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ABSTRACT

MINIMAL SURFACES ON THREE-DIMENSIONAL
WALKER MANIFOLDS

Erzana Berani
M.S. in Mathematics
Advisor: Biilent Unal

June 2017

Lorentzian Geometry has shown to be very useful in a wide range of studies
including many diverse research fields, especially in the theory of general relativity
and mathematical cosmology. A Walker manifold descends from the structure of
Lorentzian manifolds which is characterized by admitting a parallel degenerate
distribution.

In the present thesis, we investigate and derive the equations of minimal sur-
faces on three-dimensional Walker manifolds, with a particular interest on those
surfaces which are represented by the graph of a smooth function. Our study is
closely related with (Lorentzian) isothermal coordinates which provide an easier
approach for deriving such equations, and they are locally defined for any surface
on the underlying manifold. By using the well-known property of vanishing mean
curvature for minimal surfaces, together with the geometric restrictions posed by
the chosen coordinates, we obtain a class of graphs of functions which are minimal

under certain conditions on the corresponding function.

Keywords: Walker manifold, minimal surface, isothermal coordinates.
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OZET

UC BOYUTLU WALKER MANIFOLDLARDA
MINIMAL YUZEYLER

Erzana Berani
Matematik, Yiksek Lisans
Tez Danigmani: Biilent Unal
Haziran 2017

Lorentz Geometrisi'nin ozellikle genel gorelilik ve matematiksel kozmolojiyi iceren
tizere, bircok farkli, gelisen arastirma alanlarinda yararli oldugu goriilmiigtiir.
Paralel dejenere dagilimi karakterize kabul eden Walker manifoldlar1, Lorentz

manifold yapisindan tiiremistir.

Bu tezde, ii¢ boyutlu Walker manifoldlar tizerindeki minimal yiizeyler tizer-
ine caligtik ve bu yapilar tizerindeki minimal yiizeyler i¢cin denklemler tiirettik.
Ozellikle, diizgiin bir fonksiyon grafigi tarafindan temsil edilen ytizeyler iizerinde
caligtik. Calismamiz, bu denklemleri tiiretmek icin kolay bir yontem saglayan
Lorentz izotermal (esig1l) koordinatlarla yakindan ilgilidir ve bu koordinatlar man-
ifold tizerindeki her yiizey icin bolgesel olarak tanimlanmigtir. Minimal yiizeylerde
ortalama egriligin sifir oldugu gercegini ve secilen koordinatlarla konumlanmig ge-
ometrik sinirlamay1 kullanarak, karsilik gelen fonksiyonun belli sartlardaki mini-
mal fonksiyon grafik simiflairini elde ettik.

Anahtar sozcikler: Walker manifoldu, minimal yiizeyler, izotermal koordinatlar.
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Chapter 1

Introduction

The study of indefinite metrics has given rise to the pseudo-Riemannian (also
known as semi-Riemannian) geometry which has shown to have a lot of applica-
tions especially in physical contexts such as general relativity and string theory
[1, 2]. Astonishingly, it seems like part of the universe can even be represented
by the models established via the Lorentzian geometry which represents a partic-
ular case of pseudo-Riemannian geometry. More explicitly, Lorentzian manifolds
are smooth manifolds which are furnished with the Lorentzian metric, i.e. the
pseudo-Riemannian metric that has signature (1,¢). Those manifolds are ex-
ploited as cosmological models to predict phenomena happening on the planets
scale such as the Big Bang and the universe expansion [2] (More detailed infor-
mation about Lorentzian Geometry can be found in Chapter 2.) One of these
interesting manifolds are the pseudo-Riemannian manifolds which admit a paral-
lel degenerate line field. They appear naturally in many diverse physical settings
as well. Namely, among many other applications they establish the underlying
structure of pp-waves models [3, 4] and are used in the study of hh-spaces in gen-
eral relativity [5]. Walker studied these manifolds and in 1950, he described their
local structure by deriving a canonical form [6] which played a central role for fur-
ther investigations [7, 8, 9]. Motivated by his work, a semi-Riemannian manifold

which admits a parallel degenerate line field is called a Walker manifold.



Walker’s result aroused curiosity among researchers to investigate more about
the Walker geometry which has provided a rich source of interesting geometric
topics. For instance, curvature properties and a complete characterization of
locally symmetric or locally conformally flat three-dimensional Walker manifolds
have been studied in detail by Chaichi, Garcia-Rio and Vazquez-Abal in [7].
Calvaruso and Van der Veken obtained a classification of parallel surfaces with
a Walker manifold as the ambient space [9]. Also in [8], Calvaruso and De Leo
investigated Ricci solitons on three-dimensional Walker manifolds where they
showed that the existence of non-trivial Ricci solitons depends on the defining

function f of the manifold.

On the other hand, minimal surfaces, i.e. the surfaces with vanishing mean
curvature everywhere, have been an interesting area of research since the eigh-
teenth century. Indeed, the first research goes back to J.L. Lagrange (1768) who
considered the variational problem of finding a surface of least area bounded by
a given closed countour. Later, G. Monge (1776) was the one who discovered
that the area-minimizing condition on a surface leads to the condition H = 0,
which justifies the notion minimal of the surfaces whose mean curvature vanishes
identically [10]. During the nineteenth century, major achivements in classifying
and constructing minimal surfaces on Euclidean 3-space were accomplished by
K. Weierstrass, Lie, Riemann, Schwarz and others whose works resulted in the
establishment of a strong connection between minimal surfaces and holomorphic
functions [10]. A completely different way of approach to minimal surfaces was
presented by Bernstein [11, 12] when he considered those surfaces purely from

the point of view of partial differential equations.

Furthermore, interesting flourishing of the minimal surface theory has arisen
in the last two decades, partly due to generalization directions which involve
evolving the theory into Riemannian spaces as well as applying it to higher di-
mensions (which in turn gave rise to widening the surface classes). For example,
the Weirestrass results on 3-dimesional Euclidean space have been extended to
3-dimensional Minkowski space by Kobayashi for spacelike minimal surfaces [13],

and by Konderak for the case of timelike minimal surfaces [14]. Moreover, these



theorems were particularly obtained for simply connected immersed minimal sur-
faces in the three-dimensional Heisenberg group H? and in the product H? x R
of the hyperbolic plane with the real line [15]. An another significant result was
obtained recently by Lira and Mercuri [16] by making a further extension of Weier-
strass representation formulas for immersed minimal surfaces in Riemannian and

Lorentzian three-dimensional manifolds.

Motivated by the works and results mentioned above, in this thesis we will
study the minimal surfaces on three-dimensional Walker manifolds, with a par-
ticular interest on surfaces which are represented by the graph of a function. As a
brief outline, we begin the second chapter by an introduction of semi-Riemannian
geometry and its properties. We particularly study the Lorentzian geometry by
introducing the Lorentz-Minkowski space. We then study more closely the sur-
faces on this space, and we define the mean and Gauss curvatures together with
some examples. In chapter 3, we finally define the Walker manifolds and next we
explain their geometric structure. Finally, we present our main result; we derive
the equations of minimal surfaces that are represented by the graph of a function

on a 3-dimensional Walker manifold.



Chapter 2

Preliminaries

In this chapter, before studying the surfaces in three-dimensional Minkowski
space, we will first recall some basic definitions and results related to semi-
Riemannian Geometry. O’Neill and Tilla put forward these basic definitions in
their classical books [2, 17] which were nicely summarized by Lépez in his paper
[18].

2.1 Semi-Riemannian Geometry

Let V be an arbitrary vector space of dimension n > 1 over R. Then a bilinear
form on V is an R-bilinear function [ : V x V — R. The form [ is symmetric if

l(w,v) =l(v,w) for all v and w in V.

Definition 2.1.1. A symmetric bilinear form [ on V is called
(1) positive definite provided v # 0 implies (v, v) > 0

(2) negative definite provided v # 0 implies [(v,v) < 0



(3) nondegenerate provided (v, w) = 0 for all w € V implies v = 0

Definition 2.1.2. The index v of a symmetric bilinear form [ on V is the di-

mension of a subspace W C V such that

(1) l|lw is negative definite.

(2) If W’ C V is another subspace such that |y~ is negative definite, then
dim W' < dim W.

A nondegenerate, symmetric, bilinear form ¢ is generally called an inner
product. 1If g is an inner product on V', the norm of a vector v is given by
|v] = /|g(v,v)|, and two vectors v and w are said to be orthogonal if g(v, w) = 0.
If W is a subspace of V, then the orthogonal complement W= of W in V is defined
by

W ={veV:gw) =0forallweW}

A vector v such that |g(v,v)| = 1 is called a unit vector. A basis {ey, ..., e,} for

V whose elements are mutually orthogonal unit vectors is called an orthonormal

basis for V.

Definition 2.1.3. A semi-Riemannian metric g for a manifold M is a smooth
symmetric, nondegenerate tensor field of type (0,2) on M, which assigns to each

point p € M an inner product g, on the tangent space T),M.

Here the index of g, is the same for all p, and that same index value v of g,
on M is called the index of M.

If g has components g;; in local coordinates (z!,...,2") on U C M, then the

metric g is represented by

g = Z gij<w)dxid$j (metric tensor)

i,j=1
with
gij = gji (symmetric) and det(g;;) # 0 (non-degenerate)
6



Here,

where 0; denotes the vector field 9/dz; on U. Because g is non-degenerate, the

matrix (g;;(p)) is invertible for each p in U. The inverse matrix is denoted by

(97(p)).

The signature of g will be denoted by (s, ), where s is the number of negative

eigenvalues and r = n — s is the number of postive eigenvalues with n = dimM.

Definition 2.1.4. A semi-Riemannian manifold is a smooth manifold furnished

with a semi-Riemannian metric g.

If the metric ¢ has signature (0,n), then M is a Riemannian manifold; that
means each g, is a positive definite inner product on the tangent space T),(M)
at p in M. However, when ¢ fails to be positive definite, we have other types of

manifolds:

Definition 2.1.5. Given a manifold M of dimension n > 2, the pair (M, g)
is called a Lorentzian manifold when ¢ is a Lorentzian metric. A pseudo-

Riemannian metric g is called a Lorentzian metric if it has signature (1,7 — 1).

2.2 Introduction to Minkowski space

With the definitions given in the previous section, now we are going to define the
Minkowski space and introduce its basic properties with a special focus on the

surfaces of this space [18].

Definition 2.2.1. The Minkowski space is the metric space E3 = (E3, (,)) where
the metric (,) = da? + dx3 — dz? is called the Minkowski metric. By E3 we

denote the three dimensional Euclidean space.



A vector v € B3 is classified as timelike, spacelike or lightlike if (v,v) is nega-

tive, positive or zero, respectively:

(1) (v,v) <0 (timelike),
(2) (v,v) >0 (spacelike),
(3) (v,v) =0 and v #0 (lightlike).

The category into which a given vector falls is called its causal character.

Now, let W be a subspace of E3, and g be the metric on E3. There are three

mutually exclusive possibilities for W:

(1) g|w is positive definite; that is, W is an inner product space. Then W is
said to be spacelike.

(2) glw is non-degenerate of index 1. Then W timelike.

(3) g|w is degenerate. Then W lightlike.

The set of all lightlike vectors of E3 is called the lightcone of E3:
C={(z,y,2) €E} : 2* + y* + 2> = 0} — {(0,0,0)}.
The set of timelike vectors is

T ={(z,y,2) €E: 2? +y* + 2> < 0}.

The existence of timelike and lightlike vectors in E2 poses some different geo-

metric properties when compared with Euclidean 3-space E3:

Proposition 2.2.2. Let E3 be the Minkowski 3-space.

(1) Two lightlike vectors u,v € E3 are linearly independent if and only if
(u,v) =0.



(2) If u,v € E} are two non-spacelike vectors with (u,v) = 0, then they are

lightlike vectors.

(3) If u and v are two timelike vectors, then (u,v) # 0.

If u is a timelike vector, the timelike cone of u is
Clu)={veT:(uuv) <0}
and its opposite timelike cone is

C(—u)=—C(u)={veT: (uv) >0}

€1

Since u— is spacelike, 7T is the disjoint union of these two timelike cones.

Some properties of the timelike cones are the following:

Proposition 2.2.3. (1) Two timelike vectors w and v lie in the same timelike

cone if and only if (u,v) < 0.
(2) uw e C(v) if and only if C(u) = C(v)

(3) The timelike cones are convex cones, that is, if v,w € C(u) and a > 0,b >0
(not both zero), then av + bw € C(u).

An important difference between E? and E? is also the Cauchy-Schwarz in-

equality. The inequality is basically reversed in Minkowski space [18]:

Proposition 2.2.4. Let u and v be timelike vectors in E}. Then

(1) [{u,v)| > |ul|v|, with equality if and only if u and v are proportional.

(2) If w and v are in the same timecone of V', there exists a unique number

A >0, called the hyperbolic angle between v and v, such that

[{u, )| = —lul[v] cosh A

This result affects also the triangle inequality in E3.

9



Corollary 2.2.5. If u and v are timelike vectors in the same timecone, then
[{u, )] < Ju+ vl

with equality if and only if u and v are proportional.

Finally, we conclude this section by the following definition:

Definition 2.2.6. A Lorentz manifold M is time-orientable if there exists a
timelike vector field X on M.

2.3 Surfaces in Minkowski Space

In this section we will recall some basic facts of local surface theory in Minkowski
3-space, and then introduce the surfaces in E? with a special interest on those

that have some geometric restrictions [18].

Definition 2.3.1. A semi-Riemannian surface M is a semi-Riemannian manifold

of dimension 2 in the 3-dimesional Minkowski space [E3.

Let M be a smooth, connected, semi-Riemannian surface. Let y : M — E3
be an immersion, which is defined as a differentiable map whose differential map

dxp : T,M — E? is injective for all p € M.

A plane in E? is called spacelike, timelike or lightlike if and only if its Euclidean
unit normals are timelike, spacelike or lightlike respectively. Knowing this, we can

define the causality of a surface M in E3:

Definition 2.3.2. Let M be a surface. An immersion x : M — E3 is called
spacelike, timelike or lightlike if all tangent planes T,M are spacelike, timelike or

lightlike respectively.

Remark 2.3.3. Non-degenerate surfaces can be spacelike or timelike.

10



Given an immersed surface in [E?, it is not neccessarily one of the above types
of surfaces because the causal character may change in different points of the
same surface. For instance, the sphere S? is composed of three regions with
different casual characters. Precisely, {(z,y,2) € S* : |z] > \/Li} is spacelike,

{(z,y,2) € S$*: |2] < \/Li} is timelike, and {(z,y,2) € S$?: |2| = \/LE} is lightlike.

In the cases M is a spacelike (resp. timelike) surface with p € M, then we
can express E?} as the decomposition T,M & (T,M)*, where (T,,M)* is a timelike

(resp. spacelike) subspace of dimension 1.

Definition 2.3.4. A Gauss map is a differntiable map N : M — E? which
assigns to every point p € M a vector N(p) € (T,M)* such that |N(p)| = 1.

Recall that a surface is orientable if there is a family of coordinate charts
where the change of parameters has positive Jacobian. This is equivalent to the
existence of a Gauss map, also called as an orientation of M in the case when M

is a non-degenerate surface.

An important result concerning the surfaces in E? is the following:

Proposition 2.3.5. Let M be a compact surface and let x : M — E3 be a
spacelike, timelike or lightlike immersion. Then OM # 0.

This result shows that the causal character of an immersion imposes conditions
on the surface M, and thus it disregards the study of closed surfaces in Minkowski

space.

As examples, we will study the causal character of a pseudosphere and of the

graph of a function which we will encounter in the next chapter [18].

(1) Consider the pseudosphere of center py and radius 7:
Si(r;po) = {p € By : (p — po,p — po) =17}

The tangent plane at p is T,M = Span{p — po}* and the normal vector is
N(p) = (p—po)/r.

11



N(p) is a spacelike vector, thus the surface is timelike. If py is the origin
and r = 1, the surface is also called the De Sitter space which is denoted
by S%:

ST ={(z,y,2) € B3 : 2* +9* — 2* = 1}.

Let f: Q C E? — E! be a smooth function defined on a domain 2 C E2.
Define the graph of f by

graph(f) = {(z,y, f(z,y))|(z,y) € Q}
and let S be the image of the immersion
p:Q—E; pla,y) = (2,9, f(z,y))

Taking partial derivatives, we have ¢, = (1,0, f;) and ¢, = (0,1, f,). Then

the matrix of the induced metric with respect to {¢,, ¢,} is
(1—ﬁ —hh)
_facfy 1- ny

1—f2—f2=1-|Vf

This implies that the immersion is spacelike if |V f|? < 1, timelike if |V f|* >
1 and lightlike if |V f| = 1.

whose determinant is

Here we should note an important difference from the Euclidean case; given
a function f, one can consider the graph of f on each plane, and for each
plane there is a different causal character of the same function f. For ex-
ample, if the surface is a graph on the timelike plane (yz-plane) of equation

x =0 given by Q = {(f(y, 2),v, 2)|(y, z) € Q}, the matrix of the metric is

C+ﬁ bﬁ)
fyfz fzz_l

Its determinant is —f; + f2 — 1, which is different than 1 — [V f|* (the
determinant when the surface is a graph on xy-plane). Thus, the same
function f may give surfaces with different causal character. For example,
if we take f(z,y) = 0 on Q = E?, then S becomes a spacelike (horizontal)

plane, but @ is a timelike (vertical) plane.

12



In Euclidean space, we know that an immersion y : M — E? of a surface
M is locally a graph on one of the three coordinate planes. But if we put the
Lorentzian metric on E?, we can know precisely on what coordinate plane a given

spacelike or timelike surface is a graph [18]:

Proposition 2.3.6. A spacelike (resp.timelike) surface is locally the graph of a
function defined in the plane of equation z =0 (resp. x =0 ory =0).

We conclude this section with the following result for spacelike surfaces:

Theorem 2.3.7. Let M be a surface and let x : M — E3 be a spacelike immer-

ston. Then M 1is orientable.

2.4 Mean and Gauss Curvature

In this section we will give some basic definitions related to the curvature of a
surface, and then finally define the two most important curvature functions of a

surface: mean and Gauss curvatures [2, 18].

Let M be a connected smooth manifold of dimension n. Let C*(M) denote
the set of all smooth functions on M, and X (M) the set of all vector fields tangent
to M.

Definition 2.4.1. For an ordered pair X,Y € X(M), the Lie bracket is a vector
field [X,Y] € X(M) such that for a smooth function f

(X YI() = X(Y(f)) = Y (X))

Definition 2.4.2. A connection on M is a map V : X(M) x X(M) — X(M)
such that

(1) VxY is C°°(M)-linear in X
(2) VxY is R-linear in Y

13



(3) Vx(fY) = (Xf)Y + fVxY, for all f € C®(M)

Here we denote VxY := V(X,Y). The vector field VxY is also known as the

covariant deriwative of Y along X.

Definition 2.4.3. Let (M, g) be a Lorentzian manifold. Then there is a unique

connection V, called the Levi-Civita connection, on M such that:

(4) [X,)Y]=VxY —VyX

(5) Xq(Y,2) = g(VxY, Z) + g(Y,VxZ)

Now, let x : M — E3 be a spacelike or timelike immersion of a surface M. We
will denote by V° the Levi-Civita connection on E}. If XY € X(M), we have

the decomposition

VY = (V&Y)T + (VG Y)* (2.4.1)

where T and L denote the tangent and normal components of VY respec-
tively with respect to M. Let V denote the induced connection on M by the
immersion Yy, that is,

VxY = (V4Y)T
and we define the second fundamental form of X as the tensorial, symmetric map
IT: X(M) x X(M) — X(M)* : I(X,Y)=(VykY)*

So, (2.4.1) becomes V%Y = (VxY) + II(X,Y), known as Gauss formula.

We recall from the previous section that for a given surface X in E3, the Gauss
map is the differentiable map N : X — S? that maps every point p € X to a
unit vector N(p) orthogonal at X at p.

In Minkowski space, two surfaces play the same role as spheres in E3: the

pseudohyperbolic surface and the pseudosphere. The pseudohyperbolic surface of

14



radius r > 0 is

H*'(r) = {p € E{: {p,p) = —r"}
which is a spacelike surface. From the Euclidean viewpoint, H*!(r) is the hy-
perboloid of two sheets 2% + 23 + 23 = —r? which is obtained by rotating the
hyperbola 27 — 22 = —r? in the plane x5 = 0 about the xs-axis.

The other surface is the Lorentz sphere (pseudosphere) S*!(r):

S*L(r) = {p € E¥; (p,p) = 1}

which is a timelike surface, and is obtained by rotating the hyperbola 23 —z2 = 1

in the plane z = 0 about the zs-axis.

Definition 2.4.4. Let X € T,M and define (Ay(X))(p) = —(VxN)(p) where
N denotes a (local) unit normal vector field on the surface M. Note that
(AnN(X),N) = —(VxN,N) = —(1/2)X((N,N)) = 0 so that (Ax(X))(p) €

T,M. Hence, A is a linear transformation on 7, M, called the Weingarten map:

Ay T,M - T,M A, = (Ay(X)),.

It is also known as the derivative of the Gauss map, that is, it measures the
variation of the normal near p or how the surface “curves” near p. For that reason

it is also called the shape operator.

So, let M be a nondegenerate connected surface in E3. Consider a unit normal
vector field N of M. If M is spacelike, respectively timelike, the Gauss map is
given by N : M — H*!(1), respectively N : M — S?!(1). Now we can define
the mean curvature and the Gauss curvature in E3. Firstly, we recall that in
Euclidean space the Weingarten map is diagonalizable because it is a self-adjoint
endomorphism with respect to a Riemannian metric, and principal curvatures are

defined as the eigenvalues of the Weingarten map.

In Minkowski space the Weingarten map A is self-adjoint with respect to the
induced metric (,). If the metric is Riemannian then A is diagonalizable, but it
might not be diagonalizable if the metric is Lorentzian. This means that while
principal curvatures are well-defined on a spacelike surface, they are not defined

on a timelike surface.

15



Now, we will define the Gauss and mean curvature in terms of trace and

determinant of Weingarten map A.

Proposition 2.4.5. Consider the Weingarten map A of a non-degenerate surface
E3. Then
1
K = edet(A) and H=c¢ étmce(A)

where € = (N, N), and K and H denote the Gauss and mean curvature respec-

tively.

Definition 2.4.6. Consider x : M — E? a non-degenerate immersion and p €
M. If the Weingarten map A, at the point p is diagonalizable, the eigenvalues

of A, are called the principal curvatures at p and we denote them by A;(p) and
A2 (p).

Corollary 2.4.7. Assume that A, is diagonalizable in a non-degenerate surface
of E3. Then

AL(p) + A2(p)

H(p) =e 5 ;. K(p) = eM(p)Aa(p)

In Euclidean space, an umbilic point is defined to be the point where two
principal curvatures coincide. But in Minkowski space we cannot use the same

definition since principal curvatures are not always defined in a given surface:

Definition 2.4.8. Let x : M — E} be a spacelike or timelike immersion. A

point p € M is called umbilic if there exists 7(p) € R such that

<H(u7 ’U), N(p)> = T(p) <u7 'U>’ u,v € TPM

A surface is called totally umbilical if all point are umbilic.

Hence an umbilic is a point where the second and the first fundamental forms
are proportional. This is also equivalent to saying that (A,u,v) = 7(p)(u, v), and
in particular A, must be diagonalizable because (Aeq,e;) = 0. So, we say that
p is an umbilic point if and only if A\;(p) = A2(p). In Euclidean space, we have
the inequality H? — K > 0 where equality holds only at an umbilic. But in E3,

Weingarten map needs to be diagonalizable:

16



Proposition 2.4.9. Assume that M is a non-degenerate surface of B3, p € M

and A, is diagonalizable. Then,
H(p)* — e K(p) >0,

and equality holds if and only if p is umbilic. In particular, in a timelike surface,
if H(p)*> — e K(p) <0, then p is not umbilic.

The diagonalizability of the Weingarten map depends on the existence of real
roots of its characteristic polynomial P(7). We can easily compute P(7) and get
P(1) =12 — 2Her + €K and its discriminant as D = 4(H? — eK). Thus:

(1) If H*—€eK > 0, there are two different real roots of 7(p) and the Weingarten

map is diagonalizable.
(2) If H?> — eK < 0, A is not diagonalizable.

(3) If H* — eK = 0, there is a double root of 7(p). Here there are two cases:
if e = —1, the root 7 = —H is an eigenvalue of A and the point is umbilic.

And if € = 1, then the matrix might or might not be diagonalizable.

We conclude this section by showing how to compute the curvatures by using
a local parametrization and then applying it to a surface given as a graph of a

function.

Let ¢(u,v) be a local parametrization of a (spacelike or timelike) surface:
p:UCR>—=E | p=pu,v)

and let B = {¢,, p,} be a local basis of the tangent plane at each point of p(U).
{E,F,G} and {L, M, N} will represent the coefficients of the first and second
fundamental forms and we will denote W = EG — F?. The surface is spacelike if
W > 0 and it is timelike if W < 0. Take the unit normal vector field:

_ Pu X Py
|90u X ‘Pv|
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Here |, X | = /—€(EG — F?) = /=W and

E = (pu, u) L= (N, puu)
F = <90u7§0v> M = <N7Q0uv>
G = <90v790v> N = <N790vv>

Then, the Weingarten map A is expressed as:

(e ()

and therefore the mean curvature and the Gauss curvature are

1LG —2MF + NE LN — M2
H—ex . TR 9.4.2
‘3 EG_F? ’ “EG — F2 (2.4.2)

Finally, we will consider an example [18]:

Example 2.4.10. (Graph) Let f be a smooth function and consider the surface
M given by z = f(z,y). Let p(z,y) = (z,vy, f(z,y)) be the local parametrization

of the surface. After some simple calculations, we get:

E=1-f;
F:_fmfy
G=1-f;

Thus EG - F*=1-f2—f;=1—|Vf]*

If the surface is spacelike (resp. timelike) we have |V f|*> < 1 (resp.> 1) on the
domain of ¢(u,v). Then, by using the formulas in (2.4.2), we get

(1= 1) foo + 2fufy + (1= D) fyy = —2H (—e(1 — |V f]2))*/?

f:rxfyy_ J%y
(1= f2—=f)?

K=—

18



Chapter 3

Minimal Surfaces on

Three-Dimensional Walker
Manifolds

In this chapter, we will define the Walker manifolds and we will discuss some of
their geometric properties as a first step before investigating the minimal surfaces

on these manifolds [1, 7].

3.1 Walker Manifolds

It is a well-known result that a Riemannian manifold can be decomposed locally
as a direct product whenever there exists a parallel line field. The same holds
true for semi-Riemannian manifolds as long as the line field is non-degenerate,
which means that it is generated by a non-null vector field [1]. However, in the
semi-Riemannian setting, different geometrical consequences arise when mani-
folds admit parallel degenerate line fields. So our first objective is to understand

these kind of manifolds.
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Let M be a semi-Riemannian manifold whose tangent bundle is decomposed
as TM = V; ® Vo where V; and V5 are smooth subbundles which are called
distributions. This gives rise to two complementary projections m; and my of
TM onto Vi and V5 respectively. If Vmy = 0 then V; is said to be a parallel
distribution. Equivalently, this means that VV; C V.

Now, let V; be a parallel distribution. Then the metric restricted to V; has
constant rank, and we say that V; is a null parallel distribution whenever the
restricted metric vanishes identically. Again, assume that V; is parallel with
dimension 1, so that it is a line field. If V; is not null, then through parallel
translation there is a parallel vector field which spans V; whenever M is simply
connected. However, V; being null does not imply that it should be spanned by
a parallel vector field [1].

Definition 3.1.1. Lorentzian manifolds which admit null parallel distributions
are called Walker manifolds, and in the case where the distributions are spanned

by a null vector they are called strict Walker manifolds.

Walker has derived adapted coordinates to a parallel plane field [6]. Hence, the
metric of a three-dimensional Walker manifold (M, g;) with coordinates (z,y, 2)
is expressed as

gr = edy® + fd2* +drx @ dz + dz @ dz

and its matrix form as

00 1 —f 01
gr=10 e 0], with its inverse g;l =1 0 € O (3.1.1)
1 0 f 1 00

for some function f(z,y,z), where ¢ = £1 and thus D = <a%> as the parallel
degenerate line field. Notice that when ¢ = 1 and € = —1 the Walker manifold
has signature (2,1) and (1,2) respectively, and therefore is Lorentzian in both

cases. In our work we will always take ¢ = —1.

9

5, the coordinates

Remark 3.1.2. If there exists a parallel null vector U =
above are affected in a way that f(x,y,z) = f(y, 2) [6].
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To construct an orthonormal frame for (M, g), first we need to define the vec-

tor product on a Walker manifold.

Let u,v € M. The vector product u X v of u and v is the unique vector de-

fined as
u X v = (ugvg — ugvy — (U3 — UzVs) f, UV3 — U3V, UV3 — U3V2) (3.1.2)

which satisfies
W, w2 W3

(u x v,wy =det(u,v,w) =| u; Uy ug (3.1.3)

V1 V2 U3

Here w € {E), s, E3}, the standard basis of the real vector space E3.

Having defined the vector product in (M, gs), now we are able to construct
an orthonormal frame on the manifold. So, let u = (0,1,0) and v = (0,0, ﬁ)
Then

1
uXv= (—\/},O,ﬁ).

Notice that |u| = |v] = |u x v| = 1. Here we assume that f > 0, and the case
f < 0 can be studied in a similar way. So, we get the following orthonormal

frame
0, (3.1.4)

-

1
€1 = _\/?ax + ﬁam €2 = ay; €3 =

where

(er,e1) =1, (ea,e9) = —1, (es,e3) = 1.

3.2 Connections and Curvature

We denote by V the Levi-Civita connection of (M, gs) that we defined in the
previous chapter (see Def. 2.4.2). In local coordinates it can be described using

the Christoffel symbols which are the real-valued functions Ffj such that
Vodj =Y Thoe (1<i,j<n) (3.2.1)
k
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where

RS Kl g5 093l 0gi;
Ik = §Zg <8in + 30 axf : (3.2.2)
=1

and 0;, 0;, Oy, represent the coordinate vector fields 9/9z%,0/0z7, /02", respec-

tively, and ¢ = (g;;)~" [2].

Using (3.2.2), we calculate the possible non-zero Christoffel symbols of a
Walker metric gy as

Fig = Fél =3 %fm

F%s = FéQ —~ %fya
Th =3 (4 /5,
T =
Th =3/

Having calculated the Christoffel symbols, we get the following possibly non-

vanishing components of the Levi-Civita connection on (M, g¢) [7]:

1
VB az = éfxaﬂm

T

1
Vayaz = ifyaam

1 1 1
Vo.0.==(ffc+ [.)0: + §fy8y — §fxaz.

2

Let R denote the curvature tensor of (M, g¢) defined as

R(X,Y) = Vixy — [Vx, Vy]. (3.2.3)
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Again by [7], R is completely determined by the following possibly non-zero com-

ponents:

1
(a:wa ) 2foc:c x5

1
(af?a ) fa:y x>

R(azﬁa ) fzy T
(83178 ) fyy )
1
R(aﬂwa) 2ff:ma + fxy §f:m:8za
1 1
(aya 8 ) 2ffxy §fyyay - §fxy8z

We recall that in the Lorentzian setting, the curvature of a 3-dimensional mani-

fold is completely determined by the Ricci tensor defined by
3
p(X7 Y)P = Z gzg(R(Xa EZ>Y7 EZ)P
=1

for p € M and X,Y tangent vectors to M at p, where {Ey, Fy, F3} is an or-
thonormal frame on (M, g¢) and ¢; = g,(E;, E;) = 1.

Then, for a 3-dimensional Walker manifold with respect to the coordinate basis

{04, 0y, 0.} and the orthonormal frame {E;, Es, E5}, we get the Ricci tensor as

3for 3foy 3w
P = 0 0 _%fafy
0 0 3few

with eigenvalues A\ = 0, Ay = A3 = %fm

Recall that strict 3-dimensional Walker manifolds are 3-dimensional Walker
manifolds whose parallel null vector field is spanned by 0,. Hence in a strict
Walker 3-manifold, f is independent of the parameter x, i.e. f = f(y,z) [6].
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Therefore, for a strict 3-dimensional Walker manifold, the Levi-Civita connec-
tion and Riemannian curvature are determined by the following possibly non-

vaishing coefficients respectively:

1
Vayaz = §fyaacy

1 €
Vazaz = Efzax - éfyayv

and
1
R(0y,0,)0, = §fyy(9m,
1
R(azh az)az = §fyyay'

Moreover, the Ricci tensor p for a strictly 3-dimensional Walker manifold M be-

comes

00 3w
p=100 o0
00 0

3.3 Minimal Surfaces

In this section, we are going to investigate the surfaces with vanishing mean
curvature on a 3-dimensional Walker manifold. In particular, we will consider

the surfaces which are the graph of a smooth function h.

We recall that different from Euclidean case, in Minkowski space given a func-
tion A one can consider the graph of h on each plane, and for each plane there
is a different causal character of the same function h. Therefore, we are going
to study each case seperately and derive the equations of graphs with vanishing

mean curvature.

Throughout this work, by a surface X we mean a connected, oriented, smooth
2-manifold, and the metric that we use on X, i.e. the Walker metric, is non-

degenerate and Lorentzian (indefinite).
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In order to study the surfaces on a manifold, whether it be Riemannian or
Lorentzian, we need to introduce (Lorentz) isothermal coordinates which in most

cases turn out to be very useful by simplifying the calculations to a great extent.

First, we recall that two metrics g and g on X are conformally equivalent if
and only if there is a positive C*° function p such that g = ug. We observe that
while oriented angles on X are preserved by conformally Riemannian metrics,
conformally equivalent Lorentzian metrics preserve the casual character of any

tangent vector on X.

Definition 3.3.1. (1) For a Riemannian metric g on X, coordinates (x,y) are

called isothermal coordinates if and only if g is equivalent to da? + dy?.

(2) For a Lorentzian metric g on X, coordinates (z, y) are called Lorentz isother-
mal coordinates if and only if g is equivalent to —dx? + dy?. Moreover, by
taking * = u — v and y = u + v we get the so called proper null coordinates

(u,v) in which case g becomes equivalent to dudv.

For the proof of local existence of such coordinates on both Riemann and

Lorentz surfaces, see [19, 20].

Observe that if we choose isothermal coordinates, then the mean curvature

simplifies to

L+ N
H = 3.3.1
¥ ( )
and N
H=="_"" 3.3.2
5 (3.3.2)

for spacelike and timelike surfaces respectively.
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3.3.1 Graphs on xy-plane

Let h : U C E? — E! be a smooth function defined on a domain U C E2, and let

X be the image of the immersion
o:U—(M.gr) , ou,v)=(u,v,h(u,v)) (3.3.3)

By Proposition 2.3.6 we know that ¢ is a spacelike immersion. This means that
the shape operator of the surface X is diagonalizable, hence we can use isothermal
coordinates as in the Riemannian case. With straightforward calculations we

obtain the coefficients of the first and second fundamental form as

E =h,(fh,+2)
F = hy(fhy + 1)
G=c+ fh?
L= huu(f = hu)//1T+h2 + 12
M = huy(f = ha)/\/1+ D2 + B2
N = hoo(f = hu)/v/T+ 12+ 12

and using (3.3.1) we get

2E\/1+ hZ + h2

It is clear that the mean curvature vanishes if and only if hy, + hy, = 0 or
f — h, = 0. On the other hand, by choosing isothermal coordinates we have

E =G and F = 0, and thus we have two cases:

Case A :  Assume that h,, + h,, = 0. Then by choosing isothermal coordi-

nates we have

ho(fhy +1) =0 (3.3.5)
fh2 4+ 2h, =c+ fh? (3.3.6)

From (3.3.5) we extract two other subcases, that is, h, = 0 and fh, +1=0.
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Case A.1: 1If h, =0, then h,, = 0 which implies that g,, = 0. Then h = au+b
where a and b are real constants. If a = 0, then (3.3.6) does not hold. But if

a # 0, then by (3.3.6) we obtain f = —1222“ , a constant function, which is a

trivial case.

Case A.2: If fh,+1=0, then

1
hy = —— 3.
7 (3.3.7)
g — % (3.3.9)
By using (3.3.6) and (3.3.7), we get
he=+f—-1/f (3.3.9)
fv(2 B f3>
hyyw = —m—F——— 3.3.10
f2 /f' _ 1 ( )
Integrating (3.3.9) and (3.3.10) gives respectively
h(u,v) = — / % du + K;(v) (3.3.11)
h(u,v) = / ff_ ! dv + Ks(u) (3.3.12)

Finally, we have assumed that h,, + h,, = 0, that is, hy, = —hy,. Then, by
substituting (3.3.8) and (3.3.10) into the equation we get

fu (22

ERNEN
which simplifies to

fV f=1=f(f—2). (3.3.13)

Therefore, whenever f satisfies (3.3.13), the immersion

o1, ) = (u,v,—/%du—l—Kl(v))

o(u,v) = (u,v,/\/?varKg(u))

or
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is spacelike minimal, and the surface is also called as a mazimal surface.
Case B: Now we assume that f — h, = 0. Again we have two subcases:

Case B.1: 1If h, = 0, then (3.3.6) becomes h3 + 2h, = —1, and after inte-

grating we get

2h(u) = — (/hidu+u+0(v)).

wuhm::(%v,—%(/Vﬁdu+u+xx@>)

gives a maximal surface.

Thus,

Case B.2 . If fhy +1 = 0, then h, = —%. But we already have the con-

dition h, = f. Hence f?> = —1, that is, f = +i, a constant function, again

contradicting the assumed non-triviality of the manifold.

We summarize those results in the following theorem:

Theorem 3.3.2. Let (M, gs) be a 3-dimensional, non-trivial Walker manifold,
and let X be a surface in (M, gf) given as the graph of a smooth function h(u,v) :

U CE? = E! on zy-plane. Then X is minimal when h is given by one of

h@m:—/%m+Km)
hmwy:/v7f7
fmg:—%</hyw+u+0@0

dv + Ks(u)

where f satisfies

fu\/f_ :fv(f3_2)
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3.3.2 Graphs on xz-plane

Let us now consider the smooth function h : U C E? — E! in the second coordi-

nate, that is, let X be the image of the immersion
p:U— (Ma gf) ) §0<u7 U) = (ua h(ua U)a 1}) (3314)

Again by Proposition 2.3.6 we know that ¢ is a timelike immersion. Since for
timelike surfaces the shape operator may or may not be diagonalizable, we are

going to use the Lorentz isothermal coordinates.

We calcualate the coefficients of first and second fundamental form, and we

find

E =ch?
F=ch,h,+1
G=cg,+f

M = e(=huw)//1+hZ + h2
N =e(—hy)/\/1+ R + R
and by (3.3.2) we get the mean curvature as

huu - hvv
H = (3.3.15)

 2eg2\/h2 + 2

Hence H = 0, if and only if, hy, — Ay, = 0. Furthermore, Lorentz isothermal
coordinates necessitate that £ = —G and F' = 0, which as a result put the

following restrictions on h:

huhy, =1 (3.3.16)
h2+h:=f (3.3.17)

Now, writing h, = 1/h, gives us hyy = —huy/h2.
Then if we substitute into hy,, — h,, = 0, we get
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Here we can take integrate and obtain
h? = —S/hw du + A(v) (3.3.19)

Or we can substitute h?2 = f — h? into (3.3.18) and get the following integral

equation:
h(u,v) = — //(f — hy)?hyy dvdu + C(v) + B(u) (3.3.20)

On the other hand, we have the equality h,, = h,, of second order partial

derivatives. After simple calcualtions, we get

huv =3 _hvv/hz
huv = _hvv/hq%

And by using the assumption we made eariler h,, = h,,, we get the following

Ty = = h2 = h2
<~ h, =hy
— hi=1 (since hyh, = 1)
& h,=h,=1

<~ h(u,v) =u+v+C |, C —constant

Then by using (3.3.17), we obtain f = h2 + h2 = 2, which implies the absence of

a non-trivial case:

Theorem 3.3.3. Let (M, gy) be a 3-dimensional, non-trivial Walker manifold,
and let h(u,v) : U C E* — E! be a smooth function. Then the image of the

1MIMErsion
o(u,v) = (u, h(u,v),v)

cannot be a minimal surface for any nonconstant function h.
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3.3.3 Graphs on yz-plane

Finally we will consider the case where X is the image of the immersion
o:U— (M,gr) , euv)=(h(u,v),u,v) (3.3.21)
for a given smooth function h: U C E? — EL.

By the same argument as used in the prevoius case, since ¢ is a timelike

immersion we will choose the coordinates to be Lorentz isothermal.

In a similar way, after obtaining the coefficients of first and second fundamental

form as

I
™

ha
f+2h,
(=huuhv)/\/1 + B2 + B2
(—huvho)/v/1+ B2 + h2
(—huooho)/\/1+ h2 + 12

Z 2 =~ Q9 b
I

we get the mean curvature as
H o _hv(huu - hvv)
2e\/h2 + Rh2

If h, = 0 then h = 0, because by choosing Lorentz isothermal coordinates F' =

(3.3.22)

h, = 0. Therefore, h, # 0. This implies that mean curvature vanishes if and only
if hyy — hyy = 0. Also the Lorentz isothermal coordinates impose the following

conditions

hy =0 (3.3.23)
f+2h, =1 (3.3.24)

This means that h,, = 0 which implies that h,, = 0 also. Then we have

h(v) =av+b (3.3.25)
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where a and b are real constants. Here we have two cases:
Case i: 1If a =0 then h =b. In this case we get f =1 by using (3.3.24).
Caseii: Ifa#0then h=av+band f=1-—2a.

In either case, we obtain f as a constant function, and thus, we similarly
conclude that a 3-dimensional Walker manifold does not admit a minimal surface

of this form:

Theorem 3.3.4. Let (M, gy) be a 3-dimensional, non-trivial Walker manifold,
and let h(u,v) : U C E* — E! be a smooth function. Then the image of the

IMMErsion
p(u,v) = (h(u,v),u,v)

cannot be a minimal surface for any nonconstant function h.
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