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ON THE BJORLING PROBLEM IN A THREE-DIMENSIONAL
LIE GROUP

FRANCESCO MERCURI AND IRENE I. ONNIS

ABSTRACT. We prove existence and uniqueness of the solution of
the Bjorling problem for minimal surfaces in a three-dimensional
Lie group.

1. Introduction

The Weierstrass representation formula for minimal surfaces in R3 has been
a fundamental tool for producing examples and proving general properties of
such surfaces, since the surfaces can be parametrized by holomorphic data.
In [8], the authors describe a general Weierstrass representation formula for
minimal surfaces in an arbitrary Riemannian manifold. The partial differential
equations involved are, in general, too complicated to be solved explicitly.
However, for particular ambient manifolds, such as the Heisenberg group,
the hyperbolic space and the product of the hyperbolic plane with R, the
equations are more workable and the formula can be used to produce examples
(see [7, 8]).

In this note, we will show how this formula can be used, at least if the
ambient manifold is a 3-dimensional Lie group, in order to prove existence
and uniqueness of the solution of the Bjorling problem. We also give some
examples for the case in which the ambient manifold is the Heisenberg group
Hs or H? x R, the product of the hyperbolic plane and the real line.

2. The Weierstrass representation formula

The arguments will be essentially local so we will consider, as ambient
manifold M, the space R?® with a Riemannian metric g = (g;;). We will
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denote by Q C C = R? a simply connected domain with a complex coordinate
z=u+ 1, u,v € R, and by:

o0 _1 27@ 9. _1(9 .9
9z 2\ou ‘ov 9z 2\ ou " “ov

the complex derivatives.
In this situation, the general Weierstrass representation formula can be
stated as follows.

THEOREM 2.1 (See [8] for a proof). Let f: Q— M be a conformal minimal
immersion and g = (g;;) be the induced metric. The complex tangent vector:

ZAEE o
%'*‘b'*;%x/ ¢i: Q—C,

has the following properties:
(1) Z” gij¢i¢_j # 0,
(2) X2i,;9i%id; =0,
(3) G2 + 3,k T%by0n =
where {ij} are the Chmstoﬁel symbols of the Riemannian connection.

Conversely, given functions ¢; : 0 — C that verify the above conditions,
then the map:

f:Q_)M7 fz(z):zRe/ZQSle?

is a well defined conformal minimal immersion of Q into M (here zy is an
arbitrary fized point of Q and the integral is along any curve joining zo to z).

REMARK 2.2. The first condition of Theorem 2.1 tells us that f is an im-
mersion, the second that f is conformal and the last one that f is minimal.
The last condition is called the holomorphicity condition since it is the lo-
cal coordinates version of the condition: V 2 ¢ =0, where V is the induced
connection on the pull-back bundle f*(TM ® C). In fact, we have that the
section ¢ is holomorphic if and only if

0¢; 0O 0
(2.1) %<Z¢zax> Z{ 9 90 TV x}

7

09 0 9
‘;{ 5 o O )

Z{a¢’+2r k@qsk} =0.

In general, it is quite difficult to produce functions ¢; with the above prop-
erties since the holomorphicity condition is given by partial differential equa-
tions with nonconstant coefficients. If M is a Lie group equipped with a
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left-invariant metric g and {E;} are orthonormal left-invariant vector fields,
we can write

¢=Z¢¢%zz¢i@, Y 2 —C,

with ¢; =3, ; Aijib; and A= (A;;) being an invertible matrix, with function
entries A;;. In this case, the Weierstrass formula becomes the following.

THEOREM 2.3 (See [8] for a proof). Given functions i; : Q — C such that:

(1) X[l #0,
(2) Zz 7/%'2 =0,
(3) 8811; + Zj,k L;kw—ﬂ/’k =0,
where L;k :=9(Vg, Ey, E;), then the map:

f:Q— M, fi(z)=2Re(/ZZAij1/)jdz),
Z0 j

defines a conformal minimal immersion.

The advantage of having partial differential equations with constant coeffi-
cients is not really a great gain, in principle, since we still have to compute the
integrand A;;1); along the solutions. However, in certain cases, as for example
the hyperbolic space, the Heisenberg group and H? x R, this problem may be
overcome by ad hoc arguments, as shown (for example) in [8].

3. The Bjorling problem for three-dimensional Lie groups

In this section, we will suppose that M is a three-dimensional Lie group
endowed with a left-invariant Riemannian metric g. Let §: I CR — M be a
regular analytic curve in M and V : I — TM a unitary real analytic vector
field along 3, such that g(3,V) =0. The Bjorling problem is the following:

Determine a minimal surface f: I X (—e,e) =QCC— M, such that:

o f(u,0) =pB(u),
o N(u,0)=V(u),

for allu e I, where N : Q —TM is the Gauss map of the surface.

We observe that if 8 is parameterized by arc-length and B:=V Bﬂ , we have

that V = |||~/ is a unit vector field along the curve such that g(3,V) = 0.
Then the Bjorling problem is a generalization of the problem of finding a
minimal surface which contains a given curve as a geodesic.

THEOREM 3.1. The Bjorling problem has a unique solution.'

1 Unique up to fixing the domain.
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Proof. In order to prove the theorem, we must analyze Theorem 2.3 care-
fully. In this theorem, we have essentially four conditions on the three func-
tions ¢; (the first condition is “generically satisfied”). We will start showing
that these conditions are dependent.

LEMMA 3.2. Let ¢;: QCC —C, i=1,2, be two differentiable functions
and 3 = —p? —3. We suppose that ;, i = 1,2, satisfy the two first equations
of the third item of Theorem 2.3. Then 13 satisfies the third equation.

Proof. Deriving with respect to z the equation

and using the fact that the two first equations of the third item of Theorem 2.3
are satisfied, we have:

s = O, O

=— Z (L1 + Lha ).

dk=1
Therefore, to prove the lemma it suffices to show that

3

Z ]k'l/)l + L kl/)g + L3k¢3)¢]wk =

jk=1

Writing the above sum as:

3 3
Z LEabivr + Z (Lhy, + LE)jvnt,
Jh=1 k=1

k<l

and using the relation Lék + Lfl =0, where j,k,1 € {1,2,3}, we conclude the
proof. O

We go back now to the proof of Theorem 3.1. Consider the system:

o
{ wl‘*‘Z;k 1 ]kwjz/)k_o
9

’112 +Z]k 1 jkdjjwk

where v; : Q — C and 2 = —? — 2.

Since this system is of Cauchy—Kovalevskaya type (see [10] for a proof of
the Cauchy—Kovalevskaya theorem), fixing the initial data ;(u,0), i = 1,2,
it has, locally, a unique solution. This solution gives, via Theorem 2.3 and
Lemma 3.2, a minimal surface. Thus, we must find initial conditions so that

(3.1)
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this surface has the required properties. Observe that, if f is a solution of the
Bjorling problem, we have:

0 0 . .
(32)  é(u.0):= %(a_z - za—£> (1,0) = 5 (3(u) +i8() A V(w).
Therefore, the initial data for the system is:
(3-3) U(u,0) = A1 (B(u))(u,0).

Note that the initial condition implies %(U,O) :B(U) Hence, up to a
constant determined by the constant of integration in Theorem 2.3, we have
f(u,0) = B(u). Also, the initial condition forces the choice of one of the
determinations of ¢35 = —1)% — 3.

Up to now, we have proved the existence of a local solution to the problem.
Using compactness of I and local uniqueness, we have existence and unique-
ness of the solution when [(I) is contained in a coordinate neighborhood,
for € sufficiently small. Covering I with a finite number of inverse images,
via (3, of coordinate neighborhoods and using (again) the uniqueness of the
local problem, the result is proved for the general case. O

4. Examples in the space H? x R

Let H? be the hyperbolic plane {(z,y) € R? : y > 0} endowed with the met-
ric, of constant Gauss curvature —1, given by gy = (dz? + dy?)/y?. The hy-
perbolic plane H?, with the group structure derived by the composition of
proper affine maps, is a Lie group and the metric gy is left-invariant. Then
the product space H? x R is a Lie group with the product structure given by

(z,y,2) * (2,9, 2") = (a'y + x99/, 2 + 2)

and the product metric g = gy + dz? is left-invariant. The Lie algebra of the
infinitesimal isometries of (H? x R,g) admits the following bases of Killing
vector fields

2,2
2
ngx%er%,
o

With respect to the metric g, an orthonormal basis of left-invariant vector

fields is: 5 5 5
FE=y— Ey=y— Ey=—.
1 yax’ 2 yay’ 3 92
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Also, the matrix A is given by:

y 0 0
A=10 y 0],
0 0 1
and the nonzero ij are L{, = —1 and L}, =1. Consequently, system (3.1)
becomes:
(4.1) aé;pzl — P13y =0,
. 8511; +|w1|220.

EXAMPLE 4.1 (The horizontal plane z = ¢). First of all, we consider the
curve
B(u) = (cosu,sinu,c), ue (0,7),ceR,
and the unit vector field V (u) = —Fs. As $(u) = — sinuE; + cos uEs, it results
that g(B,V) =0 and, also, using the equations (3.2) and (3.3), we have that
the initial data for the system (4.1) is:

w0 = (-

Thus, it follows that ¥ (u,v) =1(u,0) and, integrating, we obtain the confor-
mal immersion of the totally geodesic plane z = ¢ given by

(sinu+icosu) (cosu—isinu)
2sinu ’ 2sinu ’

f(u,v) = (e’ cosu, e’ sinu,c).
EXAMPLE 4.2 (The helicoid). Consider the curve f(u) = (0,1,2u) and the
unit vector field V/(u) = cos(2u) By +sin(2u) Ep. As B(u) = 2E3, it results that
9(8,V)=0. Also, using the equations (3.2) and (3.3), we have that the initial
data for the system (4.1) is:
P(u,0) = (—isin(2u),icos(2u), 1)
and moreover 3 = (—1? — 1/)%)1/ 2. Consequently, the solution is given by
() = 2isin(2u) — 2(cos(2u) + sin(2v)) tan(2v)
BT T o Fsin(2u — 20) — sin(2u + 2v)
sec(2v)[2i(cos(2u) + sin(2v)) + sin(2u) sin(4v))
2 —sin(2u — 2v) + sin(2u 4 2v)

)

(4.2)  ta(u,v) =
Y3 (u,v) = 1.

After integration, we have the immersion of the minimal helicoid in H? x R
described in [8], given by:

)

_ 2sin(2u) sin(2v)
fulu,v) = 2 — sin(2u — 2v) + sin(2u + 2v)’
f2(u,v) 2c0s(2v) fa(u,v) =2u.

T2 sin(2u — 2v) + sin(2u + 2v)’
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5. Examples in the Heisenberg group Hj

We now consider the Heisenberg group

1 =z z—l—%xy
HBZ 01 Yy 75573/72€R ’
0 0 1

equipped with the left-invariant metric given by
! 1 2
g=dx* +dy° + iydm—ixdy—l—dz .

An orthonormal basis of left-invariant vector fields is given by:

o yo d x0 0
B=—2-Y9 =249 p-2
YT 0 202 2 8y+282’ 37 0z
The matrix A takes the form
1 0 O
A= 0 1 0
_y oz
2 2

and the nonzero ij are:

1 1
L?2:_ Lglz_iv

27
1 1
L%‘S:_Ev L§1:_§7
1 1
L§3:§7 L:§2:§-

Thus, the system (3.1) becomes:
9 | Re(ihaths) =
9% — Re(ip1t)s) =

EXAMPLE 5.1 (Helicoids). We consider

07
(5.1) .

276
B0 = ((w.0.0) and Vi = C g4

where b, ¢ € R and the real-valued function p = p(u) satisfies:

V()2 —pr=p"/2—c
Since B(u) = p'(u)E1, we obtain that g(3,V)=0. Using (3.2) and (3.3), we
have that the initial data for the system (5.1) is

(u,0) = 3 (¢! () ~ip(u) i (p(w)” —2¢) /2).
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Consequently, 13 = (=17 — ¥3)'/? and

Y(u,v) = %(p’(u) cosv +ip(u)sinv, p'(u) sinv — ip(u) cosv,i(p(u)* — 2c) /2).
Using the fact that:
dr=11,  P2=1o, ¢3=—%¢1+§¢2+¢37

fi(z) =2Re [ 11 dz,
(5.2) f2(2) =2R f Yo dz,

fa(z ) 2Re [ (V3 — Zby + L) dz
we obtain the minimal immersion:

f(u,v) = (p(u) cosv, p(u)sinv, cv + b).
Therefore, if ¢ #0 we have the parametrization of a helicoid, while, if ¢ =0
we obtain the horizontal plane z =b.

EXAMPLE 5.2 (Catenoid-type surface). We consider the curve in Hj given
by:
B(u) = (gcosl, gsinl, h),

where g = g(u), I =1(u) and h = h(u) are real-valued functions such that

J? = 9 (g* —16) — 4

9> —4

and

- g>+4 2h

W =h= I'=

g% —4’ g*+4
with g2 > 4. Let
(gg’sinl + 2hcosl) (99’ cosl — 2hsinl) 2g'
V(u) = 2 4 E1 2 4 2 + 2 4 E3
9(g> +4) 9(g* +4) 9(g> +4)

be a unitary vector field. As
B(u) = (¢’ cosl — gl'sinl)Ey + (¢’ sinl + gl’ cosl)Ey + 21'Es,
it is easy to check that g(ﬁ, V) =0 and
B AV =2gsinlE, — 2gcoslEs + ¢*Es.
Therefore, using (3.2) and (3.3), it follows that the initial data for system (5.1)
is

1
P(u,0) = §(g/ cosl — gl'sinl + 2igsinl, g’ sinl + gl’ cosl — 2igcosl,2l' +ig?).
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Hence,
¥1(u,v) = = (g cos(l + 2v) — gl sin(l + 2v) + 2igsin(l + 2v)),

Va(u,v) = = (¢ sin(l + 2v) + gl cos(l + 2v) — 2igcos(l + 2v)),

N =N

balu0) = 521+ ig?).

After integration, we have the catenoid-type minimal surface given by

f(u,v) = (gcos(l +2v),gsin(l + 2v),h).

6. Final comments

If the ambient space is R® with the flat metric, the solution of the Bjérling
problem can be given by an explicit formula. This fact has been used to prove a
reflection principle and a nice application of this is the characterization of the
helicoid as the unique ruled minimal surface, besides the plane (see [3, 11]).

In our case, the partial differential equations involved are more complicated
than the Cauchy—Riemann ones, and we were not able to find an “explicit”
formula for the solution of the Bjorling problem. It is not clear that a reflection
principle holds for a generic three-dimensional Lie group. For example, in
the case of the Heisenberg group Hjs, there are many minimal surfaces ruled
by translated of 1-parameter subgroups. Such surfaces were classified in [2]
and [5] (see also [6] and [9] for the constant mean curvature case). If we
consider the developable ones, i.e., the ones with Gauss map of rank 1, then
they are (up to isometries of the ambient space) the graphs of the following
functions:

2+ k[In(y+ 1+ 92) +yv/1+ 42
f(z,y) = qor

2ky — %, keR

Since these are complete graphs, the Bernstein Theorem does not hold.
A classification of complete minimal graphs has been recently given in [4], in
terms of the generalized Hopf differentials introduced in [1].

We could also consider minimal surfaces of a Lie group, in particular of Hs,
ruled by geodesics. Very little is known for such surfaces and the classification
problem seems to be more difficult. However, our feeling is that this is the
right context for a reflection principle.
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