }j∈N with the
desired properties.

As above, if the number εj > 0 is chosen sufficiently small at each step in the recursive construction,
properties (ij )–(iiij ) ensure that the sequence {Fj }j∈N converges uniformly on compacta in M to an
S-immersion F̃ := limj→∞ Fj : M→ Cn which is as close as desired to F uniformly on K , is injective
if F is injective, and is such that F̃ − F has a zero of multiplicity k at all points of 3. In addition,
property (ivj ) ensures that

lim
j→∞

distF̃ (p0, bMj )=+∞

whenever the number εj > 0 is chosen small enough at each step in the recursive process. This implies
that F̃ is complete and concludes the proof of assertion (I).

6C. Proof of assertion (II). Suppose the assumptions in assertion (II) hold. Observe that F |3 :3→Cn

is a proper map if, and only if, (F |3)−1(C) is finite for any compact set C ⊂Cn, or, equivalently, if either
the closed discrete set 3 is finite or for some (and hence for any) ordering 3= {p1, p2, p3, . . .} of 3, the
sequence {F(p1), F(p2), F(p3), . . .} is divergent in Cn. Since we are assuming that 3 is infinite, there
is j0 ∈ N such that

F(p) 6= 0 for all p ∈3 \3j0 . (6-1)

In a first step we construct for each j ∈ {0, . . . , j0} an S-immersion Fj : Mj → Cn of class A 1(Mj )

satisfying conditions (ij )–(iiij ) above; we reason as in Section 6A. Now, up to a small deformation of Mj0
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if necessary, we may assume without loss of generality that Fj0 does not vanish anywhere on bMj0 , and
hence there exists ρj0 > 0 such that

|Fj0(p)|∞ > ρj0 > 0 for all p ∈ bMj0 . (6-2)

Set

ρj :=min{|F(p)|∞ : p ∈3j \3j−1} for all j ≥ j0+ 1. (6-3)

Recall that 3j \3j−1 6= ∅ for all j ∈ N. In view of (6-1) and (6-2) we have ρj > 0 for all j ≥ j0.
Moreover, since F |3 is proper,

lim
j→+∞

ρj =+∞. (6-4)

In a second step, we shall construct a sequence of S-immersions Fj : Mj → Cn of class A 1(Mj ), for
j ≥ j0+ 1, enjoying conditions (ij )–(iiij ) and also:

(vj .1) |Fj (p)|∞ > 1
2 min{ρj−1, ρj } for all p ∈ Mj \ M̊j−1.

(vj .2) |Fj (p)|∞ > ρj for all p ∈ bMj .

We proceed in an inductive way. The basis of the induction is accomplished by Fj0 ; recall that it
satisfies (ij0)–(iiij0), whereas property (vj0 .1) is vacuous and property (vj0 .2) follows from (6-2). For
the inductive step, assume that we already have Fj−1 : Mj−1 → Cn for some j ≥ j0 + 1 satisfying
(ij−1)–(iiij−1), (vj−1.1), and (vj−1.2) and let us construct an S-immersion Fj : Mj→Cn of class A 1(Mj )

with the corresponding requirements.
By (6-3) and up to a shrinking of the set �p if necessary, we may assume that

|F(q)|∞ > 1
2ρj for all points q in � j

:=

⋃
p∈3j\3j−1

�p 6=∅. (6-5)

Next, choose a smooth Jordan arc C p for each p ∈3j \3j−1 with the initial point in bMj−1, the final
point in b�p, and otherwise disjoint from Mj−1 ∪�

j , and such that

S′ := Mj−1 ∪�
j
∪

( ⋃
p∈3j\3j−1

C p

)

is a very simple admissible subset of Mj ; in particular C p ∩Cq = ∅ if p 6= q. If χ(Mj \ M̊j−1) = −1
we then also choose another smooth Jordan arc α ⊂ M̊j with its two endpoints in bMj−1 and otherwise
disjoint from S′ such that S′∪α is admissible and a strong deformation retract of Mj . If χ(Mj \ M̊j−1)= 0
we set α :=∅. In any case, the set

S := S′ ∪α ⊂ M̊j

is admissible in M and a strong deformation retract of Mj . Set

C := α ∪
( ⋃

p∈3j\3j−1

C p

)
,



INTERPOLATION BY CONFORMAL MINIMAL SURFACES AND DIRECTED HOLOMORPHIC CURVES 599

and observe that S = (Mj−1∪�
j )∪C . Consider a generalized S-immersion F̃j : S→Cn of class A 1(S)

such that:

(A.1) F̃j |Mj−1 = Fj−1.

(A.2) F̃j |� j = F |� j .

(A.3) |F̃j (q)|∞ > 1
2 min{ρj−1, ρj } for all q ∈ C .

To ensure (A.3) we use Lemma 3.3; take into account (vj−1.2) and (6-5). Thus, (vj−1.2), (6-5), and (A.3)
guarantee that:

(A.4) |F̃j (p)|∞ > 1
2 min{ρj−1, ρj }> 0 for all p ∈ S \ M̊j−1 = (bMj−1)∪�

j
∪C .

Since S ⊂ M̊j is Runge and a strong deformation retract of Mj , Proposition 5.2 applied to the data

M = Mj , S, 3=3j , k, and F = F̃j

gives a nonflat S-immersion F̂j : Mj → Cn of class A 1(Mj ) such that:

(B.1) F̂j is as close as desired to F̃j in the C 1(S)-topology.

(B.2) F̂j − F̃j has a zero of multiplicity k ∈ N at every point p ∈3j .

If the approximation in (B.1) is close enough then, in view of (A.4), there exists a small compact
neighborhood N of S in M̊j , being a smoothly bounded compact domain and a strong deformation retract
of Mj , and such that:

(B.3) |F̂j (p)|∞ > 1
2 min{ρj−1, ρj }> 0 for all p ∈ N \ M̊j−1.

Notice that 3∩ (Mj \ N̊ )=∅ and hence we may apply Lemma 5.6 to the data

M = Mj , K = N , 3=3j , F = F̂j , ρ = 1
2 min{ρj−1, ρj }, τ = ρj , k,

obtaining an S-immersion Fj : Mj → Cn of class A 1(Mj ) such that:

(C.1) Fj is as close as desired to F̂j in the C 1(N )-topology.

(C.2) Fj − F̂j has a zero of multiplicity k at every point p ∈3j ⊂ N̊.

(C.3) |Fj (p)|∞ > 1
2 min{ρj−1, ρj } for all p ∈ Mj \ N̊.

(C.4) |Fj (p)|∞ > ρj for all p ∈ bMj .

We claim that, if the approximations in (B.1) and (C.1) are close enough, the S-immersion Fj :Mj→Cn

satisfies properties (ij )–(iiij ), (vj .1), and (vj .2). Indeed, (A.1) ensures (ij ); properties (A.2), (B.2), and
(C.2) guarantee (iij ); condition (vj .1) follows from (A.4), (B.3), and (C.3); and condition (vj .2) is implied
by (C.4). Finally, if F |3 is injective then, by Theorem 5.3, we may assume without loss of generality
that Fj is an embedding. This closes the inductive step and concludes the recursive construction of the
sequence {Fj }j≥ j0+1 meeting the desired requirements.

As above, choosing the number εj > 0 ( j ∈ N) small enough at each step in the construction,
properties (ij )–(iiij ) ensure that the sequence {Fj }j∈N converges uniformly on compact subsets of M to an
S-immersion F̃ := limj→∞ Fj : M→ Cn which is as close as desired to F uniformly on K , is injective



600 ANTONIO ALARCÓN AND ILDEFONSO CASTRO-INFANTES

if F |3 is injective, and is such that F̃ − F has a zero of multiplicity k at all points of 3. Furthermore,
properties (vj .1) and (6-4) imply that F̃ is a proper map. Indeed, take a number R > 0 and a sequence
{qm}m∈N that diverges on M, and let us check that there is m0 ∈N such that |F̃(qm)|∞> R for all m ≥m0.
Indeed, set

ε :=
∑
j≥1

εj <+∞

and observe that, by properties (ij ),

‖F̃ − Fj‖1,Mj < ε for all j ∈ Z+. (6-6)

On the other hand, in view of (6-4) there is an integer j1 ≥ j0+ 1 such that

ρj−1 > 2(R+ ε) for all j ≥ j1. (6-7)

Now, since the sequence {pm}m∈N diverges on M and {Mj }j∈N is an exhaustion of M, there is m0 ∈ N

such that
pm ∈ M \Mj1 for all m ≥ m0.

Thus, for any m ≥ m0 there is an integer jm ≥ j1 such that qm ∈ Mjm \ M̊jm−1, and so

|F̃(qm)|∞ ≥ |Fjm (qm)|∞− |Fjm (qm)− F̃(qm)|∞
(vjm .1), (6-6)

> 1
2 min{ρ jm−1, ρjm }− ε

(6-7)
> R.

This proves that F̃ : M→ Cn is a proper map and concludes the proof of Theorem 1.3.

7. Sketch of the proof of Theorem 1.2 and the proof of Theorem 1.1

We briefly explain how the arguments in Sections 5 and 6 which enabled us to prove Theorem 1.3 may be
adapted in order to guarantee Theorem 1.2; we shall leave the obvious details of the proof to the interested
reader. Afterward, we will use Theorem 1.2 to prove Theorem 1.1.

First of all recall that, as pointed out in Section 2C, for any integer n ≥ 3 the punctured null quadric
A∗ ⊂ Cn , see (1-3) and (1-4), directing minimal surfaces in Rn is an Oka manifold and satisfies the
assumptions in assertions (I) and (II) in Theorem 1.3. Thus, Theorem 4.4 and Lemma 4.5 hold for S=A.

The first step in the proof of Theorem 1.2 consists of providing an analogue of Proposition 5.2
for generalized conformal minimal immersions in the sense of [Alarcón, Forstnerič and López 2016a,
Definition 5.2]. In particular we need to show that if we are given M, S, and 3 as in Proposition 5.2 then,
for any integer k ∈ Z+, every generalized conformal minimal immersion X : S→ Rn (n ≥ 3) may be
approximated in the C 1(S)-topology by conformal minimal immersions X̃ : M→ Rn of class C 1(M)
such that X̃ and X have a contact of order k at every point in 3 and the flux map FluxX̃ equals FluxX

everywhere in the first homology group H1(M;Z). To do that we reason as in the proof of Proposition 5.2
but working with the map f := ∂X/θ : S→ A∗. Since f θ does not need to be exact (only its real part
does) we replace conditions (a) and (b) in the proof of the proposition by the following ones:

• ( f̃ − f )θ is exact on S.

• X (p0)+ 2
∫

C p
<( f̃ θ)= X (p0)+ 2

∫
C p
<( f θ)= X (p) for all p ∈3.
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It can then be easily seen that the conformal minimal immersion X̃ : M→ Rn of class C 1(M) given by

X̃(p) := X (p)+ 2
∫

C p

<( f̃ θ), p ∈ M,

is well-defined and enjoys the desired properties.
In a second step and following the same spirit, we need to furnish a general position theorem, a

completeness lemma, and a properness lemma for conformal minimal immersions of class C 1 on a
compact bordered Riemann surface, which are analogues of Theorem 5.3, Lemma 5.5, and Lemma 5.6,
respectively. In this case the general position of conformal minimal surfaces is embedded in Rn for
all integers n ≥ 5; to adapt the proof of Theorem 5.3 to the minimal surfaces framework we combine
the argument in [Alarcón, Forstnerič and López 2016a, proof of Theorem 1.1] with the new ideas in
Section 5A which allow us to ensure the interpolation condition. Likewise, the analogues of Lemmas 5.5
and 5.6 for conformal minimal surfaces can be proved by adapting the proofs of the cited lemmas in
Sections 5B and 5C, respectively; the required modifications follow the pattern described in the previous
paragraph: at each step in the proofs we ensure that the real part of the 1-forms is exact and that the periods
of the imaginary part agree with the flux map of the initial conformal minimal immersion. Furthermore,
obviously, we are allowed to use only the real part in order to ensure the increasing of the intrinsic
diameter of the surface to achieve completeness, see Lemma 5.5 (II), and the increasing of the | · |∞-norm
near the boundary to guarantee properness, see Lemma 5.6 (II) and (III). For the former we just replace
condition (c) in the proof of Lemma 5.5 (which determines an extrinsic bound) by the following one:

• |2
∫
α
<(hθ)|> τ for all arcs α ⊂ S with initial point p0 and final point in L .

For the latter, the adaptation is done straightforwardly since all the bounds are of the same nature, namely,
extrinsic.

Finally, granted the analogues for conformal minimal surfaces in Rn of Proposition 5.2, Theorem 5.3,
Lemma 5.5, and Lemma 5.6, the proof of Theorem 1.2 follows word for word, up to trivial modifications
similar to the ones discussed in the previous paragraphs, the one of Theorem 1.3 in Section 6. It is perhaps
worth pointing out that in the noncritical case in the recursive construction (see Section 6A) we now
have to extend a conformal minimal immersion of class C 1(Mj−1) to a generalized conformal minimal
immersion on the admissible set S = Mj−1 ∪ α ⊂ M̊j whose flux map equals p for every closed curve
in S (here p : H1(M;Z)→ Rn denotes the group homomorphism given in the statement of Theorem 1.2,
whereas Mj−1, α, and Mj are as in Section 6A); this can be easily done as in [Alarcón, Forstnerič and
López 2016a, proof of Theorem 1.2]. This concludes the sketch of the proof of Theorem 1.2; as we
announced at the very beginning of this section, we leave the details to the interested reader.

To finish the paper we show how Theorem 1.2 can be used in order to prove the following extension to
Theorem 1.1 in the Introduction.

Corollary 7.1. Let M be an open Riemann surface and 3 ⊂ M be a closed discrete subset. Consider
also an integer n ≥ 3 and maps Z :3→ Rn and

G :3→ Qn−2 = {[z1 : · · · : zn] ∈ CPn−1
: z2

1+ · · ·+ z2
n = 0} ⊂ CPn−1.
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Then there is a conformal minimal immersion X̃ : M→ Rn satisfying X̃ |3 = Z and whose generalized
Gauss map G X̃ : M→ CPn−1 equals G on 3.

Proof. For each p ∈ 3 let �p be a smoothly bounded, simply connected compact neighborhood of p
in M, and assume that �p ∩�q =∅ whenever p 6= q ∈3. Set � :=

⋃
p∈3�p and let X :�→ Rn be

any conformal minimal immersion of class C 1(�) such that X |3 = Z and the generalized Gauss map
satisfies G X |3 = G. (Such an X always exists; we may for instance choose X |�p to be a suitable planar
disk for each p ∈3). Also fix a smoothly bounded simply connected compact domain K ⊂ M \3, up
to shrinking the sets �p if necessary, assume that K ⊂ M \�, and extend X to �∪ K → Rn such that
X |K : K → Rn is any conformal minimal immersion of class C 1(K ∪�). Applying Theorem 1.2 to
these data, any group homomorphism H1(M;Z)→ Rn, and the integer k = 1, we obtain a conformal
minimal immersion X̃ : M → Rn which has a contact of order 1 with X |� at every point in 3. Thus,
X̃ |3 = X |3 = Z and the generalized Gauss map satisfies G X̃ |3 = [∂ X̃ ]|3 = [∂X ]|3 = G X |3 = G. �
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“Every bordered Riemann surface is a complete conformal minimal surface bounded by Jordan curves”, Proc. Lond. Math. Soc.
(3) 111:4 (2015), 851–886. MR Zbl
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[Forstnerič and Lárusson 2016] F. Forstnerič and F. Lárusson, “The parametric h-principle for minimal surfaces in Rn and null
curves in Cn”, preprint, 2016. To appear in Comm. Anal. Geom. arXiv

[Grauert 1957] H. Grauert, “Approximationssätze für holomorphe Funktionen mit Werten in komplexen Rämen”, Math. Ann.
133 (1957), 139–159. MR Zbl

[Grauert 1958] H. Grauert, “Analytische Faserungen über holomorph-vollständigen Räumen”, Math. Ann. 135 (1958), 263–273.
MR Zbl

[Gromov 1986] M. Gromov, Partial differential relations, Ergebnisse der Mathematik (3) 9, Springer, 1986. MR Zbl

[Hörmander and Wermer 1968] L. Hörmander and J. Wermer, “Uniform approximation on compact sets in Cn”, Math. Scand.
23 (1968), 5–21. MR Zbl

[Jorge and Xavier 1980] L. P. d. M. Jorge and F. Xavier, “A complete minimal surface in R3 between two parallel planes”, Ann.
of Math. (2) 112:1 (1980), 203–206. MR Zbl

http://dx.doi.org/10.1112/plms/pdv044
http://msp.org/idx/mr/3407187
http://msp.org/idx/zbl/1344.53008
http://dx.doi.org/10.1090/tran/7331
http://dx.doi.org/10.1007/s00526-012-0517-0
http://dx.doi.org/10.1007/s00526-012-0517-0
http://msp.org/idx/mr/3044138
http://msp.org/idx/zbl/1271.53060
http://dx.doi.org/10.1007/s00209-015-1586-5
http://msp.org/idx/mr/3489056
http://msp.org/idx/zbl/1360.53020
http://msp.org/idx/arx/1603.01691v2
http://dx.doi.org/10.1007/s12220-017-9948-3
http://dx.doi.org/10.1007/s12220-017-9948-3
http://dx.doi.org/10.1007/BF01447838
http://msp.org/idx/mr/0029997
http://msp.org/idx/zbl/0038.23502
http://dx.doi.org/10.2140/pjm.1958.8.29
http://msp.org/idx/mr/0096818
http://msp.org/idx/zbl/0083.06201
http://msp.org/idx/mr/0064154
http://msp.org/idx/zbl/0053.05301
http://dx.doi.org/10.1090/tran/6777
http://msp.org/idx/mr/3471098
http://msp.org/idx/zbl/1339.53004
http://dx.doi.org/10.1090/gsm/048
http://msp.org/idx/mr/1909245
http://msp.org/idx/zbl/1008.58001
http://msp.org/idx/mr/0037362
http://msp.org/idx/zbl/0037.05604
http://dx.doi.org/10.1515/form.2003.018
http://msp.org/idx/mr/1956971
http://msp.org/idx/zbl/1023.32007
http://dx.doi.org/10.5802/aif.2071
http://msp.org/idx/mr/2134229
http://msp.org/idx/zbl/1093.32003
http://dx.doi.org/10.4007/annals.2006.163.689
http://msp.org/idx/mr/2199229
http://msp.org/idx/zbl/1103.32004
http://dx.doi.org/10.5802/afst.1388
http://msp.org/idx/mr/3137250
http://msp.org/idx/zbl/1323.32001
http://dx.doi.org/10.1007/978-3-319-61058-0
http://msp.org/idx/mr/3700709
http://msp.org/idx/zbl/1382.32001
http://nyjm.albany.edu/j/2011/17a-2.html
http://msp.org/idx/mr/2782726
http://msp.org/idx/zbl/1225.32019
http://msp.org/idx/arx/1602.01529v2
http://dx.doi.org/10.1007/BF01343296
http://msp.org/idx/mr/0098197
http://msp.org/idx/zbl/0080.29201
http://dx.doi.org/10.1007/BF01351803
http://msp.org/idx/mr/0098199
http://msp.org/idx/zbl/0081.07401
http://dx.doi.org/10.1007/978-3-662-02267-2
http://msp.org/idx/mr/864505
http://msp.org/idx/zbl/0651.53001
http://dx.doi.org/10.7146/math.scand.a-10893
http://msp.org/idx/mr/0254275
http://msp.org/idx/zbl/0181.36201
http://dx.doi.org/10.2307/1971325
http://msp.org/idx/mr/584079
http://msp.org/idx/zbl/0455.53004


604 ANTONIO ALARCÓN AND ILDEFONSO CASTRO-INFANTES

[Kutzschebauch 2014] F. Kutzschebauch, “Flexibility properties in complex analysis and affine algebraic geometry”, pp. 387–405
in Automorphisms in birational and affine geometry, edited by I. Cheltsov et al., Springer Proc. Math. Stat. 79, Springer, 2014.
MR Zbl

[Lárusson 2010] F. Lárusson, “What is . . . an Oka manifold?”, Notices Amer. Math. Soc. 57:1 (2010), 50–52. MR Zbl

[Mergelyan 1951] S. N. Mergelyan, “On the representation of functions by series of polynomials on closed sets”, Doklady Akad.
Nauk SSSR (N.S.) 78 (1951), 405–408. In Russian. MR

[Michor 1980] P. W. Michor, Manifolds of differentiable mappings, Shiva Mathematics Series 3, Shiva, Nantwich, 1980. MR
Zbl

[Napier and Ramachandran 2011] T. Napier and M. Ramachandran, An introduction to Riemann surfaces, Springer, 2011. MR
Zbl

[Osserman 1986] R. Osserman, A survey of minimal surfaces, 2nd ed., Dover, New York, 1986. MR Zbl

[Runge 1885] C. Runge, “Zur Theorie der Analytischen Functionen”, Acta Math. 6:1 (1885), 245–248. MR Zbl

[Weierstrauss 1876] K. Weierstrauss, “Zur Theorie der eindeutigen analytischen Functionen”, Berl. Abh. 1876 (1876), 11–60.

Received 1 Mar 2018. Accepted 1 May 2018.

ANTONIO ALARCÓN: alarcon@ugr.es
Departamento de Geometría y Topología, Instituto de Matemáticas (IEMath-GR), Universidad de Granada,
Campus de Fuentenueva, Granada, Spain

ILDEFONSO CASTRO-INFANTES: icastroinfantes@ugr.es
Departamento de Geometría y Topología, Instituto de Matemáticas (IEMath-GR), Universidad de Granada,
Campus de Fuentenueva, Granada, Spain

mathematical sciences publishers msp

http://dx.doi.org/10.1007/978-3-319-05681-4_22
http://msp.org/idx/mr/3229363
http://msp.org/idx/zbl/1323.32017
http://dx.doi.org/https://www.ams.org/notices/201001/rtx100100050p.pdf
http://msp.org/idx/mr/2590114
http://msp.org/idx/zbl/1191.32004
http://msp.org/idx/mr/0041929
http://msp.org/idx/mr/583436
http://msp.org/idx/zbl/0433.58001
http://msp.org/idx/mr/3014916
http://msp.org/idx/zbl/1237.30001
http://msp.org/idx/mr/852409
http://msp.org/idx/zbl/0209.52901
http://dx.doi.org/10.1007/BF02400417
http://msp.org/idx/mr/1554665
http://msp.org/idx/zbl/17.0379.01
mailto:alarcon@ugr.es
mailto:icastroinfantes@ugr.es
http://msp.org


Analysis & PDE
msp.org/apde

EDITORS

EDITOR-IN-CHIEF

Patrick Gérard
patrick.gerard@math.u-psud.fr

Université Paris Sud XI
Orsay, France

BOARD OF EDITORS

Massimiliano Berti Scuola Intern. Sup. di Studi Avanzati, Italy
berti@sissa.it

Sun-Yung Alice Chang Princeton University, USA
chang@math.princeton.edu

Michael Christ University of California, Berkeley, USA
mchrist@math.berkeley.edu

Alessio Figalli ETH Zurich, Switzerland
alessio.figalli@math.ethz.ch

Charles Fefferman Princeton University, USA
cf@math.princeton.edu

Ursula Hamenstaedt Universität Bonn, Germany
ursula@math.uni-bonn.de

Vaughan Jones U.C. Berkeley & Vanderbilt University
vaughan.f.jones@vanderbilt.edu

Vadim Kaloshin University of Maryland, USA
vadim.kaloshin@gmail.com

Herbert Koch Universität Bonn, Germany
koch@math.uni-bonn.de

Izabella Laba University of British Columbia, Canada
ilaba@math.ubc.ca

Gilles Lebeau Université de Nice Sophia Antipolis, France
lebeau@unice.fr

Richard B. Melrose Massachussets Inst. of Tech., USA
rbm@math.mit.edu

Frank Merle Université de Cergy-Pontoise, France
Frank.Merle@u-cergy.fr

William Minicozzi II Johns Hopkins University, USA
minicozz@math.jhu.edu

Clément Mouhot Cambridge University, UK
c.mouhot@dpmms.cam.ac.uk

Werner Müller Universität Bonn, Germany
mueller@math.uni-bonn.de

Gilles Pisier Texas A&M University, and Paris 6
pisier@math.tamu.edu

Tristan Rivière ETH, Switzerland
riviere@math.ethz.ch

Igor Rodnianski Princeton University, USA
irod@math.princeton.edu

Sylvia Serfaty New York University, USA
serfaty@cims.nyu.edu

Yum-Tong Siu Harvard University, USA
siu@math.harvard.edu

Terence Tao University of California, Los Angeles, USA
tao@math.ucla.edu

Michael E. Taylor Univ. of North Carolina, Chapel Hill, USA
met@math.unc.edu

Gunther Uhlmann University of Washington, USA
gunther@math.washington.edu

András Vasy Stanford University, USA
andras@math.stanford.edu

Dan Virgil Voiculescu University of California, Berkeley, USA
dvv@math.berkeley.edu

Steven Zelditch Northwestern University, USA
zelditch@math.northwestern.edu

Maciej Zworski University of California, Berkeley, USA
zworski@math.berkeley.edu

PRODUCTION
production@msp.org

Silvio Levy, Scientific Editor

See inside back cover or msp.org/apde for submission instructions.

The subscription price for 2019 is US $310/year for the electronic version, and $520/year (+$60, if shipping outside the US) for print and
electronic. Subscriptions, requests for back issues from the last three years and changes of subscriber address should be sent to MSP.

Analysis & PDE (ISSN 1948-206X electronic, 2157-5045 printed) at Mathematical Sciences Publishers, 798 Evans Hall #3840, c/o Uni-
versity of California, Berkeley, CA 94720-3840, is published continuously online. Periodical rate postage paid at Berkeley, CA 94704, and
additional mailing offices.

APDE peer review and production are managed by EditFlow® from MSP.

PUBLISHED BY

mathematical sciences publishers
nonprofit scientific publishing

http://msp.org/
© 2019 Mathematical Sciences Publishers

http://msp.org/apde
mailto:patrick.gerard@math.u-psud.fr
mailto:berti@sissa.it
mailto:chang@math.princeton.edu
mailto:mchrist@math.berkeley.edu
mailto:alessio.figalli@math.ethz.ch
mailto:cf@math.princeton.edu
mailto:ursula@math.uni-bonn.de
mailto:vaughan.f.jones@vanderbilt.edu
mailto:vadim.kaloshin@gmail.com
mailto:koch@math.uni-bonn.de
mailto:ilaba@math.ubc.ca
mailto:lebeau@unice.fr
mailto:rbm@math.mit.edu
mailto:Frank.Merle@u-cergy.fr
mailto:minicozz@math.jhu.edu
mailto:c.mouhot@dpmms.cam.ac.uk
mailto:mueller@math.uni-bonn.de
mailto:pisier@math.tamu.edu
mailto:riviere@math.ethz.ch
mailto:irod@math.princeton.edu
mailto:serfaty@cims.nyu.edu
mailto:siu@math.harvard.edu
mailto:tao@math.ucla.edu
mailto:met@math.unc.edu
mailto:gunther@math.washington.edu
mailto:andras@math.stanford.edu
mailto:dvv@math.berkeley.edu
mailto:zelditch@math.northwestern.edu
mailto:zworski@math.berkeley.edu
mailto:production@msp.org
http://msp.org/apde
http://msp.org/
http://msp.org/


ANALYSIS & PDE
Volume 12 No. 2 2019

259A unified flow approach to smooth, even L p-Minkowski problems
PAUL BRYAN, MOHAMMAD N. IVAKI and JULIAN SCHEUER

281The Muskat problem in two dimensions: equivalence of formulations, well-posedness, and
regularity results

BOGDAN-VASILE MATIOC

333Maximal gain of regularity in velocity averaging lemmas
DIOGO ARSÉNIO and NADER MASMOUDI

389On the existence and stability of blowup for wave maps into a negatively curved target
ROLAND DONNINGER and IRFAN GLOGIĆ
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