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SEQUENCES OF HARMONIC MAPS IN THE 3-SPHERE

BART DIOOS, JOERI VAN DER VEKEN, AND LUC VRANCKEN

ABSTRACT. We define two transforms between non-conformal harmonic maps
from a surface into the 3-sphere. With these transforms one can construct,
from one such harmonic map, a sequence of harmonic maps. We show that
there is a correspondence between non-conformal harmonic maps into the 3-
sphere, H-surfaces in Euclidean 3-space and almost complex surfaces in the
nearly Kshler manifold S3 x S3. As a consequence we can construct sequences
of H-surfaces and almost complex surfaces.

1. INTRODUCTION

Consider a map f: S — S® from a Riemann surface S into the unit 3-sphere.
The map f is harmonic if it satisfies the equation Af + |df|?f = 0 where A is
the Laplacian on the surface S ([7]). The map f is conformal if it preserves the
conformal structure on S, that is, (3f,df) = 0 where d stands for %. In this
case, f is a minimal immersion of the surface in the 3-sphere. For a recent and
broad survey on harmonic maps, the reader is referred to [8]. In this article we
will almost always assume that f is not conformal: (9f,df) # 0. We will show
that to a non-conformal harmonic map from S to S® one can associate two new
maps from S to S which are also non-conformal and harmonic. In fact one can
define a sequence {f? | p € Z} of non-conformal harmonic maps from S into S®
where f? = f. These will be the main results of Section 3.

The transforms of harmonic maps were inspired by the work [4]. In that article
Bolton and the last author described transforms to minimal surfaces in S° with
non-circular ellipse of curvature. Antic and the last author [1] generalized these
transforms for superconformal minimal surfaces in odd-dimensional spheres S$27+!
whose (n — 2) higher-order ellipses of curvature are circles. These transforms are
natural generalisations of the polar construction for superconformal minimal sur-
faces in odd-dimensional spheres (see [3] and for surfaces in S? see [9]).

In Section 2 we first give some preliminaries on quaternions. Quaternions turn
out to be very convenient for describing surfaces in the 3-sphere. A study of sur-
faces in spheres using a quaternionic language can be found in [6]. In this reference
however conformal maps are studied whereas in this article we will mostly consider
non-conformal maps. Next we will define an adapted frame for non-conformal har-
monic maps and derive the moving frame equations and the compatibilty conditions
for this frame.

In Section 4 we will address the following problem. Given a non-conformal har-
monic map f from a surface into the 3-sphere we can transform it into a new
non-conformal harmonic map. When are a non-conformal map f and its trans-
formed map equal up to an isometry of $3? The maps satisfying this property are
certain parametrizations of Clifford tori. Since the transforms are generalizations
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of Lawson’s polar construction for minimal surfaces, this question is analogue to
the question when a minimal surface is congruent to its polar surface. The only
minimal surface in S® congruent to its polar is the Clifford torus Sl(%) X Sl(%).
In order to answer our question we will prove an existence and uniqueness theorem
(Proposition 4.1) that very much resembles the classical existence and uniqueness
theorem of Bonnet. Using the Bonnet-type theorem and a technical lemma, we can
answer our question in Theorem 4.3.

The original motivation of the authors to investigate these transforms of har-
monic maps is the study of almost complex surfaces in the nearly Kéhler mani-
fold S3 x S3. In the paper [2], Bolton, Dillen, Dioos and Vrancken found a corre-
spondence between almost complex surfaces in 5% x S3 and H-surfaces X in R?,
that is, surfaces that satisfy the Wente H-equation X, + Xy = —%Xx x Xy.
Moreover, on such an almost complex surface there exists a quadratic holomorphic
differential. In Section 5 of the present paper we will discuss the relation between
harmonic maps to S3, H-surfaces in R? and almost complex surfaces in S3 x S3.
In Theorem 5.3 we prove that almost complex surfaces in S® x S correspond to
harmonic maps in the 3-sphere, and vice versa. This correspondence follows quickly
from the results in [2] we just mentioned and a non-conformal analogue of Law-
son’s correspondence Theorem (Proposition 5.2). As a corollary one can associate
a whole sequence of such surfaces to one given almost complex surface in S® x S3
with non-vanishing differential.

2. HARMONIC MAPS TO S°®

The ring of quaternions H can be identified with the vector space R*. If quater-
nions are written as real linear combinations of the basis elements 1, ey, es and ez,
then the quaternion multiplication is determined completely by the identities

e% = e% = e§ =e1e0e3 = —1.
A quaternion that is a linear combination of e1, e3 and e3 is called an imaginary
quaternion. The set of imaginary quaternions ImH can be identified with the
Euclidean space R?. The product of two imaginary quaternions o and S is given
by

(1) af =—(a,f) +axp

where (, ) is the Euclidean inner product and x is the usual vector product on R3.
The quaternions are very useful to describe the 3-sphere and its tangent spaces.
The 3-sphere S is the set of unit quaternions {p € H | |p|| = 1}. One can
prove that (uv,uw) = (u,u){v, w) for all quaternions u, v and w. Therefore pa is
orthogonal to p for every imaginary quaternion « and the tangent space at p is

(2) T,9° = {pa | @ € ImH}.

On a surface we will use complex coordinates, so in order to describe the complex-
ified tangent vectors we will need the complexified quaternions H ® C = H & ¢H.
The element ¢ must be distinguished from e; € H. The complex bilinear extension
of the Euclidean metric and vector product will also be denoted by (, ) and x. The
product of two complexified quaternions p; + ips and ¢ + igo is

(p1 +ip2)(q1 +iq2) = (P11 — P2q2) + i(p1g2 + P2q1).

The conjugate of a complexified quaternion p; + ips is equal to

p1 +ip2 = p1 — ip2
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and is denoted with a bar. In contrast, the conjugate of a quaternion p is written
as

p* = (a+bey + cea + des)” = a —bey — cea — des.

So ~ means conjugation with respect to the imaginary 7 and * is conjugation with
respect to the three imaginaries ey, es, es.

Now consider a harmonic map f: S — S® C H from a Riemann surface S into
the 3-sphere S3. Choose a local complex coordinate z = x + iy on S. Denote %
and % by 0 and O respectively. Similarly the derivatives of f with respect to the
real coordinates x and y will be written as f, and f, respectively. We introduce
the H @ C-valued function

fi=20F.
Since (f, f) = 1, it follows that (f, f1) = 0.

Harmonicity means that 00f = —|0f|>f. If f is in addition a conformal map, f
is a minimal isometric immersion of S in S3. We assume that f is not conformal.
By the harmonicity of f, the function (f1, f1) is holomorphic. Since f is assumed
to be non-conformal, (f1, f1) is non-zero. Therefore there exists a complex coordi-
nate z such that (fi, f1) = —1. We will call such a coordinate an adapted complex
coordinate for f.

By (2) there exist functions o and § with values in ImH such that f, = fa
and f, = fB. This means that fi = 1 f(a —iB). It follows from (f1, f1) = —1 that

<CY,CY> - <ﬁ7ﬁ> = _47 <Oé,6> = 0
Hence there is a non-negative smooth function ¢ such that
(3) |a| = 2sinh ¢, |8 = 2 cosh ¢.

Note that 8 is nowhere vanishing by equation (3), but « can be zero. At points
were « is not zero the vectors f; and f; are linearly independent and ¢ is positive.
In the following we will tacitly assume that we are working on the open subset U
of S where a # 0. On this set ¢ is positive and the image f(U) is a surface in
the 3-sphere. At a point of U define N to be the real unit vector in the direction
of f(ax 3). Then N is orthogonal to {f, f1, f1} and

If(a x B))? = (o, a)(B, B) — (v, B)? = 4sinh® 2¢,
hence f(ax ) = +2sinh 2¢ N. For definiteness we take N such that the orthogonal
frame {f, fu, fy, N} in R?* is positively oriented, so N = %csch 20 f(a x B). We

have now defined a complex moving frame F = {f, f1, f1, N} for f on the set U.
The matrix A of complex inner products of the vectors of F is

1 0 0 0

10 -1 cosh2¢ 0

(4) A= 0 cosh2¢ -1 0
0 0 0 1

Now we give the moving frame equations for F. Write u = (0f1, N). An easy
calculation using (4) gives the equations in terms of ¢ and pu.

of = fr,

Of1 = f +20¢(coth2¢ fi + csch2¢ f1) + pu N,
df1 = —cosh2¢ f,

ON = —pcsch2¢(csch2¢ fi + coth 2¢ f).

()
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The corresponding J-equations can be found by simply taking the conjugates of the
above ones. The compatibility conditions Q0F = Q9F for the frame F give

200¢ = — sinh 2¢ + |p|? csch 2¢,

Op = —2[i0¢ csch 2.
The complex function p measures the rate at which the image of f is pulling away
from the great 2-sphere tangent to the image of f. If f is a map into a great 2-

sphere, then p vanishes and the above compatibility condition for ¢ becomes the
sinh-Gordon equation.

(6)

Remarks 2.1. (1) A non-conformal harmonic map f from a compact sur-
face S to the 2-sphere always must have a singular point. Indeed, suppose
such a map does not have singular points, then ¢ is a positive function
on a compact surface satisfying the sinh-Gordon equation. But then the
maximum principle gives a contradiction.

(2) Recall that by Hopf’s lemma there are no non-conformal harmonic maps
from the 2-sphere to the 3-sphere.

3. THE TRANSFORMS

Let f: S — 52 be a non-conformal harmonic map. In this section we will first
show how to associate to f two new non-conformal harmonic maps f™ and f~
from S into S3. Moreover, if z is an adapted complex coordinate for the map f,
then it also is an adapted coordinate for f* and f~. Then we will show that the
two transformations are each others inverse in the sense that (f*)~ = (f~)" = f.
Consequently we can associate a sequence {f? | p € Z} of non-conformal harmonic
maps from S into S3 to the map f° = f.

Fix a point p € S3 and consider the vectors

(7) +sin Hﬁ + cosON

|£8
in Ty(,)S®, where 6 is chosen such that cos = |a|/|3| = tanh ¢ and sin 6 = sech ¢.
The ellipse F with fa and ff as minor and major semi-axes is the image of a
circle in the tangent plane to S at p under df. The cosine cos is the ratio between
the lengths of the minor and major axes of this ellipse and is a measure for its
eccentricity as well as for the non-conformality of f. The vectors above now have
the following geometrical meaning. Let Ry be the rotation of Tf(p)5’3 about the
minor axis of E through the angle . Then the orthogonal projection of the rotated
ellipse Ry(F) onto the plane containing F is a circle. Of course, the same holds for
the rotation R_g = R, ! The vectors above are the images of the unit normal N
under the rotations Ry and R_g.
We can rewrite the vectors in (7) as

o fr= gsech®9(fi — i) + tanh o N,
8 )
J~ = =5 sech’ 6(f1 — fi) + tanh 6 N,

where we have used f3 = i(f1 — f1) and | 3] = 2 cosh ¢. By varying the point p, we
can look at f* and f~ as maps from S to S® again and we call them the (+)transform
and (—)transform of f respectively. If f were conformal, that is if |a| = |5] every-
where, the expressions (7) would still make sense. In fact, we get 6 = 0 and recover
the polar surface of the minimal surface f, see [9]. From now on we restrict to the
non-conformal case and we denote the transforms (8) by f¢ where € is 1 or —1.
All objects and functions related to f¢ will be denoted with a superscript . For
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instance, o and ¢ are the functions such that 0f¢ = %fg(aE —10%) and ¢° is the
non-negative smooth function that satisfies the e-analogue of (3).

Remark 3.1. In [7, p. 64-65] Hélein describes how to associate to a harmonic map
from a surface to S? two new harmonic maps from the surface into the 3-sphere.
These harmonic maps are conformal, so they are different from the transforms we
describe here.

Theorem 3.2. Let f: S — S be a non-conformal harmonic map from a Riemann
surface S into the 3-sphere. Then the tranforms f+ and f~ are also non-conformal
harmonic maps from S to S3. Furthermore, an adapted complex coordinate for f
is also an adapted complex coordinate for f™ and f~.

Proof. First we define f{ = 9f°. Using the definition (8) of f¢ and the moving
frame equations (5) for F one gets

(9) fi=cif— %(u — 2¢id¢) sech?® ¢(csch 26 f1 + coth2¢ fi — ei N).
A computation using the inner products (4) then gives

(fi, fi) = -1,
(10) Ifi2 =1+ %Iu — 2¢i¢|? sech? .

So the coordinate z is an adapted complex coordinate for f< as well.
Next we will show that f¢ is a non-conformal harmonic map. We have just
showed that (ff, ff) is non-zero, so f§ clearly is non-conformal. We still have to

check that 00 f¢ is a multiple of f¢. An easy calculation using (4) gives

(1) =0
<f€7 f1> = —€&1,
(11) <f€7f_1> = &1,
(f¢,N) = tanh ¢
Equation (9) gives
(i, f) =ei,
(f, f1) = —tanh ¢(p — 2€i09),
(2 (i) =0,
(fF,N) = 5 sech’ (u — 22i09).

Now we can calculate the inner products of 90 with the frame vectors of F. The
first inner product is

<a(§f8,f> :5<ff7f>_ <f1€7f1> = 0.

With a similar calculation using the compatibility conditions (6) and equation (10)
the other inner products become

00f°, 1) = =il f5 12,
(00f°, f1) = —<il fi P,
(90f%, N) = — tanh | f7 2.

Comparing with (11) we have now shown that 9 f¢ = —|f{|>f¢ and thus f¢ is an
harmonic map into the 3-sphere. O

Lemma 3.3. The function ¢° is positive on an open dense subset U of S.
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Proof. From the expressions for (ff, ff) and |f{|? it follows that (af, o) = |u —
2¢i0p|? sech® . So ¢° is non-negative and is zero if and only if y = 2¢id¢. The
compatibility conditions (6) for the moving frame F give

I(p — 2¢i0¢) = ei(sinh 2¢ — i csch 2¢(pu — 2£i0)).

If u = 2€i0¢ on an open set, the equation gives sinh 2¢p = 0, which means ¢ = 0.
This gives a contradiction. ([

By Lemma 3.3 the normal N¢ and the moving frame F¢ = {f¢, f§, f5, N} of the
new harmonic map f¢ are well-defined on an open dense set U°. The e-analogues
of the moving frame equations and compatibility conditions for F¢ hold on U€.

Next we prove that the (4)transform and (—)transform are mutual inverses.
Before doing so, we calculate the functions o, 5 and a® x ¢ in terms of «, (3, ¢
and p.

Lemma 3.4. If p = p1 +ip2 and ¢y = % and ¢ = g—fj, then
o = (u2 —e¢y) csch2¢ o

+ %(Hl —epy) tanh ¢ sech? (b(ﬂ — %csch2 oo X ﬁ),
B% = (u1 —e¢y) csch2¢ a + sech® ¢(1 — & (p2 — £6,) tanh @) B

+ %sech2 (1 + (p2 — e¢z) csch 2¢)a x 3,
af X % =2ecsch2¢(p —egy) v — %sech4 gb(|,u|2 + (p2 — €¢,) sinh 2¢)ﬂ

- isech4¢(|u|2 + 2(ug — €¢z) coth @) a x .

Proof. The e-transform f€ is a map to S®, so f(f°)* = 1. Hence o — if3* =
2(f¢)* f§. The definition of the transform f¢ and expression (9) for f{ give

of —ifff = (ei sech? ¢(fy — f1)* + 2tanh ¢ N*)-

(aif - %(u — 26id¢) sech? ¢(csch 26 f1 + coth2¢ fi — ei N)

The equality (pa)* = —ap* holds for every quaternion p and every imaginary
quaternion «. This equality and (3) give
* 1 r \* .
N*f = —5csch2da x B, (fr=fu)"f =B,

N*fy = 5 (a6 icothga), (i~ i)' fr = ~2cosh’ 6 — 2o x

_ 1 _
N*f1=—§(tanh¢ﬁ—icoth¢a), (fi — f1)*N =icoth¢a.
Substitution of these equations give
of —iff¥ = —isech? gb(ﬂ + %a X [3) — (u — 2e€10¢) (z csch2¢ «
2 4
—% tanh ¢ sech” ¢ 3 + £ coth ¢sech”™ g o x B).

After expanding the product in the last term and simplifying some hyperbolic
trigonometric identities, one obtains the expressions for a® and 3°. The expression
for o x 8¢ can be calculated by using the formula u x (v X w) = (u, w)v — (u, vV)w
and the inproducts (3).

Theorem 3.5. Let f: S — S3 be a non-conformal harmonic map. Then the
(4+)transform and (—)transform of f are mutual inverses in the sense that

(fH" =) =1
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Proof. Consider a non-conformal harmonic map f: S — S3. Let ¢ and & be such
that e€ = —1. Note that

ffF= %sech2¢f(aﬁ+ %a X [3).

Therefore

(f)”

%sech2 o°f° (éﬁa + %aa X ﬁ8>

1 1 1
=1 sech? ¢ sech? ¢5f(5ﬁ + 3¢ X B) (éﬁs + §as X ﬁ5>.
Lemma 3.4 and a good amount of arithmetic then yield

(13) (f5)° = %sechQ ¢sech® ¢ f (| — 2¢i0¢|* + 4 cosh® ¢) = f.

So the (+)transform and (—)transform are each others inverses. O

Theorem 3.5 allows us to associate to a non-conformal harmonic map f: S — 3
a sequence {f? | p € Z} of such harmonic maps by defining f° = f and, for every
integer p, fPT! = (fP)* and fP~! = (fP)~. Moreover, if z is an adapted complex
coordinate for one of the maps fP in the sequence, then it is an adapted complex
coordinate for every map in the sequence. In the rest of the article we will refer to
this sequence as the sequence associated to the map f.

4. SEQUENCES OF HARMONIC MAPS

In this section we answer the following question: when is a non-conformal har-
monic map f from a surface to the 3-sphere the same as its e-transform f*? Two
maps are considered to be the same if they are equal up to an isometry of the
3-sphere. Note that in this case all maps in the sequence associated to f are con-
gruent by Theorem 3.5. Proposition 4.1 gives a criterium for this. It tells us that
two non-conformal harmonic maps are equal, up to an isometry of S3, if their re-
spective functions ¢ and p as defined in Section 2 agree. Proposition 4.1 is an
analogue of the classical existence and uniqueness theorem of Bonnet. Next we
find two relations between the functions ¢° and p® of the e-transform f¢ and ¢
and p of the original map f. With the use of the Bonnet-type theorem and the
relations between ¢, u and ¢°, u°, we determine all the non-conformal maps that
are congruent to their e-transforms.

Proposition 4.1. Let ¢ be a real positive smooth function and p a complex function
on a simply connected surface S satisfying the differential equations (6). Then there
exists a non-conformal harmonic map f: S — S* such that all the inner products
of the frame F = {f, f1, fi, N} are given by (4) and (0f1, N) = u. Furthermore
such a map f is unique up to isometries of S3: if g is another map satisfying the
above conditions, then g = Ro f where R € O(4).

Proof. (Existence.) Fix a point p in S. We consider the moving frame equations (5)
as a system of first order differential equations with the R*-valued functions f, fi,
f1 and N as variables. Since the integrability conditions are assumed to hold, there
exists a unique solution f, fi, f1 and N on S such that the ten inner products (f, f),
(f, f1), ..., (N, N) are given by the matrix (4) at the point p.

The inner products satisfy the system of twenty linear differential equations

8<faf>:F1(<f7f>a"'v<NaN>v¢vﬂ)a 5<faf>:F1/(<f7f>a"'a<NaN>v¢vﬂ)a

5<N,N>:F10(<f,f>,...,<N,N>,¢,,u), 5<N7N>:F1/0(<fuf>7"'7<N7N>7¢wuf)'
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The functions Fi, ..., F{, are linear with respect to the inner products and depend
on ¢ and p. It is a straightforward task to check that the functions in the entries
of the matrix A also satisfy this system of equations. Since both solutions agree at
the point p, they must be the same at all points of S.

Finally note that the two differential equations df = f1, 0f = fi are integrable,
so there exists a smooth map f from S to R*. The inner products (f, f1) and (f, f1)
are zero, so f is a map into a 3-sphere. The first and third moving frame equations
imply that f is harmonic. The non-conformality is clear. The existence part is now
proven.

(Uniqueness.) Assume that there are two non-conformal harmonic maps f and g
from S into S* such that ¢y = ¢, and puf = p,. After applying an isometry of the
3-sphere we may assume that the tangent vectors and normals of f and g agree
at p:

f(p) = g(p), f1(p) = 91(p), N¢(p) = Ny(p).

Moreover by the assumption the maps f and ¢ satisfy the same moving frame
equations (5). By the uniqueness for solutions of ordinary differential equations f
and g are the same. ([l

This proposition will allow us to give an alternative proof of two uniqueness and
existence theorems in [5]. We come back to this remark in Remark 5.4 (2).

Lemma 4.2. Let f: S — 83 be a non-conformal harmonic map and f° its e-
transform. Then the functions ¢, and ¢°, u° satisfy the following relations.

(14) 4sinh® ¢° = | — 2¢i0¢|* sech® ¢
(15) 4sinh? ¢ = |p® + 2€i0¢°|? sech? ¢°
(16) tanh ¢ (u® + 2¢i0¢°) = tanh ¢(u — 2€idP)

Proof. Equation (14) was already found in the proof of Lemma 3.3. By Theorem 3.5
we know that (¢€)° = ¢ for & = —¢, so equation (15) follows from (14):

4sinh® ¢ = 4sinh?(¢°)° = |u° + 2£i0¢°|? sech ¢°.

For equation (16) we consider the matrices M and M€ such that

af ! (af)° i af
e | =mg| 5 |, F | =M
af x 3¢ axf (aa)a % (Ba)a af x 3¢

The first equation is just the matrix notation of the three equations in Lemma 3.4,
so the elements of M{ can readily be read from those equations. The expression
for the matrix M¢ is the same as the one for Mg, but one has to perform the
changes ¢ — —¢, ¢ = ¢° and p — p°. By Theorem 3.5 we know that MEM§ = 1.
The equations in the (1,1)- and the (2, 1)-entry of M:M§ = I give us the equations
(11— edy) (1] +€9y) + (2 — es) (15 + €¢5) = sinh 24 sinh 2¢°,
(h2 — ) (p1 +€0y) — (11 — £9y) (p3 + €¢7) = 0.
The diligent reader can check that the other seven equations in MZM§ = I be-
come trivial after substitution of (14), (15) and the equations (17). The sys-
tem of equations (17) is linear in pj + e¢j and p5 + ¢ and its determinant
is —|pu — 26id¢|> = —4sinh? ¢° cosh? ¢, which by Lemma 3.3 is non-zero on the
open dense subset U¢. Solving the system of equations gives

pi + ey, = tanh ¢ coth ¢ (1 — edy),

p5 + e¢g = tanh ¢ coth ¢ (u2 — edy),

which are the real and the imaginary part of equation (16). (I

(17)
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Theorem 4.3. The following statements are equivalent.

(a) a non-conformal harmonic map f is congruent to its e-transform f€;

(b) ¢ =¢° and p = p°;
(c) the function ¢ is constant; and
(d) the function p is constant and non-zero.

If one of these statements holds, all maps in the sequence associated to f are the
same up to congruence.

Proof. The first equivalence is an immediate corollary of Proposition 4.1.

Now we prove the equivalence of (b) and (¢). If ¢ = ¢° and pu = p°, then
it follows from equation (16) that d¢ is zero, so ¢ is constant. This proves one
implication. For the converse implication the equations (14) and (6) give

4sinh? ¢° = |u|? sech® ¢ = 4sinh® ¢,

so ¢ = ¢° and therefore p = p® by (16).

Next we prove the equivalence of (c) and (d). If ¢ is constant, the two com-
patibility conditions (6) give |u|?> = sinh®2¢ and dp = 0. So u is a holomorphic
function with constant modulus. By the maximum modulus principle p is a con-
stant function. Since ¢ is positive, p is non-zero. Conversely if p is a non-zero
constant then ¢ also is constant by the second compatibility condition in (6) and
the positiveness of ¢.

The last assertion follows directly from the fact that the (+) and (—)transforms
are each others inverse. O

In order to find explicit expressions for the maps that satisfy the conditions
in the previous theorem one can in principle integrate the moving frame equa-
tions (5). This approach however is not very practical. Therefore we will follow
another approach. Note that the images of the harmonic maps with constant ¢
and pu are surfaces with constant principal curvatures. Furthermore these surfaces
are flat, because the frame vectors f, f;, fy and N are orthogonal and have con-
stant length. Therefore the harmonic maps with constant ¢ and g must be certain
reparametrizations of Clifford tori, because these tori are the only flat surfaces with
constant principal curvatures in S3. This observation leads to the next classifica-
tion.

Theorem 4.4. Consider the maps f: R? — S3 defined by
(18)  f(=,y) = (rcos(azx + by), rsin(azx + by), scos(cx + dy), ssin(cx + dy)),

where r and s are non-zero real constants satisfying r> + s> =1 and

(19) a= %sinh¢cos6‘, b= —% cosh¢gsinf, ¢ = gsinhqﬁsin& d= %cosh¢cos€
for some real constants ¢ > 0 and 6 related by

(20) 0 = % arccos((s* — r”) cosh 2¢).

These maps are non-conformal harmonic maps with adapted coordinate z = x + iy
and the constant ¢ plays the role of the function ¢ in the moving frame equa-
tions (5), in particular (f., f.) = 4sinh® ¢ and (f,, f,) = 4cosh® ¢ are constant.
The function p appearing in (5) is also constant, more precisely,

(21) = siuh 2¢ ((r2 — 5%)sinh 2¢ — i\/l — (12 — 52)2 cosh? 2(;5) .

2rs

Moreover, these maps are congruent to their e-transforms and, conversely, all non-
conformal harmonic maps congruent to their e-transform are of the form (18).
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Proof. Consider a map f of the form (18). An easy calculation gives
(for fz) = a®r® + 352,
(for fy) = abr? + cds?,
(fy, fy) = 0*r? + d*s%.

It follows from (19) that (fs, f.) = 4sinh® @, (fa, f,) = 0 and (f,, f,) = 4 cosh® &,
so f is non-conformal and the coordinate z = x + iy is adapted. The map f is

harmonic if and only if fi. + fyy = —(|f2|* +|fy|?)f. A calculation shows that this
is equivalent to a? + b? = ¢ + d?, or, by (19), to

cos 20 + (r? — s%) cosh 2¢ = 0.

By the definition (20) of 0, this condition is satisfied. Now we only have to calcu-
late 1 = (0f1, N). The normal N is

N = (scos(az + by), ssin(az + by), —r cos(cz + dy), —rsin(cz + dy)).

Hence, the real and imaginary parts of u are given respectively by

1 2 g2
M1 :Z<fmw_f1ﬂ/7N>: rs Sinh22¢u
1 \/1 — (r2 — 52)2 cosh® 2¢ .
H2 = _§<fzy7N> = - Irs Slnh2¢'

Since ¢ and p are constant, f is congruent to its e-transform by Theorem 4.3.

The converse statement is now easy to prove. By the uniqueness clausule of
Proposition 4.1 it suffices to show that for the maps (18) every positive real number
¢ and every complex number y with modulus sinh 2¢ can occur. For ¢ this is trivial.
We will now show that every complex number pg = sinh2¢ e’ can occur. If we
write r = cos p and s = sin p, the expression (21) for u becomes

1 = sinh 2¢ (cot 2psinh 2¢ — i csc 2p\/1 — cos2 2p cosh? 2¢>

Requiring this to be equal to o = sinh 2¢ e’ gives

1 k
p= 3 arccot (cos 7 csch 2¢) +77T,
for some integer k depending on 7. Since (52 — r2) cosh2¢p = —cos2pcosh2¢ is

contained in [—1, 1], we can use (20) to define § and (19) to determine a, b, ¢ and d.
So by Proposition 4.1 we have classified all the non-conformal harmonic maps that
are congruent to their e-transforms. O

Theorem 4.3 (b) says that if ¢ = ¢° and u = p°, then a non-conformal harmonic
map f is congruent to its e-transform. In view of this result, it is interesting to ask
what we can say about the map f if only ¢ = ¢ or only u = u° hold.

Lemma 4.5. If ¢ = ¢°, then the following equations hold:

(a) p® = p — 4€ide;

(b) [l = [pl;
(c) |u|? — 4]0¢|* = sinh?2¢; and
(d) the function coth ¢ d¢ is holomorphic.

Proof. Equation (a) follows immediately from ¢ = ¢° and equation (16). The
compatibility conditions (6) for ¢ and ¢° give

0=290(¢ — ¢°) = (|u|* — |u*|*) csch 2¢.
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This gives (b). The compatibility conditions (6) for p and pc give

Op — p7) = =2(jn — p#)d¢ csch 2.
After substitution of equation (a) this becomes
(22) 00¢ = 2|0¢|? csch 2¢.

Substituting the compatibility conditions (6) for ¢ then gives equation (c). Deriving
the function coth ¢ ¢ and using equation (22) directly shows that the function is
holomorphic. ([l

Lemma 4.6. Assume that p = puc.

(a) If v is zero, then cosh ¢ cosh ¢° = ¢ for some constant c.
(b) If u is non-zero, then ¢ = ¢° and f is congruent to f°.

Proof. If we assume that p is zero, then (16) gives d¢ tanh ¢ = —9¢° tanh ¢°, which
after integration becomes In(cosh ¢ cosh ¢°) = Inc¢ where ¢ is a positive constant.
We note that taking the O-derivative of the first mentioned equation does not yield
any new information.

Now assume that p does not vanish. The second compatibility condition of (6)

gives 0 = J(p — p®) = —2[a(0¢ csch 2¢p — O¢® csch 2¢°), hence
(23) O¢ csch 2¢p = 9¢° csch 2¢°.

Deriving this equation with respect to d and using the first compatibility condition
of (6) yields

|11]? (esch® 2¢ — esch? 2¢°) = 4(]0¢|? coth 2¢ csch 2¢ — |9¢°|? coth 26 csch 2¢°).
After substitution of (23) this equation becomes
|11|? (csch? 2¢ — esch? 2¢°) = 4]9¢|? csch? 2¢)(cosh 2¢ — cosh 2¢°).

Now note that the left and right hand side have opposite signs, so both sides have to
vanish. Therefore, since p is non-zero, it follows that ¢ = ¢°. By Theorem 4.3 (b)
the map f and its e-transform are congruent. (Il

5. ALMOST COMPLEX SURFACES IN S3 x §3

In this section we discuss the relation between harmonic maps f: S — S3 and
almost complex surfaces in the nearly Kihler manifold S3 x S3. Before showing
this relation, we first briefly recall some definitions and the necessary background
on almost complex surfaces in S3 x $3. For more details the reader is referred to [2].

An almost Hermitian manifold is a manifold endowed with an almost complex
structure J and a Riemannian metric that is compatible with J. If in addition
the tensor field VJ is skew-symmetric, where V is the Levi-Civita connection of
the metric, then the manifold is called nearly Kahler. The product manifold S2 x
53 of two 3-spheres admits such a nearly Kahler structure. The almost complex
structure J on $% x $2 is defined by

1 _ _
J(X,Y)(p.g) = 7 (2pg7'Y — X, —2¢p7'X +Y)
for (X,Y) € T(p7q)S3 x 83, It is easy to check that .J is anti-involutive. If we denote

the usual product metric on S3 x S3 by (, ), then the nearly Kihler metric g is
given by

g(Z, W) = %((Z, W) +(JZ,JW))

and it is easily seen that ¢ is compatible with J. Almost complex surfaces in S3 x S3,
also known as pseudo-holomorphic curves, are surfaces for which the almost complex
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structure J maps tangent vectors onto tangent vectors. On 53 x S3 there is also
an almost product structure P (i.e. an involutive endomorphism) defined by

P(X,Y)(p.q = (pa~ 'Y, qp™ ' X).

If : S — S92 x 8% is an almost complex surface and z a complex coordinate,
then g(P1.,1.) dz? defines a holomorphic quadratic differential on the surface.
A H-surface in the Euclidean 3-space is a surface X satisfying the equation

(24) Xpa + Xy = 2HX, x X,

where z = x4 iy is a complex coordinate and H is a real function. In this article H
always is constant. It is important to note that the definition of a H-surface does
not depend on the choice of complex coordinates. To show this we follow [10]. The
solutions of (24) are the critical maps of the functional Ex(X) = D(X)+4HV (X).
Here D(X) is the Dirichlet energy functional

D(X) = /S |dX|? dxdy

and V(X) is the volume integral

V(X) = %/S<X,Xz x X,) dxdy.

The functional Fy is invariant under changes of complex coordinates, so we may
change the complex coordinate on the H-surface. Furthermore note that the qua-
dratic differential (X., X,) dz? is holomorphic. If (X,, X,)dz? vanishes, X is a
surface of constant mean curvature H.

We want to warn the reader that by a H-surface many authors mean a con-
stant mean curvature surface. We will not follow this terminology; instead we
follow Wente [10]. So in this article a H-surface is not necessarily a constant mean
curvature surface and the differential (X, X,) dz? must not be zero.

The results of [2] we need in this section will be summarised in the following
theorem.

Theorem 5.1 ([2]). Let ¢: S — 53 x S3 be a simply connected almost complex
surface and z = x + iy a complex coordinate. To such an almost complex surface
one can associate a surface X in Euclidean 3-space satisfying the H -equation

4
(25) Xoz + Xyy = —%Xm x Xy,
and vice versa. Two almost complex surfaces are congruent in S® x S® if and only
if their corresponding surfaces in R® are congruent.
Moreover, the holomorphic differential on the almost complex surface satisfies
g(Py,,v.) = e5(X,, X,). Thus an almost complex surface with vanishing holo-
morphic differential corresponds to a surface in R® with constant mean curva-

ture — 2.

V3

We can now easily prove a correspondence (Theorem 5.3) between almost com-
plex surfaces in S3 x S and harmonic maps in S3. The proof follows from Theo-
rem 5.1 and the following proposition.

Proposition 5.2. To a harmonic map from a simply connected surface into the
3-sphere S one can associate an H-surface X in Euclidean 3-space satisfying
(26) Kow + Xyy = —2X, X X,

and vice versa. Moreover the harmonic map is non-conformal if and only if the asso-

ciated H -surface has non-vanishing holomorphic differential (X, X,) dz? where z =
T +1y.
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Proof. Consider a harmonic map f: S — 52 and take a complex coordinate z =
z +1iy. Then f, = fa and fy, = fB. From the integrability condition f,, = fy. we
obtain

(27) ay — Be =20 X f.

The map f is harmonic, so fz; + fyy is parallel with f. In terms of o and § this
equation gives

Since S is a simply connected surface, there exists a R3-valued map X, unique up
to a real constant vector in R3, such that

X, =0, Xy =ou

Indeed, equation (28) exactly is the integrability condition for this system of dif-
ferential equations. Equation (27) now becomes (26). If the harmonic map is non-
conformal, we can assume that z is an adapted coordinate. Then clearly (X, X,)—
(Xy, Xy) = (8,8) — (o, a) = 4 is non-zero.

In order to prove the other implication, one proceeds through the previous con-
struction in the opposite direction. (I

Theorem 5.3. To a harmonic map from a simply connected surface into the 3-
sphere 83 one can associate an almost complex surface in S3 x 83, and vice versa.
Moreover the harmonic map is non-conformal if and only if the associated almost
complex surface has a non-vanishing holomorphic differential.

Proof. By Theorem 5.1 the harmonic map yields a H-surface X satisfying (26)
(here H = —1). After a suitable dilation we can assume that the surface satis-
fies (25) (here H = —\%) Observe now that the quadratic differential of the H-
surface X vanishes if and only if the quadratic differential of the dilated surface

vanishes. We then only have to apply Proposition 5.2 and the proof is done. O

Remarks 5.4. (1) Proposition 5.2 says that a harmonic map into the 3-sphere
corresponds to an H-surface in Euclidean 3-space and vice versa. This is
just the non-conformal analogue of the Lawson correspondence [9]: each
minimal surface in S® has a constant mean curvature “cousin surface” in R3.
By Lawson’s correspondence Theorem almost complex surfaces with vanish-
ing holomorphic differential in $3 x $? are in correspondence with surfaces
of constant mean curvature —% in R? and with minimal surfaces in S3.

(2) In [5] Li, Ma and the first and last author proved two Bonnet-type existence
and uniqueness theorems for almost complex surfaces in 5 x.S3. Combining
Proposition 4.1 and Theorem 5.3 gives an alternative prove of this theorems.

Corollary 5.5. Let1: S — 83 x S3 be a simply connected almost complex surface
with non-vanishing holomorphic differential. To this surface we can associate two
almost complex surfaces that both have a non-vanishing holomorphic differential.

Proof. This is a simple consequence of Theorems 3.2 and 5.3. Let f be the non-
conformal harmonic map corresponding to 1 via Theorem 5.3. Then the harmonic
maps fT and f~ obviously also correspond to two almost complex surfaces. (|

The remark after Theorem 3.5 tells us one can associate to an almost complex
surface in S3 x S with non-vanishing holomorphic differential a sequence {¢* |
p € Z} of such surfaces. One just has to define 1P as the almost complex surface
in $3 x §3 associated to the harmonic map f? for each p € Z. In a similar fashion
a H-surface in Euclidean 3-space induces a sequence {XP? | p € Z} of H-surfaces.
The derivatives of X© are X7 = —3° and X; = a®. The expressions for a® and 3°
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given in Lemma 3.4 are complicated so it is not practical to integrate this system
to obtain the associated H-surfaces X¢. An explicit expression for X¢ in terms of
the original H-surface X is given in the next lemma.

Lemma 5.6. Consider an H-surface X in the Fuclidean 3-space with H = —1.
Let z = x + iy be an adapted coordinate and ¢ the function such that (X, X;) =
4cosh¢ and (X, X,) = 4sinh ¢. The e-transform X© of X is given by

1 1
(29) X = X = 5 sech’ a;(aXm — 50 % Xy>
and satisfies equation (24).

Proof. Recall that the definition of a H-surface is independent of the choice of
complex coordinate, so we may assume that z is an adapted complex coordinate
for X. By Theorem 5.3 it is sufficient to show that the derivatives of the right hand
side of (29) are equal to —f° and aF respectively. The moving frame equations (5)
in terms of o and ( are

0y = @gcothpa — ¢, tanhd B+ pycsch2¢ o x 3,

ay = ¢y cothe o+ ¢y tanh o B+ (1 — pocsch2¢) o x S,

Bz = ¢ycothgpa+ ¢,y tanhd 8 — (1 + po csch2¢) a x B,

By = —¢zcothpa + ¢, tanh p B — py csch2¢ o x .
A direct calculation using these equations shows that the derivatives of the expres-
sion in (29) are indeed —f° and o°. O
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