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A CLASS OF SURFACES IN H? x R ASSOCIATED TO
HARMONIC FUNCTIONS AND A RELATION
BETWEEN CMC-1/2 AND FLAT SURFACES

WALTERSON FERREIRA AND PEDRO ROITMAN

ABSTRACT. We introduce a geometric motivated method to con-
struct immersions into H? x R from a smooth function ¢ defined
on an open set of the unit disc, and study the relation between
the geometry of the immersion in terms of partial differential
equations for ¢. We give two applications of the method. First,
we introduce the class of surfaces generated by harmonic func-
tions and show that they have properties analogous to minimal
surfaces in R®. We also exhibit an explicit local relation between
CMC 1/2 and flat surfaces in H? x R.

Introduction

In the past few years, there has been a considerable amount of work on
surfaces in the so-called Thurston’s model geometries, see for instance [2], [3],
[5], [10], [11], and references therein. The present work is devoted to some
aspects of surface theory in one such geometry, namely, the three dimensional
Riemannian manifold H? x R. That is, the product space (with the product
metric) where the factors are H?, the hyperbolic plane, and the real line R.

Our work is based on a natural geometric question involving a H? valued
map introduced in [5] for oriented surfaces in H? x R for which the projection
onto the first factor is not singular. We shall call this map the Fernandez—Mira
map, or FM map for short.

Fernandez and Mira showed, among other things, that the FM map is
harmonic for surfaces with constant mean curvature equal to 1/2, and devised
a method to construct such surfaces starting with a harmonic map. Recently
[6], they used it to solve the Bernstein problem for minimal surfaces in the
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Heisenberg space. Thus, the FM map seems to be an important notion to
understand the geometry of surfaces in H? x R and in Heisenberg space.

The FM map resembles the hyperbolic Gauss map for surfaces in hyperbolic
three space, H?. As in the case of surfaces in H?, the choice of an orientation
for an immersed surface turns out to be important in the definition of the FM
map. In other words, different orientations induce different maps that are not
trivially related.

Thus, for an oriented immersed surface S, we have two H? valued maps,
denoted here by G and G_, see Section 1 for the definition.

The starting point of our work was the following basic question.

Let 2 C H? be an open set. How does one characterize and construct ex-
amples of smooth maps w :  — H? such that there exists an oriented surface
S in H? x R with the following property: Vz €, Vp€ S, 2= G_(p) and
w(z) = G4 (p)?

In other words, we ask what maps w can be viewed as a composition of the
FM maps: w =G4 o G-'. To our knowledge, this type of question was first
considered, in the context of hyperbolic geometry for hyperbolic Gauss maps,
by Bianchi. He showed, for instance, that flat surfaces are characterized by the
composition of Gauss maps being holomorphic [4]. The authors have studied
this composition of Gauss maps in detail for hypersurfaces in n-dimensional
hyperbolic space [7]. This previous experience motivated the present work.

We show how the local answer to this question furnishes a new geometric
method to generate immersions into H? x R starting with a smooth real valued
function ¢ : Q — R, where Q C H? is an open set. We call this method to
generate immersions the FM-composition method.

We present two applications of FM-composition. First, we show that if the
function ¢ is harmonic, then the associated immersion satisfies the following
relation

(1) 2H +1* —2K_+1=0,

where H is the mean curvature (for a chosen orientation), v? is minus the
sectional curvature with respect to the vectors that span the tangent plane
and K _ is roughly the ratio between the area elements of the surface and of
H? (at corresponding points via the pullback under G_). For a definition of
K_ | see Section 1.

The class of surfaces satisfying (1) has some interesting properties, such
as variational characterization, associated family and a Schwarz’s reflection
principle, that reminds us of minimal surfaces in R3. In particular, this class
of surfaces is relevant in the study of Bonnet families in H? x R, as a nontrivial
example of surfaces admitting a smooth 1-parameter isometric deformation
such that the mean curvature is preserved along the deformation. We shall
discuss the above properties in detail and present some examples.
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As a second application, we present an explicit local relation between con-
stant mean curvature equal to 1/2 and flat surfaces in H? x R. This relation is
roughly the following. If we consider a smooth real valued function ¢ : Q@ — R
as before, then we may use it to generate a surface by FM-composition. But
it is also natural to consider the graph of ¢. It turns out that the PDE for ¢
associated to H = —1/2 for surfaces generated by FM-composition is the same
PDE we get for flat surfaces generated as graphs. We remark that the sign of
the mean curvature is not essential in the above discussion. An argument to
show this is the one used in [5] to justify that the choice of sign of the mean
curvature. Essentially, they argue that if the mean curvature is —1/2 for their
canonical choice of orientation, then by “reflection” with respect to a horizon-
tal hyperbolic plane (an orientation reversing ambient isometry) the reflected
surface has mean curvature 1/2 with respect to the canonical orientation.

This work is organized as follows. In Section 1, we establish notation
and recall the definition of FM maps, we also briefly discuss the invariants
associated with these maps.

In Section 2, we give the answer to the question posed above, which al-
lows us to consider the method to generate immersions that is discussed in
Section 3. In Section 4, we exhibit expressions for the fundamental forms of
the immersions generated by FM-composition. Finally, Section 5 is devoted
to the two applications mentioned above.

1. Preliminaries

1.1. Notation and FM maps. In this work, we shall use two models of
H? x R. The first model identifies H? x R with a submanifold of Lorentzian
space L*. More precisely, we consider L%, that is, x = (x¢, 21,72, 23) € R,
endowed with the quadratic form (x,x) = —23 + 23 + 23 + 23, and H? x R=
{xel*| —23 + 2} +23=—1, o >0}. The second model, which we call
the cylinder model, identifies H? x R with the subset of R3, given by D x R,
where I is the unit disc centered at the origin in R? with coordinates (y1,%2),
endowed with the metric ds? = m(dy% + dy3) + dy3.

Let 1 : M — H? x R C L* be an immersion of an abstract smooth surface
M into H? x R. In the Lorentzian model, we write 1/(p) = (N (p), h(p)), with
N(p)eH?={xelL*| -2+ 2} +23=—1, 20 >0, z3 =0}, and h(p) €R.

We also consider 7 : M — S5, where S3 = {x € L* | —22 + 2% + 23 +2% =1},
such that (n,n) =1, (n,N) =0 and (d,n) =0, and write = (N,v), where
v € R. In this way, IV and n span the normal bundle of .

In all that follows, we shall assume that the immersion ¢ is nonvertical,
meaning that v # 0.

Without loss of generality, we shall consider v > 0 and v with the orienta-
tion given by the unit normal field 7.
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Now, we recall the definition of the FM map, introduced in [5]. Consider
first

£+ = %(Nim-

It is easy to check that (£1,£4) =0. We define the positive and negative FM
maps, denoted respectively by G4 and G_, by the following

§x = (G, £1).

In this way, G4 are both H? valued maps.

We shall call G the positive FM map and G_ the negative FM map of
the immersion 1.

We note that the isometry group of H? x R is the product of the isometry
group of H? with R. Thus, an isometry of H? can also be considered as an
ambient isometry of H? x R in a natural way. We shall adopt this convention
freely without any further comment.

Finally, a few comments about notation. Throughout this work, we shall
use (z,y) coordinates in the unit disc D. The symbols V, |- | denote, respec-
tively, the Euclidean gradient and norm. And Vy is defined by Vg = %V,
where A =1 — 22 — 2.

1.2. Invariants associated with the FM maps. We define below two
invariants that are naturally induced by the FM maps.

Definition 1.1. Let ¢ : M — H? x R be a nonvertical immersion. Let dAgs>
be the canonical area element of H? and dAjs be the area element of M

in the orientation defined by the normal field n = (V,v), with v > 0. Let
G+ : M — H? be the FM maps of M. We define K+ by the relation

G (dAyz) = K+dAyy.

We mention two facts to justify the importance of K as relevant geometric
quantities. First, we note that they’re related to the extrinsic curvature Kex
of ¥ by the simple relation

Ki+K_
Ko o2 (K ).

Second, the critical points of the functional

/ HdAy,,
M

for smooth variations with compact support are characterized by
6H=K, —-K_.

For proofs, see [8].
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2. A natural question

We shall now discuss the question mentioned in the Introduction.

Let Q C H? be an open set. How does one characterize and construct ex-
amples of smooth maps w :  — H? such that there exists an oriented surface
S in H? x R with the following property: Vz €, Vpe S, 2= G_(p) and
w(z) =Gy (p)?

Our goal is to answer this question and then try to relate analytical prop-
erties of the map w with geometric features of the corresponding surface S.
The simple lemma that follows shows what has to be done.

LEMMA 2.1. Let ¢p: M — H? x R be an immersion given by 1) = (N, h),
and n: M — S} be such that n= (N,v), v >0, satisfies (n,n) =1, (n, N) =0,
and (dip,m) =0. Let G : M — H? be defined by the equation

1
2) L(N ) = (G, £1).
Then
v
N == (2(G+ + G_),O>,
v
n= 5((G+ ~-G-),2),
and
2
2 _
Y TG
Moreover, the function h: M — R satisfies
1 ~
(3) dh:—;(dN,N).
Proof. Straightforward computation. O

From Lemma 2.1, we see that if one starts with a map w: Q C H? — H?,
and one supposes that there exists a surface S in H? x R such that Vz € Q
z=G_(p), and w(z) = G4+(p), then N, the horizontal part of the immersion,
is determined algebraically and the height function h satisfies (3). Thus, if one
wishes to construct a surface with the above properties, a necessary condition
is that the system (3) is integrable in the classical Frobenius sense.

To simplify things, and understand the integrability condition of (3), we
shall consider z = x + 7y as a complex variable in the Poincaré disc model of
H? and a map z — w(z) € D. The variable z in the disc model will represent
G_ and w(z) will represent G .
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From the standard change of models (from the disc model to the hyper-
boloid model), we write

G (2) = <1+|z|2 2Re(2) QIm(z)),

AT A7 A
(14 |w]* 2Re(w) 2Im(w)
G+(Z) - ( A ’ A ’ A ’
where
A=1- |UJ‘2,
A=1—|z]

Now, in local coordinates z = x 4 iy, (3) can be written in terms of Gy as:
v
he = 7((Gw, G-) = (G2, G4)),
v
hy = Z(<G+>va7> - (Gf,vaJr))-
The proposition below shows how w looks like locally.

PROPOSITION 2.2. Let 2 CID be an open set and ¢ : Q — R be a smooth
function. Let

Vi

(4) (= —F——,
V1+[Vael

where Vy = %V and V, | -| denote, respectively, the Euclidean gradient and
norm. Let

z+¢(2)
5 =——"
5) we) =

Then if we define

_ (1+]z]* 2Re(2) 2Im(2)
G—(Z) - ( A ’ A ) A )7

(14 |w]* 2Re(w) 2Im(w)
Gule) = (HEg 2R, 2,
and v >0, such that
2
6 e
© VGG

the system (3) is integrable.

Conversely, if (3) is integrable, there exists a smooth function ¢ defined
on a simply-connected open set such that the above relations are verified. In
terms of the function ¢, the solution of (3) is given by

(7) h=—v1+|Vup|? —p+c,

where ¢ € R.



SURFACES IN H? x R 1129

Proof. 1t is a long computation, we will indicate the main steps. The first
derivatives of G4 are given by

(8) %( Re(z), Re(2* + 1), Re[i(1 — 2%)]),

(9) %(QIm Jm(2® + 1), Imi(1 — 22)]),

(10) é(ZRe (wi), Re((1 +w?)ia, ), Re(([i(1 — w?)]u) ).

A1) Giy=x3 (2Re(wwy) Re((1+w?)uy), Re([i(1 - w?)]uy)).
Now, we list some inner products

(G Go) = g Re([(z —w)(1 — zw)),

(G0 G) = 7 Re(wy (=~ w)(1 = 2w))),
(G20 G) = g Rel(w = 2)(1 - 2],
(G rG) = g Il = 2)(1 — 2],

2
(G, G ) =1—-"|1 —zwl|?

AA
And using (6), we obtain
A1/2A1/2
v=——-.
|1 — zZw]
To abbreviate, we define
A=1-zZw,
B=w-z
Thus, we may rewrite (3) as
hy = A2A2 (ARe(AB) + ARe(ABwy)),
hy = A2A2 (AIm(AB) + ARe(ABwy)).

Now, suppose that

_z+(¢(2)
W) =Ty

where ((z) =wu(z) +iv(z) is a complex valued function such that |((z)| < 1.
This assures that |w(z)| < 1.
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In terms of (, after some computations, we have, for instance

- uM?
Re(AB) = ———
B = e
A A=)
11+ 2¢|? 7
A
1+
v=1+/1—u2—12.
If we write
he =T + 15,
where
—vRe(AB)
Th=—7+—=
1 A2A )
and
T — —vRe(ABw,)
2= AA2 )
after some manipulation we obtain
U
=
LA
T — _ Uy + VU, B U
2 (I—u2—02)3/2  (1—a2—92)(1—u—02)/2
Thus,
0 2u
hy = — 2 [(1— 2 —0?)~1/2] =
81:[( v =) (1—a22—y?2)(1 —u?2—v2)1/2’
and, in the same way, we have
0 2v
By = — 2 [(1—u? — p?)"1/2] = '
Y 8y[( W) (1—22 —y?)(1 —u2 —02)1/2

Therefore, system (3) is integrable if and only if the one form
A g2

w udz +vdy),
is closed.

For a simply connected open set, we may write w = dp, where ¢ is an
arbitrary smooth function.

The expression for ¢ in terms of Vi is simply:

(= 1

V1+ Vel
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To check that ¢ can really be an arbitrary smooth function, note that |(| is
given by

|Vae|
V1+|Vre|?

so that |w| <1 and everything makes sense.
It is then easy to check that h is given in terms of ¢ by the following
expression

¢l = <1,

h=—VT+]Vael? - o+,

where c is an arbitrary real constant. 0

3. FM composition

The result in the previous section suggests a method to construct maps
into H? x R starting from a smooth function ¢ : @ C D — R defined on an
open set. More precisely, from ¢ we define { and w using expressions (4), (5),
and, from these, we define the horizontal part of the map. The vertical part,
or height function, is defined in terms of ¢ by (7). Of course, the interesting
case is when the above cited map is actually an immersion.

To abbreviate, we shall call the above procedure the FM-composition
method.

For future reference, we list below some expressions relative to a surface
generated by FM-composition.

A straightforward computation shows that the expression of the immersion
is given, in the cylinder model, by

B A((1 -2 +:c2)% + zypy) + 225
A+3(22 4+ y2) + Azos +ypy) + 27
A1 =2 +y*) 5 + xyps) + 2y%
V20 = LS4 ) + Alope +ypp) + 5
y3(2) = =X — o,

where ¥ = /1 + |Vgy|?.

The coordinates of the horizontal part of the immersion, in the Lorentzian
model, are

(13) No=A"' (21 + 2% + ) + Mzes +ypy)),

(12) y1(2)

)

A
Ny =A"! (5 ((552 —y 4+ D + 2xy<,0y) + 2%

A
Ny=A"" (5 ((y* — 2% + 1)y + 2zyps) + 2y2>.
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Finally, the coordinates of the horizontal part, in the Lorentzian model, of
the unit normal 7, are

. (A
() No== (24D 4 )+ Slows 4,

N A z
Ny =71 (xg(goi + 905) + 22 —y? + 1)% + Exy¢y>,

- _ A
Ny=% 1<y2(wi +op)+ 2y -2+ 1)% + nysogc).

The proposition that follows shows that FM-composition has some geomet-
ric meaning, in the sense that it is well behaved with respect to the isometry
group of H? x R.

PRrROPOSITION 3.1. Let Q C D be an open set and p: Q2 CD—R be a
smooth function and consider X, (2) = (y1(2),y2(2),y3(2)), given by (12). Let
M : H? — H? be an isometry of H? and let ¢ = po M 1. Then X3 = M(X,,).

Proof. The verification that the third coordinate ys3 satisfies Xg = M (X,,)
is immediate. We shall indicate the verification for the first coordinate y;, the
second coordinate y, can be handled in the same manner.

By composition, it is sufficient to prove for a rotation

Ro(z) =%z,
and a Mobius transformation given by
Ma(2) = lz— aa,2'7
where a € R and |a| < 1.
For Z = +i§ = Ry(z), we have

(15) Z=xcosf —ysind,

y=xsinf + ycosb,
and
(16) Pz = g cosl — p,sinb,

Pg = Pz 5inb + ¢, cos .

Let g be the first coordinate of X5 and Y; be the first coordinate of Ry(X,,).
We have
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- <A((1 — 2%+ yz)% + :Eygox> + 2y2> sin9)

X (A + 3@ +9%) + Awps +ypy) +5)

After some computation, using (15) and (16), one checks that Y7 =¢.

To verify the statement for M, a long computation is necessary, we shall
limit ourselves to indicate the main steps. It is convenient to represent M, as a
linear operator M, : L3> — L3. The matrix associated to M,, for the standard
basis of L3, is given by

a2+1 2a
T a1 a2;1 0
[M))=| 22 _ail g
0 0 1

Let N = (No, N1, N3) represent the horizontal part of the immersion X,
and denote the horizontal part of M,(X,) by N = M,(N). The action of
M, on X,, in the Lorentzian model, is linear and this fact simplifies the
computation. For instance,
2

v a+1 2a

Ny =— N
a2—1" + a? -1

0=

Ni.

We have to compare N with N , the horizontal part of the immersion X.

Let 2 =2 + iy = M,(z), then
(1+a®)z —a(l + 2% +y?)
(1—ax)?+ a?y?
. y(l-a?)
(1 —ax)?+ a?y?’
and, using the partial derivatives of the above expressions with respect to x
and y, we obtain

(17) i=

)

- 1 2ay

(18) Yz = m((l — ax)2 _ G2y2)<,0x —+ 1_—a2(a$ — ].)QDy,
. —2ay 1
SOZ] = 11— a2 (ax — 1)@1 =+ m((l — aa:)2 — a2y2)§0y'

Substitution of (17) and (18) into the expression for N yields the desired
result. O

4. The fundamental forms

To relate analytical properties of the potential function ¢ : @ — R and the
geometry of X, as in Proposition 3.1, we need to compute the first and second
fundamental forms of X,,. It turns out that the expressions for the coefficients
of these forms are rather complicated. However, due to Proposition 3.1, it will
be sufficient for our purposes to suppose that 0 € Q and to compute the value
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of the coeflicients at 0.
In the sequel, we shall consider an open set {2 C D, a smooth map w: Q@ — D

given by w(z) = %i%’ where ¢ :  — H? is a smooth map, and a map
Y Q2 — H? x R given by
(19) v= (G +c)m),
where
2
2 _
Ve = (GG} v>0,
_ (1+]z]* 2Re(2) 2Im(2)
G—(Z) - < A 9 A 9 A )
(14 |w]* 2Re(w) 2Im(w)
G+(Z) - ( A ’ A ’ A )
and
A=1—w|
A=1—|z]

We will also suppose that the function h is a solution of the integrable
system

. _ 2Re(()
(20) hx_—%[(l—mz) UQ]‘m,

. 2\—1/2 21Im(¢)
(21) hy = =5, 1= 1¢%) /}—W-

When 1 is an immersion, we shall consider the unit normal field n, given by

n= (;(G+ G_),z/>.

We shall write ¢ =u + v and note that v = (1 — [¢|?)!/2.
We also introduce the following notation: given two complex numbers z
and w, we define z - w = Re(Zw).

PROPOSITION 4.1. Let Q C D be an open set and 1 : Q — H? x R an im-
mersion given by (19). Then

1 (V22 +1)  duv, A +iA, ¢+ 22
E:<w$7wz>:ﬁ( 1/2 - Al/ + A2y )7

1 (v, (V2 +1)  2(uvy +vvy)
F (i) = o (D 2t

(MG +iM, C+2) - (AG —iAC+ 22’))

+ A2
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1 y2(y2+1) 4ov |AC _iAmC-i-QiP
G=<wy,¢y>:ﬁ(y i VI )

1
e:_<wwv"7x>:—m(/\l/x(1\uz—QUZ/)+|ACI+Z'AyC_|_1_C2|2_V4)’

1
f = _<¢w777y> = _W (A(Al/lyy — V(’Ul/w + u’/y))

(MG iy + 1= ) (AG —ihaC +i(1+ (7)),
g=—(Yy,my) = —ﬁ (Avy(Avy — 20v) + |AG, —iA ¢ +i(1+ ) > —v?).

Proof. Let N = %(G+ + G_)andN = %(G4 — G_). Note that
2 2
(dVVQ) + 2 (dG G ) + 2(dG 4 dG ) + (dG -, dG-)),

(23)  (dN,dN) = %((d@,d@;) —(dG_,dG_)).

(22)  (dN,dN) =

From (8)—(11), we obtain

4

A2
4

(25)  (dG4,dG.) = E(|wgg|2dav2 + 2w, - wy dr dy + |wy|* dy?),

(24)  (dG_,dG_ ) = = (dz* + dy?),

4
(26)  (dG4,dG_) = W(ww (A% + B?)da® + (w, - i(A® — B?)

+wy - (A% + B?)) daz dy +w, - i(A* — B*) dy?),
where A=1—Zw and B=w — 2

Substitution of (24)—-(26) into (22), (23) (using (20) and (21)) completes
the proof. O

Remark 4.2. The Christoffel symbols for the Poincaré disc model of H? are
given by
A, A,
Iy A

Let ¢ : Q@ CDD — R be a smooth function, then the matrix for the Hessian
of ¢ is given by Hess(p) = [h;;], where

A2 Ao A
hllz_(gpmax'i_—(p_y—(py),

Fh = F%z = _Féz =- and 1%2 = F12 = _F%1 ==

4 A A
A? Ay@x A:c‘Py
hl2-Z(‘pwy+ A +T)7

A? Ao Ay@y
h”‘?(“’“’_ A A >
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PROPOSITION 4.3. Let Q C D be an open set and v : Q — H2 x R an im-
mersion given by (19). Suppose that ¢ : Q@ — R is a smooth function, such

that Vp = % Then the matriz associated to the first fundamental form of 1
is given by
4 2
1= e (Hessp (o) +31d)",

where Hessg(p) is the Hessian of ¢ with respect to the hyperbolic metric
ds? = 35 |dz|?, = \/1+|Vuep|? and Id is the 2 x 2 identity matriz.

1
= btai
5 We obtain

A A 2
(27) |AC: +iA, ¢+ 2 = <A <V2<pm> — vy + 2)

A A ?
+<A(V§§Dy) +V5Ay<pz> .

Proof. From ( =u+iv=vVygy and v =

We also have

(28) vy = —128,,
vA
(29) Y= (A2 Vo + A@eoe + 0yPay))-

Substitution of (27), (28), and (29) into the expression for F given by Propo-
sition 4.1 yields

A2 Ayow Ay, \2 Ayon A 43\ 2
(30) E=I<<%y+ v A@y> +(gam+ a— j\‘p%ﬁ) )

In the same manner,

A2 Ayor  Agp 8%

A2 Aypr | Aaipy) Aops | Aypy | 4T\’
(32) G=I(<%y+ n +Ty) +<90yy— At yAy+p> )

Therefore, the proposition follows from (30), (31), and (32). O

Remark 4.4. In Proposition 4.3, we have assumed that ¢ is an immersion.
Suppose that we drop this assumption and define a map ¢ in the following
manner. Let  C DD be an open set and ¢ : 0 — R a smooth function and
define ¢ by the expression Vi = &, where v = (1—[¢|?)!/2. Finally, we define
¥ Q — H? x R as the map given by (19). Then it follows from computations
as in Proposition 4.3 that ¢, defined in the above manner, is an immersion at
z € Q if and only if

det(Hessp () + X1d) = det((Hessu () + S(Amp+ X)) #0,

at z, where Ay denotes the Laplacian in the hyperbolic metric.
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LEMMA 4.5. Let Q C D be an open set such that 0 € ), and ¢ : Q — H? xR
the map given by (19). Suppose that 1 is an immersion and that there is a

smooth function ¢ : Q — R such that Ve = £ Then the coefficients of the
v

first and second fundamental forms at z =0 are given by

1

4
1
F= Z(‘pmx + Pyy + 82)9090747
1
G =7 ((pyy +45)° + 65, ).
1 PyPzz — PzPax 2
(33) ¢=—1Isz (( " ) + 05+ 02y
PzPyPxy @y@Iw 2
+= ( - 2 - (pza:) - @y?
L)OZIJ’L/ + SDQ?I(IOUU 2
(34) + Z(‘wa + @yy) +4%° ) oz oy
@2
(( )som, (1 + f)som +4E3)wwy),
(Payy — PyPay)”
(35) g= 422( P g, + 0t
1 T T 2
N i(w w;,@ y %;Oyy _(pyy) g2

Proof. The coefficients of the first fundamental form are obtained by direct
substitution. From Proposition 4.1, it follows that for z =0 we have

(36) vie=—v,(vy — 2uv) + v* — ((up +0* —u? + 1) + (v, — 2uv)?).

Substitution of u =v %=, v = V% and

v
Vg = _nga:; Yp= Z((Pw(ﬂzz + (Py(Py:r)v

into (36) yields, after a long computation, that e is given by (33). In the same

manner, one shows that f and g are given by (34) and (35). O

PROPOSITION 4.6. Let Q2 C DD be a connected open set and 1 : Q — H? x R
the map given by (19). Suppose that 1 is an immersion and that there is a
smooth function ¢ : Q — R such that Vyp = S, Then

(a) ¥ has mean curvature H = —5 if and only if p satisfies

(37) det(Hess(¢)) = B2,
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(b) ¥ satisfies the relation

(38) 2H +1* —2K_+1=0,
where K_ = AQ\/%’ e=1if det(Hessp(p) + XId) >0 and e = —1 if

det(Hessp (@) + X1Id) <0, if only if ¢ is a harmonic function.

Proof. Let z € Q. Note that (37) and harmonicity are invariants by com-
position with Mobius automorphisms of the disc. Thus, by Proposition 3.1,
without loss of generality, we may suppose that z =0. From Lemma 4.5, at
z =0, we have

2 2
PrzPyy — Pz
T S+ oy + 422) :
eG—2fF +gFE+ EG — F?
EG - F?
_ 4A%2 — ddet(Hess g ()
- exV/EG-F?

To prove (b), we note that it follows from Lemma 4.5 that

VEG — F?
(40) det(Hess () = % ~SApp— 2.
Thus, combining (39) and (40) we finish the proof. O

(39) EG-F?= (

2H+1=

5. Applications

5.1. A class of surfaces associated to harmonic functions. As a first
application of the results in the previous section, we introduce and study some
aspects of a class of surfaces that are critical points of the following functional

/ K_tan?0dA,
s

where S is a nonvertical surface with upward orientation, K_ as in Defin-
ition 1.1, and @ the angle between the unit normal 1 and the unit Killing
vector field in the vertical direction.

It can be shown a surface is a critical point of the above functional, for
smooth variations with compact support, if and only if (1) is satisfied, for a
proof see [8].

Thus, by Proposition (4.6), we can use FM-composition to construct ex-
plicit examples of surfaces that satisfy (1) and to study their properties.

Since our goal here is to show an application of FM-composition, we shall
limit ourselves in this subsection to consider surfaces that satisfy (1) and are
generated by FM-composition. To be precise, we shall consider in this sub-
section immersions X, : 2 — H? x R, generated by FM-composition, where
Q is an open set ¢ : 2 — R is a harmonic function.
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The drawback of our method is that it can only be applied locally to sur-
faces for which G_ is an immersion. We believe, however, that this is just a
technical difficulty, and that the results below are also valid without assuming
that G_ is an immersion.

5.1.1. Associated family. The theorem below shows that for the class of sur-
faces we are considering there is a notion of associated family similar to the
usual notion for minimal surfaces in R3.

THEOREM 5.1. Let Q C DD be a simply-connected open set and ¢ : @ — R be
a harmonic function. Suppose that X, : @ — H? x R is an immersion given
by (12). Let ¢* be a harmonic function conjugate to ¢ and @; = cos(t)y +
sin(t)p*, t € R. Then the family X,, : @ — H? x R associated to ¢, are
immersions. Furthermore, the elements of this family are locally isometric
and have the same mean curvature at corresponding points.

Proof. Let z € Q. We shall show that the statement is true at z. By
Proposition 3.1, without loss of generality, we may suppose z =0. At z=0,

the coeflicients of the first fundamental form of v; are, by Lemma 4.5, given
by

1
Et =7 ((Spt,a:m + 42)2 + (p%,:cy)7

4
Ft = ZEwt,rya
1
Gt = Z ((_(Pt,a;;v + 42)2 + Spizy)
Thus,
2 2 2
xTrxr + xT
E,G,—F? = (w _ 422)
2 2 2
+
_ (‘pxm @xy _422>
4
= EG - F?.

Therefore, by Proposition 4.6, if H; is the mean curvature of v, then X,
satisfies

2H; + v} —2(K_); +1=0.

But, since vy =v, (K_); = K_, it follows that H; does not depend on t.

Now, we prove that the elements of the family are locally isometric. Sup-
pose initially that 0 € 2 and consider an open disc Dy centered at 0 and
contained in 2. By Proposition 4.3, the first fundamental forms of the family
X, are given by

4
I = 55 (Hess i (1) + 5, 1d)?,
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Since ¢, = ¢, and ¢, = —¢;, the Hessian matrix of ¢ is given by
a b
Hessp(¢) = [b —a} ,
where

A? Azpe Ay‘Py
a= T(@x:c—FT—T),

A? Ay Azpy

It is easy to check that ¥; =¥ and

Hessp (o) = RiyHess g ()

R, — [cos(t) sin(t)} .

where

sin(t)  cos(t)
On the other hand, by considering the change of variables defined on Dy by

u = cos(0)z — sin(0)y,
v = sin(f)z + cos(0)y,

it follows easily that, H , the Hessian of ¢ in the coordinates u and v, is given
by
H= RopHesspr ().

Thus, for § =t/2 the immersions X, and X, o R have the same coef-
ficients of the first fundamental form defined on Dy. Therefore, we have an
isometry between X, (D) and X, (Do), for each t € [0,27].

Finally, let z € Q, and consider an isometry of H? M : H? — H? such that
M(z) =0. Note that, by Proposition 3.1, the immersion X, associated to
@y = o M~ is congruent to X,. In this way, we reduce the general case
to the one treated above, where z =0. 0

Remark 5.2. Theorem 5.1 shows that in H? x R there are non-trivial exam-
ples of a smooth one-parameter family of surfaces that are locally isometric
and have the same mean curvature at corresponding points. This should be
compared with the recent result in [9] on the Bonnet problem, where a clas-
sification of a one-parameter family of surfaces that are locally isometric and
have the same principal curvatures at corresponding points was given.

Remark 5.3. For some choices of the harmonic function ¢, the elements of
the family 1), are congruent. But this is not true in general. For instance, if we
consider ((z) = Re(22), the elements of the associated family are congruent.
On the other hand, elements of the associated family in the first example of
Section 5.1.3 are not congruent.
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5.1.2. Schwarz’s reflection principle. We now show that a reflection principle,
analogous to Schwarz’s principle for minimal surfaces in FEuclidean space, is
valid for surfaces generated by harmonic functions via FM-composition.

Remark 5.4. Note that 9 : Q — H? x R, where €2 is an open set of D, given
by (19) is represented in the cylinder model of H? x R by

N N.
l/f = L ’ 723 h ’
1+ No 1+ Ng
where N = £(G4 + G_) = (No, N1, N2). In the same manner, 7, the unit
vector orthogonal to 9 in H? x R, is given by
B <N1(1 + No) — N1Ng Na(1+ No) — NaNp 1/>
(1+ No)? 7 (1+No)? )
where N = 5(Gy —Go)= (No, Ny, No).

PROPOSITION 5.5 (Schwarz reflection). Let Q@ C D be an open set and ¢ :
Q — R be a harmonic function. Let 1 : Q — H? x R be an immersion, given
by (19), associated to p. Suppose that a vertical plane P intersects ()
orthogonally. Then there exists an extension of ¥(QQ), say S, satisfying (1),
and symmetric with respect to P.

Proof. Consider the cylinder model H? x R. Up to an ambient isometry we
may suppose that P = {(y1,y2,vy3) € H? x R;y = 0}. Suppose further that
is symmetric with respect to the y; axis.

If we write n = (n1,m2,v), and use (14), then 7 is given by

Nz(l + No) — N2N0
(1 —|—N0)

Note also that if we write ¢ = (Y1, Y2, h), and use (13), the expressions for Y;
and Y, are

(41) 2 =

(42) Y: = é (A((x2 -y + 1)% —|—xygoy) + 2;102),
1 Py
(43) Yz—d Al (y? — 22 +1) + Yy, | + 2y ),

where d = 3(1 + 22 + y?) + Az, + yp, + 1).
Now, along, ¥(2) N P, we have Y2 =72 =0, and from (43), (41), and (14),
we obtain

0= Z(A ((y2 — 2%+ 1)% + myapgﬂ) + 2y§])

Ay
—A( (v —x +1)¢y+xy2cpz+—(<pm+goy)>

=2y.
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Substitution of y =0 into (43) yields ¢,(z,0) =0 and, therefore, it fol-
lows from the classical Schwarz’s reflection principle for harmonic functions
that o(x,—y) = ¢(x,y). From (42) and (43), we conclude that ¢ (z,—y) =
(Y1(z,y),—Ya(z,y),h(x,y)), and we have symmetry with respect to P.

Finally, if € is not symmetric with respect to the y; axis, we may reflect
Q in this axis and consider a new harmonic function defined on the union of
Q and it’s reflection. This new harmonic function provides the extension S,
having P as a symmetry plane. O

Remark 5.6. A stronger version of Schwarz’s reflection can be proved by
looking at the P.D.E. for a graph that satisfies (1). This P.D.E. is elliptic,
[8], with analytic coefficients, so it’s solutions are also analytic. Schwarz’s
principle follows from this fact and a symmetry of the equation with respect
to reflection relative to a coordinate axis.

5.1.3. Ezamples. Figure 1 shows elements of the associated family generated
by

ot = cos(t)In(v/x? + y?) + sin(¢) arctan(y/x).

Figure 2 shows a piece of the surface associated to

FIGURE 1. The sequence illustrates an example of an asso-
ciated family.

FIGURE 2. The surface associated to Re(Z + 2%).
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5.2. Relation between flat and CMC-1/2 surfaces. As we said in the
Introduction, the map G, is harmonic for surfaces in H? x R with mean
curvature % It is also true that flat surfaces in H? x R have a harmonic
horizontal projection, when viewed as Riemann surfaces with the conformal
structure induced by the second fundamental form, [1]. In both cases, there is
a harmonic H? valued map, and one can imagine a relation between these two
classes of surfaces. The FM-composition provides such relation in an explicit
and simple way.

Let Q2 C H? be an open set and consider a smooth function ¢ :  — R.
A natural way to generate a surface from ¢ is to consider it’s graph: I', =
{(z,¢(2)) e H2 x R | z € Q}. In this work, we have presented the FM-composi-
tion, which is another way to generate a surface starting with ¢. It turns out
that there are geometric relations between these surfaces.

PROPOSITION 5.7. Let Q C D be an open set and 1 :  — H? x R an im-
mersion given by (19). Suppose there is a smooth function ¢ : Q@ — R such
that Ve = % and let T', C H? x R be the graph of ¢. Then v has mean
curvature H = —1/2 if and only if T'y, has zero intrinsic curvature.

Proof. In the Lorentzian model, a natural parametrization for I'y, is given
by

@(z,y):(N(x,y),go(x,y)), (JL‘,y)EQ,
where N(z,y) = (H'Tj\iﬂﬂ, 2, 2%), and A(z,y) =1— 2% —y%

The unit vector field orthogonal to ® is given by

1 A2
(4(9095]\71 + SDyNy)a 1>a

N= ———
/14 |VH<,0|2

where Vo is the gradient of ¢ in the metric ds%.
Note that

(44) (N, Ny) = (N,,N,)=4A"? and (N,,N,)=0.

Thus, the coefficients of the first fundamental form of ® are

4
E<I> = F + @i,
Fo =@y,

4 2
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Using (44), we obtain the following expressions for the coefficients of the
second fundamental form of .

1 Ao, A
€<I>:<777‘Pm>=7(90m+ Ld - ywy)v

VI+|VaeP A A

1 Aypr Az
f@:<na‘bxy>:7(§pwy+ i\ +Ty>7

1 Ao Ayp
=(n,0,,) = ———— — N Lk >
9o = (0, Pyy) e (Sﬁyy A A
Thus, the matrix of the second fundamental form of ® is given by
4

—Hess .
A2\/1+ Vol =)

The sectional curvature K., of H? x R with respect to the plane generated
by ®, e ®, is given by

o=

1 1
K = - =T =
see 32 1+ |Vgo?
see [3]. We shall denote by K, and Koy, respectively, the intrinsic and
extrinsic curvatures of ®. Gauss’s equation is

1
Kint + ? = Kexta
thus, K, = 0 if and only if Key = 1/%2.
Let A= Iq:lH@ be the shape operator of ®. We have

det(Hess g (¢))
4
It follows that Ko = 1/%? if and only if det(Hessg(p)) = ¥2. And, by

Proposition 4.6, this happens if and only if ¢ has constant mean curvature
H=-1/2. O

Kext =detA=

Remark 5.8. Proposition 5.7 can be related to the comments in the begin-
ning of this section in the following way. The domain 2 can naturally be
viewed as a Riemann surface in two different ways. The first one by using the
conformal structure induced by the first fundamental form of the immersion
given by (19). The second one by using the conformal structure induced by
the second fundamental form of I',. A simple computation shows that, un-
der the conditions of Proposition 5.7, the two conformal structures actually
coincide.

Thus, the identity map on €2, which represents locally the map G_ in the
first situation, and the horizontal projection in the second, is a harmonic
map defined on 2, viewed as a Riemann surface with the conformal structure
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discussed above. So one harmonic map defined on €2, can be interpreted in two
different manners: the map G_ for CMC —1/2 surfaces and the horizontal
projection for flat surfaces.
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ing conversations about surfaces in Thurston’s geometries.
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