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Abstract

The aim of this paper is to investigate a new link between integrable systems and minimal
surface theory. The dressing operation uses the associated family of flat connections of a
harmonic map to construct new harmonic maps. Since a minimal surface in 3-space is a
Willmore surface, its conformal Gauss map is harmonic and a dressing on the conformal
Gauss map can be defined. We study the induced transformation on minimal surfaces in
the simplest case, the simple factor dressing, and show that the well-known Lépez—Ros
deformation of minimal surfaces is a special case of this transformation. We express the
simple factor dressing and the Lopez—Ros deformation explicitly in terms of the minimal
surface and its conjugate surface. In particular, we can control periods and end behaviour of
the simple factor dressing. This allows to construct new examples of doubly-periodic minimal
surfaces arising as simple factor dressings of Scherk’s first surface.

1 Introduction

Minimal surfaces, that is, surfaces with vanishing mean curvature, first implicitly appeared as
solutions to the Euler-Lagrange equation of the area functional in [42] by Lagrange. The clas-
sical theory flourished through contributions of leading mathematicians including, amongst
others, Catalan, Bonnet, Serre, Riemann, Weierstrass, Enneper, Schwarz and Plateau. By
now, the class of minimal surfaces belongs to the best investigated and understood classes in
surface theory. One of the reasons for the success of its theory is the link to Complex Anal-
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ysis: since a minimal conformal immersion f : M — R3 from a Riemann surface M into
3-space is a harmonic map, minimal surfaces are exactly the real parts holomorphic curves
® : M — ¢ into complex 3-space. Due to the conformality of f, the holomorphic map
® is a null curve with respect to the standard symmetric bilinear form on ¢3. A particularly
important aspect of this approach is that the Enneper—Weierstrass representation formula,
see [27,73], allows to construct all holomorphic null curves, and thus all minimal surfaces,
from the Weierstrass data (g, w) where g is a meromorphic function and @ a holomorphic
1-form. For details on the use of the holomorphic null curve and the associated Enneper—
Weierstrass representation as well as historical background we refer the reader to standard
works on minimal surfaces, such as [19,38,47,50,55,58].

For the purposes of this paper, it is however useful to point out two obvious ways to
construct new minimal surfaces from a given minimal surface f : M — R3 and its holo-
morphic null curve ®: firstly, multiplying ® by e~, 6 € R, one obtains the associated
Sfamily of minimal surfaces fco50.sing = Re (e~ ) as the real parts of the holomorphic null
curves e~'? . The associated family of minimal surfaces was introduced by Bonnet [14], in
the study of surfaces parametrised by a curvilinear coordinate. An interesting feature of the
associated family is that it is an isometric deformation of minimal surfaces which preserves
the Gauss map. The converse was shown by Schwarz [66]: if two simply-connected minimal
surfaces are isometric, then, by a suitable rigid motion, they belong to the same associated
family.

The second transformation, the so-called Goursat transformation [30], is given by any
orthogonal matrix A € O(3, €): since A preserves the standard symmetric bilinear form
on @3, the holomorphic map A® is a null curve, and Re (A®P) is a minimal surface in R3.
As pointed out by Pérez and Ros [58], an interesting special case is known as the Ldipez—
Ros deformation. To show that any complete, embedded genus zero minimal surface with
finite total curvature is a catenoid or a plane, Lopez and Ros [48] used a deformation of the
Weierstrass data which preserves completeness and finite total curvature. This Lopez—Ros
deformation has been later used in various aspects of minimal surface theory, e.g., in the study
of properness of complete embedded minimal surfaces [51], the discussion of symmetries of
embedded genus k-helicoids [1], and in an approach to the Calabi—Yau problem [28].

On the other hand, by the Ruh—Vilms theorem the Gauss map of a minimal surface is a
harmonic map N : M — 52 from a Riemann surface M into the 2-sphere [63]. Harmonic
maps from Riemann surfaces into compact Lie groups and symmetric spaces, or more gen-
erally, between Riemannian manifolds, have been extensively studied in the past. Harmonic
maps are critical points of the energy functional and include a wide range of examples such
as geodesics, minimal surfaces, Gauss maps of surfaces with constant mean curvature and
classical solutions to non-linear sigma models in the physics of elementary particles. Surveys
on the remarkable progress in this topic may be found in [23,24,31,36,56].

One of the big breakthroughs in the theory of harmonic maps was the observation from
theoretical physicists that a harmonic map equation is an integrable system [53,60,67]: The
harmonicity condition of a map from a Riemann surface into a suitable space can be expressed
as a Maurer—Cartan equation. This equation allows to introduce the spectral parameter to
obtain the associated family of connections. The condition for the map to be harmonic is then
expressed by the condition that every connection in the family is a flat connection. This way,
the harmonic map equation can be formulated as a Lax equation with parameter. Starting
with the work of Uhlenbeck [71] integrable systems methods have been highly successful
in the geometric study of harmonic maps from Riemann surfaces into suitable spaces, e.g.,
[3,5,21,37,70,72]. In particular, the theory can be used to describe the moduli spaces of surface
classes which are given in terms of a harmonicity condition, such as constant mean curvature
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surfaces in R3 or 3, e.g., [10,32,59], minimal surfaces in 2 x R, e.g., [33], Hamiltonian
Stationary Lagrangians, e.g., [35,46], and Willmore surfaces, e.g., [4,11,34,64], and related
surface classes such as isothermic surfaces, e.g., [2,6,18].

We recall the methods of integrable systems which are relevant for our paper: given a
C,-family of flat connections d,, of the appropriate form, one can construct a harmonic map
from it. In particular, the associated family dj of flat connections of a harmonic map gives
an element of the associated family of harmonic maps by, up to a gauge by a d,,-parallel
endomorphism, using the family d,,, for some fixed u € C,. The dressing operation was
introduced by Uhlenbeck and Terng [70,71]: as pointed out to us by Burstall, in the case
of a harmonic map N : M — S the dressing is given by a gauge dy, = r), - dy, of d,
by a A-dependent dressing matrix r; [9]. The dressing of N is then the harmonic map N
that has d,, as its associated family of flat connections. In general, it is hard to find explicit
dressing matrices and compute the resulting harmonic map. However, if r; has a simple pole
u € Cy and is given by a d,,-parallel bundle, then the so-called simple factor dressing can
be computed explicitly, e.g., [9,20,70].

Parallel bundles of the associated family of flat connections also play an important role
in Hitchin’s classification of harmonic tori in terms of spectral data [37], and in applications
of his methods to constant mean curvature and Willmore tori, e.g., [59,64]. The holonomy
representation of the family d, with respect to a chosen base point on the torus is abelian
and hence has simultaneous eigenlines. From the corresponding eigenvalues one can define
the spectral curve ¥, a hyperelliptic curve over CP!' (which is independent of the chosen
base point), together with a holomorphic line bundle over X, given by the eigenlines of the
holonomy (these depend on the base point, and sweep out a subtorus of the Jacobian of the
spectral curve). Conversely, the spectral data can be used to construct the harmonic tori in
terms of theta-functions on the spectral curve X. This idea can be extended to a more general
notion [68] of a spectral curve for conformal tori f : T2 — $*. Geometrically, this multiplier
spectral curve arises as a desingularisation of the set of all Darboux transforms of f where
one uses a generalisation of the notion of Darboux transforms for isothermic surfaces to
conformal surfaces [13].

As mentioned above, by the Ruh—Vilms theorem the Gauss map of a minimal immersion
f : M — R3 is harmonic, and thus, the various operations discussed above can be applied to
its Gauss map. However, as opposed to the case of an immersion with constant non-vanishing
mean curvature, the Gauss map does not uniquely determine the minimal surface. Thus,
although the associated family and the dressing operation for the harmonic Gauss map of a
minimal surface can be defined [22], the investigation of minimal surfaces with these dressed
harmonic Gauss maps complicates. On the other hand, Meeks, Pérez and Ros [49,52], use
algebro-geometric solutions to the KdV equation to show that the only properly embedded
minimal planar domains with infinite topology are the Riemann minimal examples. The same
Lamé potentials appear in the study of the spectral curve of an Euclidean minimal torus with
two planar ends and translational periods [12]. This indicates that applying integrable system
methods may lead to a further development of minimal surface theory. Conversely, getting a
better understanding of the special case of minimal surfaces may also give insights into the
more general methods from integrable systems.

The aim of our paper is to provide further evidence that concepts on minimal surfaces
may in fact be special cases of the harmonic map theory: the Lépez—Ros deformation is a
special case of a simple factor dressing of a minimal surface.

To avoid the issue that a minimal surface is not uniquely determined by its Gauss map,
we will work with the conformal Gauss map which determines a minimal surface in 3-space
uniquely. Since minimal surfaces are Willmore the conformal Gauss map is harmonic, too.
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We will briefly recall the construction of the associated families d;, and df of flat connections
for both the harmonic Gauss map N and the conformal Gauss map S of a minimal surface
in our setup. Both are closely related: parallel sections of df can be expressed in terms of
parallel sections of d;, and generalisations f}, 4, p,q € S 3, of the associated family of minimal
surfaces fcosa,sing. It turns out that this new family f), 4, the right-associated family, is in
fact a family of minimal surfaces in 4-space which contains the classical associated family.
In view of this natural appearance of minimal surfaces in 4-space, we will develop our theory
more generally for minimal surfaces in 4-space and restrict to the case of minimal surfaces
in 3-space when appropriate. As in the case of a harmonic map N : M — S? one can
define the associated family of harmonic maps of the harmonic conformal Gauss map of a
Willmore surface [8]. In the case of a minimal surface, we show that the harmonic maps in
the associated family of the conformal Gauss map are indeed the conformal Gauss maps of
the associated family of minimal surfaces.

Moreover, due to the harmonicity of the conformal Gauss map of a Willmore surface, a
dressing operation on Willmore surfaces can be defined [4]. In particular, for the most simple
dressing operation given by a dressing matrix with a simple pole, the so-called simple factor
dressing, the new harmonic map can be computed explicitly and is the conformal Gauss map
of a new Willmore surface in the 4-sphere [4,43].

In the case of a minimal surface f : M — R* c $* we only consider simple factor
dressings which preserve the Euclidean structure and show that in this case, the simple factor
dressing of the conformal Gauss map of f is indeed the conformal Gauss map of a minimal
surface in 4-space. In fact, the simple factor dressing can be given explicitly in terms of the
minimal surface f, its conjugate and the parameters (., m, n) where u € C\{0} is the pole of
the simple factor dressing, and m, n € $3 determine the d 5 -stable bundle which is needed in
the definition of the dressing matrix. Even for surfaces in 3-space, the simple factor dressing
will in general give surfaces in 4-space. However, for n = m, the simple factor dressing of
a minimal surface f : M — R3 will be in 3-space and the Gauss map of a simple factor
dressing is the simple factor dressing of the Gauss map of f. In the simplest case when
n =m = 1 and p € R the simple factor dressing is the minimal surface

N
f* = facoshs — f5 sinhs )]
f3coshs + f5 sinhs

where s = —In|u| and f;, f;* are the coordinate functions of f and a conjugate f* of f.
In this case, we see immediately that f# is a Goursat transformation of f with holomorphic
null curve LA ® where ® = f +1i f* is the holomorphic null curve of f and

1 0 0
LF=10 coshs isinhs | € OQ@3,¢).
0 —isinhs coshs

Indeed, we prove more generally that every simple factor dressing of a minimal surface
f: M — R* with parameters (u, m, n) is a Goursat transformation. In particular, we
show that this implies that the simple factor dressing preserves completeness. If the Goursat
transform is single-valued on M then finite total curvature is preserved, too.

In the case when m = n € S3, the orthogonal matrix of the Goursat transformation is
given as Rm,mU‘R;’}m € O(3, €) where the rotation matrix R, , in 3-space is given by
me §3 cR*: decomposing m = (cos 8, g sin6) with g € R3, ||g|| = 1, the matrix Rm,m
is the rotation along the axis given by ¢ about the angle 26. In other words, the simple factor
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Simple factor dressing and the Lopez-Ros deformation 1019

dressing in R? with parameters (i, m, m) is obtained from the simple factor dressing (1)
with parameter p applied to the (inverse of the) rotation given by m.

The Lépez—Ros deformation of a minimal surface f : M — R3 is usually given in terms
of the Weierstrass data. We recall an explicit form of the Lépez—Ros deformation in terms
of the minimal surface and its conjugate surface: the Lopez—Ros deformation f, of f with
parameter o € R, o0 > 0, is indeed given by

ficoshs — f)sinhs
fo = | facoshs 4 fi*sinhs
/3

where s = In . In other words, since
fo =Re Ry m L'R,,), ®)

with u = —é andm = %(1, —1,-1,—-1)e S 3 the Lopez—Ros deformation with parameter
o is the simple factor dressing of f with parameters (w, m, m).

We investigate the periods of the simple factor dressings in terms of the periods of the
holomorphic null curve, and give conditions on the parameters (u, m, n) for a simple factor
dressing to be single-valued. We discuss the end behaviour of the simple factor dressing
on minimal surfaces in 3-space with finite total curvature ends: the simple factor dressing
preserves planar ends for all parameters and, due to the special form of the Goursat transfor-
mation, catenoidal ends if the parameters of the simple factor dressings are chosen so that
the simple factor dressing is single-valued.

We conclude the paper by demonstrating our results for various well-known minimal
surfaces, including the catenoid, Richmond surfaces and Scherk’s first surface. In particular,
the simple factor dressings of the catenoid which are again periodic are reparametrisations of
the catenoid if they are surfaces in 3-space. This immediately follows from our result that the
simple factor dressing of a catenoidal end is catenoidal, provided the simple factor dressing is
single-valued. Since planar ends are preserved for any parameters, all simple factor dressings
of surfaces with one planar end have one planar end, too.

Using our closing conditions, we show that the Lopez—Ros deformation of Scherk’s first
surface gives doubly-periodic minimal surfaces. Moreover, for any rational number ¢ > 0 we
show that the simple factor dressing (1) with parameter pu = —ﬁ is doubly-periodic, thus
we obtain a family of new examples of doubly-periodic (non-embedded) minimal surfaces.

The authors would like to thank Wayne Rossman and Nick Schmitt for directing their
attention towards the Lépez—Ros deformation and the Goursat transformation. Parts of this
research were conducted while the first author was visiting the Department of Mathematics
at the University of Tsukuba and the OCAMI at Osaka University. The first author would
like to thank the members of both institutions for their hospitality during her stay, and the
University of Leicester for granting her study leave.

2 Minimal surfaces

We first recall some basic facts on minimal surfaces in Euclidean space which will be needed
in the following whilst setting up our notation. Although we are mostly interested in minimal
surfaces in R3, some of our transforms will be surfaces in R*. Therefore, we will study more
generally minimal immersions in R* and specialise to the case of minimal surfaces in 3-space
when appropriate.
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1020 K. Leschke, K. Moriya

2.1 Minimal surfaces in R?

Let f : M — R* be a conformal (branched) immersion from a Riemann surface M into
4-space. If f is minimal, then f is harmonic, i.e.,

d+df =0

where we put x»(X) = o (Jry X) for a 1-form w € QYT M), X € TM. Here, Jry is the
complex structure of the Riemann surface M, thus, * is the negative Hodge star operator.
In particular, *df is closed if f is harmonic and there exists a conjugate surface f* on the
universal cover M of M, given up to translation by

df* = —xdf.

Note that f * is minimal, and so is the associated family (when lifting f to the universal cover
M), e.g. [25],

Jeos6,sing = f cosf + ]M< sinf, 6 eR.

We say that a minimal surface f : M — R%is single-valuedon M if fon ™! : M — R*
is well-defined where 7 : M — M is the canonical projection of the universal cover M to
M. In this case, we will identify f and f o7 ~! and write, in abuse of notation, from now on
M — R

We model Euclidean 4-space by the quaternions R* = H, and the Euclidean 3-space in R*
by the imaginary quaternions R3 = Im H. The conformality of an immersion f : M — R*
gives [7, p. 10] the left and right normal N, R : M — S* = {n € InH | n> = —1} of f by

xdf = Ndf = —dfR. 2)
Then the mean curvature vector H of f : M — R* satisfies [7, p. 39]
Hdf = %(*dR + RdR), or, equivalently, dfH = —%(*dN + NdN).
Since H is normal we have NH = HR. We put H = —R’H and denote by
(dR) = %(dR —Rx*dR), (dR) = %(dR + R *dR)

the (1, 0) and (0, 1)-part of d R with respect to the complex structure R. Then the equation
of the mean curvature vector becomes

Hdf = (dR)'. 3)

Similarly, there is also an equation for the mean curvature vector in terms of the left
normal:

1
dfH = (N = N xdN) = (dN)'. “
Note that f : M — R* is minimal if and only if
(dR) =0, or, equivalently, (dN) =0.
In other words, if f is minimal then

*dR = —RdR = dRR
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and xdN = —NdN = dNN for the left and right normal of f. Thus, both N and R are
quaternionic holomorphic sections [29] with respect to the induced quaternionic holomorphic
structures on the trivial H bundle H = M x H. Note also thatamap R : M — S is harmonic
if and only if

d(dR) =0 or, equivalently, d(dR)" =0. )

In particular, both the left and right normal N and R of a minimal surface are conformal and
harmonic.

Next, we observe that a conjugate surface f* of a minimal surface f has the same left
and right normal as f since

*df* = —x (xdf) =df = *dfR = —df*R,
and similarly xdf* = Ndf*. Since f is harmonic and xdf = —df*, the map
o= f+if":M— ¢t

IR

is a holomorphic curve in ¢4 that is, *d® = id®. Here we use “i” to denote the complex
structure of the complexification ¢* = R* + i R* to avoid confusion with the imaginary
quaternion i. If f : M — R* is a minimal conformal immersion, then the holomorphic
curve

@ = (Do, Py, B, P3): M — €*

isanull curvein €4, ie.,d®gQd Py +dP; @dD| +dPr @d D +d D3 ®d D3 = 0. In fact,
every holomorphic null curve ® : M — € gives rise to a conformal minimal immersion
by setting f = Re (®) : M — R3. Note that the holomorphic null curve of the associated
family fcose,sing Of a minimal surface f is given by ®cosp,sing = e 19® where @ is the
holomorphic null curve of f.

The Weierstrass data of f is given by the meromorphic functions

_ dds _ ddg
T dd, —iddy’ §2= dd; —idd,

and the holomorphic 1-form

81

w=dd; —idd,.

Conversely, let g1, g2 : M — € U {oo} be meromorphic functions and w a holomorphic
1-form. Assume that if m is the maximum order of poles of g;, g2, and gl2 + g% atpe M
then w has a zero at p of order at least m. Then (g1, g2, @) gives rise [39] to a holomorphic
null curve @, and thus a minimal surface f = Re () : M — R?, via

O = ll— 2_ 2 il 2 2
= gzw,z( g1 gz)w,z( +8 + 8w, gi1w ).

Our choice of Enneper—Weierstrass representation is so that it specialises to the standard
Enneper—Weierstrass representation in R? whenever f : M — H is a minimal surface with
Re (f) = 0. We allow f to be branched which happens when the order of w at p is bigger
than the maximum order of poles of g1, g2, and g% + g% at p € M. Note that f is in general
only defined on the universal cover M of M.

The Gauss map G : M — Gra(R*) of f is a map into the Grassmannian of oriented two
planes in R*. In our case, it is locally given by pdz = d® where the two-plane G(p) in
R* is spanned by Re ¢, Im ¢ at p since d® = df +idf* = df —i xdf. But Gro(R*) =
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1022 K. Leschke, K. Moriya

¢P! x ¢P! and the Gauss map G can be identified [57] with the two meromorphic functions
G1,Gy: M — ¢

o3 —igo . @3 +igo .
=——F—=g1—ig, G=—"—"FT—=g1+ig.

G = - -
@1 —1¢2 @1 =192

Indeed, stereographic projections of G| and G, give the left and right normals N and R by

N=——_2ReG,2ImGy, |G{|*> = 1),
1+|G1|2( 1 1, 1G1l )

R=——(2ReG2,2Im Gy, |G = 1).
1+|G2|2( 2 2, 1G2] )

To verify this, we note that ® can be expressed in terms of G1, G2, w as

w
dd = pdz = E(i(Gl —G2),1=G1G2,i(1+G1G2), G| + G>).

Since ¢ = fy — ify in the conformal coordinate z = x + iy, we obtain f, =
%((p + ¢). fy = 5(@ — @), and it is a straight forward computation to verify that
N = 567 (2ReG1,2Im G, |G1* = D and R = {5-5(2Re G2, 2Im G2, |Ga* — 1)

satisfy N fy = — fyR = f, which are the defining equations (2) of the left and right normal
of f.

Finally we recall the following result due to Chern and Osserman:

Theorem 2.1 ([17,54]) Let f : M — R* bea complete (branched) minimal immersion with
holomorphic null curve ® : M — €%,

Then f has finite total curvature if and only if M is conformally equivalent to a compact
Riemann surface M punctured at finitely many points pi, ..., pr such that d® extends
meromorphically into punctures p;.

2.2 Minimal surfaces in R3

We identify the Euclidean 3-space with the imaginary quaternions R3 = ImHL If f : M —
R3 is conformal then the left and right normal coincide and are given by the Gauss map
N:M — S?of f. In this case, the function H given in (4) is real-valued, and indeed, H
is the mean curvature function of f. For a minimal immersion in R3, the Gauss map is thus
both harmonic and conformal, that is,

*dN = —NdN, and d(dN) =0,

where as before (dN) = %(dN — N % dN) is the (1, 0)-part of d N with respect to the
complex structure N.
The holomorphic null curve

d=f+if" M-
gives the Weierstrass data (g, w) of f as

dds

w=dd; —idd; and g= m,

where @; are the coordinates of ® = (®, ®,, P3).
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Simple factor dressing and the Lopez-Ros deformation 1023

Conversely, a meromorphic g and a holomorphic 1-form w, such that if g has a pole of
order m at p then w has a zero of order at least 2m, give a minimal surface f : M — R3 as
f = Re (®) where @ is given by the Enneper—Weierstrass representation [27,73],

®= (11—2 Litg? )
—/ 5( g)wyi( + 8w, gw | .

For convenience, we also will occasionally use in the case of a surface in R3 the Weierstrass
data (g, dh) given in terms of the height differential dh = gw. Written in terms of (g, dh)
the Enneper—Weierstrass representation becomes

[ DT

The Gaussian curvature of f is given in terms of the Weierstrass data [41] as

4
2 dl
K—_ : ' ogg
|g|+‘g*| dh

and the Gauss map is given by g via stereographic projection

2

1
N=———(2Reg. 2Img, [g]* - ). 7
|g|2+1( g 8. 18l ) 7

Note that if we consider a minimal surface f : M — R as a surface in 4-space, that is
f : M — H with Re (f) = 0, then its Weierstrass data in R* is under our choices given by
(g1 = g, & = 0, w) and its holomorphic null curve [ (0, %(1 - gHo, i5(1 + gHw, gw) in
¢* is given by the embedding of the curve ® into €*. Moreover, we see that in this case the
Gauss map G = (G, Ga) : M — §? x §? takes values in the diagonal of $2 x $2 and
is given by G; = G, = g which is by [39,69] the condition for the Enneper—Weierstrass
representation to take values in 3-space.

As before, complete minimal immersions of finite total curvature can be characterised by
the holomorphic null curve &:

Theorem 2.2 ([57]) Let f : M — R3 be a complete (branched) minimal immersion with
holomorphic null curve ® : M — 3.

Then f has finite total curvature if and only if M is conformally equivalent to a compact
Riemann surface M punctured at finitely many points pi, ..., pr such that d® extends
meromorphically into punctures p;.

We will now give a description of embedded finite total curvature ends in terms of the
holomorphic null curve. Although the result seems to be known for vertical ends, we include
the argument for completeness.

Theorem 2.3 Let f : M — R3 be a minimal surface with complete end at p. Let z be a
conformal coordinate of M at the end p which is defined on a punctured disc D, = D\{0}
and is centered at p.

Then the following statements are equivalent:

(1) f has an embedded finite total curvature end at p.
(i) d® has order —2 at z = 0 and res;—o d® is real.

Ifres;,—o d® = O then the end is planar, otherwise, it is catenoidal.
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1024 K. Leschke, K. Moriya

Here, ® = (@1, &y, ©3) isthe holomorphic null curve of f and ord,;—o d ® is the minimum
oford,_od®; fori = 1,2, 3.

Proof We first assume that the end is vertical. By [38] an embedded complete finite total
curvature vertical end has logarithmic growth o € R satisfying res,—o d® = —(0, 0, 27 «).
The end is planar if @ = 0 and catenoidal otherwise.

Moreover, if f has a catenoidal end then the Gauss map g of f has a simple pole or zero,
and the height differential dh has a simple pole. If f has a planar end then g has a pole
or zero of order m > 1 and dh has a zero of order m — 2. In both cases, (6) shows that
ord;,—gd® = 2.

If the end is not vertical, we can apply a rotation R € SO(3, R) on f to obtain a minimal
surface f = R f with a vertical end. Then the holomorphic null curve of f is ® = R® and

thus, ord,—o d® = ord;—o d d = —2~. Moreover, the residues at z = 0 vanish at a planar end,
whereas res,—gd® = R~ res,—q d® is real for a catenoidal end.
Conversely, we will show that if ord,—gd® = —2 and res,—o d® is real, then we can

assume f has an embedded vertical end at p and its Gauss map g has a pole or zero of order
m > 1 and ord,—o dh = m — 2 holds for the height differential. From this we conclude that
the end has finite total curvature.

Ifres;—o d® = (0, 0, 0) then we can rotate the end so that we have a vertical end without
changing the order and the residues of d® at the end. In particular, we can assume that the
Gauss map g has a pole or zero at p of order m > 1. Since the residue of d® at z = 0
vanishes, we see that dh cannot have a simple pole. But then ord,—o d® = —2 implies that
dh is holomorphic with ord;—odh = m — 2, m > 2, so that with the Enneper—Weierstrass
representation (6)

S +bo+...
Z
dd = icz;zz—i—co—i—... dz, c_2,am—2 # 0. (8)
am 27" 2 a1 4
After possible translation, we thus have
c2
- t...
D)= —iF+...
‘Z‘%lzz'”’l +...
Consider the set C, = {z € Dy | ||f(z)|| = r} where f = Re (®). Since the end is at

z = 0, we have that z € C, tends to 0 for » — oco. In particular, the asymptotic behaviour of
v, = % : C, — §? is governed by

Re (—£2)

|z] Im (L:ZZ)

|C_2| 0 b

Yy ~

From [40] we know that v, converges to a horizontal circle with multiplicity when r — oo
and that the end is embedded if the multiplicity is one. From the above asymptotic behaviour
we see that the multiplicity of lim,_, ¥, is indeed one. Hence, the end is embedded but
then (8) shows that p is a planar end.

If the order of d® = —2 and res;—od® # 0 is real then we can rotate the end so that
res;—od® = —(0, 0, 2w ) for some o € R, = R\{0}. Then the order of dh is either —1 or
—2.
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We first show that the end is vertical by contradiction: if g has neither a zero nor a pole
at the end, then ord,—g gdh = ord, = o — = ord;—o dh. Using ord,—od® = —2 and the
Enneper—Weierstrass representation (6), the order of dh at the end is —2. We write

a o
dh=<722—7+a0+a12+ )dz, g=by+biz+...

where a_3, by # 0. Since

a_»b, —abg +a_rb dh a_ Olb +a_sb
gdh=< 220+ 0 21+...>dz, dh _ (a2 0 : LI
z z g boz2 byz

and res;—g d®| = res;—o d P, = 0, we have

aby +a_2b aby 4+ a_2b
(—abo +a2b1) + —— =20 =0, (~aby+ashy) — —— 3t =0
bO bO
Hence abg = 0 which contradicts « # 0 and bg # 0. Therefore, g has a zero or a pole at the
end, but then the end has vertical normal, the zero or pole of g is simple and dh has a simple
pole at z = 0, that is, the holomorphic null curve ® can be written as

F b+
dd = iCZ;22+co+... dz, c_2,a_1 #0.
“f' +ap+...
Sinceres,—od® = (0,0, —27«) we have a_; = —2m« € R and, after possibly translation,
—Re (% + .. )
f=Re®= Im (2 +...)

a_ylog|z| + Re(apz) +...)

Let as before C, = {z € Dy | ||f(2)|| = r} then the asymptotic behaviour of ¥, = L.

r

C, — S? is determined by
—Re (£2)
1 o
wr ~ > Im (T)
\/('j;f‘) + (a-1 log|z])? \a-y loglz|
Since the multiplicity does not depend on |z| we see thatin the limit 7 — oo the multiplicity
is again 1, and the end is embedded by [40]. Following the arguments in the proof of [38,

Prop. 2.1], f is a graph over (the exterior of a bounded domain of) the (fi, f>) plane with
asymptotic behaviour

Bfi, ) =alogR+ B+ R2(fi +12f2) + O(RT)

forR =,/ f12 + f22, and the end has finite total curvature [65] . O

The Lopez—Ros deformation of a minimal surface f : M — R with Weierstrass data
(g, w) is [48] the minimal surface f; : M — R3 given by the new Weierstrass data (rg, f)
with r € R,. Obviously this can be extended to a deformation f, with complex parameter
o € &, = €\{0} by using the Weierstrass data (o' g, 7).
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1026 K. Leschke, K. Moriya

Since any matrix in O3, €) = {4 € GL(3,¢) | A' = A1 preserves the standard sym-
metric bilinear form on @3, we obtain new minimal surfaces via the Goursat transformation
[30]: if f : M — R? is minimal with holomorphic null curve ® = f + i f* then A® is
again a holomorphic null curve and Re (A®) is a minimal surface in R3.

As pointed out by Pérez and Ros [58], the Lopez—Ros deformation is a special case of the
Goursat transformation:

Theorem 2.4 The Lopez—Ros deformation f, with complex parameter ¢ = 1! € €, is
given by

cost (ficoshs — f5 sinhs) —sint (f>coshs + f;*sinhs)
fo = | sint (ficoshs — f sinhs) + cost(f> coshs + f;*sinhs)
f

Proof Let ® = f +1i f* be the holomorphic null curve of f. Putting

} cost —sint 0\ [ ficoshs — f)sinhs
f=[sint cost O] | facoshs+ fsinhs |,
0 0 1 f3

a straightforward computation shows that f = Re (L, P) where the holomorphic map L, P,

o+d) o1 o

Ly = —%(o—%) (o—i—%) 0] €0G,9,
0 1

[STEESTEN

is a null curve in €3, Thus, f is a Goursat transformation of f. Indeed, if (g, w) denotes the
Weierstrass data of f then the Weierstrass data of f computes to

~ 4 . 11 (&)
o=dd; —idPy = —

o
and
- dd;
§=—F—"—==o0¢g.
dd; —idd;
This shows that f = f, is the Lopez—Ros deformation of f with parameter o € €,. O

2.3 Willmore surfaces

Using the one-point compactification of R* we consider a conformal immersion f : M — R*
as a conformal immersion into the 4-sphere. We identify the 4-sphere S* = HP! with
the quaternionic projective line where the oriented Mdobius transformations are given by
GL(2, H). In particular, a map f : M — HP! can be identified with a line subbundle
L C H?> = M x H? of the trivial H? bundle over M whose fibers at p € M are given by

Lp=f(p).

For an immersion f : M — R* the line bundle L is given by
- _(f
L =vyH, where ¢ = 1)
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when choosing the point at infinity as co = ( ) H € HP'. Oriented Mébius transformations

0
on R* = H are given by

b

vr—)(av—i—b)(cv—i—d)’l with <ccl d

) € GL(2, H).

In particular, the group of oriented Mobius transformations acts on the line bundle L given
by an immersion f : M — R* via L — BL, B € GL(2, H). Every pair of unit quaternions
m,nes’ gives an element R, , € SO(4, R) by

velll— Ry v= mon~! € H,

and conversely, every element of the special orthogonal group arises this way [16]. The
corresponding action on the line bundle L of an immersion f : M — R* is given by

Lr—)(mO)L, m,neS3.
0On

Definition 2.5 ([7, p.27]). The conformal Gauss map of a conformal immersion f : M — §*
is the unique complex structure S on H? such that S and d§ stabilise the line bundle L of f
and its Hopf field A is a 1-form with values in L.

Here, the Hopf field A of S is the 1-form given by

1 1
A= [ (xdS +SdS) = 5 (xdS)

where (dS) = %(d S — S xdS) is the (1, 0)-part of the derivative of S with respect to the
complex structure S.

In affine coordinates, the conformal Gauss map of a conformal immersion f : M — R*
is given by the complex structure, see [7, p. 42],

_ AV _(V f
S_G<_H —R)G , G_<O 1) ©)]
on the trivial bundle H? where N, R are the left and right normal of f and H = —RH with
mean curvature vector H. Thus, we see that S¢ = —y¥ R and

dS)y =Y (—dR+ Hdf).

Therefore, S and d S indeed stabilise the line bundle L = H of f. In affine coordinates, the
Hopf field computes [7, Prop 12, p. 42] to

2*A=G<O O)G—l (10)

0 T
with20 =dH + H xdfH + RxdH — H x dN satistying
*w = —wN + (dR)"H
and
T =(R) = %(dR + R %dR).
Thus, A is indeed a 1-form with values in L. Note that the Hopf field A is holomorphic [7,
p. 68] with im A C L. In particular, if A # 0, the Hopf field A gives the line bundle L
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1028 K. Leschke, K. Moriya

by holomorphically extending im A into the isolated zeros of A. Therefore, when fixing the
point at oo, the immersion f : M — R* is uniquely determined by A.

Corollary 2.6 A conformal immersion f : M — R* is minimal if and only if the Hopf field
A of the conformal Gauss map S of f satisfies

(00 .
Z*A_G<OdR>G (11)

with G = <(1) {)

In particular, if f : M — R* is minimal then *d R = —RdR and thus df A dR = 0 by
type arguments. Therefore, the Hopf field is harmonic, thatis, d * A = 0.

Theorem 2.7 ([26,62]) Let f : M — S*bea conformal immersion with conformal Gauss
map S and Hopf field A. Then f is Willmore if and only if S is harmonic, that is, if and only
if

d+xA=0.

From this characterisation of Willmore surfaces and the fact that the conformal Gauss
map of a minimal surface is harmonic we see:

Corollary 2.8 Every minimal immersion in R* is a Willmore surface in R?.

3 Harmonic maps and their associated families of flat connections

It is well-known [71] that a harmonic map gives rise to a family of flat connections. There
are various transformations on harmonic maps whose new harmonic maps are build from
parallel sections of the associated family of flat connections: e.g., the associated family, the
simple factor dressing [70] and Darboux transforms [9,15]. In this paper, we investigate the
links between the first two transformations, when applied to the left and right normals and
to the conformal Gauss map of a minimal surface f : M — R*. For the resulting Darboux
transforms and their relation to the dressing we refer to [44].

3.1 The harmonic right normal and its associated family

We equip H with the complex structure / which is given by the right multiplication by
the unit quaternion i. This way, we identify C?> = (H, I). It is worthwhile to point out
that this complex structure / differs from the complex structure i we used before. We will
use the symbol C = spanp{l1, /} to indicate that we use the complex structure / whereas
¢ = spanp{l,i}.

With this at hand, the C,-family of flat connections of a harmonic map R : M — S on
the trivial C2 bundle Qz = H over M can be written as, see for example [9,15],

do=d+0-10" + " =1V, (12)
where d is the trivial connection on H, A € C, = C\{0}, and Q = —%(*dR)” = JT(RdR -
*d R) is the Hopf field of R. Moreover,
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1 1
00 =2-1x0), Q"V=20Q+1+0Q
are the (1, 0) and (0, 1)-parts of Q with respect to the complex structure /.
In the situation when R is the right normal of a minimal surface f : M — R* the map R
is conformal with *d R = —RdR, so that 2 x Q = dR and, using RAR = —dRR,
1 1
010 = —74RU+R), 0Oh = 2ARU = R).
Recalling that I operates from the right we obtain d; = d + «; with

1
o) = EdR(—R(a —1)+b),

where a = )\+2A—1 b= I’\_lz_’\. Since —RdR = dRR and a® + b* = 1, we see

1 1
o Aoy = 2dR AdR((a— )2 +b%) = =dR AdR(1 — a).

T2
On the other hand,
1
da) = EdR AdR(a — 1),
and we showed that d), = d+«, isflatforall A € C, in our special case when xd R = —RdR.

The flatness of dj, for a general harmonic map R is obtained from (5), that is, fromd % Q = 0.

We first note that for u = 1 the connection d;, = d is the trivial connection on H,
and all parallel sections are constants. Thus, we will from now on assume that  # 1. Fix
wn € C\{0, 1} and consider a d,,-parallel section g € I'(H), that is,

O:d,tﬁ:dﬂ+%dR(—Rﬂ(a— 1) + Bb), (13)
where a = ’“‘g_l b= i“_lz_“. Denoting by
m =3 (RBa— 1)~ Bb) (14)
we obtain with R> = —1 and a® + b? = 1 that

Rm +mL = 1R(R/B(a —1)—Bb) + 1(Rﬂ(a -1 —ﬂb)L =B.
a—1 2 2 a—1

We show that m is constant: since a® + b2 = 1, RAR = —dRR and d = d Rm by (13) we
have
2dm =dRB(a—1)+ Rdf(a —1) —dpb
b
=dRB(a—1)—dR (Rm +m71) (a—1)=0.
a—

In particular, we have seen that every d,,-parallel section is given by

b

with m € H. Note that 8 is a global parallel section of the trivial connection d;, which is
nowhere vanishing if m # 0: If R(p) = m b1~ then

l—a
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b? _ 1+a _
—1=R2(p)=mmm ]=m1_am1

’

where we used a2 + b? = 1. Therefore —1 = % which gives a contradiction.

Conversely, every B given by the equation (15) is d,-parallel. Since

b i1+ p)
a—1" 1—-pn

(16)
we can summarise:

Lemma3.1 Let f : M — R* be minimal and dy, the associated family of the right normal
R of f. For n € C\{0, 1} every (non-trivial) d, -parallel section p € I'(H) is given by

B :Rm—l—mi(ll;m, m € H, = H\{0}. (17)

-

In a similar way, the associated family of the left normal of a minimal surface can be
discussed.

Remark 3.2 Note that our choice of associated family differs from the associated family
dy=d+0.— DAY + .7 = AP (18)

used in [9,15] where Ag = %(*dR)’ = %(*dR + RdR). However, since

1 1
0 = J(RAR —+dR) = Z< «d(—R) + (—R)d(—R))

we see that our family of flat connections d,, is the associated family in [9,15] of the harmonic
map —R. Indeed, both families are gauge equivalent [15]. We choose the d; family since it
is closely related to the associated family of flat connections of the conformal Gauss map.

3.2 The conformal Gauss map and its associated family

Again, we identify C* = (H?, I) where [ is given by right multiplication by the unit quater-
nion i. If the conformal Gauss map of a conformal immersion f : M — $*is harmonic, that
is d x* A = 0, by the same arguments as in the case of harmonic maps into the 2-sphere, the
C,-family of connections

di =d+ 0 —1DALY L 7 —nAOD yec,, (19)
is flat [43] on the trivial C* bundle over M where as before
ALO = %(A —I%A) and AOD = %(A +1xA)
denote the (1, 0) and (0, 1) parts of A with respect to /.
We consider the case when S is the conformal Gauss map of a minimal immersion in R*.

We fix u € C, and compute all parallel sections of dlf. If © = 1 then d;f = d is trivial, and
every constant section is parallel. Assume from now on that © # 1, and let

() =0
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and L = yH the line bundle of f. We denote by H I’ the pull back of the trivial H? bundle under
the canonical projection 7 : M — M of the universal cover M to M. Since ¢H & L = H?

every d 5 -parallel section ¢ € F(ﬂ ) can be written as

p=ca+yp

where

= —dfB (20)

and

1
dp = ZdR(Rp(a —1) - pb)

witha = £ b = {2 =1 Here we used that #d R = —RdR = d RR by the minimality
of f and thus from (11) we see

1 1
ALy, — ~VARR +1), AODy — —ZVAR(R —i).

In particular, 8 is a d, -parallel section by (13), and by Lemma 3.1 it is given by

i1+ w

B=Rm+m
l—pn

withm € H. If 8 = Ois trivial, that is, m = 0, then (20) shows that « is constant. For m # 0,
we see that

i(1+ )

a=—f*m— fm , (21
L—pu

is the general solution of (20) where f* is a conjugate minimal surface of f, that is,
df* = —xdf =dfR.
We summarise:

Proposition3.3 Let f : M — R* be a minimal surface with conjugate surface f* and
dks the associated family of flat connections of the conformal Gauss map S of f. For u €
C\{0, 1} every dlf—parallel section is either a constant section ¢ = en,n € H, or is given by

p=ex+Yp e F(ﬂz) with

(1 i (1
ot:—f*m—fml(l;u), ,3:Rm+ml(l;'u), m e H,. (22)
—u —u

4 The associated family of a minimal surface

Motivated by our observation (22) that parallel sections of the associated family of flat
connections of a minimal surface f : M — R*are given by a quaternionic linear combination
of f and its conjugate surface f*, we now discuss a generalisation of the associated family
of a minimal surface. This associated family is indeed given by the associated family of the
harmonic conformal Gauss map.
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4.1 The generalised associated family

Given a minimal surface f : M — R* with left and right normal N and R respectively, we
have seen that its conjugate surface f* : M — R* has the same left and right normals N
and R respectively since df* = — x df.

In particular, the associated family fcos0.sing = f cos@ + f*sin 6 can easily be extended
to a family

fra=Ifp+f'q:M—R

with p,q € H, (p, g) # (0,0). Since p + Rq is a quaternionic holomorphic section it has
only isolated zeros, and

dfpq=df(p+Rq), (23)

shows that f), , is a branched conformal immersion. The right normal R of f gives, away
from the isolated zeros of p + Rgq, via

Rpq=(p+ R~ R(p+ Rq) 24)
the right normal of f), , whereas the left normal N of f is the left normal
Npg=N
of fp,4 - Thus, by (4)
dfp.gHpq=(dNpy) =dN =0

and fp 4 is a (branched) minimal immersion. Similarly, we have a family of (branched)
minimal immersions 79 = pf + qf*, (p,q) # (0, 0), with right normal R”*Y = R and
left normal N?¢ = (p —gN)N(p —gN)~ .

Definition 4.1 Let f : M — R* be a minimal surface. The family of (branched) minimal
immersions

fogq=Ifp+f'a: M —>R p.gel, (p q) #0,0), (25)

where f* : M —> R*isa conjugate surface of f, is called the right associated family of f.
The family of (branched) minimal immersion

[P =pf+qf*:M—>R, p.geH, (p q) #0,0),

is called the left associated family of f.

Note that for p, g € R, (p, q) # (0, 0), we obtain the usual associated family of a minimal
surface up to scaling. Moreover, fp, qn = fp,qh 18 given by ascaling of f), , and an isometry
on R* for n € H,.

Theorem 4.2 The right (left) associated family is a S3-family of minimal surfaces in R* which
contains the classical associated family fcoso sino, 0 € R, of minimal surfaces.

The right (left) associated family preserves the conformal class, and a surface fp 4 (or
fP1) is isometric to f if and only if it is an element of the classical associated family, up to
an isometry of R*.
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Proof 1t only remains to show that f, , is isometric to f if and only if f, ; = ficos6.nsino
for some & € R and n € S3. Assume first that fp,q 1s isometric to f. By multiplying with a
unit quaternion from the right we may assume that p € R. Then |df), 4| = |df| implies by
(23)

P> +1q”* +2pRe(Rg) = |p + Rq|* =1

and thus Re (Rg) is constant. Since the stereographic projection of R is a meromorphic
function, the right normal R can only take values in a plane if R is constant. In other words, if R
is not constant then Re (Rg) = Re (RImg) = — < R,Img > is constant only if Img = 0.
But then the above equation gives p> + ¢g> = 1 with ¢ € R and (p, ¢) = (cos @, sin6) for
some 6 € R.If Risconstantthendf* = —xdf = df R gives fp 4 = f(p+Rq) = fp+Rq,0
with constant p + Rq € S3.

Conversely, fp,q = fucoso.nsing, N € 53’ then |p + Rq| = 1 and thus |dfp,q| = |df| by
(23).

A similar argument shows the statement for the left associated family. O

Remark 4.3 For any immersion f : M — R3> = ImH in Euclidean 3-space, the left and
right normal coincide. A surface in the right associated family f}, ; of a minimal surface
f : M — R3 has left normal N, 4 = N andright normal R, , = (p + Nq)"'N(p+ Ng).
In particular, we have N, , # R, , in general and thus, elements of the right associated
families of a minimal surface f : M — R3 are not necessarily minimal in 3-space but are
minimal surfaces in R*.

4.2 The associated family of the harmonic conformal Gauss map

We now give a derivation of the associated family of minimal surfaces in terms of the
associated family of harmonic maps. Recall that in the case of a constant mean curvature
surface f : M — R3 the Gauss map N : M — S of f is by the Ruh—Vilms theorem [63]
harmonic and its associated family dy, of flat connections (18) gives rise to the associated
family of constant mean curvature surfaces: for 1 € C, the map N is harmonic with respect
to the quaternionic connection dA,L forall u € S', see e.g. [9] for details. Thus, for any ‘?u‘
parallel section ¢ € I'(H) the map N, = ¢~ ' N is harmonic with respect to d. Note that
¢ is unique up to a right multiplication by a constant quaternion. This family N;, A € S',
is called the associated family of N. The Sym—Bobenko formula [10] relies on the link (4)
between the differentials of f and N to obtain the constant mean curvature surface f by
differentiating a family ¢, of parallel sections of d, with respect to the parameter A. This
way, one can obtain from the associated family N, of N a family of constant mean curvature
surfaces, the associated family of f.

In the case of a minimal surface f : M — R* with right normal R, we have seen in
Lemma 3.1 that every parallel section 8 € I'(H) of the associated family of flat connections
of R is, using (16), given by

b
B=Rm+m——, m e H,,
a—1

where @ = X = (£ and e C\{0, 1.
IfpesS' w#1 thena=Repub=ImpueR and B = (R+ L5)m with m e H,.
Thus, the associated family of harmonic maps is given by

R, =B"'RB=m""Rm.
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In particular, the harmonic map R, does not depend on the parameter w. In the case of a
minimal surface, the equation (4) does not allow to reconstruct the minimal surface from the
harmonic Gauss map. In particular, there is no Sym—Bobenko formula to obtain a minimal
surface with right normal R, via differentiation of parallel sections with respect to the
parameter /.

To obtain a non-trivial family of minimal surfaces with right normal R/, for u € C,, we
consider instead the harmonic conformal Gauss map S of f:

Theorem 4.4 Let f : M — R* be a minimal surface with conformal Gauss map S. Then,
up to Mobius transformation, the line bundle of a minimal surface fcoso.sing, 0 € R, in the
associated family of f is given by

Ly=¢"'L

where ¢ = (@1, ¢2) is an invertible endomorphism with d, -parallel columns ¢y, @2, and
w = cos(20) — i sin(20) € S'. Moreover,

Sp =0 'S¢
is the conformal Gauss map of fcoso sin6-

Proof For . € S! and invertible ¢ and (5 with d-parallel columns, we have ¢~> = ¢ B with
B constant so that L; = B! L is given by a Mobius transformation. Thus, we can assume
without loss of generality that for u # 1

¢ =(e,9)

where ¢ = ea + B is a dy-parallel section with nowhere vanishing 8. Then
—1 —1 —1 —0) 51
67y =97 (—ea +9)p =< 1 )ﬁ ,

so that Ly is the line bundle of the (branched) conformal immersion fy = —a : M — R*.
By Proposition 3.3 and (16) we have

b
o= (1 i)

since ath e R for u € S'. Writing . = cos ¥ + i sin ¥ we see

b _ sin ¥ B tz?
a—1" cos®—1 oty

We consider « up to Mobius transformations, and may thus assume without loss of generality
that m = —sin % so that

f¢ = fCOSG,sinG

for 6 = —%. For i = 1 we can choose ¢ as the identity matrix, and obtain fy = f10 = f.

By definition Sy leaves L invariant. The final statement follows by a similar argument as
in [9]. In fact, this is a special case of a corresponding statement for (constrained) Willmore
surfaces f : M — R4, see [4,8]. O
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We also get an interpretation of the right associated family: If we consider ¢ = (e, ¢) with
d 5<p = Oforsome 1 € C\{0, 1}, thenthelinebundle Ly = o 'L gives by the same argument
as above a member of the generalised associated family, up to Mobius transformation,

fo=all —a)= f*m(a—1)+ fmb= fiupma-1)-

Note however, that ¢ is not a d;f-parallel endomorphism since d,f is a complex but not a
quaternionic connection.

5 Simple factor dressing

As we have seen, the harmonic left and right normals and the harmonic conformal Gauss
map of a minimal surface give rise to families of flat connections. Conversely, if a family
of flat connections is of an appropriate form, it can be used to construct a harmonic map.
In particular, if dj,_is the associated family of flat connections of a harmonic map, one can
gauge d, with a A-dependent dressing matrix r, to obtain a new family of flat connections
d, = ry, - dy.. If ;. satisfies appropriate reality and holomorphicity conditions, then dy, is the
associated family of a new harmonic map, a so-called dressing of the original harmonic map,
see [70,71].

5.1 Simple factor dressing of the left and right normals

We first consider the case when R : M — $2 is the harmonic right normal of a minimal
surface in R* and choose the simplest possible dressing matrix: If d; is the associated family
(12) of the harmonic map R then the simple factor dressing matrix r;, is obtained by choosing
wu € C\{0, 1} and a parallel section § of the flat connection d,, of the associated family as

-~ A—n
v R v e pBC
rv = I_M’ A—fL 1
v

, ve (BO)L

In [9] it is shown that c?;\ = r;, - d, is the associated family of a harmonic map R:M— s2,
the simple factor dressing of R, and

o v

R=T71RT

where T = %(—Rﬂ(a — DB~ + Bbp~) is given explicitly in terms of 8 and u, where
a= ”+§‘_1 b= i“_lz_“ . In our case, any d,,-parallel section f is given by Lemma 3.1 and

(16) as

B=@R+pm, meH, p=m -

m
a —

Since B is nowhere vanishing, we see that
. 1 _ _
T'=_(=RBla—D+php~ =—(R+p) ",

and the simple factor dressing of R is

id+w)
m———m

R=@®R+pRR+p)  p=m——

. m e H,. (26)
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1036 K. Leschke, K. Moriya

In particular, a simple factor dressing is determined by the choice u € C\{0, 1}, giving the
pole of the simple factor, and m € H, giving the parallel bundle of d,. A straight forward
computation shows that

dR = (1+ p>)(R + p)"'dR(R + p)~"
Since
=(R+p—R>=R+p)*—RR+p)—(R+p)R—1
we see that
R+p)'A+p)R+p) " =1-R+p) '"R-=RR+p)"".
The right hand side of this equation commutes with R so that also
[(R+p) ' (1+p)(R+p)"", RI=0. 27)

Therefore,
R IRV 1
dR) = SR = RxdR)=(1+ pH)(R + p)_li(dR +RxdR)YR+p) ' =0

which shows that R is conformal and harmonic. Indeed, the simple factor dressing of the
right normal of a minimal surface in R* is the right normal of a minimal surface:

Theorem 5.1 Let f : M — R* be a minimal surface with right normal R.
Then every simple factor dressing of R is the right normal R, , of a minimal surface f) 4
in the right associated family of f.

Proof Let n € C\{0, 1} be the pole of the simple factor dressing and put, as usual, a =

1 1
B p = M) Write ¢ = mem™! for ¢ € C where m € H, determines the dj,-

parallel bundle of the simple factor dressing.
Consider the minimal surface

h=fb+ f*@a-1)

in the associated family of f. From (24) we see that the right normal of 7 = f; .| is given
by

Ri=@G—-1D""(0+R 'R+ R)G—D), (28)

where we used thata # 1 since u # 1. Now, a 2452 = 1 gives 14+p% = 1+ 7= 1)2 = 21
In particular, we have seen already (27) that (R + p)~ 1 21 (R + p)~! commutes with R so

that also

[R, (R+ p)(@—1)(R+ p)]=0.
Thus, the right normal
Ry=(+RRp+R' (29)
of the associated minimal surface # is (26) the dressing of R. ]

Remark 5.2 Note that the simple factor dressing of the harmonic right normal does not single
out a canonical minimal surface with this right normal: the element f; . | is one example
of such a minimal surface but so is pfj . | + qff;" - for any p, g € H.

, G-
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An analogue theorem holds for the left normal N of a minimal surface f : M — R*:

Theorem 5.3 The simple factor dressing of N is the left normal NP4 of an element P4 in
the left associated family of f.

As noted before, if f : M — R3 is a minimal surface in R? then the left and right
associated families give in general minimal surfaces in R*. In particular:

Corollary 5.4 Let f : M — R3 be a minimal surface with Gauss map N and assume that f
is not a plane. Let fj, ., be the minimal surface in the associated family of f whose right
normal Ry ., is the simple factor dressing of N given by n € C\{0, 1}, m € H, where

—1
plep 1
5 m .

a= m%‘flm’l,ls =mi
Then f}, ,_, is a minimal surface in R3 ifand only if 1 € S', u # 1.
Proof 1f f ., isin 3-space then Nj; , | = R; ,_,, thatis by (29)
N=(p+NN@p+N)~!
b
a—1"
In particular, it—ﬁ € R which is equivalent to i € § L w# 1.

Butthen [p, N] = 0and, since p is constant, we see that p = mi I, =1 e R,

with p = T

Conversely, for 1 € S' we know a, b € R so that fooo1 = fb+ f*(a—1) takes values
in R3. o

We will use Remark 5.2 to obtain a minimal surface in 3-space with a given simple factor
dressing as its Gauss map. This operation turns out to be the surface obtained by applying a
corresponding simple factor dressing on the conformal Gauss map.

5.2 Simple factor dressing of a minimal surface

The conformal Gauss map of a Willmore surface is harmonic and one can define a dressing
on it [4,61]. Since the conformal Gauss map determines a conformal immersion (if the Hopf
field is not zero), this induces a transformation, a dressing, on Willmore surfaces. (Actually,
Burstall and Quintino define more generally a dressing on constrained Willmore surfaces).
We will again only discuss the special case of simple factor dressing by choosing the
simplest possible dressing matrix. As before, the simple factor dressing of the conformal
Gauss map S of a Willmore surface f : M — $* is given explicitly by parallel sections of a
connection d ;E of the associated family of flat connections [43]: for u € C\{0, 1} let W, be a

d 5 -stable, complex rank 2 bundle over M with W, ®W,j = ﬂz. Fortwod 3 -parallel sections
o1, 2 € I'(W)) with ¢ = (@1, ¢2) regular, define a conformal immersion f ‘M — 4 by

£=<S+¢JL¢”>L
a—1 ’

b

—1
ﬁonﬂz andasusuala = ’”T", b=

where a%l is the left multiplication by the quaternion

ik 712_“ . Then the conformal Gauss map S of f is the simple factor dressing of S. In particular,

Sis harmonic, and f is a Willmore surface. It is known that f,, and thus f , 1s independent
of the choice of basis for W, [43]. We call the Willmore surface f a simple factor dressing

of f. Note that % € R for € S! so that f = f in this case.

@ Springer



1038 K. Leschke, K. Moriya

Note that this gives a conformal theory. However, in the case of a minimal surface f :
M — R*we are only interested in the Euclidean theory, that is, simple factor dressings which
are again surfaces in the same 4-space. Thus, we will restrict to simple factor dressings such
that S + ¢~ lqb stabilises the point at infinity co = eH. Because Se = eN by (9) where

N is the left normal of f, we have to restrlct to ¢ with ¢~ 1¢ 00 = oo. Since 7 € Rif
and only if 1 € S' we can assume that ﬁ is not real as otherwise f = f.

We recall that any dlf—parallel section ¢ # en,n € H, is given by Proposition 3.3 and
(16)as ¢ = ea + B whereaw = —(f*+ fp)m, B = (R+ p)m with p = ml(H';’j)m and
m € H. In particular, for regular ¢ = (¢1, ¢2) with two such d 5-parallel sections ¢1, g2 we

write
Y CT%) 1 (84 &
= (/‘31 ﬁz) - = (Cz Ez)

=Sy by @@= by, misma € Hy, (30)

a—1" —1

in the basis (e, ¥) where

are in the right associated family of f, and

B2 = Rmy +my

b
Pr = Rmy +m;—— (1)

1’ a—1

are nowhere vanishing parallel sections with respect to the connection d,, of the associated
family of connections of the right normal R. Assume that ¢ ¢> fixes the point at infinity.
Then there exists  : M — H, with

b a\ _ C1>
a—1 (4“2) - (Q o

Since B, B are nowhere vanishing so is {1 and the equation above shows that 2¢,” ! com-

mutes with the complex number abj ¢ R. Therefore, we have ¢, = ¢¢; withg : M — C,
and, because ¢¢ ' = Id and ¢; is nowhere vanishing, we conclude 81 + f2g = 0.

Both g1 and B, are d -parallel, and thus, g € C, is constant.

If R is constant, that is, if f is the twistor projection of a holomorphic curve in CP3, then
f* = fR + ¢ with some ¢ € H, so that with (30) and (31) we obtain ¢| + ¢2g = en with
n = —c(maq +mi) and g € C,. In other words, en is a dﬁ-parallel section of W, and we
can replace ¢ in the definition of S by & = (en, ©).

If R is not constant, we use again the explicit forms (31) to obtain from 81 + f2g = 0,
q € C,, that R(m; + m»q) is constant, which implies that m; = —myq. But then (30) and
(31) show that ¢; = —¢,g which contradicts the assumption that ¢ is regular.

Thus, from now on we can restrict to regular endomorphism ¢ of the form

*=(5 5)

in the basis (e, ) where n € H, and ¢ = ea + ¥, B nowhere vanishing, is a parallel
section of d ;E to obtain all simple factor dressings in 4-space.

Theorem 5.5 Let f : M — R* be a minimal surface and f M —> R*aq simple factor
dressing of f in 4-space.
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Simple factor dressing and the Lopez-Ros deformation 1039

Then f is a minimal surface, and f is preserved when changing the parameters (w, m,n)
to (i, mz, nw) or (=4, mj, nj) forz, w € Cy. Forpu € S the stmplefactordresszngf f
is trivial.
Proof Since /8 € I'(L) is nowhere vanishing, the line bundle Lis spanned by
o b
Y= S+¢aj¢’ (¢ — ea).

Since Se = eN and Sp = eNa — ¥ RS by (9) we conclude

.~ Na —Na otabfl —n bln ly _ a%—nabjn_]a
o= (D) + (o) + () + (70 ) = (" 58, )

in the basis (e, V). Recalling (14), that is, —Rf + ,8% = —2m(a — 1)~!, we see that
A b b —1 a — 1 —1
f-f—(ota_l —na_ln a> > m- .
We substitute o« = —fmahf1 — f*m and use a2+ b2 =1fora = mam=', b = mbm=!,

and p = nabjn‘l, to obtain

A

f:%(—f(&—1)+f*l§—ﬁ<f13+f*(&—l))).

Thus,

(ST

N ﬁ 1 " Bt
:—71’1 —h :h ’2
f 2 +2

is an element of the left associated family of the minimal surface
h= f5+ f*(& -D= f}}y(&_l)

in the right associated family of f. In particular, f is minimal. From the explicit formula
above we see that f is preserved when changing (u, m, n) to (i, mz, nw) with z, w € C,.

Since 2 2'”‘ =a, z“T’fl = b and (mj)z(mj)~' = mzm~' forall z € C,m € H,, we
obtain the same simple factor dressing for the parameters (1, m, n) and (=, mj, nj). The
final statement follows from the fact that % eRforp e St m]

Remark 5.6 Note that the last statements in the above corollary are special cases of more
general facts for simple factor dressings of Willmore surfaces: since the simple factor dressing
is independent of the choice of basis of W, and the family of flat connections satisfies a
reality condition [9], the surface is preserved under the given changes of parameter. The last
statement holds for general simple factor dressings with 1 € S'.

In particular, we emphasise again that in contrast to the simple factor dressing of the right
and left normal, the simple factor dressing of the conformal Gauss map associates a unique

minimal surface:

Definition 5.7 The simple factor dressing of aminimal surface f : M — R* with parameters
(., m, n) is the minimal surface f M — R* given by
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1040 K. Leschke, K. Moriya

m(a — Dm™1 n mbm~! b fmbm_1 n f*m(a — Dm™!
2 2 a—1" 2 2
(32)

where m,n € §3, u € C\{0, 1} and a = ’”é‘_l b= iM_lz_M'

If m = n = 1 then we refer to f* = f as the simple factor dressing of f with parameter
.

The simple factor dressing with parameter 1 of the rigid motion f = n~! fm of f is
given by
1 b b

f”=—”_]fm% +n_]f*m§—a_1

1, b 1, @1 —-12
n fm§+n fmT =n"" fm,

where f is the simple factor dressing (32) of f with parameters (u, m, n). Thus, all simple
factor dressings are build from rigid motions of the simple factor dressings with parameter

nw:

Proposition 5.8 Let f be a simple factor dressing of a minimal surface f : M — R* with
parameters (L, m, n). Then

f=Rum(Ry L (NM)

where (R;}n(f))“ is the simple factor dressing of the rotated surface R;in(f) =n"fm
with parameter (L.

Since the associated families of the left and right normals and the conformal Gauss maps
are related, we also have a correspondence between the resulting simple factor dressings:

Corollary 5.9 The simple factor dressing ofa minimal immersion f : M — R* with param-
eters (|4, m, n) is a minimal i lmmersmn f M — R,

The right and left normal of f are given by simple factor dressings of the right and left
normal of f respectively. Moreover, f is complete if and only if f is complete.

Proof The differential of the simple factor dressing f with parameters (i, m, n) is given by

N ( b )df( b 1) 4
df =—\N+n——-n~ R+m7m m(a — 1)m
a—1 2 1

where we used that df* = —xdf and *df = Ndf = —df R. In particular, the right normal

. b b\
N=[N+n n N|N+n n
a—1 a—1

of f are by (28) and (29) the simple factor dressings of the right and left normal of f which
are given by the pole 1 and the parallel sections Rm + m_~; and Nn + n_Z; respectively.

. b ! b
R=m(a—1)_1m_1 <R+m71m_l) R(R—i—milm_l) m(a — l)m_1
a—

and left normal
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Finally, f is branched at p if and only if (N (p) +n-2;n™") = Oor (R(p)+m Lym™") =
0. We already have seen that 8 = Rm + ma}’j is nowhere vanishing if m 7# 0. A similar
argument, as given before Lemma 3.1, gives the corresponding statement for the expression
in N, so that f and f have the same conformal class, that is,

|d f| = rldf| (33)

with r : M — (0, 00). In particular, the simple factor dressing f of a minimal immersion
has no branch points, and f is complete if and only if f is complete. O

From the explicit form (32) of the simple factor dressing of a minimal surface we imme-
diately see that the simple factor dressing commutes with the conjugation:

Corollary 5.10 Ler f : M — R* be a minimal surface and f* a conjugate surface of f. Then
a conjugate surface of the simple factor dressing of f is given by a simple factor dressing of
the conjugate surface f*.

Moreover; the choice of a different conjugate surface results in a translation of the simple
factor dressing in 4-space.

6 Simple factor dressing and the L6pez-Ros deformation

Given a minimal surface f : M — R* in 4-space with Weierstrass data (g1, g2, @) denote,
in analogy to the case of a minimal surface in R3, by f¢ the Lopez—Ros deformation of f
with complex parameter o € €, that is, the minimal surface given by the Weierstrass data
(og1,082, %). Similarly, the Goursat transformation is defined by Re (A(f +1i f*)) where
A € 04, ) and f* is a conjugate surface of f. In this section, we will show that the
Loépez—Ros deformation is a special case of the simple factor dressing. Indeed, all simple
factor dressings are (special) Goursat transformations.

6.1 The Lépez-Ros deformation in R*

Since by Proposition 5.8 any simple factor dressing is given in terms of the simple factor
dressing with parameter u, we will first show that these simple factor dressings are Goursat
transformations.

Theorem 6.1 Let f : M — R* be a minimal surface in R*. Then the simple factor dressing
with parameter ;v of f = fo + fii + fa] + f3k is given by

Jo
= /i (34)

cost (facoshs — f3 sinhs) —sint (f3 coshs + f5* sinhs)
sint (f>coshs — f3 sinhs) + cost (f3 coshs + f5 sinhs)

a—1
pal=p)-

where s = —1In|u|, t = arg In particular, f* is a Goursat transform of f whose

holomorphic null curve is

Pt = L1 (35)
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where ® is the holomorphic null curve of f and

10 0 0

0 1 0 0

0 0 cosh w i sinh w
0 0O —isinhw coshw

L = € 04, ¢).

withw = s +1it.

Proof Let u € C\{0, 1} and put, as usual, a = %"71, b = i“ilz_”. The simple factor

dressing of f with parameter p is given by

-1 -1
f”z—fa f*—7<f* f*aT>=T1(f)+T2(f*),
where
i) = a—1 b é d D) é b a—1 H
1(v) = — 7 _a—1U2 an 2v_v2—7_1 5 v e H.

Next, we observe for v € C = spanp({1, i} that

1v(a—l)) =0

where we used that a% + b* = 1. To compute T1(v), T>(v) for v € Cj = span{j, k} we
recall that

Tﬂv):—%(v(a—l)—i—aflvb):v and Th(v) = 1(vb—

i—1

— s+it
(=)
by definition of s and . Thus, with a — 1 = (5 b = i 177 e have
— 112+ |bJ? Im (b(a — 1 -1 ;
wz osh s, M:sinhs, and Lz_e—lf_
2|la — 1| la — 1| la — 1|

Therefore, since wv = vw for every w € C and v € Cj, we see

1 b .
T (v) = ) (v(a -1+ . 1vb) = ve " coshs

and

T _1 b it
2(11)—2 vb—a_lv(a—l) = —vie " sinhs.

Decomposing f = (fo + fii) + (f2j + f3k) and f* = (f§' + f{'D) + (f5)j + f7k), the
simple factor dressing of f with parameter u is then given by

=Ti(f) + T(f) = (fo+ fiD) + (o + fsk)e ™" coshs — (f5'j + fykyie™" sinhs

which gives (34). The final statement follows by a straight forward computation of the
holomorphic null curve. O

By Proposition 5.8 we immediately see that the general simple factor dressing is a Goursat
transformation, too.

Theorem 6.2 The simple factor dressing of a minimal surface f : M — R* is a Goursat
transformation of f.
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Proof Letu € C\{0, 1}, then by Proposition 5.8 the simple factor dressing f with parameters
(n, m, n) is given by

F=Rum (R L (M)

where R, , € SO(4,R) is the map v nvm~! and (R;}”(f))" is the simple factor
dressing of f = n~! fm with parameter . If ® denotes the holomorphic null curve of f
then the null curve of R, }n (f)isR, l” ® since R, is real. But then the holomorphic null
curve of the simple factor dressing of R, ln (f) with parameter p is L“R; ln ® by (35). Thus,

the holomorphic null curve of the simple factor dressing f with parameters (., m, n) is given
by

d = RymLIR, ), ®.
But Rn,mU‘R;}n € O(4, @) so that f is a Goursat transformation of f. O

Note that the simple factor dressing is a special case of the Goursat transformation: its
matrix 4 € O(4, €) has det A = 1 and special behaviour of the eigenspaces.

Asbefore the L6pez—Ros deformation can be given in terms of the surface and its conjugate
which immediately shows that it is a special case of the simple factor dressing:

Theorem 6.3 Letr f : M — R* be a minimal surface in R* with conjugate surface f* and
leto = e ¢ €,. Then the Lépez—Ros deformation f° of f is given by

Jo
cost (ficoshs — f5 sinhs) —sint (f>coshs + f}*sinhs)
sint (fi coshs — f; sinhs) + cost (f2 coshs + f; sinhs)

/3

where f; and f[* are the coordinates of f = fo+ fii + frj + f3kand f* = f(;* + i+
15 J + f5k respectively.

In particular, the Lépez—Ros deformation f° of f with parameter o = ‘! € €, |o| #
|—e—(s+in)

1—es—it

f7= (36)

1, is the simple factor dressing f of f with parameters (v, m, m) where =
C\{0, 1} and m = =217k ¢ &3,

From this we see again that the Lopez—Ros deformation is a trivial rotation in the i j-plane

ifo € S C €. Moreover, if o € R then u = —%.

Proof Let f° be the Lopez—Ros deformation of f with parameter o = ¢! € &, |o| # 1.
The first equation (36) is an analogue computation as in the proof of Theorem 2.4.

By assumption |o| # 1 so that u = % e C\{0, 1} is well defined. Put, as usual,
ptu!

—1
_ )
a="=5 ,b=1i 5

By Proposition 5.8, the simple factor dressing with parameters (u,m,m) is f =
Rnm (Ryb, (F))#) where (R, L, ()" is the simple factor dressing of f = R}, (f) =
m~' fm with parameter . Decomposing f = (fo+ fii) + (f2j + fzk) we have
f = (fo+ f3i) + (fij + fok) form = w, and the simple factor dressing of f
with parameter p is given by Theorem 6.1 as

= (fo+ f30) + (fij + fak)e " coshs — (f;'j + frk)ie " sinhs.
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Therefore, the simple factor dressing of f with parameters (., m, m)
f=Rumf" = fo+ fsk+ (fii + faj)e M coshs — (ffi + f5 j)ke ¥ sinhs = f°
is indeed by (36) the Lopez—Ros deformation of f. O

Remark 6.4 In particular, with Proposition 5.8 we see that all simple factor dressings of a
minimal surface are given, up to rotations, by the Lopez—Ros deformation applied to a rigid
motion of f.

If f : M — R*is aperiodic minimal surface then the periods of the simple factor dressing
f* with parameter u are immediately given by the explicit formulation (34):

Corollary 6.5 If f : M — R* is a periodic minimal surface with translational periods
y*f=f+tfory € m;(M), T = (v, T1, T2, T3), then the simple factor dressing f* of f
with parameter i is periodic with y* f#* = f* 4+ % where

70

7]
cost (tz coshs — 73 sinh s) — sint (73 cosh s + 75 sinh s)
sint (12 cosh s — 75 sinh s) 4- cos ¢ (73 cosh s + 73 sinh 5)

™ =

Here t* = (1§, t{, 15, 13y) denote the periods of a conjugate surface f* of f, that is,
y*f*=f*"+1t%ands =—Inu|,t = argﬁ
In particular, f* is closed along v € w1(M), that is, y* f* = f¥, if and only if

o) 124
=1 =0 and = « | tanhs.
3 —fz

From this, we can immediately compute the periods of all simple factor dressings by Propo-
sition 5.8.

In particular, assume that f : M — R* is single-valued on M, and that there exist
m,n € H, such that all periods of the conjugate surface f* can be rotated simultaneously
into the 1, i-plane, that is,

R € span{l, i}

nmy

for all y € m (M) where y*f* = f* + t;. Then all minimal surfaces in the complex
1-parameter family given by the simple factor dressings with parameters (i, m,n), u €
C\{0, 1}, are single-valued on M.

Finally, since a simple factor dressing of a finite total curvature minimal surface is given
by a Goursat transformation, it has again finite total curvature:

Theorem 6.6 If f : M — R* has finite total curvature and if the simple factor dressing
f M — R* of f with parameters (i, m, n) is single-valued on M then f has finite total
curvature.

Proof Since f has finite total curvature, we can assume by Theorem 2.1 that M =
M\{p1, ..., pr} where M is a Riemann surface punctured at finitely many p;. Moreover,
if @ denotes the holomorphic null curve of f then we can assume that d® extends mero-
morphically into the p;. Slnce the simple factor dressing is a Goursat transformation, the
holomorphic null curve ® of f is given by ® = AD with A € O(4, €). Thus, dd extends
meromorphically into the punctures p;. O
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6.2 Simple factor dressing in R3

Given a minimal surface in R? we now discuss when the simple factor dressing f is a minimal
surface in 3-space. Considering a surface in R> = Im H as a surface in H with vanishing real
part, we immediately see with Theorem 6.1 that a simple factor dressing of f with parameter
n € C\{0, 1} gives a minimal surface

fi
f# = cost(facoshs — f; sinhs) —sint (f3coshs + f; sinhs) (37
sint (f> coshs — f3* sinhs) + cost (f3 coshs + f; sinhs)

in R? where s = —1In|ul,t = arg u(l u) Moreover, f; and f * are the coordinates of
f=ifi+jfa+kfzand f* =if+ jf;+kf; respectively. Since any simple factor dressing
f of f with parameters (u, m, n) is given by a simple factqr dressing with parameter © and
an operation of R, ,, € SO(4, R), we see from (34) that f is in 3-space if R, ;, stabilises
C = spanp{1, i}. In particular:

Theorem 6.7 Let f : M — R3 be minimal. The simple factor dressing f with parameters
(w, m, n) withm = nx, A € Cy, is a minimal surface f : M — R3 in 3-space.

As before, we also obtain the periods of the simple factor dressing:

Corollary 6.8 If f : M — R3 is a periodic minimal surface with y*f = f + 1t fory €
m1(M), T = (11, 12, T3), then the simple factor dressing " of f with parameter w is periodic
with y* ft* = f* + t# where

7]
t = | cost (rycoshs — 7§ sinhs) — sint (z3 cosh s 4 7; sinh s)
sint (12 cosh s — 75 sinh s) 4- cos ¢ (73 cosh s + 73 sinh 5)

Here t* = (1], 1}, 1) denote the periods of a conjugate surface f* of f, that is,

y*f*=f*+ 1% ands = —In|ul, t_argu(]

*
In particular, f* is closed along y if and only if 11 = 0 and (?) = < 3 *> tanh s.
3 )

We can also investigate the behaviour of simple factor dressings in R at ends:

Theorem 6.9 Let f : M — R3? be a minimal surface on a punctured disc M = D\{p} and
f M — R3its simple factor dressing with parameter (i, m, m), m € S°.
Then the following hold:

(1) If f has a planar end at p then f : M — R3 is single-valued on M and f has a planar
end at p.

@ii) If f has a catenoidal end at p and f : M — R3 is single-valued on M then f has a
catenoidal end at p.

Proof Let p be an complete, embedded, finite total curvature end of f. We can assume that
the end of f at p is vertical: if the end is not vertical, let n € H, such that f = R,Z}l f has
vertical normal at p. Since Ry,m = Run © Ry-1, -1, and f = Rm,m((R,;}m(f))“) by
Proposition 5.8, the simple factor dressing of f is up to rotation given by the simple factor
dressing of f with parameters (w, n = m, n='m).
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In a conformal coordinate z on the punctured disk D\{0}, we know from [38], see also
Theorem 2.3, that the holomorphic null curve ® of f has ord,—0d® = —2 andres,—o dP =
—(0, 0, 2r o) where @ € R is the logarithmic growth.

By [38] the periods of the conjugate surface f* around the end are given by res,—o d ®.
Therefore, if f has a planar end then f* is single-valued on M, and if f has a catenoidal
end then the periods of f* are given by —2wak. By Proposition 5.8 and Corollary 6.8, the
simple factor dressing is single-valued for all parameters if p is a planar end. Otherwise, it is
single-valued for parameters (u, m, m) such that m~Ykm = +i, that is, m = (1 F j)A with
reC.

We know from Corollary 5.9 that the simple factor dressing preserves completeness,
that is, the end of f at p is complete. Since the simple factor dressing f is a Goursat
transformation, the holomorphic null curve of f is given by d = AD with A € O3, €)
and thus, ord;—g dd = —2. Ata planar end we have res,—q dd = res;,—od® = (0,0, 0).
Therefore, f has a planar end by Theorem 2.3.

From Proposition 5.8 and (35) we know that A = R, mE“R;]m where

1 0 0
LF=10  coshw isinhw], w=s+ir.
0 —isinhw coshw

At a catenoidal end, a single-valued simple factor dressing has parameters (u, m, m) with
m = (1 F j)r, » € C. Thus, R,;}m res;—o d® is an eigenvector with eigenvalue 1 of the
matrix £/, But then res,—o d® = res,—q d® is real, and the end of the simple factor dressing

is catenoidal by Theorem 2.3. O
Again, we obtain from Theorem 6.3 the link to the Lépez—Ros deformation:

Theorem 6.10 Ler f : M — R? be a minimal surface in R3 with conjugate surface f*. The
Lopez—Ros deformation with complex parameter o = e’ € &, |o| # 1, is the simple

. . _e—(s+in) i j—
factor dressing of f with parameters (i, m, m) where . = lliefl,t € Candm = %
We obtain as a consequence of the last two theorems the following well-known result

[48]:

Corollary 6.11 Let [ : M — R? be a minimal surface on a punctured disk M = D\{p} and
£ : M — R3 a Lépez—Ros deformation with parameter .
Then the following hold:

() If f has a planar end at p then f° : M — R3 is single-valued on M and f° has a
planar end at p.

(i) If f has a catenoidal end at p and f° : M — R3 is single-valued on M then f° has a
catenoidal end at p.

Note thatif f is a minimal surface with vertical catenoidal end at p, then the proof of Theorem
6.9 shows that the Lopez—Ros deformation is single-valued since 2m =1 —i — j — k =
(1 —j)(1 —i). In particular, the Lépez—Ros deformation of f has a catenoidal end at p, too.

7 Examples
We conclude this paper by demonstrating some of our results for well-known examples of

minimal surfaces, including Richmond surfaces and the first Scherk surface. Further exam-
ples, such as the Riemann minimal examples and the Costa surface can be found in [45]. In
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particular, as we can control the periods and the end behaviour at punctures of simple factor
dressings by choosing appropriate parameters, we obtain simple factor dressings which are
minimal surfaces with one planar end and doubly-periodic surfaces respectively. Our first
example is the catenoid for which all computations can be done completely explicitly.

The images were implemented by using the software jReality and the jTEM library of TU
Berlin.

7.1 The catenoid

We consider the catenoid f : ¢ — R? in the conformal parametrisation
f(x,y) =ix + jcoshxe ™,

where z = x + iy is the standard conformal coordinate on C with xdz = idz. The left and

right normal of the catenoid are given by the Gauss map

(i sinhx — je ™).

1
R(x,y) =N(x,y) = ——

A conjugate surface is the helicoid
iy

f*(x,y) =iy+ jisinhxe~

and, identifying z = x + iy, we obtain the holomorphic null curve

z
D)= f@)+if*@ =] coshz |:C— &,
—i sinh z
and the Weierstrass data g(z) = Eu: and w = —ije_z(eZ +1)2dz. The right associated

family f, 4 = fp + f*q is given (25) by

frq(x.y) =i(px +qy) + je " (pcoshx +igsinhx), p.q€H,
and the left associated family f77 = pf + qf™ by

fP4(x, y) = (px +qy)i + (pcoshx — gisinhx)je™™, p,qeH,

see Figs. 1, 2.
The Lépez—Ros deformation of the catenoid, see (Fig. 3), with parameter o = 511 € €,
is given, see Theorem 2.4, by

cos t(x cosh s — sinh x sin y sinh s) — sin#(cosh x cos y cosh s 4 y sinh s)
fo(x,y) = | sint(x coshs — sinh x sin y sinh s) 4 cos #(cosh x cos y cosh s 4 y sinh s)
coshx sin y

The periods of the simple factor dressing with parameter p are given by Corollary 6.8:

Lemma 7.1 The simple factor dressing f of the catenoid with parameters (i, m, m) has
translational periods

a

fe,y+2n) = fx,y)+7n (ﬂ?— ili(a—D),

p -

-1
3 m .

~ 71 — ~ .
where a =m%m Uh = mi
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Fig.1 Elements f 2 | , ; and f | | o
NN 5053 A==k
onally projected into R3

of the right associated family of the catenoid, orthog-

2 1 11 o
2, et L ati-j—k
Fig.2 Elements f v6 V6 V6 and f V2 2~/§( " )ofthe left associated family of the catenoid, orthog-

onally projected into R3

Fig.3 The Lopez—Ros deformation of the catenoid with parameter 0 =2 and 0 = 4

In particular, f(x, y+2r) = f(x, y) ifand only ifm € Cy, orm € Cyj or p € S'. In
this case, f is a (reparametrised) catenoid.

Proof Since f = Rum((R, }m (f)HH) is the simple factor dressing with parameters
(u, m,m) it is enough to investigate the periods of the simple factor dressing f* with
parameter w1 of the minimal surface f = R;,}m f. Since f (x,y+2m) = f (x,y) and
FH(x, y4+2m) = f*(x, y)+2wm~'im we see by Corollary 6.8 that the simple factor dress-
ing f* has vanishing periods if and only if 1 € S' or m~'im = =i, that is, m € C, or
m € C,j. In the former case, the simple factor dressing of f is trivial. In the latter case we
see with Theorem 5.5 that f is the simple factor dressing of f with parameter p or a~!. But
the simple factor dressing of f with parameter u is by (37) given by

FH(x,y) = ix + jcosh(x + s)e "0+
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Fig.4 Simple factor dressing of the catenoid with parameters (— 2 s(I+i—j—k)

o

Fig.5 Simple factor dressing of the catenoid with parameters (— é, %, TJ) various orthogonal projections
to R3
where s = —In |u|, t = arg ﬁ Thus, for m € C, we see that f = f" is areparametri-

sation of the catenoid. Using again Theorem 5.5 we obtain also the case m € Cj.
In the case of general parameters (., m, m), m € H,, we obtain with (32) that

f(x,y+2n):f(x,y)+n(ié—&fli(a—l))
m}

Thus, in general the simple factor dressing of a catenoid will have translational periods.
Although the resulting surfaces resemble Catalan’s surface see (Fig. 4) the simple factor
dressing of a catenoid has by Corollary 5.9 no branch points.

If we allow the simple factor dressing to be a minimal surface in R* we obtain with

Corollary 6.5 further closed minimal surfaces: for example, when choosing m = 1+k ,n =

% then the simple factor dressing with parameters (i, m, n) gives a minimal immersion
into R* by

f(x, y) = ix + ksin y cosh x + (sin y sinh x sinh s 4 j cos y cosh x cosh s)e I,

where s = —1In |u|, t = arg _(17 In particular, we immediately see that f (x,y+2m) =
fx,y) (Fig. 5).

7.2 Richmond surfaces

We will now consider examples [41], of Richmond surfaces which are minimal surfaces with
one planar end given by the Weierstrass data g(z) = 1 dh = 7/7Vdz, 1 € N, that is,
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Fig.6 Minimal surfaces with one planarend,/ =1 and/ =3

fx,y) = Re®(z), z = x + iy € C,, where the holomorphic null curve & is given, see

(6), as
1 1 ZZH—I i 1 Z2[+1 Zl 3
o RN (N [ — N , — :Cy > .
@ (2( z 2l+1)2( z+2l+1> l) *
Here we identify as before z = x + iy. Indeed, by Theorem 2.3 the immersion f has a
planar end at the puncture z = 0 since ord;—od® = —2 and the residue of d® at z = 0

vanishes (Fig. 6).
Then the conjugate surface

[Hx,y) =Im @(2)

is single-valued on C,, and so are the left and right associated family (Fig. 7).
We discuss the simple factor dressings of f with parameter ¢ in more detail for the case
| =1, that is,

ix 1 x2 —3y?2
fen=-7 (x2+y2+ 3 )

jy( 1 3x2 — y?

2 xz—i—y2+ 3

) b ke, (ny) # (0,0),

with Gauss map, using (7),

— Lo 2 2 .
N(x,y) = m(zl(x —y)+4jxy

+h((x? +yH2 = 1), (x, ) # (0,0),

and conjugate minimal surface

. 5 )
* _Q 1 y — 3x
f(x’y)_Z(szryz 3 )
j X 1 3y2 — x2
_17 (x2+y2 3 >+ky7 (xvy)#(0,0)
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12 J_ &k
—=, = + i SIS
Fig.7 Elements f¥7'v7 V7 V7 and f|, , j & of the left and right associated family of a Rich-

IViTATV
mond surface, / = 1 and [ = 3, orthogonally projected into R3

The simple factor dressing f#* with parameter p is given (37) by

ix 1 x2 —3y?
s -

1 1 3x2 — y?
+{—jy (E <x2+y2+ * 3 Y >coshs+sinhs>

1 1 3y? —x2 :
+kx (COShS_E(xZ—i—yz + 4 3 a )sinhs)}e_”, (x,y) # (0,0,

where s = —In|u|,t = arg ﬂé_‘l__] . From Theorem 6.9 we know that f#* is a minimal
surface with a planar end at the puncture (x, y) = (0, 0).

o= GstiD) . |25 D5t .
]lfeif_i;t so that p = zt—l’i = l%.SmceN" = (N +

P)N(N + p)~! and lim(x yy— 0,0y N (x, y) = —k we therefore see that

We recall that u =

lim N y) = (k= pk(p— k)7 = (i sinh(s) — ke™"").

(x,y)—(0,0) cosh(s)

In particular, the end near the puncture (x, y) = (0, 0) is asymptotic to the plane spanned by
(i + ksinhse™"") and je~'' (Fig. 8). _
By Theorem 2.4 the Lépez—Ros deformation of f with parameter o = e* ™! € €, is
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X%

Fig.8 Simple factor dressing of a Richmond surface, / = 1, with parameters yu = —7 = —% —+ IZ

Fig.9 Lopez—Ros deformation of a Richmond surface, / = 1, with parameters 0 =2 and o =7

%

Fig. 10 Simple factor dressing of a Richmond surface, / = 1, with parameters (i, m, m) with u = f% and

p=—d+bm=1-k

1 —s 3y?—x? s _ : _ 1 —s =32 s
xcost( proamwd + =5 ysint promwld + e

= : I D e P I DR R 2
fo xsmt( x2+y26 + =5—e" ) + ycost x2+y26 + e

X

[ has a vertical planar end at the puncture z = x 4 iy = 0. From the holomorphic null
curves of f and f5, 0 # 1, we see that f, is not a reparametrisation of f (Fig. 9).

@ Springer



Simple factor dressing and the Lopez-Ros deformation 1053

Fig. 11 Scherk’s first surface and its conjugate, Scherk’s fifth surface (parametrisation by height)

Fig. 12 Lopez—Ros deformation of Scherk’s first surface with parameter o = 0.6

Finally, we include some pictures of the simple factor dressing for more general parame-
ters. Note that the surfaces are single-valued for all parameters (u, m, m), and have a planar
end at z = 0 (Fig. 10).

7.3 Scherk surfaces

We will now consider the first Scherk surface given by the Weierstrass data g(z) = z, w(z) =
— Zj%ldz, that is, f = Re ® is the real part of the (multi-valued) holomorphic null curve

i 1 241
¢(z)=(ilogz+f,ilogz+ ,logZ +
z—1i z—

,z € C\{£l1, i},
[ 1) & C\EL =)
identifying again z = x + iy (Fig. 11).
Denoting by y), the positively oriented circle around p € {+1, &i} the periods y,® =
® + 1, +it, of ® are given by

Ty +itl, =270, £1, —i), To +it] =27(£1,0,i).

In particular, the doubly-periodic first Scherk surface has periods y; f = f+r1pandits
conjugate, the simply-periodic fifth Scherk surface, has periods y; f* = f* + 7.

Since 7, € spang{k} we see with Theorem 2.4 that the Lépez—Ros deformation of f* with
parameter o is doubly-periodic (Figs. 12, 13) with
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Fig. 13 Lopez—Ros deformation of Scherk’s first surface with parameter o = 1.4

L1

Fig. 14 Simple factor dressing with u = — % of Scherk’s first surface: fundamental domain for the lattice
V2j

I =< 27+/2j,27( — %) >, larger piece of the surface, and side view

cost —sint 0
y;f(, = fo + | sint cost 0] 1z,coshs.
0 0 1

Corollary 6.8 shows that the periods of the simple factor dressing with parameter p are
given by

0 +1
T = +27e™ | cost |, i, =27 | —cost sinhs |,
sin ¢ —sint sinhs
where s = —In|ul,t = arg M“liilﬂ) in particular, the periods cannot be simultaneously
closed. Moreover, since 'L’fL + rl_Ll + 1:1.” + ri‘i = 0 and 1'1“ = —rflezs we see that f# is

doubly-periodic with respect to the integer lattice generated by brf and tl.“ if s =In./q
with ¢ = %,a,b e N.
In particular, for g € N and p = —ﬁ the simple factor dressing with parameter p is

invariant under the integer lattice I’ =< ‘L'IM s ‘L'iM > since ¢ = % witha = g, b = 1, and thus

bt!' = t{* (Fig. 14).

However, as already indicated by the pictures above, in this case a simple factor dressing

is invariant under a smaller lattice: since rf‘ = —gt"  with ¢ € N, we see that the simple

factor dressing is invariant under the integer lattice [=<t" > rl.“ > (Fig. 15).
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Fig. 15 Simple factor dressing with u = — % of Scherk’s first surface: fundamental domain for the lattice

=< ri“, ffl >, translations by riM =2n(i — @) and f’:’l = —n\/ij

L

12 k

NI R v
Fig. 16 Elements f\ﬁ V1V «ﬁandfl 2 J
’ﬁ+ﬁ

« of the left and right associated family of Scherk’s

Sl
Sl

first surface, orthogonally projected into R3

We conclude the example of Scherk’s first surface by providing the pictures for the left-
and right-associated family which give minimal surfaces in R* (Fig. 16).

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and repro-
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a link to the Creative Commons license, and indicate if changes were made.
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