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ABSTRACT

This book, which focuses on the study of curvature, is an introduction to various aspects of pseudo-
Riemannian geometry. We shall use Walker manifolds (pseudo-Riemannian manifolds which admit
anon-trivial parallel null plane field) to exemplify some of the main differences between the geometry
of Riemannian manifolds and the geometry of pseudo-Riemannian manifolds and thereby illustrate
phenomena in pseudo-Riemannian geometry that are quite different from those which occur in
Riemannian geometry, i.e. for indefinite as opposed to positive definite metrics.

Indefinite metrics are important in many diverse physical contexts: classical cosmological
models (general relativity) and string theory to name but two. Walker manifolds appear naturally
in numerous physical settings and provide examples of extremal mathematical situations as will be
discussed presently.

To describe the geometry of a pseudo-Riemannian manifold, one must first understand the
curvature of the manifold. We shall analyze a wide variety of curvature properties and we shall derive
both geometrical and topological results. Special attention will be paid to manifolds of dimension
3 as these are quite tractable. We then pass to the 4 dimensional setting as a gateway to higher
dimensions.

Since the book is aimed at a very general audience (and in particular to an advanced under-
graduate or to a beginning graduate student), no more than a basic course in differential geometry is
required in the way of background. To keep our treatment as self-contained as possible, we shall begin
with two elementary chapters that provide an introduction to basic aspects of pseudo-Riemannian
geometry before beginning on our study of Walker geometry. An extensive bibliography is provided
for further reading.
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Preface

Much of the early research in differential geometry was expressed in terms of local coordinates
and often dealt with purely local phenomena. However, in the years following the second world war,
the relationships between the geometry of a manifold and its underlying topological structure began
to be explored.

Among the many notable results of this period is a theorem of de Rham [229] in 1952
which concerns the structure of a complete connected Riemannian manifold M of dimension m
on which there is defined a field D of tangent k-planes which is paralle/ with respect to the Levi-
Civita connection of M. Here, of course, one assumes 0 < k < m so the question is non-trivial. The
complementary tangent field D of (m — k)-planes is parallel as well. Since these two distributions
are necessarily integrable, they define complementary foliations F and . Such a structure has
topological implications. De Rham showed that if such a manifold M is simply connected, then M
is isometric to the orthogonal product F x F= of any two leaves

FeF and FleFt.

At this time, Walker [256, 257] studied the same problem from the point of view of fiber
bundles, motivated by an earlier attempt by Thomas [250] to obtain a global “product theorem"
[135]. Walker considered the case where the leaves of the foliation F fiber M, giving a definitive
description of the structure of such bundles. The two pieces of work are closely related, although de
Rham’s formulation tackles the general case explicitly.

Walker was interested in this problem in the pseudo-Riemannian context where the inner
product in question has signature (p, q) for p and ¢ both non-zero. If D N D+ is non-trivial,
or, equivalently, if the induced metric on the distribution D is degenerate, then the situation is
quite different. Walker recognized that a full understanding of the global structure of M in the
general case was out of reach, and instead concentrated on devising coordinate systems in which the
metric tensor took a simple canonical form, yielding information on the pseudo-group of coordinate
transformations for the structure, and hence some insight into global questions. In [254] he began
to explore the new features of the pseudo-Riemannian case. In [255] he studied parallel fields of
null k-planes, and obtained a local canonical form for the metric in this setting. Henceforth, we
will say that M = (M, g) is a Walker manifold and that g is a Walker metric if there is a non-trivial
totally isotropic parallel distribution; the manifold or metric is said to be szrict if the distribution in
question is generated by parallel vector fields.

The case in which m = 2k is of special interest, and is the subject of [221]. In 1964 Wu [261]
considered the pseudo-Riemannian case, and succeeded in showing that de Rham’s theorem still
holds, with the obvious modifications to the statement. In two later papers [258, 259] there are global
results on the existence of affine connections with respect to which one or more given distributions
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are parallel. We refer to [121] and the references contained therein for additional examples which
use Walker’s results to obtain further information of a global character.

There is much recent investigation into Walker geometry in the mathematical physics litera-
ture. Lorentzian Walker manifolds have been studied extensively in the physics literature since they
constitute the background metric of the pp-wave models [2, 179, 181, 200]; a pp-wave spacetime
admits a covariantly constant null vector field U and therefore it is trivially recurrent, i.e. one has
the relation:

VU=w®U forsomelform w.

Lorentzian Walker manifolds present many specific features both from the physical and ge-
ometric viewpoints [67, 80, 190, 225]. We also refer to related work of Hall [165] and of Hall and
da Costa [166] for generalized Lorentzian Walker manifolds — these are spacetimes admitting a
non-zero vector field nt satisfying

R,‘jkgnZ =0

or admitting a rank 2-symmetric or anti-symmetric tensor Hyp with VH = 0. We also refer to the
discussion in [93, 94, 95, 103, 197, 198, 199] for other work in the mathematical physics literature.

Pseudo-Riemannian metrics of signature other than Lorentzian have received considerable
attention in mathematical physics since the work of Ooguri and Vafa [216] on N = 2 strings
[22, 82, 176, 195]. Sahni and Shtanov [230] have provided applications of pseudo-Riemannian
metrics in braneworld cosmology.

Walker manifolds constitute the underlying structure of many strictly pseudo-Riemannian
situations with no Riemannian counterpart: indecomposable (but not irreducible) holonomy [23],
Einstein hypersurfaces with nilpotent shape operators [194] or some classes of Osserman metrics
which are not symmetric [106] are typical examples. Walker manifolds have also been considered
in general relativity in the study of hh spaces [47, 119]. Moreover, the fact that para-Kaehler and
hyper-symplectic metrics are necessarily of Walker type motivates the consideration of such metrics
in connection with almost para-Hermitian structures.

In this book, we study the geometry of Walker manifolds. We will often omit technical proofs
based on lengthy computations in the interests of brevity and refer the reader instead to the original
references in the subject. Many of these calculations are long and straightforward; computer algebra
programs are useful in these settings.

Here is a brief outline to the book. As our book is intended to be accessible to a wide audience
—and in particular to an advanced undergraduate or to a beginning graduate student — we begin
with two Chapters which are elementary and present an introduction to the subject. Chapter 1
deals with algebraic preliminaries. It is often useful to work first in the algebraic context and then
pass subsequently to the geometrical setting. We introduce curvature models, discuss the Jacobi and
the skew symmetric curvature operators, and examine questions related to the spectral geometry or
commutativity properties of these operators. Chapter 2 deals with the geometric context. We intro-
duce basic manifold theory, pseudo-Riemannian geometry, pseudo-Hermitian and para-Hermitian

structures.
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In Chapter 3 we introduce Walker geometry. We treat Walker coordinates, introduce several
different families of Walker manifolds, and treat the theory of Riemannian extensions. In Chapter
4, we specialize to the 3 dimensional setting discussing adapted coordinates and local forms for the
Ricci and curvature tensors of a Walker manifold. We explore some features of Walker manifolds
with non-zero scalar curvature, examine strict Walker manifolds, and discuss curvature homogeneous
Lorentzian manifolds. Chapter 5 treats 4 dimensional Walker geometry. Formulas are given for the
Levi-Civita connection, the curvature tensor, the Ricci tensor, and the Einstein equations in the
context of Walker geometry which are central to our subsequent discussion.

Chapter 6 treats the spectral geometry of the curvature tensor. One imposes certain natural
algebraic conditions on the curvature tensor and examines the associated geometric consequences. We
examine Osserman geometry in both the context of Walker geometry and in the more general context
of manifolds of signature (2, 2). We also treat Ivanov—Petrova geometry and analyze Riemannian
extensions of affine surfaces with several properties on the curvature operators. Chapter 7 treats
Hermitian structures in dimension 4. We give a local description of proper almost Hermitian Walker
structures that are locally conformally Kaehler, self-dual, x-Einstein or Einstein. We also show that
any proper almost Hermitian structure on a Walker manifold of dimension 4 is isotropic Kaehler.
Moreover, a local description of proper almost Kaehler Walker structures that are self-dual, »-
Einstein or Einstein is given and it is proved that any proper strictly almost Kaehler Einstein
structure is self-dual, Ricci flat and *-Ricci flat. This is used to supply examples of flat indefinite
non-Kaehler almost Kaehler structures.

Chapter 8 deals with special Walker manifolds. Walker manifolds of dimension 4 are
parametrized by a triple of functions (a, b, c). We shall set two of the parameters to zero so the
Wialker manifold is defined by a single function. We examine the curvature tensor of such mani-
folds, study proper complex structures, determine the eigenvalues of the Weyl operator, and examine
commutativity properties of the curvature. We examine the conformal Osserman operator, study
geodesic completeness, Ricci blowup, and curvature homogeneity.

The book concludes with a lengthy bibliography. Whilst a complete bibliography is impossible,
we have attempted to list many of the major works in the field. As this book is intended for a wide
audience, we have also attempted to outline some (but clearly not all) of the history of some of
the developments in the field in each Chapter. A glossary with the main notational conventions

employed is provided at the end of the book.

Acknowledgments: The research of all of the authors was partially supported by Project MTIM2006-
01432 (Spain); the research of S. Nik&evi¢ was partially supported by Project 144032 (Srbija).

M. Brozos-Vizquez, E. Garcia-Rio, P. Gilkey, S. Nikéevi¢, R. Vizquez-Lorenzo
May 2009







CHAPTER 1

Basic Algebraic Notions

1.1 INTRODUCTION

The first two Chapters are intended to be elementary and serve as an introduction to the subject for
the reader who is perhaps not familiar with the matters under consideration. It is often convenient
to work in a purely algebraic setting and then pass to a more geometrical one; questions of geometric
realizability then arise as there are often algebraic structures which have no corresponding geometrical
analogues. In this Chapter, we introduce the algebraic structures that we will be using; the reader
may want to read the next Chapter (which deals with the corresponding geometric structures) before
reading this Chapter, as these structures provide the motivation behind those considered here. It is,
however, convenient from a purely practical matter to discuss the algebraic context first.

Here is a brief outline to this Chapter. In Section 1.2, we present a brief historical outline.
In Section 1.3, we present some basic algebraic notions. In Section 1.3.1, the Jordan normal form
is introduced; it will play an important role all along the book and especially in Section 1.4.2. In
Section 1.3.2, we introduce indefinite signature inner products; in Section 1.3.3, we discuss algebraic
curvature tensors. We then pass to the complex context introducing Hermitian and para-Hermitian
structures in Section 1.3.4. In Section 1.3.5, we discuss the Jacobi and skew symmetric curvature
operators, and in Section 1.3.6, sectional curvature and Ricci curvature are treated. The latter leads
to a curvature decomposition of the space of algebraic curvature tensors that we present in Section
1.3.7; special attention is paid to the Tricerri-Vanhecke irreducible decomposition in the Hermitian
context. The Weyl tensor W is presented as well; in 4 dimensions there is an additional splitting

W=Wwrew"

which gives rise to the notions of self-dual and anti-self-dual as is discussed in Section 1.3.8.
Section 1.4 deals with properties of the following natural operators associated to the curvature
tensor:

J  the Jacobi operator,
R the curvature operator,
p  the Ricci operator .

In Section 1.4.1, the notion of Osserman tensor is defined; in Section 1.4.2, this notion is specialized
to signature (2,2) and a basic algebraic classification result is given. The conformally Osserman
condition is treated as well in this section. In Section 1.4.3, Ivanov—Petrova models are treated. In
Section 1.4.4, Osserman Ivanov—Petrova models of signature (2, 2) are discussed. In Section 1.4.5,
curvature commutativity properties are presented.
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1.2 A HISTORICAL PERSPECTIVE IN THE ALGEBRAIC
CONTEXT

Geometric information about a pseudo-Riemannian manifold (M, g) is essentially encoded by
the curvature tensor R € @*T*M. Hence, a central problem in differential geometry is to relate
algebraic properties of the curvature tensor to the underlying geometry of the manifold. Because the
full curvature tensor is a difficult object to study, the investigation usually focuses on different objects
associated to the curvature tensor. Algebraic properties of curvature operators have been extensively
investigated, with special attention being paid to both the spectrum of such operators (the Jacobi
operator and the skew symmetric curvature operator being typical examples [172, 218]), and to the
existence of commutativity relations between the Ricci operator and different curvature operators
[27,169, 237]. Boundedness properties have also been examined [29].

Commutativity properties of curvature operators have been systematically investigated during
the last years. The skew symmetric curvature operator and the Jacobi operator were first studied in the
Riemannian setting for hypersurfaces in R”*! [253] and then subsequently studied in the general
pseudo-Riemannian context in [53, 54, 55]. Other commutativity relations between the Ricci, the
Jacobi and the skew symmetric curvature operators have also been considered in the literature. We
refer to [48, 50, 150] for more information.

The skew symmetric curvature operator can be regarded as the part of the curvature tensor
describing the behavior of circles [171]. Geodesics and circles are classical objects in geometry and
physics [3, 4, 18, 186], the latter being preserved by Mébius transformations and thus related to
the conformal structure (note that Mébius transformations constitute a special class of conformal
transformations characterized by preserving the eigenspaces of the Ricci operator).

A pseudo-Riemannian manifold (M, g) is said to be an Osserman space if the eigenvalues of the
Jacobi operator are constant on the unit pseudo-sphere bundles. The fact that the local isometries of
any locally two-point homogeneous space act transitively on the unit pseudo-sphere bundles shows
that any locally two-point homogeneous space is Osserman. The converse is known to be true in
Riemannian geometry if dim M # 16 [83, 206, 208, 209] and it also holds for Lorentzian metrics,
even under some weaker assumptions [30, 128]. The situation is, however, quite different when higher
signature metrics are considered. Indeed, although some of the two-point homogeneous spaces can
be recognized by some Osserman-like properties [32, 44], a remarkable fact is the existence of many
non-symmetric and even not locally homogeneous Osserman pseudo-Riemannian metrics. A two-
step strategy has been followed so far in the study of Osserman manifolds [157]. We refer to [5, 17]
for further details concerning Clifford algebras. The first step in the study of Osserman tensors
consists in the determination of the possible algebraic curvature tensors which are Osserman; this is
closely related to the existence of certain Clifford structures [44, 83,206,208, 209]. The second step
is then to classify the manifolds with such a structure. This shows that a fundamental prerequisite
for the understanding of Osserman metrics is first to study the problem at a purely algebraic level.

We reiterate the fact that there are many Osserman algebraic curvature tensors which cannot
occur in the geometric setting as Osserman manifolds [32, 136, 130, 137], although they can be
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realized geometrically at a given point. Although the Jacobi operator is probably the most natural
operator associated to the curvature tensor, there is some important geometrical information enclosed
in some other operators like the Szabé operator (which is defined by the covariant derivative of the
curvature tensor), the skew symmetric curvature operator or the higher order Jacobi operator [137].
Moreover, not only the Riemann curvature tensor has been used as a starting object to define
curvature operators (cf. [129]). The notion of conformally Osserman has been defined analogously
using the Weyl conformal curvature tensor if m > 4 [33,37]; this notion is conformally invariant. Any
Riemannian conformally Osserman manifold is locally conformally equivalent to a rank 1 symmetric
spaceifm # 4, 16 [33,210]. Furthermore, any Lorentzian conformally Osserman manifold is locally
conformally flat [37].

Some additional related references in both the algebraic and in the geometric context are given
by[9,31,34,35,36,39,40,41,58,59,124,132,133,144,138,139,153,155,158,175,242,243, 244].

1.3 ALGEBRAIC PRELIMINARIES

In this section we define certain basic notions. Let V be a real vector space of dimension m. Let
{e;) be abasis for V.If A € @*V*, let Ajjke = Ale;, ej, ey, eg) be the components of A. Similarly,
if A€ V*® V* @ End(V), we shall expand Ale;, ej)ex = A;jr‘eq where we adopt the Einstein
convention and sum over repeated indices.

1.3.1 JORDAN NORMAL FORM
Let AX be the Jordan block of size k x k for a real number a € R:

a 0 0 0
0 a 1 0 0
60 0 0 ... a 1
0 0 0 ... 0 a

Let A :=a + «/—1b where b > 0. We set

a b 1 0
A)"'z(—b a)andld2.=<0 1).

We define a Jordan block of size 2k x 2k corresponding to the complex eigenvalue A by setting

A, Idy O ... 0 0
0 A, Id ... 0 O
k.
A}L = e
0O 0 0 A, 1dp
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The following is well known, see, for example, [6].

Lemma 1.1. Let T be a linear transformation of a real vector space V. Relative to a suitably chosen
basis for V, T decomposes as a direct sum of the Jordan blocks described above. Furthermore, the unordered
collection of Jordan blocks is uniquely determined by T .

The Jordan normal form of T is the unordered collection of Jordan blocks described above. We
say that two linear maps 7 and T of V are Jordan equivalent if any of the following three equivalent
conditions are satisfied:

1. There exist bases B = {ey, ..., e} and B= {e1, ..., én} for V so that the matrix represen-
tation of 7 with respect to the basis B is equal to the matrix representation of 7 with respect
to the basis B.

2. There exists an isomorphism ¢ of V so T = T~ this means that T and T are conjugate.
3. The Jordan normal forms of T and T are equal.

We say that T is a nilpotent operator if T™ = 0 or, equivalently, if 0 is the only eigenvalue of T'.
We say that T # 0 is nilpotent of order r > 2 if 7" = 0 but 77~ # 0; this means that the largest
Jordan block of T has size r.

Remark 1.2. If T is any linear transformation of V, there always exists a non-degenerate inner
product (-, -) so that T is se/f~adjoint with respect to (-, -), 1.e.,, (Tx, y) = (x, T'y) forall x and y in
V. Thus, the condition that T is self-adjoint imposes no constraint on the Jordan normal form of T
in the indefinite setting [137].

1.3.2 INDEFINITE GEOMETRY

We fix a non-degenerate inner product (-, -) on V; we extend (-, -) to an inner product on tensors of
all types. A vector v is said to be spacelike if (v, v) > 0, timelike if (v, v) < 0, and null if (v, v) = 0.
We say that a subspace W of V is spacelike (resp. timelike or resp. null) if (-, -) is positive definite
on W (resp. negative definite on W or trivial on W). A null subspace is also often called an zsozropic
subspace or a degenerate subspace. The pseudo-spheres of unit timelike (—) and spacelike (4) vectors
are defined by setting

SE=SEW, () i={veV:(vv) ==£l}. (1.1)
WEe can choose a basis {e;} for V so that

[0 %)
<e”e])_{j:1 i=j.
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Such a basis is called an orthonormal basis. We set &; := (e;, ¢;). Let p be the number of indices
i with ¢ = —1. Let ¢ = dim V — p be the complementary index; ¢ is the number of indices i
with &; = +1. The inner product is then said to have signature (p, q); the integers p and ¢ are
independent of the particular orthonormal basis chosen. If {ey, ..., e,4} is the standard basis for
Euclidean space R™, then we shall let R?:?) be R™ with the inner product given by:

0 i#},

(ei,ej) =41 —1 i=j=<p,
1 i=j>p.

We can construct an isometry between V and R®P-2) by choosing an orthonormal basis for V of the
form given above. However, it is often useful to work in a basis free setting with an abstract vector
space V rather than with the concrete realization R(7>9). The elements of the general linear group
which preserve the inner product form a closed subgroup, called the orthogonal group, of GL(V):

OV, {, ) ={T e GL(V) : T*(-,) = (-, 1)} .

1.3.3 ALGEBRAIC CURVATURE TENSORS
We say that A € ®4V* is an algebraic curvature fensor if A has the symmetries of the Riemann
curvature tensor of the Levi-Civita connection (see Section 2.4.1):

A(x’ y’ re w) = _A(ya X, Z, w)a
Alx,y,z,w) = A(z, w, x, y), (1.2)
Alx,y,z,w) + A(y,z, x, w) + A(z, x, y,w) = 0.

We will show presently in Theorem 2.4 that every algebraic curvature tensor is geometrically real-
izable; thus this is a convenient algebraic context in which to work.

Example 1.3. If ¢ € S2(V*) and ¢ € A%(V*) are symmetric and anti-symmetric bilinear forms,
respectively, we may define algebraic curvature tensors by setting:

A¢(X, y7 Z, w) = ¢(X, w)(p(yv Z) - ¢(xv Z)‘P()” U)),
AW(xv Y, Z, w) = 1//(xs w)w(yv Z) - 1//(xs Z)w(yv w) (13)
—2Y(x, Y (z, w).

If @ (resp. W) is a self-adjoint (resp. skew adjoint) linear map of V, we may define a corresponding
symmetric bilinear form ¢ (resp. alternating bilinear form ) by setting ¢ (x, y) := (®x, y) (resp.
Y (x,y) := (Wx, y)) and thereby obtain an algebraic curvature tensor we shall denote by A (resp.
A\p). Note that Ap = A_op and Ay = A_y.

The tensor K A(..y = k Ajq has constant sectional curvature k as we shall see shortly; more

.

generally, if L is the second fundamental form of a hypersurface in flat space, then the tensor Ay is
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the associated curvature tensor of the hypersurface. Thus, tensors of this sort arise geometrically. If
J is a Hermitian structure on (V, (-, -)), we define the associated Kaehler 2 form

Qx,y):=(x,Jy) ;

the tensor %(A(.,Q + AQ) = 7{A1 + A} has constant holomorphic sectional curvature (cf.

[140]). Thus, tensors of this kind also appear naturally in geometry as this is the curvature ten-
sor of the Fubini-Study metric.
One has the following result due to Fiedler [117] —see also [105, 137] for different treatments.

Theorem 1.4.  Let E(V') be the vector space of all algebraic curvature tensors. Then

E(V) = Span¢€52(v*){A¢} = SpanweAz(V*){A,/,} .

If A € E(V) is an algebraic curvature tensor, then I := (V, (-, -), A) is said to be a curvature
model.

1.3.4 HERMITIAN AND PARA-HERMITIAN GEOMETRY

We shall denote the complex numbers by C := Spang(1, V/—1} = R2. This field is algebraically
closed. Similarly, let C:= Spang(l, P} = R? (where P? = 1) be the para-complex numbers. This
algebra is not a field but it is closely related to C. Fix a non-degenerate inner product (-, -) on V.
We say that J is a pseudo-Hermitian complex structure on V if J is a linear map of V with

JP=—1d and J*(, )=(,).

Pseudo-Hermitian structures exist if and only if p and g are both even. We give V the structure of
a complex vector space by setting «/—1 - v := Jv. LetUd =U(V, (-, ), J) be the associated unitary

group:
U:={UecGL(V):UJ=JU and U*(,-)={(,)}.

If A is an algebraic curvature tensor, the associated Hermitian curvature model is the quadruple
<= (Va ('7 ')a J7 A)

Similarly, a linear map J is said to be a para-Hermitian structure on V if
JP=1d and J*(, ) =—(.).

Such structures exist if and only if p = g so we are in the neutral signature setting. The associated
para-unitary group is given by

U:={UeGL(V):UJ=JU and U*(,-)=(,)}.
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If A is an algebraic curvature tensor, the associated para-Hermitian curvature model is the quadruple
Ci= (V. (). J, A).

Let(V, (-, ), J, A) be a Hermitian curvature model (resp. a para-Hermitian curvature model).
Let x be a non-null vector and 7 := Span{x, Jx} be the corresponding non-degenerate holomorphic
(resp. para-holomorphic) 2-plane. Let ¢ = +1 in the Hermitian setting and ¢ = —1 in the para-
Hermitian setting. The holomorphic sectional curvature (vesp. para-holomorphic sectional curvature) is

defined to be
K(m) =eA(x, Jx, Jx, x){x, )c)_2 .

The modelis said to have constant holomorphic sectional curvature (resp. constant para-holomorphic
sectional curvature) if K (77) is constant for all non-degenerate holomorphic planes 7. The following
curvature tensor has constant holomorphic (resp. para holomorphic) sectional curvature:

A:=aA+bA; for a,beR.
There are two other algebras which will be important in our development. Let
H := Spang {1, Ji, Jo, J3} = R*
be the quaternions where the algebra structure is given by the Clifford commutation relations :
=0 =Ji=-1d, Jih=-hli=J, hh=-hh=J, hKh=-hl=1h.

This is a division algebra which is not commutative. We call {J1, J», J3} a hyper-Hermitian structure
if we have the compatibility relations between {J1, J2, J3} and (V, (-, -)):

Ty =Ty =T =) .
Finally, we let the para-quaternions be defined by
H := Spang{1, Ji, J», J3} = R*
where the algebra structure is given by the relations:

JP=-1d, Jj=J;=1d,
STWh==hlhi=J, Dhli=-Lh=J, hBi=-NI3=1/).

This algebra is neither a division algebra nor is it commutative. Still it has many of the features
of H. We call {J1, Jo, J3} a hyper-para-Hermitian structure if we have the following compatibility
relations:

JEG =) and S, = JEC ) == () .
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1.3.5 THEJACOBIAND SKEW SYMMETRIC CURVATURE OPERATORS
Let Mt := (V, (-, ), A) be a curvature model. The associated Jacobi operator J = Jon and skew
symmetric curvature operator A = Agy are characterized, respectively, by the identities:

(J@)y,z) =A@y, x,x,z2) and (Ax,y)z,w)=A(x,y, z,w). (1.4)
The following is a useful observation:

Lemma1.5. Ifk is odd, then Tr{ A(x, y)¥} = 0.

Proof. If k = 1, we use the curvature symmetries to see A(x, y, ¢;, e;) = —A(x, y, e}, ¢;) so:

Tr{A(x, y)} = ZsiA(x, v,ei,ei) =0 .

1

Similarly, if k = 3, we compute:

Tr{A(x, y)*)

> eigjerAlx, y, eie))A(x, y, e, @) Ax, ¥, ek, €)
i.j.k
= =) gAYy, ej. e)AX, y, e, ¢))A(x, Y, ¢, er)
i,j,k
= =) eigjerAlx, y. e, e)A(x, . e, e)Alx, y, e, €))
i,j.k
—Tr{A(x, y)*)

so Tr{A(x, y)?} = 0. The proof for general odd k is similar and is therefore omitted. O

1.3.6 SECTIONAL, RICCI, SCALAR, AND WEYL CURVATURE
Let := (V, (-, ), A) be a curvature model. The sectional curvature K = Koy of a non-degenerate
oriented 2-plane w = Span{x, y} is given by setting:

Ay, x,x,y)

K(7) = . (1.5)
(x, x)(y, y) = (x.y)?
This is independent of the particular oriented basis which is chosen.
Remark 1.6. We adopt the notation of Example 1.3 to define A(. .y = Ajq. Suppose that one is

given a curvature model 9 := (V, (-, -), A). Then Kon () = k forall w if and only if A = KA. );
these are the tensors of constant sectional curvature.

The Ricci tensor is the symmetric 2 tensor defined by setting:

p(x,y) = Tr{z = Az, x)y}; p(x,x) =Tr{J(x)}. (1.6)
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By an abuse of notation, we shall also let p denote the Ricci operator characterized by the identity
(px,y) = p(x,y). Let &;; := (e;, e;) be the components of the inner product; let &'/ denote the
inverse matrix. Then p;; := " Ajre . The scalar curvature is defined by a final contraction of indices:

T = sij,o,-j = sijskZA,-kgj = Tr. y{p}. (1.7)
We say that 90 is Einstein if there is a constant ¢ so that p = ¢(-, -). The scalar curvature T = mc in
this setting so p = - (-, -).
Let € = (V, (-, ), J, A) be a pseudo-Hermitian curvature model. We define the Kachler
form Q € A%(V*), the x-Ricci tensor p* € ®*V* and the *-scalar curvature 7* € R by setting

Q(x,y) = (x, Jy), ,oi*j = skgA(ek, ej,Jej, Jep), T := eijpi*j =Tr ) {p*}. (1.8)
Similarly, if ¢ = (V, (-, ), J, A) is a para-Hermitian curvature model, we define

Qx,y) = (x, Jy), pfj=—e"Aler.ei, Jej, Jer), T i=e"pl =Troy{p*}.  (1.9)

Note that p is always a symmetric tensor field. However, p* need not be symmetric. We say that a

Hermitian model € or a para-Hermitian model € is x-Einstein it p* = % (-, ).

Let 91 be a curvature model. We define the associated Wey/ conformal curvature tensor W and
the Schouten tensor C by setting:

W(.X, v, Z, w) = A(x’ v, Z, U)) + (m_]).fm{bm w)(yv Z> - (X, Z)(y’ U))} (110)
mI, {(-xv w)P(y’ Z) - p(xv Z)(y’ w) +10(x7 w)(y’ Z) - <x7 Z>p(yv w)} )
Cx,y) == 5 {p(x, y) = 3= (x, 3} - (1.11)

Note that these tensors are related by the fact that p = 0 if and only if C = 0, which occurs if and
onlyif A =W.

[\S)

1.3.7 CURVATURE DECOMPOSITIONS

The Ricci tensor defines an O(V, (-, -)) equivariant short exact sequence:
0 — ker(p) — E(V) = S2(V*) > 0
which is equivariantly split by the map A — Wj. The space of all Weyl conformal curvature tensors
is defined to be
ker(p) = Spal’lAe E(V) { WA} .

Let Sg(V*) be the set of trace free symmetric 2 tensors; S2(V*) = Sg(V*) @®R- (-, ). One has the
following result due to Singer and Thorpe [241]:

Theorem 1.7.  We have an orthogonal direct sum decomposition of B (V) into irreducible O(V, (-, -))
modules (V) = ker(p) & SF(V*) ® R.

Tricerri and Vanhecke [251] constructed a similar decomposition of E(V) in the Hermitian
setting. Let (-, -) be a positive definite inner product on V andlet J be a Hermitian complex structure.
One may decompose V* ® V* as the direct sum of 6 irreducible / modules:
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VFQVF =(,)-R&S (VHSSZZ(V)SQ R A]
S§ (V) :={0 €S (V*):J*0 =6 and 6 L (")},
S2(V*) = {0 € S2(V*) : J*0 = —6),
A (V¥ :=1{0 € AX(V*):J*0 =6 and 6 L Q},
A2 (V*) = {0 € A2(V*) : J*0 = —6).

(V) @ AZ(V*) where

Theorem 1.8. Lez ({-,-), J) be a Hermitian structure on V.
1. We have an orthogonal direct sum decomposition of B (V') into irreducible U modules:

(@) If2n =4, E(V) =W @ Wh @ W3 & W4 @ W7 @ W3 & Wh.
(6) If2n =6, E(V) = W1 @ Wh @ W3 @ Wi & W5 ® W7 @ W3 © Wo @ Wio.
(c) If2n =8, E(V) = W1 @ Wh @ W3 & W4 @ W5 @ We @ W7 & W3 @ Wo & Wip.

Wi &~ Wy and, if 2n > 6, War & Ws. The other U modules appear with multiplicity 1.
2. We have that:

(@) T W dWi~RDR.

(6) If2n =4, poy.5 : Wa ~ S5 (V*).

() If2n =6, po4.5 ® P g Wa & Ws ~ S§ (V) & S§ (V).

(d W3 ={A e B(V):Alx,y,z,w) = A(Jx, Jy, z, w) Vx, y, z, w} Nker(p).
(e) If2n > 8, Ws =ker(p @ p*) N{A € E(V) : J*A = A} N W5

(f) Wi ={A e B(V): A(Ux,y,z,w) = A(x,y, Jz, w) Vx, y, z, w}.

(g) p-s: Ws =~ S2(V¥).

(h) p* 5= Wom A2 (V).

(1) If2n > 6, Wip = {A € E(V) : J*A = —A} Nker(p & p*).

3. Let m = dim(V) = 2n. The dimensions of these modules are given by:

I

5| 27| Ze-Dedd 1 1 1
0 0 | ZetDe=3) 0 8 | n2—1
2 ) 6| 12| n2+n
0 2224 2 6| n*—n




1.3. ALGEBRAIC PRELIMINARIES 11

Remark 1.9. There are other related curvature decompositions. The assumption that the inner
product is positive definite is an inessential one; there are pseudo-Hermitian curvature decomposi-
tions. With appropriate changes of sign, there is an analogous para-Hermitian curvature decompo-
sition [60]. Additionally, there is also a hyper-Hermitian curvature decomposition [96]. The factor
W plays a special role in the analysis; tensors in W~ are said to satisfy the Gray identity and are
geometrically realizable by Hermitian manifolds as we shall see subsequently in Section 2.5.

1.3.8 SELF-DUALITY AND ANTI-SELF-DUALITY CONDITIONS

It m = 4, ker(p) is not irreducible as an SO (V, (-, -)) module. We restrict to signature (2, 2) as the
analysis in other signatures is similar. Let  : A2(V*) = A2(V*) be the Hodge operator. If orn is
the oriented volume form, the Hodge operator is characterized by the identity:

(w1, w)orn = w1 A *w;
for w; € A%(V*). Since »*> = 1d, we may decompose A2(V*) into the £1 eigenspaces of *:
APV = AT(VH DA (V) .

Let {e1, e2, €3, e4} be an orthonormal basis for V where e and e, are spacelike while e3 and
ey4 are timelike vectors. Set

+_ Ll 20,3, 4 11 30,2, 4
E;] _ﬁ{e Ne“te’ e}, E; —ﬁ{e ANe’ te” nel,

E;t = \%{el Aet F e Al (1.12)
Then {E li EZi , E3jE } is an orthonormal basis for A*. We also note that
(ET,E¥)=1, (Ey,EF)=-1, (EF,Ef)=-1.
Let 901 be a curvature model. Since A(:, -, -, -) is anti-symmetric in the first pair of indices

and in the second pair of indices, we may regard A : A?> ® A?> — R. A similar remark pertains to
the associated Weyl conformal curvature tensor defined in Equation (1.10). The Weyl operator W
induces operators W* : A* — A*.These operators have the following matrix form with respect
to the bases defined above:

wE=| -wi —wh —wy |, (1.13)

where Wl-jjE = W(Eii, E]j.t) and W(el Ael, ek Aet) = Wie;, ej, ek, ep).

Definition 1.10. A curvature model 9 := (V, (-, -), A) is called se/f~dual (vesp. anti-self~dual) if
W~ =0 (resp. W =0).




12 CHAPTER 1. BASICALGEBRAIC NOTIONS

Let po denote the trace free Ricci tensor. We extend pp and A to maps from A2(V*) to
A?(V*). We then have a decomposition

T wt 0
A= - Id\2 +p0 + < 0o w- ) . (1.14)

This decomposition will play a central role in our discussion of Osserman curvature models subse-
quently in Theorem 1.21.

1.4 SPECTRAL GEOMETRY OF THE
CURVATURE OPERATOR

n this section, we examine spectral properties of the curvature operator and various commutativi
In th tion, pectral properties of th t perat d tat
properties. Throughout this section, we shall fix a curvature model M = (V, (-, -), A).

If T is a linear transformation of V, the characteristic polynomial of T is:

p).(T) :=det(T — 11d) .

A complex number v is said to be an eigenvalue of T or, equivalently, is said to be in the spectrum
of T if and only if p,(T) = 0, i.e.,if T — v 1d is not invertible or, equivalently, if 7 has a non-zero
complex eigenvector with eigenvalue v. Let Spec{T'} be the collection of complex eigenvalues of T
where each eigenvalue is repeated according to its multiplicity as a root of p; (T'). The coefficients
of A in py (T) are the elementary symmetric functions of the eigenvalues. Let M, (C) be the set of
m x m complex matrices. The following is well known:

Lemma 1.11.  Let T; € M,,(C). The following conditions are equivalent:
1. Spec{T1} = Spec{T>}.
2. Te{T]} =Te{Tj} for 1 <i < m.

3. pa(Th) = pi(T).

The following is a useful observation which also is well known:

Lemma 1.12.  Let p be a polynomial function on V. If p vanishes on an open subset O of V, then p
vanishes identically.
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1.4.1 OSSERMAN AND CONFORMALLY OSSERMAN MODELS
Let J (x) be the Jacobi operator which was introduced in Section 1.3.5. We say that the curvature
model 9 is a spacelike (resp. timelike) Osserman curvature model if the eigenvalues of 7 are constant
on the unit pseudo-spheres S* of unit spacelike (+) and unit timelike (—) vectors as defined in
Equation (1.1). One says 9 is a nu/l Osserman curvature model if 7 (x) is a nilpotent operator for
every null vector x. The adjective “Osserman” is used following the seminal paper by Osserman
[218].

Assume 91 is a model of signature (p, g). The conditions spacelike Osserman and timelike

Osserman are equivalent if p > 0 and ¢ > 0 so the pseudo-spheres S and S~ are both non-empty
[129, 137]:

Theorem 1.13.  Let I be a curvature model of signature (p, q) with p,q > 0.

1. The following conditions are equivalent and if either is satisfied, then M is said to be an Osserman
curvature model:
(a) N is a timelike Osserman curvature model.
(6) M is a spacelike Osserman curvature model.

(c) There exist constants c; so Tr{ T (x)'} = ¢; (x, x)iﬁr anyx € V,1 <i <m.

2. If M is an Osserman curvature model, then I is null Osserman and Einstein.

Remark1.14.  One has that M is Einstein (1-stein) if Tr{7 (x)} = c1 (x, x) for all x. More generally,
one says that 91 is k-szein if Tr{J (x)'} = ¢;(x, x)! for | <i <k and all x. One then has 9 is
Osserman if and only if 9 is m-stein. In the Lorentzian setting, a stronger result holds. One has
that a Lorentzian curvature model is Osserman if and only if it is 2-stein; we refer to [30] for details.

Remark 1.15.  If 91 is Osserman, the characteristic polynomial has the form
(T (X)) =ap £air+ wa > +az)hd... for xe St

and suitably chosen coefficients g;. Thus, the eigenvalues of the Jacobi operator can be different on
ST and S, although, of course, they remain constant on each of S~ and S™.

If the inner product is positive definite, then [J(x) is necessarily diagonalizable and thus
the eigenvalue structure determines the Jordan normal form. This is not the case, however, in the
indefinite setting. A curvature model 9 is called Jordan Osserman if the Jordan normal form of the
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Jacobi operators is constant on the pseudo-spheres S*. Clearly, Jordan Osserman implies Osserman,
but the converse is not true in general as we shall see in Example 3.10.

The structure of a Jordan Osserman algebraic curvature tensor strongly depends on the sig-
nature (p, ¢) of the metric tensor. One has, for example, the result [142]:

Theorem 1.16. Let M = (V, (-, -), A) be a curvature model. If p < q and if M is spacelike Jordan
Osserman, then J (x) is diagonalizable for x € S +.

On the other hand, the Jordan normal form can be arbitrarily complicated in neutral signature
p = q. We refer to [141] for the following result:

Theorem 1.17.  Let Jo € M (R). There exists v = v({) and an algebraic curvature tensor A on RO-V)
so that [J (x) is conjugate to £Jo ® 0 for x € S*.

If9 = (V, (-, -), A) is a curvature model, then the associated Weyl tensor again satisfies the
symmetries of Equation (1.2). The conformal Jacobi operator Jw is then defined by W. One says that
M is a conformally Osserman curvature model if (V, (-, -), W) is an Osserman curvature model, i.e.,
if the eigenvalues of Jw are constant on the pseudo-spheres § +and S™.

1.4.2 OSSERMAN CURVATURE MODELS IN SIGNATURE (2, 2)

In Chapter 6 we shall pay special attention to the geometry of Walker manifolds in dimension 4,
focusing in particular on spectral properties of the Jacobi operator. We refer to [32, 130] for the
proof of the following classification result:

Theorem 1.18.  Let I be a curvature model of signature (2, 2). Then M is Osserman if and only if one
of the following holds for every x € § +:

1. Dype la: the Jacobi operators are diagonalizable

Jx) =

S O R

0 0
B 0],
0 vy

which occurs if and only if there exists an orthonormal basis {e1, e, e3, e4} for V where the non-zero
components of A are given by

Aol = Agz34 = «, A331 = Ago4 = —B,
Aqaa1 = A3z = —y, A3a = (—2a+ B+ y)/3,
Az =(a+ B —=2y)/3, App=(@—-28+y)/3.
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2. Type 1b: there is a complex eigenvalue for the Jacobi operators

a B 0
Jx)=| =B o« 0 ],
0O 0 vy

which occurs if and only if there exists an orthonormal basis {ey, e, e3, e4) for V where the non-zero
components of A are given by

A1 = Ag334 = «, A331 = Aq4 = —a,
Aaa1 = Az03 = =y, A2z = Apaz = =B,
Aa = A1334 =B,  Apza=(—a+y)/3,
Az =2(a —y)/3, Az =(—a+y)/3.

3. Dype II: the Jacobi operators can be written in the form

(o — 1) +1 0
J(x) = :F% +(a + %) 01,
0 0 B

which occurs if and only if there exists an orthonormal basis {e1, ey, e3, e4) for V where the non-zero
components of A are given by

A1221 = A4334 = £ (a - %) s A3 =Apu=7F (a + %),
Alag = Aoy = —B. Aniiz = Ajgz = F5,
As=Aizs=+3, Apu= (ﬂ: (-05 + %) + ﬂ) /3,
Az =2(a — B)/3, App = <:|: (—06 — %) + ﬂ) /3.

4. Type II1: the Jacobi operators can be written in the form

aO%

Jo= 0o o« L |,
2,
2 2

which occurs if and only if there exists an orthonormal basis {e1, e, e3, e4} for V where the non-zero
components of A are given by

Al = Agzzga =,  Ag331 = Agooa = —a,  Ajga = Aspz = —a,

Asiia = Aozza = —/2/2,  Asiia = —Asna = V2/2,

A1z = Ajaaz = A3z = —Apaan = V2/2.
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Remark 1.19. Types II and III correspond to the existence of a double and triple root for the
minimal polynomial of 7 (x), respectively. Type Ib corresponds to a complex root of the minimal
polynomial. Theorem 1.18 shows that the Jordan normal form completely characterizes a Jordan
Osserman curvature model of signature (2,2) up to isomorphism. Furthermore, Osserman and
Jordan Osserman are equivalent concepts in signature (2, 2); this fails in signature (3, 3) or higher
as Example 3.10 illustrates.

We follow the discussion in [37] to give another description of Osserman curvature models of
signature (2, 2). Consider a hyper-para-Hermitian structure {J;, J», J3} as defined in Section 1.3.4.
The hyper-para-Hermitian structure gives rise to three new natural operators: two skew adjoint 2-
step nilpotent operators given by &1 — @ and &1 — ®3 and one para-Hermitian structure (®, —
®3)/+/2. We adopt the notation established in Example 1.3. One obtains a complete description of
Osserman signature (2, 2) curvature models [37]:

Theorem 1.20. A curvature model MM of signature (2,2) is Osserman if and only if there exists a
hyper-para-Hermitian structure {J1, Ja, J3} and constants A;, A;j such that

A=2xA. )+ Z)\iAJ,» + Z)\ij (Ay, + Ay — AJiij).
i

i<j

In Section 1.3.8, we introduced the Hodge » operator and decomposed the Weyl conformal
curvature tensor in the form W = W+ @ W~. We have the following characterization [130]:

Theorem 1.21.  LetM = (V, (-, -), A) be an Einstein curvature model of signature (2, 2). Then I is
Osserman if and only if M is either self-dual or anti-self~dual.

Proof. Recall the decomposition of Equation (1.14) and the notation of Equation (1.12). We
also recall Equation (1.13). If A is an Osserman algebraic curvature tensor, then specialize the
orthonormal basis {e;} of Theorem 1.18 to get after a straightforward calculation that W~ vanishes
and moreover the Jordan normal form of the self-dual part of the Weyl tensor corresponds to the
Jordan normal form of the Jacobi operators . A change of orientation on the basis would give the
analogous anti-self-dual result. Conversely, if A is assumed to be self-dual and p4 = %rA (-, -), then

+
A= IdAz+< w0 ) (1.15)

Equation (1.14) becomes

12 0 O

from where it follows that A is Osserman proceeding as in [8, 130, 157]. O
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1.4.3 IVANOV-PETROVA CURVATURE MODELS
Let (p,q) € {(2,0), (1, 1), (0, 2)}. Let Gra’q) be the Grassmannian of oriented 2-planes of signa-

ture (p, q). Let Gr;r = Gr(2,0) ] Gr1,1) L Gr(0,2) be the Grassmannian of oriented non-degenerate
2-planes. Let

Op,o) ={x,y) e VBV :(x,x)(y, )

.y
Oay ={x,y) e VOV :(x,x)(y,y)
Qo2 ={x,y) e VOV : (x,x){(y,y)

— {(x,y)? > 0and (x,x) < 0},
— (x,y)? <0},

— (x,y)? > 0and (x, x) > 0}.

Then 7 := Span{x, y} € Gr&,q) if and only if (x, y) € Oy ¢). For such a 7, we define the skew
symmetric curvature operator A(m) by setting

—1/2
A) =[x, ) (v, y) — (0,02 A, y).

This operator is independent of the particular oriented basis {x, y} which is chosen. One says that
M is a spacelike, timelike or mixed Tvanov—Petrova curvature model if the eigenvalues of A(rr) are
constant on the Grassmannian of all oriented non-degenerate 2-planes of the appropriate signature.
The notation is chosen owing to the seminal papers by Ivanov and Petrova [171,172]. Theorem 1.13
generalizes to this setting to yield the following result [137]:

Theorem 1.22.  Let N be a curvature model of signature (p, q) with p, q > 2. The following conditions
are equivalent and if any is satisfied, then IN is said to be Ivanov—Petrova.

1. M is spacelike ITvanov—Petrova.

2. M is timelike Ivanov—Petrova.

3. M 15 mixed Ivanov—Petrova.

4. For 2i < m, there exist constants c; so Tr{A(x, y)%} = ci{(x, x){y, y) — (x, y)?} Jor all x,
yeV.

Proof. Suppose that Assertions (1), (2), or (3) hold. Choose (p, q) appropriately; O, 4) is then a
non-empty open subset of V @ V. By Lemma 1.11, there exist constants ¢; so

Tr{A(x, )%} = ci{(x, x) (v, ) — (x, 9)?Y on Op g -

Lemma 1.12 then shows this equation holds on all of V @ V which establishes Assertion (4).
Conversely, if Assertion (4) holds, then Tr{.A(x, y)¥} is constant on O ) ifkiseven. By Lemma 1.5,

Tr{A(x, y)*} = 0if k is odd. Consequently, Lemma 1.11 now implies Assertions (1), (2), and (3).
O
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We have the following useful Corollary:

Corollary 1.23.  Let M be a curvature model of dimension m.
1. If m = 3, then M is lvanov—Petrova if and only ZfTI'{.A(T[)z} is constant on Gr;.

2. Ifm = 4, then M is Ivanov—Petrova if and only zf{ Tr{A(m)?}, det{A(n)}} are constant on Gr;.

1.4.4 OSSERMAN IVANOV-PETROVA CURVATURE MODELS

The work in this section is also due to Esteban Calvifio-Loouzao [75] and treats curvature models
of signature (2, 2). Curvature models of constant sectional curvature are Ivanov—Petrova, but there
are Ivanov—Petrova curvature models that do not have constant sectional curvature; Riemannian
Ivanov—Petrova curvature models are completely classified in the Riemannian setting in dimensions
m > 4[137,145,159]. The situation is more complicated in neutral signature, as shown in Theorem
1.24 below. We recall the definitions of a para-Hermitian structure and of a hyper-para-Hermitian
structure given in Section 1.3.4. Adopt the notation of Example 1.3.

Theorem 1.24. Let M = (V, (-, ), A) be a curvature model of signature (2,2). Then IN is both
Osserman and Ivanov—Petrova if and only if one of the following holds:

1. A =«kA. . for some constant K.

2. There exists a pseudo-Hermitian structure J on M so A = k(A .y — %Aj)far some k # Q.

3. There exists a para-Hermitian structure J on M so A = k(A(..y + %Aj)for some ik # Q.

4. There exists a hyper-para-Hermitian structure {J1, Jo, J3} on M so A = k A j, 4, for some k # 0.

In this setting, the Jacobi operator is diagonalizable if and only if Case (4) does not pertain.

Curvature models of the form given by Case (2) above were previously reported in [172] in
the Riemannian setting and in [264] for the signature (2, 2) setting (see also [137]).

Remark1.25. In Cases (1)-(3),9isJordan Osserman and Jordan Ivanov—Petrova, while in Case (4)
M is Jordan Osserman and spacelike and timelike Jordan Ivanov—Petrova, but not mixed Jordan
Ivanov—Petrova. If a curvature model 91 is Jordan Ivanov-Petrova, the skew symmetric curvature
operator has constant rank r on the set of non-degenerate 2-planes. If 91 has constant sectional
curvature, then r = 2. Otherwise, in Cases (2) and (3), r = 4. With respect to algebraic curvature
tensors given by Case (4), they have 2-step nilpotent Jacobi operators and their skew symmetric
curvature operators have constant rank 2 for oriented non-degenerate spacelike or timelike 2-planes,
but rank changes from 0 to 2 for oriented non-degenerate mixed 2-planes.
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We shall now analyze the Ivanov—Petrova condition for Osserman algebraic curvature tensors

which have non-diagonalizable Jacobi operators. The following is a direct consequence of Theorem
1.24 and Remark 1.25:

Corollary 1.26.  Let M be a curvature model of signature (2,2). Then IN is Osserman and Ivanov—
Petrova with non-diagonalizable Jacobi operator if and only if the Jacobi operator is a 2-step nilpotent
operator.

1.4.5 COMMUTING CURVATURE MODELS

Definition 1.27. Let 90t = (V, (-, -), A) be a curvature model. Then 901 is said to be
1. A curvature—curvature commuting model if A(x, y)A(z, w) = A(z, w)A(x, y) Vx, y, z, w.
2. A curvature—Jacobi commuting model if J (x)A(y, z2) = A(y, 2)J (x) Vx, y, z.
3. A curvature-Ricci commuting model if A(x, y)p = pA(x, y) Vx, y.
4. A Jacobi~Jacobi commuting model if T (x)T (v) = J (y)J (x) ¥x. y.
5. A Jacobi—Ricci commuting model if J (x)p = pJ (x) Vx.

Curvature—Ricci commuting curvature models are also known in the literature as Ricci semi-
symmetric curvature models [1]. The conditions in Definition 1.27 have also been described elsewhere
in the literature as “skew—Tsankov”, as “mixed—Tsankov”, as “skew—Videv”, as “Jacobi—Tsankov”,
and as “Jacobi-Videv”, respectively, and the general field of investigation of such conditions is often
referred to as Stanilov—Tsankov—Videv theory [48]. We have chosen to change the notation from that
employed previously to put these conditions in parallel as much as possible. One has the following
result [150]:

Theorem 1.28. Let 9N be a curvature model.
1. The following assertions are equivalent:

(a) M is a Jacobi—Ricci commuting model.

(6) M is a curvature—Ricci commuting model.

(c) Alpx.y,z,w) = A(x, py, 2, w) = A(x, y, pz, w) = A(x, y, 2, pw) Vx, y, 2, w.
2. The following assertions are equivalent:

(a) M is a curvature—Jacobi commuting model.

(b) M is a Jacobi—Jacobi commuting model.
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Clearly, any Einstein metric is curvature—Ricci commuting but there are many other non-
trivial examples [50]. The notion of curvature-Ricci commuting is a generalization of the semi-
symmetric condition (see [1] and the references therein). Semi-symmetric manifolds of conullity
two are curvature—curvature commuting [38, 54]. Besides the progress made [150, 152], as far as we
know a complete description of curvature-Ricci commuting manifolds is not yet available.

In the Lorentzian category, Jacobi—Jacobi commuting (or equivalently curvature—Jacobi com-
muting) curvature models are necessarily flat [53, 150]. However, the geometrical significance of
the curvature—curvature commuting condition is not yet well-understood although some progresses
have been made in the Riemannian setting [54].

Example 1.29. Let My := (Vo, (-, -), Ao) be a Riemannian Einstein curvature model. Let {e;} be
an orthonormal basis for Vj. Let V| = V0+ @ V,, be two copies of Vy with bases {e;L, e; }. Let
ml = (Vlv <'7 '>7 Al) Where

(e'+ €+) = 15 (e;7 e;) = _17

[
Aile;, ek,e@)—fh(e ek,ee)—fh(e ek,eg)
= Al(e, . €] el = Ao(el,e,,ek,ee),
Arlef e e e)) = Ale; ef e ep) = Alle] ef e e)
= A1(e, e e .e D= —Ao(ei,ej,ek,ee)-
Then 91, is Jacobi—Ricci commuting and prisa negative multiple of Id. We refer to [ 150] for further

details. Examples of this type can also be realized geometrically — see the discussion in Section 6.5.4;
this condition is closely related to the decomposition factor WW; of Theorem 1.8.
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CHAPTER 2

Basic Geometrical Notions
2.1 INTRODUCTION

In this Chapter, we turn our attention to geometric structures. We begin in Section 2.2 with a bit of
history relating the study of pseudo-Riemannian manifolds to mathematical physics.

Section 2.3 is an introduction to the theory of smooth manifolds. We discuss the tangent
bundle and the Lie bracket. We define the flow of a smooth vector field and the Lie derivative. The
Lie algebra of a Lie group is presented and the unit sphere in the quaternions is given as an example.
We treat the geometry of the cotangent bundle, canonical coordinates, and symplectic forms. Torsion
free connections, the curvature operator, the Jacobi operator, and the Ricci tensor are introduced.
The Weyl projective operator is defined and various geometric realizability theorems are presented.
Geodesics and parallel transport are defined and as is the holonomy group.

Section 2.4 deals with pseudo-Riemannian geometry. The Levi-Civita connection, the
Christoffel symbols of the first and second kind, the Weyl conformal curvature tensor, and the-
orems of geometric realizability are discussed. We make contact with notions of Section 1.4 and
introduce associated operators in the geometric setting. Weyl scalar invariants and null distributions
are presented as are results concerning pseudo-Riemannian holonomy.

Section 2.5 involves additional geometric structures. We discuss pseudo-Hermitian structures,
para-Hermitian structures, and the Gray identity. We also present additional geometric realization
theorems. Homogeneous and symmetric spaces, as well as curvature homogeneity are treated.

2.2 HISTORY

Riemannian, pseudo-Riemannian, and affine geometry are central areas of mathematics — see, for
example the following basic references [26, 78,182,191, 196,215,231, 239]. Although Riemannian
geometry is the most prevalent, in addition to their purely intrinsic interest, pseudo-Riemannian
manifolds appear in mathematical physics. Lorentzian geometry is, of course, intimately linked with
general relativity. There are, however, higher signature applications. They play a role in general
relativity [47, 119], they are important in string theory [22, 82, 176, 195, 216], and they also are
important in braneworld cosmology [230].

2.3 BASIC MANIFOLD THEORY

Letx = (x1, ..., x») be a system of local coordinates on a smooth manifold M of dimension m.The
collection {dy,, ..., dy,, } is the coordinate frame for the tangent bundle 7 M where we set 9y, := dixl
Similarly, the collection {dx1, ..., dx;} is the coordinate frame for the cotangent bundle 7*M. If
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h € C*®(M) is a smooth function, let

" h

hi.i) = —————
iy - .
r Bx,-l ...8x,-r

A foliation of dimension k on M is a collection of submanifolds F (/eaves) which are disjoint,
connected and immersed in M. Moreover, the union of the elements of F is M and for every P € M
there is a chart whose intersection with each leaf is either the empty set or a countable union of k
dimensional slices with xg4+1 = kkt1, ..., X;m = K, Wwhere kg11, ..., ky are constants.

We say that M is simply connected if M is connected and if the fundamental group of M is
trivial, i.e., every closed curve in M is contractible to a point.

2.3.1 THETANGENT BUNDLE, LIE BRACKET, AND LIE GROUPS
Let X, Y € C®(T M) be smooth vector fields on M. The Lie bracket of X and Y is the vector field
characterized by the identity:

(X, YD f=XY-YX)f V[feC*M).

As mixed partial derivatives commute, [dy,, dy;] = 0. Expand X = > ;aidy, and Y = Zj bjdy;.
We then have that:
[X.Y]=) {aidybj — bidya;} oy, -
L)
It is immediate from the definition that the Lie bracket [-, -] is skew symmetric and that it satisfies
the Jacobi identity:
[X,[Y,Z11+1Y,[Z, X]]+[Z,[X, Y]] =0. (2.1)

More generally, a vector space g is said to be a Lie algebra if there is a bilinear map [, -] from g x g
to g such that [X, Y] = —[Y, X] and so that Equation (2.1) is satisfied. It is then immediate that
the Lie bracket gives C°°(T M) the structure of a Lie algebra.

Let X be a smooth vector field on M and let C be a compact subset of M. The flow defined
by X is a smooth map

O:Cx[0,e] > M
defined for some € = €(C, X) > 0 which is characterized by the properties:
O(x,0) =x, DP(D(x,1),s5)=Dx,t+s), 0P, t)=X(DP(x,1)) .

Let & be a tensor field on M. We use the flow @ to pull back & to define a new tensor field ®*(&)(¢).
The Lie derivative is then defined by
P* —
Lx& := lim —(?,-‘):t) § .

t—0
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If X # 0, choose coordinates locally so that X = dy,. If ¥ =}, a;0y, and if o = 3~ bdx;,

LxY =) X(a)dy, and Lyw= Y X(bjdx; .
i J
A Lie group G is a smooth manifold that is also a group with smooth group operations; that
is, the multiplication and the inverse maps are both smooth. The identity element of G is denoted
by e.If a € G, define left multiplication L, and right multiplication R, respectively, by setting:

L,:g—>ag and R,:g— ga .

The maps L, and R, are diffeomorphisms of G for any a € G. A vector field X € C*(TG) is
said to be /left invariant (resp. right invariant) if L;X = X (resp. R*X = X) foralla € G. Let g be
the vector space of all left invariant vector fields on G. The map X — X (e) identifies g with 7, G.
Since the Lie bracket of two left invariant vector fields is again left invariant, g inherits the structure
of a Lie algebra; the essence of Lie theory is to relate geometric and topological properties of the
group G to algebraic properties of g. Every Lie group G admits non-trivial smooth left invariant
measures and right invariant measures; we say that G is unimodular if G admits non-trivial smooth
bi-invariant measures.

The adjoint map ad is defined by adx (Y) = [X, Y. The Cartan-Killing form is
w(X,Y) :=Tr{ady ady} .
An example is perhaps helpful at this stage. Let S3 be the sphere of unit quaternions;
§3 = {xo +ix; + jxa+kxs x5 +xf x5+ x5 =1} .
Quaternion multiplication gives this the structure of a group. Let g := Spang{i, j, k} be the purely
imaginary quaternions. If £ € g, let X¢(x) := x - £. Since x L X¢(x), this is a tangent vector to s3.
Since left and right quaternion multiplication commute, the vector field X¢ is left invariant and the
map & — X; identifies g with the Lie algebra of S3. We compute that
[Xi, Xj] = —2Xk, [X;, Xil = =2X;,  [Xp, Xi] = —2X; .
It is now an easy matter to see that
o(X;, Xi) =X, X;) =Xk, Xi) = —4

while w(X;, X;) = o(X;, X3) = o(X;, Xi) = 0. Thus, the Cartan-Killing form is negative defi-
nite in this instance.

2.3.2 THE COTANGENT BUNDLE AND SYMPLECTIC GEOMETRY

Let M be a smooth manifold of even dimension m = 2n. Let T*M be the cotangent bundle. Let
AP(T*M) be the bundle of alternating p forms and let SP(T*M) be the bundle of symmetric p
forms. The case p = 2 is of particular importance; we may decompose

T*M QT*M = A*(T*M) & S>(T*M) .
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«_»

It &, n € T*M, we define the wedge product “A" and the symmetric product “o” by setting

EAni=1E®N—n®E) € AXT*M),

. 1 2k (22)
Eoni=5E@N+n®E) € SH(T™M).

Let ® € A%(T*M). We say that © gives a symplectic structure to M if ®" # 0.

Let (x1,...,x,) be a system of local coordinates on M. If w € T*M, we may expand
® = xj7dx; where we sum over repeated indices; the (xy/, ..., x,) are the dual fiber coordinates
and the collection of 2m functions (x1, ..., Xm, X1/, ..., X,) are the canonical coordinates on T*M.
There is a canonical symplectic structure on the cotangent bundle:

Lemma2.1. LerQ:= ) ;dx; Adxj. This2 form is independent of the coordinate system (X1, . .., Xp)
and is called the canonical symplectic form.

Proof. Let (y1, ..., ym) be another system of local coordinates. We may expand:

dy; = Zax,-yz' dx; .
J

Letw € T*M. Expand v = Z virdy; = Zyi/axjyi -dx . This shows x ;1 = Zy,-/axjyi.Thus:
i ij '

1
dej Ndxj = Zy,-,ax_iaxkyi ~dxj Ndxg + Zaxjy,- ~dxj Ndyy = Zin ANdyjr.
j i,j.k ij i

If Q is a closed symplectic form on M, then there are local coordinates so
Q=dxiANdyy+---+dx, Ndy, .

Thus, the local geometry is canonical and a model can be taken to be 7*(R") where 2n = m.
For each vector field X on M, define a function X : T*M — R by

tX(P,w) =w(Xp) .

We may expand X = X i dyx;. We then have that this tautological function is given by

X (g, xp1) = le-/xi .
i

Let Y, Z € C®(T(T*M)) be smooth vector fields on T*M. Then

Y=7Z & Y@X)=Z1X) forall X € C®(TM) .
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The complete lift X€ is characterized by the identity
XC(2z)=1X,Z] forall ZeC™(TM). (2.3)

A (0, s) tensor field on T*M is characterized by its evaluation on complete lifts of vector fields on
M because
Tip.w)(T™M) = {Xg,w X € C(TM)} .

Let T € C*(End(T M)) be an endomorphism of the tangent bundle of M. We define a 1 form
(T € C*®(T*(T*M)) which is characterized by the identity

(T(XC) = u(TX) .
2.3.3 CONNECTIONS, CURVATURE, GEODESICS, AND HOLONOMY

Let D be a connection on M; D : C*(TM) — C°(T*M @ TM) is a linear first order partial
differential operator which satisfies the Leibnitz rule

D(fX)=df ® X + fDX .

Welet DxY = (X, DY) where (-, -) indicates the natural pairing TM @ T*M @ TM — T M given
by evaluation on the first factor. We say that D is a forsion free connection if the torsion tensor 7 = Tp
vanishes where

T(X,Y) := DxY — DyX — [X, Y] .

The curvature operator R = Rp is defined by the formula
R(X,Y)Z := (DxDy — DyDx — Dix.y))Z .
One computes easily that if f € C*°(M):
RFX.VNZ=RX, fY)Z=RX,Y)fZ= fR(X,Y)Z .
Thus, R(X, Y)Z at a point P only depends on X (P), Y (P), and Z(P); thus R is a tensor
ReT*MQT*M QEnd(TM) .

We shall assume that D a is torsion free connection henceforth and let (M, D) denote the
corresponding affine manifold. We then have the symmetries:

R(X,Y) = —R(Y, X), (2.4)
RX,Y)Z+RY, Z)X +R(Z, X)Y =0. (2.5)

Equation (2.4) is often called a Z symmetry while Equation (2.5) is the firsz Bianchi identity.
Itis convenient to work in a purely algebraic setting. Let V be a finite dimensional vector space.
We say that A € V* ® V* ® End(V) is a generalized curvature operator if A has the symmetries of
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Equations (2.4) and (2.5) above. We say that such an A is geometrically realizable if there exists a
point P of an affine manifold (M, D) and if there exists an isomorphism ¢ : TpM — V so that
¢*A = Rp. The following result shows that Equations (2.4) and (2.5) generate all the universal
symmetries of the curvature operators of torsion free connections; we refer to [151] for further
details:

Theorem 2.2.  Ewery generalized curvature operator is geometrically realizable.

The associated Ricci tensor p = pp is defined by
o(X,Y) :=Tr{Z — Rp(Z, X)Y} .

Note that in this setting, pp need not be symmetric. The corresponding Jacobi operator J = Jp is
defined by

JX):Z— R(EZ, X)X .

Let (V) C V*® V* ® End(V) be the vector space of all generalized curvature operators.
The Ricci tensor defines a short exact sequence

0— ker(p) > (V) - V*QV* = 0.
Let p, and p; be the components in A2(V*) and $?(V*), respectively, where
pa(x.y) = 3{p(x,y) — p(y, )} and py(x,y) := 3H{p(x. y) + p(y. 1)}
The map p is equivariantly split by the map o where

{00a}(x, )2 = 1554204 (x, )2+ pa(x, 2)y = pa(y, 2)x},
{ops}(x, )z = F={ps(x, 2)y — ps(y, 2)x} .

We may then define the Wey/ projective curvature operator

Palx,y)z:=Ax,y)z—op ekerp .

Theorem 2.3.  We have a decomposition of §(V') into irreducible GL(V') modules:

(V) =ker(p) ® S2(V*) @ A*(V*¥) .
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There are 8 natural geometric realization questions which arise in this context and whose
realizability [154] may be summarized in the following table — the possibly non-zero components

being indicated by *:
ker(p) SE(V¥) A2(V¥) | | ker(p) SEV¥) A%(V¥)
* * * yes 0 * * yes
* * 0 yes 0 * 0 yes
* 0 * yes 0 0 * no
* 0 0 yes 0 0 0 yes

Thus, for example, if the generalized curvature operator A is projectively flat (i.e., P4 = 0) and
Ricci symmetric (i.e., p € S2(V*)), then A can be geometrically realized by a projectively flat Ricci
symmetric torsion free connection . But if A # 0 is projectively flat and Ricci antisymmetric, then A
can not be geometrically realized by a projectively flat Ricci anti-symmetric torsion free connection.

Let (M, D) be an affine manifold. We say that a curve y (¢) is an affine geodesic if the geodesic
equation is satisfied:

Dyy =0 .

Given a point P € M, and an initial direction X € TpM, there is a unique curve y with y(0) = P
and y (0) = X which satisfies the geodesic equation; y need not be defined for all € R but y does
exist on a maximal interval [0, T') for some T" > 0. We say that (M, D) is geodesically complete if all
geodesics exist for all time.

If y : [a, b] — M is a smooth curve and if X € T),(4)M is given, then the parallel transport
of X along y is given by solving the following equation

Vy(,)X(l‘) =0.

Let y(a) = y(b) = P be the basepoint of the manifold. The map X (a) — X (b) given by parallel
translation around y defines an invertible linear map L, : TpM — Tp M. The set of all such linear
maps forms a group called the holonomy group of the connection and is denoted by H p; the holonomy
groups corresponding to different points in a connected manifold are all isomorphic and thus the
role of the basepoint P is usually suppressed. The holonomy group is a closed subgroup of GL(Tp M)
and therefore is a Lie group.

2.4 PSEUDO-RIEMANNIAN GEOMETRY

Let M := (M, g) be a pseudo-Riemannian manifold. Here g is a symmetric non-degenerate smooth
bilinear form on T M of signature (p, ¢) where p + g = m. We say that M is Riemannianif p = 0,
i.e.,if g is positive definite, that M is Lorentzian if p = 1,and that M has neutral signatureif p = q.

Let “o” be the symmetric product defined in Equation (2.2). If (x1, ..., x,) is a system of
local coordinates on M, we may express

g = Zg,'jdx,- odxj where gij =gy, d;) .
i,j
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The pseudo-Riemannian element of volume is then given by

|dvol | = /[ det(gi))ldx1 . .. dxp .

2.4.1 THE LEVI-CIVITA CONNECTION
The associated Levi-Civita connection V.= V¢ is a connection on T M which is characterized by the
following two properties:

(1) V is torsion free, i.e., VxY — Vy X = [X, Y.
(2) V is Riemannian, i.e., g(VX,Y) + g(X, VY) =dg(X,Y).

Suppose g is a Riemannian metric, i.e., g is positive definite. The length of a curve y is given

by:
Ly) = / J2 0 .

The distance between two points P, Q € M is then defined to be

dg(Pa Q) = infy:y(a)=P,)/(b)=Q L(y) .

One can show that this is in fact a true distance function; the topology defined by d and the original
topology on M coincide. Geodesics locally minimize distance; conversely, if y is a curve minimizing
distance between points on y, then up to a reparametrization, y is a geodesic. In the pseudo-
Riemannian setting where g is indefinite, there can be null curves and the connection between
distance minimization and geodesy is lost.

We adopt the notation of Section 2.3.3. Let M be a pseudo-Riemannian manifold. We say
that M exhibits Ricci blowup if there exists a geodesic y defined for ¢ € [0, T) with T < oo and if
lim;, 7 |p(y, y)| = oo where p is the Ricci tensor. Clearly, if M exhibits Ricci blowup, then it is
geodesically incomplete and it can not be isometrically embedded as an open subset of a geodesically
complete manifold.

We expand

Va,, O, = Tij* oy,

to define the Christoffel symbols of the first kind; V is completely determined by these symbols. Let
gij = g(dx;, dx;) and let g% be the inverse matrix. We use the metric to lower indices to define the

Christoffel symbols of the second kind
Lijr = gkfrije = 8(Va, Ox;, 0x) = %{3x,»gjk + Ox; 8ik — O &ij} -

Let R be the curvature operator defined by V; we use the metric tensor to lower indices and define
a corresponding curvature tensor R € ®4(T; M) by setting:

R(x,y,z,w) = g(R(x,y)z,w) .
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We then have that R satisfies the symmetries of Equation (1.2). Thus, we may define a curvature
model by setting
Mp(M) :=(TpM,gp, Rp) .

Additionally, the Riemann curvature tensor also satisfies the second Bianchi identity,
(VxR)Y,Z, U, T)+ (VyR)(Z, X, U, T)+ (VzR)(X,Y,U,T) =0.

We say that a curvature model M = (V, (-, ), A) is geometrically realizable if there is a point
P of a pseudo-Riemannian manifold M and an isomorphism ¢ : Tp M — V so that ¢*(-, ) = gp
and ¢*A = Rp. The following result shows every curvature model is geometrically realizable; in
particular, the symmetries of Equation (1.2) generate the universal symmetries of the curvature
tensor of the Levi-Civita connection.

Theorem 2.4.  Let I be a curvature model. There exists a pseudo-Riemannian manifold M, a point
P € M, and an isomorphism ¢ from TpM to'V so that Mp(M) = ¢*M.

Proof. Let {e;} be a basis for V. Let A;jk¢ 1= A(e;, ej, ek, e) and set
gik = (e, ex) — 3 Ajjokx/ x*

The symmetry g;jx = gk; is immediate. As g;x(0) = (e;, ex), g is non-degenerate at the origin so g
is a non-degenerate pseudo-Riemannian metric on some neighborhood of the origin.

Liji := g(Va,, 0x;, 0x) = 3 (05,8 jk + x, 8ik — 0x,81j) = O(|x]),
Rijke(0) = {0y, T jke — 0x; Tike}(0)
= 10,05, 8j¢ + Ox; 0x,8ik — Ox;0x,& jk — Ox; 0, 8ie }(0)
= é{—Ajikz — Ajkie — Ajjox — Aigjk + Ajiek + Ajeik + Aijre + Aikje}
= é{4Aijke — 2Ai0jk — 2Aikej} = Aijke- O

2.4.2 ASSOCIATED NATURAL OPERATORS

The Jacobi operator, the skew symmetric curvature operator, the sectional curvature, the Ricci
operator, the scalar curvature, the Weyl tensor, and the Schouten tensor extend to the geometric
setting from the corresponding Equations (1.4), (1.5), (1.6), (1.7), (1.10), and (1.11).

We extend the properties discussed in Section 1.4 by using the curvature model 2t p (M).
There is a slight fuss about local versus global properties. Thus, for example, we shall say that M is
Osserman if the eigenvalues of the Jacobi operator are constant on the unit pseudo-sphere bundles
S*(M) and that M is pointwise Osserman if the eigenvalues of the Jacobi operator are constant on
the pseudo-spheres S§ (M) for each point P in M but may vary, in principle, from point to point.
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The Weyl conformal curvature tensor is a conformal invariant. One says (M, g) and (M, g)
are conformally equivalent if g = e/ g for f € C°°(M). In this setting, we have

Wg(x’ yaz’ U)) = EZfWg'(-xa yaZ7 w) .

In particular, (M, g) is conformally Osserman if and only if (M, g) is conformally Osserman. A
manifold is conformally flat if and only if locally the metric tensor has the form

ds2=e2¢(—dx12—--~—dxf,+dx§+1+--'+dx§1) .

The Schouten tensor defined in Equation (1.11) is Codazzi for every conformally flat pseudo-
Riemannian manifold. Moreover, this is a sufficient condition for a 3 dimensional manifold to be
conformally flat. For m > 4, an m dimensional manifold is locally conformally flat if and only if
W =0.

One has the following geometric realizability result [56]:

Theorem 2.5. If M is a conformally flat curvature model, then IN is geometrically realizable by a
conformally flat manifold of constant scalar curvature.

There is a natural operator that we shall be using throughout the book which has no algebraic
analogue in Chapter 1. We define the Szabd operator as

SX)Y = (VxN(X)Y = (VxR)(Y, X)X,

for any vector fields X and Y.

2.43 WEYL SCALAR INVARIANTS

Let V¥ Ri,....isj1.....jx be the components of the k™ covariant derivative of the curvature operator
defined by the Levi-Civita connection. Scalar invariants of the metric can be formed by using the
metric tensors g/ and g; j to fully contract all indices. For example, the scalar curvature 7, the norm
of the Ricci tensor |p|2, and the norm of the full curvature tensor |R|? are scalar invariants which are
given by:

. ij k
T = g" Ryij",
2. i1J1 027 k 4
lpl” == g" /""" Riyiy" Rejyjp»  and
2 . Jij1 022,033, . p. . . dlap. . ]
|R|” == g1 8" g5 B gy jy Riyinis * Ry jojs ™ -
Such invariants are called Wey/ invariants; if all possible such invariants vanish, then M is said
to be VSI (vanishing scalar invariants). Let {x1, ..., x4, y1,..., ya} be coordinates on R, Let

¢ij(x) = ¢;;(x) be a symmetric 2 tensor on R". We adopt the notation of Section 3.5 and consider
a plane wave manifold which is a twisted Riemannian extension of the form:

g :=2dx; ody; + ¢ij(x)dx; odx; .
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We refer to [148] for further details concerning plane wave manifolds. In Theorem 3.9, we will show
that this manifold has vanishing scalar invariants and that it is not flat for generic ¢ as the (possibly)
non-zero components of the curvature tensor are:

R(0y;, 0x;» Oxys Oxy) = %{3;@ Ox @Pjie + Ox; Ox, Pik — Ox; Ox,Pjk — Ox; O, Pie} -
Similarly, let (x1, x2, x3) be the usual coordinates on R3. Let
gy =2dxyodx3 +dxyodxy + f(x2,x3)dx3 0dx3 .
By Theorem 4.28, (R3, g ) is VSI; this manifold is not flat for generic f as
R(Oxy. 0x3) 0, = 5 f220,  and Ry, 0x3) 0y = — 5 fr20, -

2.44 NULL DISTRIBUTIONS

Let M be a pseudo-Riemannian manifold of signature (p, ¢). We suppose given a splitting of the
tangent bundle in the form TM = Vi @ V5 where V| and V» are smooth subbundles which are
called distributions. This defines two complementary projections 71 and 72 of T M onto V; and V5.
We say that V| is a parallel distribution if Vry = 0. Equivalently this means that if X is any smooth
vector field taking values in V1, then VX again takes values in V.

If M is Riemannian, we can take V> = V}- to be the orthogonal complement of V; and in
that case V3 is again parallel. In the pseudo-Riemannian setting, of course, V2 N V| need not be
trivial and there exist examples where although V; is parallel, there exists no complementary parallel
distribution as we shall see presently in Lemma 4.2.

Let V| be a parallel distribution. The rank of g restricted to V; is constant. We say that V; is
a null parallel distribution if Vi is parallel and if the metric restricted to V; vanishes identically.

Assume dim (V) = 1 so that Vi is a /ine field . Assume also that Vj is parallel. If V; is not null
at a single point, it is not null at any other point and parallel translation gives rise to a parallel vector
field which spans Vi if M is simply connected. However, if V; is null, it need not be spanned by a
parallel vector field. Manifolds of dimension 3 which admit null parallel distributions are called 3
dimensional Walker manifolds; we return to this point in Section 4.3.

The complementary distribution of a parallel non-degenerate distribution is always integrable.
This is not always the case if the parallel distribution D is degenerate. Indeed, the necessary and
sufficient conditions for such integrability have been discussed in the literature (see, for example [20,
23,90]). Let M be a pseudo-Riemannian manifold of neutral signature (n, n) admitting two parallel,
complementary, and degenerate distributions D and D’ (which implies dim D = dim D’ = n). Then
R(X,Y)Z € D (resp. R(X, Y)Z' € D’) for all vector fields X, Y on M and any vector field Z € D
(resp. Z' € D’). Thus, both distributions remain invariant by the representation of the holonomy
group G and therefore G becomes the connected subgroup of SO0 (TpM, gp) generated by the
matrices which leave D and D’ invariant, i.e.,

G:{( g ,UO_I ):UeGL+(n,R)}.
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Such a group G is the subgroup of SO¢(n, n) of those elements which commute with the para-
complex structure J = diag[1,..., 1, —1,..., —1].

2.45 PSEUDO-RIEMANNIAN HOLONOMY

The holonomy group of an affine connection was discussed previously in Section 2.3.3. We use the
Levi-Civita connection to define the holonomy group of a pseudo-Riemannian manifold. As the
Levi-Civita connection is Riemannian, the parallel displacement preserves the metric. This implies
that the holonomy group is a subgroup of O(TpM, gp), and can be understood as a subgroup
of O(p, q) which is only defined up to conjugation in O(p, q). This ensures that for a subspace
V C TpM which is invariant under the holonomy group the orthogonal complement V- isinvariant
as well.

For a Riemannian metric the holonomy group acts completely reducibly, i.e., the tangent space
decomposes into subspaces on which it acts trivially or irreducibly, but for indefinite metrics the situ-
ation is more subtle. We say that the holonomy group acts indecomposably if the metric is degenerate
on any invariant proper subspace. In this case, we also say that the manifold is indecomposable. Of
course, for Riemannian manifolds, indecomposability is equivalent to irreducibility.

A remarkable property is that the holonomy group of a product of Riemannian manifolds
(i.e., equipped with the product metric) is the product of the holonomy groups of these manifolds
(with the corresponding representation on the direct sum). Furthermore, a converse of this statement
is true in the following sense. Let M be a connected pseudo-Riemannian manifold whose tangent
space at a single point (and hence at every point) admits an orthogonal direct sum decomposition
into non-degenerate subspaces which are invariant under the holonomy representation. Then M
is locally isometric to a product of pseudo-Riemannian manifolds corresponding to the invariant
subspaces. Moreover, the holonomy group is the product of the groups acting on the corresponding
invariant subspaces. A global version of this statement was proven under the assumption that the
manifold is simply connected and complete by G. de Rham [229] for Riemannian manifolds and by
H. Wu [261] in arbitrary signature.

Theorem 2.6. Any simply connected complete pseudo-Riemannian manifold M is isometric to a product
of simply connected complete pseudo-Riemannian manifolds one of which can be flat and the others have
an indecomposably acting holonomy group. Moreover, the holonomy group of (M, g) is the product of these
indecomposably acting holonomy groups.

For indefinite metrics there exists the possibility that one of the factors in Theorem 2.6 is in-
decomposable, but not irreducible. This means that the holonomy representation admits an invariant
subspace on which the metric is degenerate, but no proper non-degenerate invariant subspace. An
attempt to classify holonomy groups for indefinite metrics has to provide a classification of these
indecomposable, not irreducible holonomy groups. If a holonomy group acts indecomposably, but
not irreducibly, with a degenerate invariant subspace V' C Tp M, it admits a totally isotropic invariant
subspace I := V N V+ and thus M is a Walker manifold.
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Wialker coordinates, as we shall discuss presently in Theorem 3.1, have been extensively used
in order to obtain metrics which realize the possible indecomposable, not irreducible holonomy
groups.

2.5 OTHER GEOMETRIC STRUCTURES

In this section, we discuss additional geometric structures.

2.5.1 PSEUDO-HERMITIAN AND PARA-HERMITIAN STRUCTURES
Let M be a pseudo-Riemannian manifold. An a/most Hermitian structure on M is an endomorphism
J of the tangent bundle so that J*g = g and so J?> = —Id. Such a manifold necessarily is even
dimensional and the signature satisfies (p, g) = 2(p, ) (see [163] for related work). There is an
associated 2 form €, called the almost Kaebler form,which is defined (up to a possible sign convention)
by

Qx,y) = gx, Jy) = g(Jx, I*y) = —g(Jx,y) = —Q(y, x) .

— +
el,...,eq}sothat

We can choose vector fields {e, ..., €

N N P + g+
{el,Jel,...,eﬁ,Jeﬁ,el,Jel,...,eq,Jeq}
is a local orthonormal frame for the tangent bundle. One then has that:
_ 1 1 p P 1 1 q q
Q=—e  NJe_. —---—e_ NJe_ +e, NJe, +---+el NJel

where ) ) i i
{el_, Jel_, el e, elr, Jelr, R ei, Jei}
is the corresponding dual frame for the cotangent bundle. Thus, QP g non-singular and defines
a symplectic structure on M. One says that (M, g, J) is almost Kaehler if dQ2 = 0.
Let (M, g, J) be an almost Hermitian manifold of dimension m = 2n. We say that J is an
integrable Hermitian structure or that (M, g, J) is a Hermitian manifold if there exist local coordinates
(X1, Y1, - - ., Xn, yn) defined near every point of the manifold so that

Jo, =3y, and Jd, = —d .
The Nijenhuis tensor is defined for vector fields X and Y by
Ny X Y)=[X, Y]+ JJX, Y]+ JIX, JY]-[JX, JY]. (2.6)

Newlander and Nirenberg showed in [205] that the almost complex structure J is integrable if and
only if Ny = 0.If dQ2 = 0 and if J is integrable then VJ = 0; in this setting the 2 form € is said
to be Kaehler, the metric g is said to be Kaehler, and the manifold (M, g, J) is said to be a Kaehler
manifold. If M is compact, this imposes significant topological restrictions on M. For example, the
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manifold M = S x S! admits an integrable complex structure and many Hermitian metrics but
admits no Kaehler metric. A Hermitian manifold (M, g, J) is said to be locally conformally Kaehler
if for any point P € M there exists an open neighborhood U and a function f : U — R such that
(U, e*/ g, J) is a Kaehler manifold [109].

We use Equation (1.8) to define the x-scalar curvature and the *-Ricci tensor. We say that
(M, g, J) is weakly x-Einstein if p* = % g. Schur’s Lemma is not applicable in this context and 7*
need not be constant. Thus, one says that (M, g, J) is x-Einstein if additionally t* is constant. Note
that there exist weakly »-Einstein manifolds which are not Einstein; see Theorem 5.18.

A pseudo-Riemannian metric g on an almost complex manifold (M, J) is said to be an
almost anti-Hermitian metric if J*g = —g. Additionally, (M, g, J) is said to be anti-Kaebler if the
structure is parallel (i.e., VJ = 0) [45]. Associated to any almost anti-Hermitian structure (g, J)
there is a metric ¢ (X, Y) = g(X, JY) which is usually referred to in the literature as the fwin metric.
The special significance of anti-Kaehler structures is that both g and ¢ share the same Levi-Civita
connection without being (M, g) locally reducible.

An almost para-Hermitian structure on M is an endomorphism J of the tangent bundle so
that J*g = —g and so J? = Id; note that such a manifold M necessarily has neutral signature, i.e.,
p=q= %m.The notions *x-Einstein and weakly x-Einstein are defined as in the almost Hermitian
setting. As in the almost Hermitian setting, the associated a/most Kaehler form Q defines a symplectic
structure; €2 is given by

Qx,y) = glx, Jy) = —g(Jx, J?y) = —g(Jx,y) = —Q(y, x) .

(M, g, J) is said to be almost para-Kaehler it d2 = 0.
We say that J is an integrable para-Hermitian structure or is simply a para-Hermitian structure
if the associated Nijenhuis tensor,

N;X, V) =[X,Y]-JJX, Y] - J[X, JY]+[JX, JY] (2.7)

vanishes. In such a case (M, g, J) is said to be a para-Hermitian manifold. Analogously to
the Hermitian setting, this condition is equivalent to the existence of local coordinate systems
(X1y+vr Xns Y1» - -+, Yn) sO that

Joy, =y, and Jay, = dy .

Finally, (M, g, J) is said to be para-Kaehler if J is integrable and d2 = 0 or, equivalently, VJ = 0.
We refer to [120] for a discussion of almost para-Hermitian geometry from the point of view of
general relativity.

2.5.2 HYPER-PARA-HERMITIAN STRUCTURES

An almost hyper-para-complex structure on a 4n dimensional manifold M is a triple

J = {1, )2, J3}
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where J», J3 are almost para-complex structures (cf. [173]) and J; is an almost complex structure,
satisfying the para-quaternionic identities

H=-=-Ji=-1, JNh=-hl=/

An almost hyper-para-Hermitian metric is a pseudo-Riemannian metric which is compatible with
the almost hyper-para-complex structure, i.e.,

g, i) =—¢g(2-, J2-)=—g(3-,J3-) =g(-, -).

Such a structure is called hyper-para-Hermitian if all the structures J; are integrable. If each J; for
i =1, 2,3, is parallel with respect to the Levi-Civita connection or, equivalently, the three Kaehler
forms ©;(X,Y) = g(X, J;Y) are closed, then the manifold is called hyper-symplectic [168] or
hyper-para-Kaehler. In this case, J, and J3 are para-Kaehler structures and it follows that g is a
Walker manifold (see [177, 178] for more information).

If (g, Ji, J2, J3) is an almost hyper-para-Hermitian structure, on a manifold of dimension 4,
then the bivectors corresponding via the metric to the 2 forms 1, Q5, 23 define an orthonormal
basis of A7, and conversely, any orthonormal basis of A~ defines an almost hyper-para-Hermitian
structure.

2.5.3 GEOMETRIC REALIZATIONS

We have the following geometric realization theorems [56]:

Theorem 2.7.

1. Let M= (V, (-, ), A) be a curvature model. Then M is geometrically realizable by a pseudo-

Riemannian manifold with constant scalar curvature.

2. Let €= (V, (-, ), J, A) be a Hermitian curvature model. Then & is geometrically realizable by an

almost pseudo-Hermitian manifold with constant scalar curvature and constant x-scalar curvature

3. Let €= (V,{-, ), J, A) be a para-Hermitian curvature model. Then € is geometrically realiz-
able by an almost para-Hermitian manifold with constant scalar curvature and constant x-scalar
curvature.

This theorem generalizes appropriately to yield geometric realization theorems for hyper-
Hermitian and hyper-para-Hermitian models. However, when we wish to impose the integrability
condition to discuss realizations of Hermitian and para-Hermitian models, an additional condition
arises which is called the Gray condition or the Gray identity. We refer to Gray [161] for the proof
of the following result in the Hermitian setting and to [60] for the extension to the para-Hermitian
setting:
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Theorem 2.8.

1. Let R be the curvature tensor of a Hermitian manifold (M, g, J). Then¥x,y, z, w

0 = Rkx,y,z,w)+R(Ux,Jy,Jz,Jw) — R(Ux,Jy,z,w) — R(Jx,y,Jz, w)
— RUx,y,z,Jw)—R(x,Jy,Jz,w) — R(x,Jy,z, Jw) — R(x,y, Jz, Jw).

2. Let R be the curvature tensor of a para-Hermitian manifold (M, g, J). ThenVx,y, z, w

0 = Rkx,y,z,w)+R(Ux,Jy,Jz,Jw)+ R(UIx,Jy,z,w)+ R(Jx,y,Jz, w)
+ RUx,y,z,Jw)+ Rx,Jy,Jz,w)+ R(x,Jy,z, Jw)+ R(x,y, Jz, Jw).

One has [57, 60] the following converse to Theorem 2.8:

Theorem 2.9.

1. Let € be a pseudo-Hermitian curvature model which satisfies the identity of Theorem 2.8 (1). Then
& is geometrically realizable by a pseudo-Hermitian manifold.

2. LetC bea para-Hermitian curvature model which satisfies the identity of Theorem 2.8 (2). Then
& is geometrically realizable by a para-Hermitian manifold.

We remark that A satisfies the Gray identity if and only if A L W; where W is one of the
factors in the Tricerri-Vanhecke curvature decomposition of Theorem 1.8. In Section 6.5.4 we will
discuss a signature (2, 2) locally symmetric manifold which has p? = — Id and has curvature tensor

A€W7.

2.5.4 HOMOGENEOUS SPACES, AND CURVATURE HOMOGENEITY

Let M be a pseudo-Riemannian manifold of signature (p, ¢). Let VX R be the k'™ covariant derivative
of the curvature tensor. The manifold M is said to be locally symmetric if VR = 0. The manifold
M is said to be homogeneous if the group of isometries acts transitively on M; note that a simply
connected complete locally symmetric space is homogeneous. M is said to be locally homogeneous
provided that, for any points P, Q € M, there exists an isometry ¢ mapping a neighborhood of P
into a neighborhood of Q such that ¢ (P)= Q.

One says that M is curvature homogeneous if given any two points P and Q of M, there is
an isometry ¢ : TpM — ToM so that *Rp = Rp, i.e., if the curvature looks the same at any two
points of the manifold. Similarly, M is said to be k curvature homogeneous if in addition one has that
¢*ViRg = VIRp for 1 <i < k. Clearly, any locally homogeneous manifold is curvature homoge-
neous. What is perhaps somewhat surprising is that there are curvature homogeneous manifolds
which are not locally homogeneous. We refer to [38, 64, 65, 149, 164, 235, 236, 262] for further
details. One says that M is k curvature modeled on a homogeneous space N if for every point P
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of M, there is an isometry ¢ : TpM — ToN so ¢*V‘.RN7Q = V"RMﬁp for 0 <i < k; the point Q
of N being irrelevant since N is assumed homogeneous. This implies M is k curvature homoge-

neous. We shall discuss curvature homogeneity further in Section 3.5 and in Section 4.7. We refer
to [146, 147,185, 202] for related work.

Remark 2.10. In the Riemannian setting, Singer [240] showed there existed a universal bound k&,
so that any Riemannian manifold which was k,, curvature homogeneous was locally homogeneous;
this result was subsequently extended to the pseudo-Riemannian setting by Podesta and Spiro [224]
and an analogous result established in the affine setting by Opozda [217]; see also [15].

Remark 2.11.  Priifer, Tricerri, and Vanhecke [226] showed that if all local Weyl scalar invariants
up to order %m(m — 1) are constant on a Riemannian manifold M, then M is locally homogeneous
and M is determined up to local isometry by these invariants. This fails in the pseudo-Riemannian
setting. Recall, see the discussion in Section 2.4.3, that a manifold is said to be VSI if all the scalar
Weyl invariants vanish. There are many non-flat manifolds which are VSI but which are not locally
homogeneous as we shall see presently in Theorem 3.9. We also refer to the discussion [183, 225]
for additional examples.

The following is a useful observation [21]

Lemma 2.12.  Let M; be real analytic pseudo-Riemannian manifolds for i = 1, 2. Assume there exist
points P; € M; so exp M. p - TeMi — M, is a diffeomorphism and so there exists an isomorphism O
between Tp, M and Tp, M3 so CID*V"RPZ,JV[2 = VkRpI .M, for all k. Then we may define an isometry ¢
from My to My by setting:
. -1
¢ = exXppy, p, 0P o eXPag, P, -

2.5.5 TECHNICAL RESULTS IN DIFFERENTIAL EQUATIONS
We shall need the following results subsequently. We omit the proofs as they are elementary. Recall

that fx := 9y, f.

Lemma2.13. Let O be an open connected subset ofRA'. Let p, g € C*(O) be functions only of (x3, x4).
The following conditions are equivalent:

1. p2 = 2p4, q2 = 2q3, and pq = p3 + qa.
2. p* =2p4, q* =2q3,and p3 = q4 = 5pq.
3. There exist (ag, az, as) € R> — {0} so that

p = —2a4(ag + azx3 + a4x4)_1 and q = —2a3(ap + azx3 + a4X4)_1 .
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Lemma2.14. Let O be a connected open subset of R and let h € C*°(O). Assume that h' # 0 and that
hh" (W)~2 is constant. Then either h(y) = ae® or h(y) = a(y + b)°.



39

CHAPTER 3

Walker Structures
3.1 INTRODUCTION

In this Chapter, we outline the theory of Walker manifolds. In Section 3.2, we present a brief histor-
ical development and in Section 3.3, we treat Walker coordinates. Section 3.4 presents examples in
very different natural geometric situations of strictly pseudo-Riemannian contexts where the under-
lying metric is a Walker one. More specifically we treat hypersurfaces with nilpotent shape operators,
locally conformally flat metrics with nilpotent Ricci operator, degenerate pseudo-Riemannian ho-
mogeneous structures, para-Kaehler structures, and 2-step nilpotent Lie groups with degenerate
center. The analysis of conformally symmetric metrics leads to the consideration of an important
family of Walker manifolds: the Riemannian extensions.

A detailed description of Riemannian extensions is given in Section 3.5 (see also the results
in Section 6.5). This construction, which relates affine and pseudo-Riemannian geometries, is very
powerful in constructing new examples of strictly pseudo-Riemannian properties. We shall give a
family of neutral signature Walker examples which are Riemannian extensions and relate them with
curvature homogeneity. Given a torsion free connection D, a symmetric (0, 2) tensor field ¢ on
a manifold M, and (1, 1) tensor fields T and S on M, there is a natural neutral signature metric
gD,¢.T,s on the cotangent bundle of M. We relate the Osserman and Ivanov—Petrova conditions for
gDp,¢ (a particular case of gp ¢ 7,5) to conditions on the curvature of D. The case where D is flat
gives rise to the notion of a plane wave manifold which we use to construct examples of nilpotent
Walker manifolds. Osserman Riemannian extensions are investigated as is the relationship between
a nilpotent Osserman manifold and an Osserman Riemannian extension. We establish interesting
correspondences between torsion free connections with nilpotent skew symmetric curvature operator
and Ivanov—Petrova Riemannian extensions.

3.2 HISTORICAL DEVELOPMENT

Walker manifolds constitute the underlying structure of many strictly pseudo-Riemannian situations
with no Riemannian counterpart: indecomposable (but not irreducible) holonomy [23], Einstein
hypersurfaces with nilpotent shape operators [194] or some classes of non-symmetric Osserman
metrics [106] are typical examples. Walker manifolds have also been considered in general relativity
in the study of hh spaces [47, 119]. Moreover, the fact that para-Kaehler and hyper-symplectic
metrics are necessarily of Walker type motivates the consideration of such metrics in connection
with almost para-Hermitian structures.

Observe that there is a tight connection between Walker structures and Osserman metrics.
First of all, it is a fact that most examples of Osserman metrics with non-diagonalizable Jacobi
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operator (i.e., Types II and III in Theorem 1.18) are realized as Walker manifolds. On the other
hand, Walker manifolds appear as the underlying structure of several specific pseudo-Riemannian
structures. We have already mentioned that the metric tensor of any para-Kaehler [92] (and hence any
hyper-symplectic [168]) structure is necessarily of Walker type. The same occurs for the underlying
metric of real hypersurfaces in indefinite space forms whose shape operator is nilpotent [192].

Lorentzian Walker manifolds have been studied extensively in the physics literature since they
constitute the background metric of the pp-wave models [2, 179, 181, 200]. A pp-wave spacetime
admits a covariantly constant null vector field U and therefore it is trivially recurrent (i.e., if one has
VU = o ® U for some 1 form ). Lorentzian Walker manifolds present many specific features both
from the physical and geometric viewpoints [67, 80, 190, 225]. We also refer to related work [165,
166] for a discussion of generalized Lorentzian Walker manifolds (i.e., for spacetimes admitting a
non-zero vector field n® satisfying R; jkgr/3 = 0 or admitting a rank 2 symmetric or anti-symmetric
tensor H with VH = 0).

Riemannian extensions were originally defined by Patterson and Walker [221] and further
investigated in [7] thus relating pseudo-Riemannian properties of 7*M with the affine structure
of the base manifold (M, D). Moreover, Riemannian extensions were also considered in [100, 129]
in relation to Osserman manifolds. The Riemannian extension provides a natural way of passing
from the affine category in dimension 7 to the neutral signature pseudo-Riemannian category in
dimension m = 2n.

3.3 WALKER COORDINATES
Walker [255] studied pseudo-Riemannian manifolds M with a parallel field of null planes D and

derived a canonical form. Motivated by this seminal work, one says that a pseudo-Riemannian
manifold M which admits a null parallel i.e., degenerate) distribution D is a Walker manifold.

Canonical forms were known previously for parallel non-degenerate distributions. In this case,
the metric tensor, in matrix notation, expresses in canonical form as

A 0
(gij)=( 0 B)’

where A is a symmetric 7 X r matrix whose coefficients are functions of (x1,...,x,) and B is a
symmetric (m — r) x (m — r) matrix whose coefficients are functions of (X, 41, ..., X). Here m is
the dimension of M and r is the dimension of the distribution D.

Theorem 3.1. A canonical form for an m dimensional pseudo-Riemannian manifold M admitting a
parallel field of null v dimensional planes D is given by the metric tensor in matrix form as

0 0 Id,
(gij) = 0 A H |,
Id- 'H B
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where 1d, is the r X r identity matrix and A, B, H are matrices whose coefficients are functions of the

coordinates satisfying the following:

1. A and B are symmetric matrices of order (m — 2r) x (m — 2r) and r X r respectively. H is a
matrix of order (m — 2r) X r and "H stands for the transpose of H.

2. A and H are independent of the coordinates (x1, ..., Xxy).

Furthermore, the null parallel r-plane D is locally generated by the coordinate vector fields

{0, ..., 0%} -

Proof. First observe that any pseudo-Riemannian manifold satisfying the conditions of the theorem
admits a field of degenerate planes D spanned by {dy,, .. ., dx, }. In order to show that D is parallel,
we shall compute V, 0y, foralli € {1,...,r},anda € {1,...,m}. Put

Vi, 0x; = Tai? 0y, + Tai' 0, + Tai 0, .

where j e {l,...,r},fe{r+1,...,m—r}andv € {m —r + 1, ..., m}. Now, a straightforward
calculation using the fact that A and H are independent of the coordinates (x1, ..., x,) shows that
the Christoffel symbols I'y;¢ and I'y;" vanish identically. Hence, D is a parallel plane field.

Conversely, let D be an r dimensional parallel plane field. Then the orthogonal plane field
D+ is also parallel and hence both D and D+ foliate M. As D ¢ D+ and dim D+ = m — r, there

exist foliated coordinates
D

———
(-XI, 7xl'7xr+1s s Xm—rs xm7r+la .. -7xm) (31)

DL

so that D (resp. D1) is locally spanned by {dy,, - . ., dy, } (resp. {3y, - - -, O, })-
Now, since D is totally degenerate and D+ is the orthogonal complement of D, one imme-

diately has ¢g(D, D) = 0 and g(D, D+) = 0, which gives

g(axi’axj')=o’ g(axiva)@):g(a)cg»axi):o

foralli, je{l,....,rhLef{r+1,...,m—r}.
Next consider the coordinate functions x,,—,4; and their gradients

Ei = Vxyu—ryi,
i €{l,...,r}. Then one has

g(Ei’ axa) = dxm—r—&-i(axa) = 52n_r+i
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which shows that g(E;, D) = 0, and thus E; € D for all i. Since all the gradients are linearly
independent, the parallel distribution is locally generated by the E;’s.

Now, itis shown in [255] (see also [20]) that [E;, E j] = O foralli, j,and thus the coordinates
in Equation (3.1) can be further specialized so that E; = 9y, foralli € {1, ..., r}. Then in the new
system of coordinates, the matrix form of the metric becomes

0 0 Id,
(gij) = 0 A H
d, ‘H B

where Id, is the r x r identity matrix.
In what remains of the proof we will show that A and H are independent of the coordinates
(x1,...,x).Leti e {1,...,r}and takea, B € {r +1,...,m —r}. Then

axi 8af = g(Vaxi axa , 8xﬂ) + g(axa , Vaxi BXﬁ)
= g(vaxa 8)(,'7 8Xﬁ) +g(3xa, vaxﬁ 3x,~) = 07

since the distribution D is parallel (thus g(VD, D*) = 0). This shows that the matrix A does not

depend on the coordinates (x1, ..., X,).
Similarly, for any i e {I,...,r},aef{r+1,....m—r}andt e {m —r+1,...,m}, one
has
Ox; 8ar = g(Vaxi Oxg» Ox,) T &(Oxq, Vaxl. Ox,)

= g(Vay,, 0y, 0x,) + 8(3x,, Va,, Ox;)
= —g(0x, Vi, 0x)
= —g(dy. Vi, Br,) =0,
thus showing that the matrix H does not depend on the coordinates (x1, ..., x). g

Following the terminology of [255], a field of r-planes D is said to be strictly parallel if each
vector in the plane at a point P € M is carried by parallel transport into a vector in the plane at
another point Q € M, the latter vector being the same for all paths from P to Q.

Theorem 3.2. A canonical form for an m dimensional pseudo-Riemannian manifold M admitting a
strictly parallel freld of null v dimensional planes D is given by the metric tensor as in Theorem 3.1, where
B is independent of the coordinates (xy, . .., x;).

The local coordinates (x1, ..., x,,) which give the canonical form of the metrics given in
Theorem 3.1 or in Theorem 3.2 are not unique. Thus, care must be taken when defining invariants.
Derdzinski and Roter gave a coordinate free version of Walker’s theorem in [103] which avoids this

difficulty. Their construction can be described as follows. Suppose that the following data are given:
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1. Integers m and r with 0 < r < m/2.
2. An r dimensional manifold 2.

3. A bundle over X with some total space M, whose every fiber My, y € ¥, is a T,/ Z-principal
bundle over an m — 2r dimensional manifold Q.

4. A pseudo-Riemannian metric 4, on each 0,y € X.

All the y-dependent objects above, including the principal bundle structure, are assumed to vary
smoothly with y € ¥ and, in particular, the Q, are the fibers of a bundle over ¥ with a total space
Q of dimension m —r.

Theorem 3.3. g and D are obtained by a natural construction (see [103] for details) from any prescribed
data (m,r, 5, M, Q, h), so that g is a pseudo-Riemannian metric on the m dimensional manifold U
(where U is a non-empty open subset of M), and D is a g-null, g-parallel distribution of dimension r on
U. Conwersely, every null parallel distribution Dona pseudo-Riemannian manifold M is, locally and up
to isometry, the result of applying the mentioned construction to some data (m,r, X, M, Q, h).

Remark 3.4. In order to clarify the data given above and relate it to the elements which appear
in Walker’s theorem, the following table associates the corresponding coordinates to each manifold.
Assuming (x1, ..., X») are the coordinates for M in Walker’s theorem, we have:

Manifold

Coordinates [E ST TINS' R 6 TN oy B (65 TUNIS SOy B [ 6 ST TR

Also note that the null parallel distribution D is spanned by {dy,, ..., dy, }.

Remark 3.5. A different spinorial approach to Walker geometry has been developed in [189] (see
also [85, 86]) which proved to be useful in describing 4 dimensional Walker manifolds of signature
(2,2).

3.4 EXAMPLES OF WALKER MANIFOLDS

In this section, we shall present situations where Walker geometry arises naturally.
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3.4.1 HYPERSURFACES WITH NILPOTENT SHAPE OPERATORS

We say N is a space form if N' = N (c) has constant sectional curvature c. Einstein hypersurfaces
M in such a manifold NV (c) have been studied by Magid [192], who showed that the shape operator
S of any such hypersurface is diagonalizable, or it defines, after rescaling, a complex structure on M
(i.e., S = —b%1d for some b # 0), oritisa 2-step nilpotent operator (i.e., $2=0,S # 0). The last
two cases comprise the main differences with the theory of codimension one isometric immersions
of Riemannian Einstein manifolds M into space forms of constant sectional curvature. Indeed,
the case of diagonalizable shape operators has been already covered by the work of Fialkow [116].
Consequently, we shall pay special attention to the pseudo-Riemannian structure corresponding to
the cases where the shape operator satisfies either S = —b? Id for some b # 0, or 2 = 0, S # 0.

It was shown by Magid [193] that Einstein hypersurfaces in indefinite space forms with
imaginary principal curvatures have parallel second fundamental form, and thus the shape operator
defines an anti-Kaehler structure on the hypersurface (cf. Section 2.5.1). Using this, he was able to
show that such hypersurfaces are complex spheres CS"(1/b) or CS" (v/—1/b), where

CS"(r) = {(Zl,.--,zn+1)€(cn+l IZ%+Z%+---+Z,22+1=I’2} forr e C .

The later case (S? = 0, S # 0) is of main interest for the scope of this book. Since § is a self-
adjoint operator, its kernel is a null i.e., a completely isotropic or a degenerate) subspace and it was
shown in [194] that it is parallel whenever Rank S is maximal. This shows that the underlying metric
on M is a Walker one. It is worth mentioning that a complete description of such hypersurfaces is
not yet available.

An extension of the previous theory to the complex case was carried out in [204] where an
analogous description of the shape operators has been obtained for complex Einstein hypersurfaces
in indefinite complex space forms.

3.4.2 LOCALLY CONFORMALLY FLAT METRICS WITH
NILPOTENT RICCI OPERATOR

By an abuse of notation, we shall also let p denote the Ricci operator; g(px, y) = p(x, y). Since
the curvature operator R of a locally conformally flat manifold is essentially encoded by the Ricci
operator, it is natural to search for classification results obtained by curvature conditions involving
both R and p. One such condition is the commutativity of both the curvature and Ricci opera-
tors: R(X, Y)-p = 0, where X and Y run over all tangent vectors. Algebraic consequences of such
condition have been obtained in [169] as follows.

Let M be a conformally flat pseudo-Riemannian manifold such that R(X, Y)-p = 0. Then
the Ricci operator p satisfies one of the following conditions:

Type A : p is diagonalizable with respect to an orthonormal basis and has at most two real eigenvalues.
Type B : p? = —a?1d, where a is a non-zero real number.
TypeC:,02 =0and p #0.

We continue our discussion of these three cases:
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Type A. Only this case is available in the Riemannian setting. Manifolds of this type are necessarily
one of the following:

1. A pseudo-Riemannian manifold of constant sectional curvature.

2. The product of two pseudo-Riemannian manifolds of non-zero constant sectional curvatures
with opposite signs.

3. The product manifold of a pseudo-Riemannian manifold of non-zero constant sectional cur-
vature and a 1 dimensional Lorentzian or Riemannian manifold.

Type B. More generally suppose J? = —1Id and J*g = +g. This corresponds to the following
example. Give C"*! the natural pseudo-Hermitian metric of neutral signature (n + 1, n + 1). Let
M be the complex hypersphere of dimension m = 2n defined by the equation

z%+-~-+zﬁ+1:\/—1b

where b is a non-zero real number. This manifold has the structure of the pseudo-Riemannian
symmetric space SO(n + 1, C)/SO(n, C) and is diffeomorphic to the tangent bundle of the n
dimensional sphere.

Type C. This corresponds to the case in which the manifold, on the open set where p has maximal
rank, has a totally geodesic foliation with flat and complete leaves defined as the integral submanifolds
of the involutive distribution given by the kernel of p. Moreover, if the maximal rank of p is 1 (which
occurs for instance if the metric is Lorentzian), then both the kernel and the image of p are parallel
degenerate distributions, which shows that the underlying metric is a Walker one.

3.4.3 DEGENERATE PSEUDO-RIEMANNIAN HOMOGENEOUS
STRUCTURES

Ambrose and Singer [11] gave a characterization of simply connected and complete Riemannian

homogeneous manifolds in terms of a (1, 2) tensor field 7" on the manifold such that the connection

V =V — T satisfies

Vg =0, VR =0, VT =0,

where V is the Levi-Civita connection of the manifold. A tensor field T' as above is usually called a
homogeneous structure. Such characterization, later extended to reductive pseudo-Riemannian homo-
geneous spaces [122], was investigated in detail [123, 252]. A classification of such structures arises
by considering the space of all covariant tensors Txyz = g(T (X, Y), Z) which are skew symmetric
in the last two arguments (which is equivalent to Vg = 0),

T(TpM) ={S € @T}HM : Sxyz = —Sxzv}.
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The action of the orthogonal group decomposes 7 (Tp M) into three invariant and irreducible com-
ponents: T (TpM) = Ti & T» & T3, where

Ti = (TeTTpM):Txyz =gX,Y)w(Z) —g(X, Z)w(Y), forsomew € TEM},
To = {TeT(TpM):Txyz+Tyzx +Tzxy =0, and ) &;T,e;z = 0},
T3 = (TeT{TpM):Txyz+ Tyxz =0}.

Here {e;} is an orthonormal basis and &; = g(e;, ¢;).

Riemannian 7;-homogeneous structures are very restrictive and indeed those which are not
locally symmetric (i.e., T # 0) are necessarily of constant sectional curvature. This result has been
extended to the pseudo-Riemannian case in [123] as follows:

Theorem 3.6. Let M := (M, g) be a connected pseudo-Riemannian manifold which admits a non-
degenerate homogeneous structure of type T defined by a vector field € i.e.,

T(X,Y)=38(X,Y)§ —g(,Y)X whereg(§,§) #0 .
Then M has constant sectional curvature equal to —g (&, £).

The consideration of the degenerate case when & is a null vector has been settled [203]; the
condition Vg = 0 implies that V& = o ® & for some 1 form «. This involved showing that £ is a
recurrent vector field. Consequently, the underlying metric is of Walker type. Moreover, just after
renumbering the coordinates in [203], one has the following description of Walker coordinates.

Theorem 3.7. An n + 2 dimensional pseudo-Riemannian manifold admits a degenerate homogeneous

structure of type T\ if and only if there exist local coordinates (u, x1, . . ., Xn, V) where the metric expresses
as
0 1
g = A
1 2u+ f

where A is an n X n symmetric non-degenerate metric whose entries are functions of the coordinates
(X1, ..., xp), and [ is a real valued function of the coordinates (x1, .. ., x,). Moreover, in such a case the

vector field associated to the homogeneous structure is & = 0,,.

3.4.4 PARA-KAEHLER GEOMETRY

Recall that a para-Kaehler manifold is a symplectic manifold admitting two transversal Lagrangian
foliations (see [92, 173]). Such a structure induces a decomposition of the tangent bundle T M
into the Whitney sum of Lagrangian subbundles L and L', thatis, TM = L @ L’. By generalizing
this definition, one sees that an almost para-Hermitian manifold may be defined to be an almost
symplectic manifold (M, 2) whose tangent bundle splits into the Whitney sum of Lagrangian
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subbundles. This definition implies that the (1, 1) tensor field J defined by J := 7y — 7/ is an
almost para-complex structure, that is J2 = Id on M, such that

QUX,JY)=—-Q(X,Y) forall X,Y e C®(TM) .

Here 7y, and 7y are the projections of TM onto L and L', respectively. The 2 form Q induces a
non-degenerate (0, 2) tensor field g on M defined by

¢(X,Y) :=Q(X,JY) .

Now the relation between the almost para-complex and the almost symplectic structures on M shows
that g defines a pseudo-Riemannian metric of signature (n, n) on M and moreover,

g(UX,Y)+g(X,JY) =0 forall X,Y e C®(TM) .

The special significance of the para-Kaehler condition is equivalently stated in terms of the par-
allelizability of the para-complex structure with respect to the Levi-Civita connection of g, that
is VJ = 0. The para-complex structure J has eigenvalues £1 with null i.e., completely isotropic)
corresponding eigenspaces due to the skew symmetry of J. Moreover, since J is parallel in the para-
Kaehler setting, the &1 eigenspaces are parallel as well. This shows that any para-Kaehler structure
(g, J) arises from an underlying Walker manifold.

Para-Kaehler structures play an important role in pseudo-Riemannian holonomy since they
correspond to the situation when the holonomy group leaves invariant two complementary to-
tally degenerate subspaces (which correspond to the %1 eigenspaces of the para-complex structure
J [23]). Hence, the complementary distribution of a Walker manifold is integrable if and only if the
underlying structure is para-Kaehler. A canonical form of para-Kaehler metrics was given by Bérard
Bergery and Ikemakhen, who showed the existence of coordinates (x1, ..., Xn, X/, ..., X,7) where

0 A
(gij) = oo )

Here A is a symmetric matrix function with entries a;;» = 9y, 8xj,h for some potential function A

the metric takes the form

whose Taylor expansion starts with xjxy + - - - + Xx,x,7 [23].

Note that the coordinates above are not Walker coordinates. We refer to Section 3.5.2 for
a description of para-complex space forms in terms of Walker coordinates by means of modified
Riemannian extensions of flat connections.

3.4.5 TWO-STEP NILPOTENT LIE GROUPS WITH DEGENERATE CENTER
Let N be a 2-step nilpotent Lie group with left invariant pseudo-Riemannian metric tensor (-, -)
and Lie algebra n. In the Riemannian case, one splits n = 3 @ 3 where the superscript denotes
the orthogonal complement with respect to the inner product and 3 stands for the center of n. In
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the pseudo-Riemannian case, however, 3 may contain a degenerate subspace 1 for which 4 C $I+.
Hence, the following decomposition is introduced in [89]

inwhich3 =4 ® 3 and b =© @ €. Here 4 and © are complementary null subspaces and one has
that 4+ N D+ =3 @ €. (Indeed, 3 is the part of the center in YN DL and € s its orthogonal
complement in Y- N D). The geometry of a pseudo-Riemannian 2-step nilpotent Lie group is
essentially controlled by the linear mapping j : 4 @ 3 — End(® @ €) defined by

(j@x,y) = (lx,yl.ia) ,

where i is an involution interchanging $ and ®. Now, since [n, n] C 3, it immediately follows that
H is a parallel degenerate subspace and thus the metric (-, -) is necessarily a Walker one.

On the other hand, note that 4 dimensional indefinite Kaehler Lie algebras g naturally split
into two classes depending on whether a naturally defined Lagrangian ideal b satisfying h N Jb is
trivial or f) N J b coincides with g. If the second possibility occurs, then the induced metric is a Walker
one. Such Lie algebras correspond to the cases R x b3, aff(C), v4,—1,—1, 84,1 and 84 2. See [220] for
details.

3.4.6 CONFORMALLY SYMMETRIC PSEUDO-RIEMANNIAN METRICS

A pseudo-Riemannian manifold M of dimension m > 4 is said to be conformally symmetric [81]
if the Weyl tensor W of M is parallel. Obvious examples arise when M is conformally flat or
locally symmetric. Conformally symmetric manifolds which are neither conformally flat nor locally
symmetric have usually been referred to as essentially conformally symmetric (ECS). Such manifolds
must be non-Riemannian [102].

The local description of ECS manifolds naturally splits into two cases, depending on the
dimension of a null parallel distribution. The Olszak distribution, which was introduced in [214] (see
also [213]), is the subbundle D of T M such that the sections of D are precisely those vector fields
U which satisfy the condition g(U, -) A W(L,L’, -, -) =0, ie.,

(gU, X)W(L,L',Y,Z)+ gU,YYW(L,L',Z,X) + g(U, ZW(L,L', X, YN X A Y AZ =0

forall vector fields L, L', X, Y, Z.The distribution D is obviously parallel and its dimension is either
1 or 2 for any ECS manifold [104]. One may proceed as follows to describe the local structure of
essentially conformally symmetric (ECS) manifolds.

ECS manifolds with dim D = 1 are locally described by the following construction [104].
Let I be an open interval, let f : I — R be a smooth function, and let V be a real vector space of
dim V = m — 2 which is equipped with a pseudo-Euclidean inner product (-, -) and a non-zero
trace free self-adjoint operator A : (V, (-, -)) = (V, (-, -)). Next define a pseudo-Riemannian
manifold

(I x R x V,kdt* +dtds + y)
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where (7, s) are the Cartesian coordinates in I x R, y stands for the pullback of (-, -) to the
manifold I x R x V and « is the function given by

k(t, s, x)=f@®{x. x)+{(Ax, x) forany (t,s,x) el xRxV .

The ECS manifolds with dim D = 2 are locally described by the following construction [104].
Let (X, D) be a projectively flat surface with a D-parallel volume form o« and let (V, (-, -)) be an
m — 4 dimensional vector space with a pseudo-Euclidean inner product. Further, let T’ be a twice-
contravariant symmetric tensor field on ¥ with divp(divp T) + (pp, T) = %1, where divp denotes
the D-divergence, pp is the Ricci tensor of D and (-, -) is the natural pairing. For such a 7 (which
always exists for simply connected and non-compact ), define a twice-covariant symmetric tensor
field T on X by setting

Tjk = O(jgotk,'Tﬁ .

Let y be the pseudo-Riemannian metric on V corresponding to (-, -) and let 8(v) = (v, v) for all
v € V. Let gp be the Riemannian extension of the torsion free connection D to T*X. Consider

(T*2 x V,gp—2t+y —6pp).

We observe that if D has dimension 1 or 2, then the Olszak distribution D is null and parallel; thus
the underlying metric is a Walker one.

3.5 RIEMANNIAN EXTENSIONS

In this section, we present basic information about Riemannian extensions and relate them to
Walker geometry, to Ivanov—Petrova geometry, and to Osserman geometry. To be consistent with
the classical notation for Riemannian extensions, as defined by Patterson and Walker [221] (see
also [263]), throughout this section we shall renumber the Walker coordinates to fit the general
form

B H 1d,
@j)="H A 0
Id. 0 O

In the rest of this monograph we adopt the notation of Walker manifolds as in Section 3.3, so we will
use coordinates (X, ..., X2,) such that, after renumbering the indices appropriately, a Riemannian

0 Id,
(gij):<ldr R )

3.5.1 THE AFFINE CATEGORY
Let M be a smooth manifold of dimension n. We recall the discussion of the cotangent bundle
given in Section 2.3.2. If X € C*(T'M) and T € C*°(End(T M)), recall that (X, X€, and (T are

extension fit the general form
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characterized by the identities:
X(P,w) =w(Xp), XCZ)=1X,Z], T(X%) =uTX) .

Let D be a torsion free affine connection on M. The Riemannian extension is the pseudo-Riemannian
metric gp on T*M of neutral signature (n, n) characterized by the identity:

gp(XC, YY) = —u(DxY + DyX). (3.2)
Let Dy, 0x; = Dy, %8,, give the Christoffel symbols of the connection D. Then:
gp = 2dx; odx; — 2xkrDFijkdx,' odxj .

We can generalize this construction slightly. Let 77 be the canonical projection of the cotangent
bundle T7*M on M.Let ¢ € C®(S*(T*M)) be a symmetric (0, 2) tensor field on M and let 7' and
S belong to C*°(End(T M)). The modified Riemannian extension is the neutral signature metric on
T*M defined by

gp.p.1,s =T otS+gp+n*d. (3.3)

In a system of local coordinates one has
8D.¢. 1.5 = 2dx; odxy + {%xr/xs/(T,-rSj + 178 + ¢ij(x) — 2xp P T35V dx; o dx; .
We set T = S = 0 to define the rwisted Riemannian extension,
gp.g =8p+ 1. (3.4)

Let R be the curvature Let R be the curvature operator of the Levi-Civita connection defined
by gp.¢ and let R be the curvature of D. Express

R(Dx;, 0x;) 0, = Riji 0y, -
We refer to [263] for the following result:
Lemma 3.8.  The (possibly) non-zero curvatures of R are:

5 h h 5 W 5w ' 5 W k
Riji" = Ruji"s Riji" Riji" = —Rujn', Riji" = Ruij" -

. ~ . . ..
The expression of R j,-h is not specified as it is not necessary for our purposes.
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3.5.2 TWISTED RIEMANNIAN EXTENSIONS DEFINED BY
FLAT CONNECTIONS

The case where D is flat is of special interest. We show in this section that both the twisted and
modified Riemannian extensions have special significance whenever the base affine connection is
flat. We first deal with the twisted Riemannian extension—we refer to [148, 149] for the proofs of
the assertions in this section.

Let gp,4 be a twisted Riemannian extension defined by a flat connection D for arbitrary ¢.
This means that we can choose local coordinates so that

g =2dxjodxy + ¢ij(x1, ..., xp)dx; odx; . (3.5)

These manifolds have also been called plane wave manifolds. First of all, we recall some general facts
regarding geodesic completeness. In a coordinate system where the Christoffel symbols vanish, one

has

Theorem3.9. Let M = (M, g) be as in Equation (3.5). Then

1. The possibly non-zero components of the curvature tensor and of the covariant derivative R ) of the
curvature tensor for v > 0 are:

R(ax,-a axj-’ axka axg) = %{8)(,* axk¢jl + axj axg(pik - axi 8xg¢jk - axj- axk(piﬁ},
R (D, 0 s O s -5 0 ) = Oy, - Oy, YR B Do O Oy -

2. All the local Weyl scalar invariants vanish so M is VSI. The Jacobi operator, the skew symmetric
curvature operator, and the Szabd operator are all nilpotent operators. These manifolds are Osserman,
Tvanov—Petrova, and Szabd. The distribution D := Span{0y,,} is a null parallel distribution of
maximal dimension giving M the structure of a Walker manifold.

3. Assume that M = R*". All geodesics extend for infinite time. The exponential map exp p from Tp M
to M is a diffeomorphism for any P € M. If ¢ (x) = a;jx;X; is a quadratic function, then M is a
symmetric space.

Example3.10. If2n > 6,let ¢ := x{dx; o dxy. Then J (dx, & dy,,) # Owhile 7 (3, =+ dx,) = 0.
Thus, this manifold is an Osserman symmetric space which is neither timelike Jordan Osserman
nor spacelike Jordan Osserman.

Example 3.11. Let (x,y,z1,...,24-2,%, Y, 21, ..., Zn—2) be coordinates on R?" Leta = a(y)
be real analytic. Define:

bo = —Z{a(y)erm+---+y”_22n—2}dX®dx’
8¢ = @Put+2{dxodi+dyody+dziodii+ - +dzm—20diy-2}.
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Let Mg := (R?", g4) be the associated plane wave manifold.

Theorem 3.12.  Adopt the notation established above.
1. The manifold M 2 is a symmetric space.

2. The manifold My is a homogeneous space which is curvature modeled on ./\/lyz and which is not a
symmetric space.

3. The manifold M,y 2y is:

(a) curvature modeled on the symmetric space M y2>
(6) n — 1 curvature modeled on the homogeneous space My,

(¢) n — 1 curvature homogeneous but not n curvature homogeneous.

We can further examine the geometry of these manifolds. Suppose that @™ > 0 and that
a™tD = 0. For k > 1, define:

(n+k+l){a(n)}k (n+1)}—k—1‘

or(a) i =« {a

Theorem 3.13.  Let «; be real analytic functions with oti(n) > 0 and otl-(nH) > 0. Let P; € R¥. The
Jfollowing assertions are equivalent:

1. or(a)(P) = op(a2)(P2) fork =1,2,....
2. There exists a local isometry \ (R2", 8ay» P1) — (R2", 8ay, P2).

3. There exists a global isometry s (R?", 8ay» P1) = (R?", 8ars P2).

This result shows that the numbers {ox (o) (P)} are a complete system of isometry invariants
of (Mg, P). Since « is assumed defined on all of R, Lemma 2.14 shows that o (o) is constant if
and only ifa™ = ae? forsomea > 0and b > 0. And furthermore if ™ = ae?, then oy (a) = 1
for all k. Thus, any homogeneous example within this family is isometric to M».

If we set n = 2 and omit the (z;, Z;) variables, we obtain the example

g=-2f(y)dx odx +2{dx odx +dy ody} .

One then has, see [113, 114], that the manifold M,y 2y is a 1 curvature homogeneous complete
manifold which is curvature modeled on an irreducible symmetric space and which is not 2 curvature
homogeneous.
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3.5.3 MODIFIED RIEMANNIAN EXTENSIONS DEFINED BY
FLAT CONNECTIONS
Let (M, g, J) be an almost para-Hermitian manifold. Recall that the para-holomorphic sectional
curvature of a non-degenerate para-holomorphic 2-plane 7 := Span{x, Jx} is given by

H(x)=—R(x,Jx, Jx, x)g(x,x)_z.

Para-Kaehler manifolds of constant para-holomorphic sectional curvature ¢ are locally symmetric
and their curvature tensor [92] is given by R = 7{Riq + R} . The importance of modified Rie-
mannian extensions in relation with para-Kaehler geometry is illustrated by the following result

[77].

Theorem 3.14. A para-Kaehler metric of non-zero constant para-holomorphic sectional curvature c
is locally isometric to the cotangent bundle of an affine manifold which is equipped with the modified
Riemannian extension gp 0, 1d,1d given by Equation (3.3), where D is a flat connection.

Hence, any para-Kaehler manifold (M, g, J) of non-zero constant para-holomorphic sec-
tional curvature ¢ can be represented as a modified Riemannian extension, in coordinates
(X1, .oy Xp, X17y oo, Xy), Dy

g =2dx;odxy +cxpxjdx; odxj,

where the para-Hermitian structure J is given by Jdy, = 0y, — cx,-/xj/ij/ and J Oy, = —0x,-

3.5.4 NILPOTENT WALKER MANIFOLDS

The work of this section is also due to Fiedler [118]. Letn > 3. We generalize a previous construction
givenin Section 3.5.2.Take coordinates (x, u1, ..., up—1, X, U1, ..., Up—1) onR?" We shall suppose
that f = f(u, it) be a smooth function. We let M s := (R?", gf) where

n—1
gr = f(u.@)dx odx +2dx 0di +2) du;odi.
i=1

The non-zero Christoffel symbols of the first kind are then given by:

87 (Va, du; 0x) = 87 (Va, O, 0) = —8 £ (Va, 0, 0u;) = 500, f
87 (Va, 03, 0:) = g7 (Vo 0x, 0x) = —g (Vo v, 3z,) = 505, f -
Consequently, D := Span{dz, dz,, ..., 3, ,} is a null parallel distribution and M ¢ is a Walker

manifold. Note that M ¢ is not a Riemannian extension for a general f. However, setting

14 14

- 1 -
Eri=—) {(ui + Ui)u,'z_|_1} - gu{’, ne=-—y {2(141' +ui)uir + u,-2+1} —ui,

i=1 i=1
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yields corresponding manifolds Mg, and M, which are twisted Riemannian extensions. More
precisely, M, coincides with the twisted Riemannian extension determined by

¢ ¢
1 1
Dy 0, = 3 ig_l M,~2+13ui, and ¢ = (— iz_l uiuinrl - 5u%> dx ® dx
on R" with coordinates (x, uy, ..., u,—1). Analogously, M, corresponds to

14 4
Dy 0y =Y ui41d,,, and ¢ = (— > Quinipr +ufy) - u%) dx ® dx
i=1 i=1

on R" with coordinates (x, u1, ..., uy—1).

Recall that M is nilpotent Szabé if the associated Szabé operator is nilpotent.

Theorem 3.15.  Adopt the notation established above.
1. The manifold M, is a Walker manifold of signature (n, n) which is nilpotent Szabd of order 2n — 2.

2. The manifold M, is a Walker manifold of signature (n, n) which is nilpotent Osserman of order
2n — 2 and which is nilpotent Ivanov—Petrova of order 3.

3.5.5 OSSERMAN RIEMANNIAN EXTENSIONS
Recall that M is nilpotent Osserman if the Jacobi operator of M is nilpotent. We have [129]:

Theorem 3.16.  Let D be a torsion free connection on M. Let gp ¢ be the twisted Riemannian extension
on T*M given by Equation (3.4). The following conditions are equivalent:

1. D bhas nilpotent Jacobi operator.
2. gp,¢ is nilpotent Osserman.

3. gp,¢ is Osserman.

Proof. Let X = aiaxi + a"/axl., be a vector field on 7% M. Then it follows from Lemma 3.8 that the
matrix of the Jacobi operator J (X) with respect to the basis {dy;, dy,, } is of the form

- J(X) 0
J(X) = t , (3.6)
* J(X)
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where 7 (X) is the matrix of the Jacobi operator corresponding to the vector field X = a9y, on
M. Now, if (M, D) is assumed to have nilpotent Jacobi operator, then 0 is the only eigenvalue of
J (X). Therefore, it follows from Equation (3.6) that 0 is also the only eigenvalue of J (X) and thus
(T*M, gp,¢) is pseudo-Riemannian Osserman.

Conversely, assume that (T*M, gp ¢) is pseudo-Riemannian Osserman. If X := otiaxi is an
arbitrary vector field on M, then X = aiaxi + ﬁaxi/ is a unit vector field at any point of the zero
section of T*M. From Equation (3.6) we see that the characteristic polynomial p; (j (X)) of J (X)
is the square of the characteristic polynomial p; (J (X)) of J (X). Since for every unit vector X on
T*M the characteristic polynomial p; (j (X)) should be the same, we see that for every vector X
on M the characteristic polynomial p; (J (X)) is the same and hence (M, D) has nilpotent Jacobi
operator. In particular, all eigenvalues are zero. O

3.5.6 IVANOV-PETROVA RIEMANNIAN EXTENSIONS
Recall that M is nilpotent Ivanov—Petrova if the associated curvature operator is nilpotent. We have
[76]:

Theorem 3.17.  Let D be a torsion free connection on M. Let gp ¢ be the twisted Riemannian extension
on T*M given by Equation (3.4). The following conditions are equivalent:

1. D bas nilpotent curvature operator.
2. gp,¢ is nilpotent Ivanov—Petrova.

3. gp,¢ is Ivanov—Petrova.

Proof. Let R be the curvature operator associated to D and let R be the corresponding curvature
operator associated to the Levi-Civita connection of the metric gp ¢. Let

X = aiaxi, X = oziaxi —}—ai/axi/,
Yi=play, Vi=p0y +p 0, .

We use Lemma 3.8 to express:

- - o [ RX.Y) 0
RX,¥) = ( . LR T) > . (3.7)
Consequently, we have det(7~€ — AId) = det(R — A1d) - det(—R — A1d) and thus
Spec{R(X, ¥)} = Spec{R(X, Y)} U Spec{—R(X, Y)} . (3.8)

Suppose Assertion (1) holds so that D has nilpotent curvature operator. It then follows that
Spec{R(X, Y)} = {0} and hence gp ¢ is nilpotent Ivanov—Petrova. Thus, Assertion (1) implies
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Assertion (2); it is immediate that Assertion (2) implies Assertion (3). Suppose finally Assertion (3)
holds. Let {X, Y} be linearly independent tangent vectors and choose {X, Y} an orthonormal basis
of a spacelike 2-plane which projects on {X, Y}. Since gp ¢ is Ivanov—Petrova, we may use Equa-
tion (3.8) to conclude that

Spec{R(X, Y)} U Spec{—R(X, Y)}
is independent of the choice of X and Y. Let o be a non-zero real number. Since

Spec{R(aX, Y)} USpec{—R(xX, Y)}
= a{Spec{R(X,Y)} USpec{—R(X,Y)}},

we conclude Spec{R(X, Y)} = {0} and hence D has nilpotent curvature operator. O
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CHAPTER 4

Three-Dimensional

Lorentzian Walker Manifolds

4.1 INTRODUCTION

In this Chapter, we discuss the geometry of 3 dimensional Walker manifolds by showing both some
of their specific features as well as their influence on the study of 3 dimensional Lorentzian geometry.
From the point of view of Walker geometry, 3 dimensional Walker manifolds are the first non-trivial
case for consideration. Moreover, the fact that all geometric data is encoded in a single function
makes this geometry more tractable than the corresponding higher dimensional cases.

We begin in Section 4.2 with some historical remarks. Then in Section 4.3, we introduce
3 dimensional Walker geometry. We give a canonical form, locally, for the metric in Section 4.3.1
and analyze the possible Jordan normal forms for the Ricci operator in Section 4.3.2. The Christof-
fel symbols and the curvature tensor as well as some of the curvature operators are discussed in
Section 4.3.3. A classification of locally symmetric 3 dimensional Walker manifolds is given in Sec-
tion 4.3.4. Finally, we study some generalizations of Einstein manifolds in Section 4.3.5 and several
properties of the curvature operators in Section 4.3.6.

In Section 4.4, we discuss a number of curvature conditions and treat foliated Walker manifolds
and contact Walker manifolds. In Section 4.5, we investigate strict Walker geometry in dimension 3.
In Section 4.6, we return to the general setting and analyze 3 dimensional homogeneous and sym-
metric Lorentzian manifolds. Finally, in Section 4.7, we discuss curvature homogeneous Lorentzian
manifolds; Walker geometry once again plays a central role.

4.2 HISTORY

Three dimensional geometry plays a central role in the investigation of many problems in Riemannian
and Lorentzian geometry. The fact that the Ricci operator completely determines the curvature tensor
is crucial to these investigations.

Einstein manifolds of dimension 3 are of constant sectional curvature and 3 dimensional
manifolds with parallel Ricci operator are locally symmetric. Gray [162] considered the space of
covariant derivatives of Ricci tensors to introduce some generalizations of the Einstein condition.
The three primitive classes of manifolds, consisting on those with cyclic parallel Ricci tensor, Codazzi
Ricci tensor and C1 have been extensively studied in the Riemannian case. Riemannian manifolds
of dimension 3 with cyclic parallel Ricci tensor are locally homogeneous naturally reductive [222].
C! Riemannian 3 dimensional manifolds (see Section 4.3.5) are classified by Berndt [25] while the
complete classification of 3 dimensional manifolds with Codazzi Ricci tensor is still open.
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In showing that any Riemannian manifold of dimension 3 with cyclic parallel Ricci operator is
locally homogeneous one makes use of the theory of curvature homogeneous Riemannian manifolds
which was introduced in Section 2.5.4. Any locally homogeneous pseudo-Riemannian manifold is
clearly curvature homogeneous of any order. It is well-known that O curvature homogeneity does
not suffice to ensure local homogeneity in dimension greater than 2 as pointed out by Takagi [249],
but 3 dimensional Riemannian manifolds which are 1 curvature homogeneous are locally homoge-
neous [232]. The situation is more complicated in the Lorentzian case (which is partially due to the
different Jordan normal forms of the Ricci operator in signature (1, 2)) and 1 curvature homogeneity
does not guarantee local homogeneity [65]. A complete description of 1 curvature homogeneous
Lorentzian 3 dimensional manifolds is given in [64] showing that their Ricci operators must be
diagonalizable or otherwise there is a double root of their minimal polynomial. The class of O cur-
vature homogeneous 3 dimensional manifolds is much larger and all possible Jordan normal forms
are available for the Ricci operator as shown in [72].

Curvature homogeneity (and thus local homogeneity) can be characterized in the Riemannian
setting by using scalar curvature invariants [226]. In fact, locally homogeneous Riemannian man-
ifolds can be detected by the constancy of their scalar curvature invariants [226]. This fact (which
relies on the compactness of the structure group) does not extend to the pseudo-Riemannian case,
where manifolds exist all whose scalar curvature invariants vanish (VSI) but they are not locally ho-
mogeneous as shown in [65, 80, 183, 225]. Walker metrics play a distinguished role in understanding
many of these problems. Other related references are [19, 63, 66, 68, 69, 70, 71, 170].

4.3 THREE DIMENSIONAL WALKER GEOMETRY

Let M := (V, (-, -), A) be a curvature model on a 3 dimensional vector space as discussed in Sec-
tion 1.3.3 and let p be the associated Ricci tensor given in Equation (1.6). Since the Weyl curvature
tensor vanishes identically if m = 3, the curvature tensor of a 3 dimensional pseudo-Riemannian
manifold is completely determined by the Ricci tensor. This fact is essential in the development of
the present Chapter.

4.3.1 ADAPTED COORDINATES

The Walker coordinates introduced in Section 3.3 simplify when the null 7-plane D has maximum
dimensionality. Since dim D =r < %m two cases occur depending on whether m is odd or even.
Since our objective in this Chapter is the analysis of 3 dimensional Walker manifolds, we begin with
the following general result [255]:

Theorem 4.1. A canonical form for a 2r + 1 dimensional pseudo-Riemannian manifold M admitting
a parallel field of null v dimensional planes D is given by the metric tensor in matrix form as

0 O Id,
(gij) = 0 ¢ 0
Id- 0 B
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where Id, is the r X 1 identity matrix, B is a symmetric v X r matrix whose entries are functions of the
coordinates (X1, ..., Xor+1) and e = £1.

Theorem 3.2 implies that the null plane is strictly parallel if and only if the entries of B in
Theorem 4.1 are independent of the coordinates (xi, ..., x,) [255].

We clear the previous notation. Throughout Chapter 4 we shall consider the manifolds M ¢
which are defined as follows. Let f = f(x1, x2, x3) be a smooth function which is defined on an
open subset O of R3. Let ¢ = £1. We define My = (O, gy) where

gf i=2dxyodx3 +edxyodxs + f(x1,x2, x3)dx3 0 dx3. (4.1)

The manifold M ; has signature (1, 2) if ¢ = 41; M  has signature (2, 1) if e = —1. Let M be a
3 dimensional Walker manifold. We use Theorem 4.1 to see M is locally isometric to M ¢ for some
suitably chosen { f, O, ¢}. We note that the Walker coordinate system is not unique and thus f is
not determined uniquely; in certain cases further normalizations of f are possible — this will play a
role in our subsequent discussions. In the remainder of Section 4.3, we shall summarize basic results
concerning the manifolds M ¢ and refer to [80] and the references therein for details.

4.3.2 THEJORDAN NORMAL FORM OF THE RICCI OPERATOR

In the Riemannian setting, there always exists an orthonormal basis diagonalizing the Ricci operator
p. However, in the Lorentzian case, the Ricci operator need not be diagonalizable even though it is
self-adjoint. Let the Ricci curvatures be the (possibly complex) eigenvalues of the Ricci operator p.
There are four different cases which occur according to the behavior of the Jordan normal form of
the Ricci operator:

(Ia). The Ricci operator is diagonalizable, i.e.,

p:

S O R
S™ ©

0
0
14

(Ib). The Ricci operator has complex eigenvalues, i.e.,

a —B 0
p=1 B a O where B # 0.
0O 0 vy

(IT). There is a 2 x 2 Jordan block and hence a double root of the minimal polynomial of p, i.e.,
0
0
B

(IIT). There is a 3 x 3 Jordan block and hence a triple root of the minimal polynomial of p, i.e.,

p:

S O R

0
B
1
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p:

S = R
QL © O

0
o
1
This categorization plays a central role in what follows.

4.3.3 CHRISTOFFEL SYMBOLS, CURVATURE, AND THE RICCITENSOR
We begin our investigation by studying the Levi-Civita connection of M .
Lemma4.2. Let My be as defined in Equation (4.1).

1. The non-zero components of the Christoffel symbols are:
Vi, Oxy = 3f10x, Vo, = 320y, Vi, Oy = 5(ff1 + f3)0x — 5 200, — 5103 -

2. The distributionD := Span{0y, } is a null parallel distribution. The distribution D admits a parallel
spanning vector field if and only if f (x1, x2, x3) = a(x2, x3) + x1b(x3).

Proof. The calculation of the Christoffel symbols is immediate. It now follows that D is a null
parallel distribution. Suppose that s = e?dy, is a parallel vector field. Then ¢ must satisfy the
equations 0y,¢ = —%fl, dx, @ =0, 0y, = 0. It now follows that f1; = fi2 = 0. O

Remark4.3. If D admits a parallel spanning vector field, we can renormalize the Walker coordinates
so that f = a(xy, x3) is independent of the parameter x; and so D = Span{dy, }. A more detailed
treatment of this specific case is carried out in Section 4.5.

We use Lemma 4.2 to establish:

Lemma 4.4.

1. The non-zero components of the curvature tensor of M £ are

R(Bx,. 03)0%, = 5 f110x,, Ry, 05y = 5 FF110x, — § f120, — 5 f110x,,
R0y, 0;)0, = 5 120y, R(Bay )0, = 5 f1204,.
R(3xy, 03) 0, = 5 220, R(Dxys )y = 5 FF1200, — § 2200, — 5 12015

2. The Ricci tensor of./\/lf is fiidxy odxs + fladxy odxs + %(ffll —¢&fxn)dxzodxs.
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3. The Ricci operator p of My is

1 tfe —5f»
p = 0 0 S
0 3fu
4. The Ricci operator of M g has eigenvalues: .y = 0, Ay = A3 = %f]]; T = f11.
5. My is Einstein if and only if M ¢ is flat.
6. M ¢ has constant Ricci curvatures if and only if f = IC)C12 + x1 P(x2, x3) + E(x2, Xx3).

7. If My bhas constant Ricci curvatures {0, k, k}, k 7 0, then p is diagonalizable if and only if
f 1, x2,x3) = kxF 4 x1(P(x3) + x20(x3)) + 12 (72020 (x3)% + T (x3)) + £(x3).

Remark 4.5. M ; has a 2-step nilpotent Ricci operator if and only if fi1 = fi2 = 0. Moreover, in
such a case D admits a parallel spanning vector field and the metric can be renormalized to be strict
(see Theorem 3.2).

4.3.4 LOCALLY SYMMETRIC WALKER MANIFOLDS
We devote this section to the analysis of local symmetry in 3 dimensional Walker manifolds. We
have the following observation that follows from the results of Section 4.3.3:

Theorem 4.6. M ; is locally symmetric if and only if f has one of the following forms:
2
1. f(x1,x2,x3) = X7k + x1 (2 P(x3) + Q(x3)) + 72 P(x3)> + 2 (P’ (x3)
—}—% P(x3)Q(x3)) + &(x3) for any real constant k # 0.

2. f(x1,x2,x3) =x10(x3) + x%a(xg) + x2B(x3) + &E(x3) wherea’ + Qa = 0.

Remark 4.7. Let M s be as in Theorem 4.6 (1). Then 7 = 2« and

Kk 3P(x3) —£P(x3)?
p=1|0 0 5P (x3)
0 0 K

This is always diagonalizable, so M ; is locally a product of a Lorentzian surface of constant scalar
curvature « (defined by the coordinates (x1, x3)) and an interval.
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Remark 4.8. Let M f be as in Theorem 4.6 (2). Then 7 = 0 and

0 0 —ea(x3)
p=1]1 0 0 0
00 0

This is diagonalizable if and only if & = 0, i.e., the metric is flat.

4.3.5 EINSTEIN-LIKE MANIFOLDS

Einstein metrics as well as constant scalar curvature metrics are important classes of pseudo-
Riemannian manifolds. Every Einstein metric has parallel Ricci tensor, however, not every manifold
with constant scalar curvature has parallel Ricci tensor. Thus, one can say that manifolds with parallel
Ricci tensor lie between both classes above.

A. Gray [162] generalized the parallel Ricci condition in two different ways. A pseudo-
Riemannian manifold M is said to have cyc/ic parallel Ricci tensor if

(Vxp) (X, X) =0
for any vector field X or, equivalently, if for all X, Y, and Z one has the identity:
(Vxp) (Y, Z) + (Vyp) (£, X) + (Vzp) (X, Y) = 0.
Similarly, the Ricci tensor of M is said to be Codazzi if for all X, Y, and Z one has
Vxp) (Y, Z) = (Vyp)(X, Z) .

Either of these two conditions implies that M has constant scalar curvature.

Translating the symmetries of the covariant derivative of the Ricci tensor to an algebraic
context, Gray considered the space & of 3 tensors with the symmetries of (V. p)(-, -). Suppose given
a curvature model M = (V, (-, ), A). Let {e1, ..., ey} be a basis for V. Let &;; := (¢;, ¢;). Define

S:={oce®V*:0(x,y,2) = a({, z,y)and eVo(x, e, €))
=2¢e"0(ej,ej,x)Vx,y,z€ V}.
Give & the inner product (o7, 02) = gltighhngla3g, (ei, ey, €i3)02(ej,, €j,, €j;) . We introduce
the following subspace which, in the geometric context, would correspond to manifolds of constant
scalar curvature:
C={ce6:s0(x,e;,ej) =0} .

We also define the following two subspaces of C:

A = {0eG:io(x,y,2)+0(y,z,x)+0(z,x,y) =0Vx,y,z€ V}, and
B = {c6e€6:0(x,y,2)=0(y,x,2)Vx,y,z€ V}.
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Note that the covariant derivative of the Ricci tensor of manifolds with cyclic parallel Ricci tensors
at any point lies in A; whereas the covariant derivative of the Ricci tensor of manifolds with Codazzi
Ricci tensor at any point lies in 3. One has the following orthogonal direct sum decomposition [162]:

S=AoBaCt.

The two conditions given above, namely cyclic parallel and Codazzi Ricci tensors, arise in a natural
way from the decomposition of the space of 3 tensors verifying the symmetries of (V. p)(-, -), and
decompose orthogonally the space C. Manifolds corresponding to models in C* are characterized
by the following identity which must be satisfied for all vector fields X, ¥, and Z:

(VXY 2) = ety (X (@, 2) + 252 (Y @X. 2) + Z@X D). (42)

Clearly, any manifold with parallel Ricci tensor has cyclic parallel Ricci tensor and Codazzi
Ricci tensor, and satisfies the Equation (4.2), but the converse is not true in general. However, any
manifold satisfying any two of these three conditions necessarily has parallel Ricci tensor.

Theorem 4.9.
1. The Ricci tensor of M 1 18 cyclic parallel if and only if it is parallel.

2. MyisaC + manifold if and only if the Ricci tensor of M ¢ is parallel.

Recall from Section 1.3.6 that the Schouten tensor C is given by:

ot (T
_m—z(p_z(m—l)g)'

A 3 dimensional manifold is locally conformally flat if and only if the Schouten tensor C is Codazzi,
1e.,

c(X,Y,Z) = (VxC) (Y, Z) — (VyC)(X,Z) =0 .

Lemma4.10.  The non-zero components of the Codazzi equations for the Schouten tensor of the manifold
My are:
€(0x,, Oy, Oxy) = —
€(0x3, Oy, Oxy) = —
C(0xy, Oxys Ox3) = —
€(0x;, Ox,, Oxy) = —

(8)61, 8)623 8x2) = %f]ll)
(aX] 5 ax2, aJC3) = C(axz’ axl s ax;) = _C(axl s a}c;: ax2) = _%fllZ)
(axl’ 8x3, 8X3) = %leZ;

C
C
C
¢(Bxy Oy 0y) = —5(f122 + £113),
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(Bxy. Dy, Ox3) = —C(Dny, Dy Oy) = 1 (28f222 + f1f12 +2f123 — fof11).

Note that the Ricci tensor of any locally conformally flat manifold with constant scalar cur-
vature is Codazzi. By Lemma 4.10, M ¢ is locally conformally flat if and only if

F(x1, x2, x3) = X7k + x1(x2 P (x3) + Q(x3)) + &(x2, x3)  where
x2P? + PQ + 2P — 2k + 286000 = 0.

Theorem 4.11.  The following assertions are equivalent:
1. The Ricci tensor of My is Codazzi.
2. My is locally conformally flat.

3. We have f(x1, x2, X3) = xix + x1(x2 P (x3) + Q(x3)) + £ (x2, x3) where

28 (x2, x3) — 26K (x2, x3) = Y (x3) — %%81"()63)2 —ex2(P(x3)Q(x3) + 2P (x3)) .

Remark 4.12. It follows that if M ¢ is locally conformally flat and has vanishing scalar curvature
(i.e., & = 0), then f = f(x1, x2, x3) satisfies

f x1(x2P(x3) + Q(x3)) — e 353 P(x3)% — £ 15235 (P (x3) Q(x3) + 2P’ (x3))

+ 303y (x3) + xom(x3) + 8(x3) .

4.3.6 THE SPECTRAL GEOMETRY OF THE CURVATURE TENSOR

The 3 dimensional case is an exceptional case in the study of Ivanov—Petrova manifolds, where
the problem is completely solved at the algebraic level in the Riemannian setting but not at the
differentiable level [172, 207], where the problem becomes more complicated. Since in dimension
3 the Ricci tensor determines the curvature tensor, the investigation of Ivanov—Petrova manifolds is
translated into the problem of classifying metrics with prescribed Ricci tensor. A complete solution
to the 3 dimensional Ivanov—Petrova algebraic problem in Lorentzian signature is given in [127] as
follows.

Theorem4.13. LetIN .= (V, (-, ), A) be a3 dimensional Lorentzian curvature model. IN is [vanov—
Petrova if and only if one of the following holds:

1. 9N has constant sectional curvature.
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2. The Ricci operator p is diagonalizable with eigenvalues {0, 0, k}, k # 0.

3. The Ricci operator p is a 2-step nilpotent operator.
Note that case (3) does not occur in the Riemannian setting [171, 172]. The Ricci operator

of any 3 dimensional Walker manifold does not permit the eigenvalue structure given by (2) in
Theorem 4.13.Then, as a consequence of Remark 4.5, one has the following geometric consequence:

Theorem 4.14.  The following assertions are equivalent conditions:
1. M f 18 lvanov—Petrova.
2. f(x1,x2,x3) = a(xz, x3) + x1b(x3).

3. The distribution D admits a parallel spanning vector field.

Remark 4.15. By Remark 4.3, if condition (3) holds in Theorem 4.14, then M  is a strict Walker
manifold.

4.3.7 CURVATURE COMMUTATIVITY PROPERTIES

We recall the definitions of Section 1.4.5. Commutativity properties of curvature operators have
been investigated in the 3 dimensional setting in [125], where the following algebraic descriptions
are obtained.

Theorem 4.16. Let N := (V, (-, ), A) be a 3 dimensional Lorentzian curvature model.
1. M is curvature—Ricci commuting if and only if one of the following holds:

(a) M is of constant sectional curvature.
(b) The Ricci operator p is diagonalizable with eigenvalues {0, k, K}, k # 0.
(¢) The Ricci operator p is a 2-step nilpotent operator.

2. M is curvature—curvature commuting if and only if one of the following holds:
(a) A isidentically zero.
(6) The Ricci operator p is diagonalizable with eigenvalues {0, k, k}, k 7 0.
(¢) The Ricci operator p is a 2-step nilpotent operator.

These results in the algebraic setting then give rise to the following geometric consequence:

Theorem 4.17.  The following conditions are equivalent conditions:
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1 M 15 curvature—Ricci commuting.
2. M [ 1S curvature—curvature commuring.
3. One of the following holds:

(a) The Ricci operator is diagonalizable, i.e., f122 — fuifaa=0.

(6) The Ricci operator satisfies p2 =0, ie, f(x1,x2,x3) = a(x2, x3) + x1b(x3) o7, equiva-
lently, the distribution D admits a parallel spanning vector field.

44 LOCAL GEOMETRY OF WALKER MANIFOLDS
WITHT # 0

In this section, we report work of [126]. Recall from Lemma 4.4 that the Ricci operator of a 3
dimensional Walker manifold has eigenvalues A1 =0, A, = A3 = %t. In this section, we assume
7 # 0 at each point of M. The eigenvalue A1 = 0 is a distinguished eigenvalue. We denote the
associated eigenvector by

N = —%axl + By,

Assume ¢ = 1 so N is spacelike. Let NV be the associated flow. Let w be the associated 1 form:

f12

w=dxy) — —dx3 .
T

We then have that

o ANdw = (Q) dxi ANdxy A dxs.
T /1

This distinguishes two natural subclasses:

1. If (%)1 = 0, then the Ricci operator defines a foliation. For instance, this is the case whenever
the scalar curvature is a non-zero constant.

2. If (%)1 # 0 at each point, then the Ricci operator defines a contact structure.

We study these two classes of 3 dimensional Walker manifolds separately.

4.4.1 FOLIATED WALKER MANIFOLDS
Suppose that the scalar curvature T of M s never vanishes. Decompose TM = N & N+ where N/
is the 1 dimensional distribution given by the eigenspace associated to the distinguished eigenvalue
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of the Ricci operator and A/* is the orthogonal complement. The second fundamental form L of N
and L+ of N'* are given [228], respectively, by:

(LNN, X) = (VNN, X), (LNX,N)=—(LyN, X),
Ly =0, (LVN.N)=(LyX.Y) =0,
(LxY,N) = 3(VxY + VyX,N), (LxN.Y)=—(LyY,N),
Ly =0, (L%xY,Z) = (L+N,N) =0.

The distribution A/ has signature (1, 1). We take the orthonormal frame :
2 .
z, =1 (1 - (%) — f) de, + L20,, + By,
2 .
z. = -} (1 + (L) + f) B + 120, + 0.

Recall that a plane field is said to be zotally geodesic if its second fundamental form vanishes
and minimal if its corresponding second fundamental form is trace free. The integrability of the
normal plane field can be now stated as follows:

Theorem 4.18.  Suppose T is nowhere vanishing. The following assertions are equivalent:
1. The plane field N L integrable.
2. N is a divergence free locally defined vector field on M ;.
3. Nt is a minimal plane field on M (i.e., Tr L+ = 0).

Remark4.19. It follows from the previous theorem that the shape operator S(N) of the distribution
N given by (S(N)X,Y) = (L%N, Y), has eigenvalues oy = 0 and ap = —(%)1. Hence, S(N)
is nilpotent whenever Nt is integrable.

Now, if N1 is integrable, then a straightforward calculation using the Gauss equation shows

that the sectional curvature KV of the (Lorentzian) leafs of N/ satisfies
1 1
KN = RN (z,,Z2_.Z_.Z,)
= —R(Z\Z_.Z_.Z)
—(S(N)Z4, S(NYZ4WS(NYZ_, Z_) + (S(N)Z4, S(N)Z_)?

T.

=

Thus, if T never vanishes and if (%)1 =0, then M is foliated by Lorentzian surfaces whose
Gaussian curvature equals one half of the scalar curvature of the Walker manifold.
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A foliation F is said to be bundle-like if it is locally defined by a Riemannian submersion or,

equivalently, if
(Lre)(FH FhH =0
where £ denotes the Lie derivative. Further note that if F is bundle-like, then the orthogonal plane

field F* is totally geodesic (although not necessarily integrable).

Theorem 4.20. Let T never vanish.

1. The following assertions are equivalent:
(a) N defines a bundle-like foliation of M .
() Nt isa totally geodesic distribution.
(c) 32— 3 il — (B — L2 (L2 =0,
2. Assume in addition that the plane field N+ s integrable. The following assertions are equivalent:
(a) N+ defines a bundle-like foliation.
(b) N is a geodesic vector field.
(c) ()1 = (1 =o0.

Remark 4.21.  Observe that although N is not a geodesic vector field in general i.e., we may have
that Vy N # 0), N is isotropically geodesic since IVyN|2 = 0.

A special case where Theorem 4.18 applies is that of Walker manifolds of constant scalar
curvature (since T = fi1). Hence, as a consequence of Theorem 4.18 and Remark 4.19, any 3
dimensional Walker manifold of constant non-zero scalar curvature is foliated by minimal surfaces of

constant scalar curvature.

Theorem 4.22.  The Ricci foliation N+ of M ¢ is totally geodesic if and only if’

FGer,x2,x3) = Sx% + x1a(x2, x3) + 5-a(x2, x3)% + 2a3(x, x3) + K—lzaz(xz, x3)% +£(x3).

Diagonalizability of both the Ricci operator and the shape operator of the leafs of the foliation
is a very restrictive condition, as the following result shows.

Theorem 4.23.  The following assertions are equivalent:

1. M is locally symmetric.
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2. Ntisa totally geodesic bundle-like foliation.

3. M f has diagonalizable Ricci tensor and NLis totally geodesic.

Remark 4.24. Locally symmetric Walker manifolds of non-zero scalar curvature are locally given
by Theorem 4.6, which shows that the corresponding Ricci operator is diagonalizable. Hence, since
the Ricci operator is parallel, the manifold splits locally into a product of an interval and a Lorentzian
surface of constant sectional curvature. The converse is trivial.

442 CONTACT WALKER MANIFOLDS
If (%)1 # 0, or equivalently if divN # 0, then the 1 form w = dx; — %dm defines a contact

structure. Since M r 1s Lorentzian, the contact structure @ has an associated para-contact structure
(. &, m),1e,
2
p-=ld-n®§, neé) =1

and the metric satisfies
geX, oY) = —g(X,Y) +n(X)n(Y)

for all vector fields X, Y on M. Moreover, g(¢X,Y) =dw (X, Y).

Remark 4.25. Observe that N does not correspond to the Reeb vector field & of the para-contact
structure. Let i, denote interior multiplication. The Reeb vector field is characterized by igdw = 0
and n(¢) = 1. Further, observe that

iNda)=—<&> a’xl-l-&(&) dx2+&<&> dxs
T /2 T /2 T /1

T T

from where it follows that iydw = 0 if and only if de vanishes identically.

Now, proceeding as in [219], one has the following

Theorem 4.26. Let (M, ¢, &, 1, 8) be an almost para-contact manifold. The induced almost para-

complex structure on M x R
JI1 X, a = ¢X+a§ n(X)
U dr ’ dr

becomes almost para-Hermitian with respect to the conformal metric h0 = 2" h, where h is the product

h|(X d de =g(X,Y b
(se2)- (s )]s

metric
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Moreover, (M x R, h°, J) is almost para-Kaebhler if and only if (M, ¢, &, 1, g) is para-contact.

Remark 4.27. An alternative description of the conformal metric h* = 2"/ in M x R, where
h = gy — dr? is the product metric, goes as follows. Put v = ¢’. Then A is just the warped product
metric —dv? + vng and hence (M x R, h%) can be interpreted as the come R x,, M over the
manifold (M, gu). A special case of this result (the correspondence between para-Sasakian structures
(M, ¢, &, 1, g) and para-Kachler cones) was discussed in [10].

4.5 STRICT WALKER MANIFOLDS

The results in Section 3.3 show that a 3 dimensional Walker manifold is a strict Walker manifold it
and only if D admits a null parallel spanning vector field or, equivalently (see Remark 4.3), if we can
choose a coordinate system so f(x1, x2, x3) = f(x2, x3) [255]. We assume henceforth that M  is
a strict Walker manifold and that (x1, x2, x3) are adapted coordinates so f = f(x2, x3). We may
then use Lemma 4.2 to see

V3x28)C3 = %f28X| and VBX3BX3 = %f38x1 - %fzaxz .
Furthermore, since f does not depend on x1, the relations of Lemma 4.4 simplify to become:
R(axz» 3x3)8x2 = %f228x1 and R(axz s 8x3)3x3 = _%f228x2~

By Lemma 4.4, the Ricci operator becomes

Theorem 4.28. Let My for f = f(x2, x3) be a strict Walker manifold. Then:
1. All the scalar invariants of M § vanish.
2. My is locally symmetric if and only if f (x2, x3) = x%oz + x2B(x3) + &£(x3) for o constant.
3. The following assertions are equivalent:

(a) The Ricci tensor is Codazzi.
(6) M ¢ is locally conformally flat.

(c) We can choose a coordinate system so that f(x2, x3) = x%a (x3) + x28(x3) + E(x3).
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Proof. The covariant derivative of the curvature tensor is given by
(Va,, R)(0x,, 0x3)0x, = 3 f220¢, and (V, R)(0x,, 0x3)0x, = 3 f2230y,.

Hence, since 0y, is parallel, it follows that the non-zero components of the higher order covariant
derivatives of the curvature tensor produce higher order derivatives of f in the direction of 9.
Moreover, since the inverse of the Walker manifold satisfies

—f(x2,x3) 0 1
g/ = 0 e 0 (4.3)
1 00

it follows that (g;l)(ax2 , 0x3) = 0so M f is VST as described in Section 2.4.3. This proves Assertion
(1); the other assertions follow similarly. O

4.6 THREE DIMENSIONAL HOMOGENEOUS LORENTZIAN
MANIFOLDS

Suppose that M is a 3 dimensional Riemannian symmetric space. Since the Ricci operator is parallel,
either M has constant sectional curvature or M is locally isometric to a product of a real interval
and a surface of constant scalar curvature. This result only generalizes to the Lorentzian setting in
the special case when the Ricci operator is assumed to be diagonalizable. Let S™ and H™ be the
Lorentzian space forms of dimension m and of constant sectional curvature +1 and — 1, respectively.
Wialker geometry enters once again in the following result [67]:

Theorem 4.29. Let M be a simply connected 3 dimensional Lorentzian symmetric space. Then M is
one of the following:

1. A Lorentzian space form S3, R3 or HS.
2. A direct product R x S%L R x H2, S? x R or H? x R.
3. A locally symmetric strict Walker manifold of dimension 3 as described in Section 4.5.
Recall from Section 3.4.3 that a pseudo—Biemannian homogeneous structure on M is a tensor
field T of type (1, 2) such that the connection V = V — T satisfies
Vg=0, VR=0, VT =0. (4.4)
The following result explains the geometric meaning of such structures [122].

Theorem 4.30. Let M be a simply connected complete pseudo-Riemannian manifold. The following
assertions are equivalent:
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1. M admits a homogeneous pseudo-Riemannian structure.
2. M is a reductive homogeneous pseudo-Riemannian manifold (G/H, g).

3. The restriction of the Cartan-Killing form of so0(Tp M) fo the Lie subalgebra p(Y) is non-degenerate
where Y denotes the Lie algebra of the isotropy group H and where w is an appropriately chosen
representation of ).

Recall that M is said to be locally symmetricif VR = 0. Locally symmetric pseudo-Riemannian
manifolds are naturally equipped with the trivial (7' = 0) homogeneous structure. Lie groups are
also characterized by possessing a special kind of homogeneous structure as follows [122].

Lemma 4.31.  Let M be a simply connected complete pseudo-Riemannian manifold. If M admits a
pseudo-Riemannian homogeneous structure T such that Tx Y = VxY for all X, Y wvector fields tangent to
M, then M has a Lie group structure, unique up to isomorphism, and g is left invariant.

Calvaruso [67] used this result to obtain the following description of complete simply con-
nected homogeneous Lorentzian manifolds of dimension 3.

Theorem4.32.  Let M be a 3 dimensional simply connected complete homogeneous Lorentzian manifold.
Then, either M is symmetric, or M is isometric to a 3 dimensional Lie group equipped with a left invariant
Lorentzian metric.

Combining Theorem 4.32 with results of [87, 227] leads to the classification of 3 dimensional
homogeneous Lorentzian manifolds. Moreover 3 dimensional Lorentzian symmetric spaces are now
classified by using previous results on Walker manifolds (cf. Theorem 4.6).

4.6.1 THREE DIMENSIONAL LIE GROUPS AND LIE ALGEBRAS

We recall the material of Section 2.3.1. In order to study 3 dimensional Lie algebras we will make use
of the familiar cross product operation. If u and v are elements of a 3 dimensional vector space which
is equipped with a positive define metric and with a preferred orientation, then the cross product
u x v is defined. This product is bilinear and skew symmetric as a function of u and v. The vector
u x v is orthogonal to both u and v and has length equal to the square root of the determinant
(u, u)(v, v) — (u, v)2. Its direction is determined by the requirement that the triple {u, v, u x v} is
positively oriented whenever u and v are linearly independent. The cross product in R? corresponds
to the product of imaginary quaternions i X j =k, j x k =i,k x i = j where

i’=-1, j’=-1, kK=-1, ij=—ji=k.

Let {i, j, k} be an orthonormal basis of signature (1, 2) for Minkowski space ]R?. We then
havei x j = —k, j x k =i,and k x i = j.This is related to the algebra

=1, j*=1, k*=-1, ij=—ji=k.



4.6. THREE DIMENSIONAL HOMOGENEOUS LORENTZIAN MANIFOLDS 73
We have the following [201, 227]:

Lemma 4.33. Let G be a connected 3 dimensional Lie group with a positive definite left invariant
metric. Choose an orientation for the Lie algebra of G, so that the cross product is defined. The bracket
product operation in the Lie algebra g of G satisfies [u, v] = L(u x v) where L is a uniquely defined
linear mapping from g to itself; G is unimodular if and only if L is self-adjoint.

We now specialize to the unimodular case. If L is self-adjoint and if G is Riemannian, then
there exists an orthonormal basis {e1, €2, €3} consisting of eigenvectors, Le; = Aje;. Replacing e
by —ey if necessary, we may assume that the basis {e, e2, e3} is positively oriented. The bracket
product operation is then given by [e1, e2] = L(e1 X e3) = Aze3, with similar expression for other
[ei, e;]. Thus we obtain the following normal form,

[e2, e3] = Aten, [e3, e1] = Azep, [e1, e2] = Azes3,

for the bracket product operation in a 3 dimensional unimodular Lie algebra with a positive definite
metric. On the other hand, we emphasize that if the metric is Lorentzian, even if L is self-adjoint,
L may have any one of the four Jordan normal forms already discussed for the Ricci operator in
Section 4.3.2.

In the non-unimodular case, we have [37, 201]:

Lemma4.34. Let G be a connected 3 dimensional Lie group which is not unimodular.

1. If G is Riemannian, there is a basis {e1, e, e3} for g with structure constants {«, B, y, 8} with
oa+6=2s0

le1, e2] = aey + Bes, [er,e3] =yer +de3, [ez,e3] =0.

If we exclude the exceptional casea =6 =1 and p =y =0, then ad — By provides a complete
isomorphism invariant for this Lie algebra.

2. If G is Lorentzian, there is a basis {e1, ea, e3} for g with structure constants {«, B, y, 8} with
oa+8#0s0

[e1,e2] =0, [e1,e3] =aer + Ber, [e2,e3] = yer +dex.
Furthermore, one of the following holds:

(a) {e1, ez, e3} is orthonormal with (e1, e1) = — (e, e2) = —(e3, €3) = —1 and the structure
constants satisfy ay — 6 = 0.

(b) {ei, ez, e3} is orthonormal with (e1, e1) = (€2, e2) = —(e3, e3) = 1 and the structure con-
stants satisfy ay + 6 = 0.
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(c) {e1, e, e3} is an orthonormal basis, ay = 0, and

1 0 0
(. )=10 0 -1
0 —1 0

4.7 CURVATURE HOMOGENEOUS
LORENTZIAN MANIFOLDS

Work of [11, 224] shows there exists a universal integer k, 4 so that any pseudo-Riemannian man-
ifold of signature (p, ¢) which is k, ;, curvature homogeneous is necessarily locally homogeneous.
In the 2 dimensional setting, 0 curvature homogeneity implies local homogeneity regardless of the
signature. However, in dimension 3, the Riemannian and the Lorentzian settings differ. In the Rie-
mannian context, Sekigawa [232] showed that 1 curvature homogeneity implies local homogeneity
in dimension 3. On the other hand, Bueken and Vanhecke [65] constructed 1 curvature homoge-
neous Lorentzian manifolds which are not locally homogeneous. Bueken and Djori¢ [64] showed
this result is sharp by showing that a 2 curvature homogeneous Lorentzian manifold of dimension
3 is necessarily locally homogeneous.

The main difference between the Riemannian and Lorentzian cases arises from the different
behavior of the Ricci operator p. While p is always diagonalizable in the Riemannian setting, in the
Lorentzian case the Ricci operator may take any of the four Jordan normal forms (Ia)—(III) discussed
in Section 4.3.2. It is worth emphasizing here that all the algebraic possibilities for the Ricci operator
can be realized geometrically by a non-homogeneous curvature homogeneous Lorentzian metric of
dimension 3 [72] (except trivially the case (Ia) when the Ricci operator is a multiple of the identity).

The full classification of Lorentzian manifolds of dimension 3 which are curvature homoge-
neous up to order one was obtained by Bueken and Djori¢ in [64]. They proved that there exist exactly
two classes of non-homogeneous 1 curvature homogeneous Lorentzian manifolds of dimension 3
whose Ricci operator has Jordan normal form corresponding to Type Ia and Type II, thus showing
that not all the algebraic possibilities may be realized at the differentiable level in this situation. We
report here their description.

4.71 DIAGONALIZABLE RICCI OPERATOR

Non-homogeneous 1 curvature homogeneous Lorentzian metrics in dimension 3 with diagonal-
izable Ricci operator have exactly two distinct Ricci curvatures. They are given by the following
construction [64, 74].
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Example 4.35. Let {e1, e2, e3} be a local orthonormal frame for T M where e3 is timelike. Let G
be a constant and let ¢ be an arbitrary function. The metric is then described by the relations

[e1,e2] = —ex — (G +2)e3, [er,e3] = —Gep +e3,
ez, e3] =2(G + 1)e; — Yea — ez, where e (¥) = (G + Dy

We have [64, 74]:

Proposition 4.36.  Let M be a 3 dimensional Lorentzian manifold with p diagonalizable.
1. M is 1 curvature homogeneous but not homogeneous if and only if M is locally as in Example 4.35.
2. Let M be as in Example 4.35.

(a) M is locally homogeneous if and only if \r is constant.

(6) M is never locally symmetric.
(c) M admits a parallel degenerate line field if and only if G = —1.

A pseudo-Riemannian manifold M is said to be semi-symmetric if its curvature tensor R
satisfies R(X, Y) - R = 0, for all vector fields X, Y on M. Here, R(X, Y) acts as a derivation on R.
The curvature tensor of a semi-symmetric manifold at any point is the same as the curvature tensor
of a symmetric space (which may change with the point). A pseudo-Riemannian manifold M is said
to be Ricci semi-symmetric if R(X,Y) - p = 0, for all vector fields X, Y on M, where p denotes the
Ricci operator. Clearly, any semi-symmetric space is Ricci semi-symmetric and so, the class of Ricci
semi-symmetric manifolds includes the one of semi-symmetric manifolds. The converse does not
hold in general, but it is true in dimension 3, where the curvature tensor is completely determined by
the Ricci tensor. Note that Ricci semi-symmetry is just the property of curvature-Ricci commuting
(cf. Section 1.4.5). By Proposition 4.36, the Lorentzian metric of Example 4.35 with G = —1 has
Ricci operator p = diag[0, b, b] where b = —(ez + e3)¥, and thus it is curvature—curvature and
curvature—Ricci commuting (cf. Theorem 4.16).

4.7.2 TYPEII RICCI OPERATOR

A non-homogeneous Lorentzian manifold in dimension 3 which is 1 curvature homogeneous and
has non-diagonalizable Ricci operator must have exactly one single Ricci curvature which is a double
root of the minimal polynomial of p [64, 74]. We recall the construction as follows.

Example 4.37.  Let {ey, e2, e3} be a local orthonormal basis, with e3 timelike, let 6 be a function,
let n = £1, and let C and D be two constants such that

[er, e2] = —(0 + D)ey + n(C —0)e3, [er,e3] =n(C +0)ex + (60 — D)es, [ez,e3] =0.
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Here e;(0) = n — 2(C + D)6, and (ex + ne3)(0) = 0.

The Ricci operator of any metric given by Example 4.37 has a Jordan normal form corre-
sponding to Type II with a single eigenvalue A = —2D?. We have by [64, 74]:

Proposition 4.38.  Let M be a 3 dimensional Lorentzian manifold with p of Type I1.
1. M is 1 curvature homogeneous but not homogeneous if and only if M locally is as in Example 4.37.
2. Let M be as in Example 4.37.

(a) M is locally homogeneous if and only if either 0 is constant, or C = D = 0 and 0 satisfies
e1(0) = nand (ex + ne3)(0) = 0.

(b) M admits a parallel degenerate line field if and only if D = 0. Moreover, in such a case M is
a strict Walker manifold.

(c) M is never locally symmetric.

We may conclude that any Walker manifold as given by Example 4.37 with D = 0 has a
2-step nilpotent Ricci operator, and thus it is curvature—curvature commuting and curvature—Ricci
commuting (Ricci semi-symmetric) as a consequence of Theorem 4.16. Finally, observe that any
Lorentzian manifold M which is given by Example 4.37 is curvature-Ricci commuting (semi-
symmetric) if and only if D = 0, and thus it is a Walker manifold (cf. [73]).

Remark 4.39. The existence of certain homogeneous structures influences the curvature. The con-
verse is also true. For example, a 3 dimensional manifold is locally symmetric if and only if the Ricci
tensor is parallel.

A close family of homogeneous structures is that of naturally reductive homogeneous structures
(i.e., Tx X = 0 forall vector fields X). Moreover, in the Riemannian case any 3 dimensional manifold
whose Ricci tensor is cyclic parallel is locally isometric to a naturally reductive homogeneous space
[222]. Recent examples of Calvaruso show that the above result is not true in the Lorentzian setting.
Indeed, a Lorentzian manifold M which has the form given by Example 4.37 has cyclic parallel
Ricci tensor if and only if C = D while metrics given in Example 4.35 never have cyclic parallel
Ricci tensor [74].



CHAPTER 5

Four-Dimensional

Walker Manifolds

5.1 INTRODUCTION

In this Chapter, we shall discuss Walker geometry in dimension 4. We present a brief review of some
of the history of this subject in Section 5.2. Basic facts are presented in Section 5.3 where we discuss
the Levi-Civita connection, geodesic equations, the curvature tensor, the Ricci tensor, the Einstein
equations, self-duality, and anti-self-duality.

Section 5.4 treats para-Hermitian structures. We have seen in Chapter 3 that para-Kaehler and
hyper-symplectic metrics are necessarily of Walker type. This motivates the consideration of Walker
metrics in connection with almost para-Hermitian structures. It is shown that any 4 dimensional
Walker manifold of nowhere zero scalar curvature has a natural almost para-Hermitian structure.
In contrast to the Goldberg-Sachs theorem, if this structure is both self-dual and *-Einstein, it is
symplectic but not necessarily integrable. This is due to the non-diagonalizability of the self-dual
Weyl conformal curvature tensor. The isotropic condition is introduced, Chern classes are discussed,
and self-duality is treated in relation to para-Hermitian geometry.

It is one of the features of Walker geometry in signature (2, 2) that there is a canonical
orientation. Let M be a pseudo-Riemannian manifold of signature (2, 2) which admits a null
parallel distribution D. Let £ be any complementary distribution so

TM =Da€& .

If {e1, e} is any basis for D, we may specify a basis { f1, f2} for £ by requiring that g(e;, f;) = §;;.
The orientation corresponding to
exNex N fi N f2

is then independent of the choice {e;, €2} and of the complementary distribution chosen. We adopt
this canonical orientation henceforth; it will be crucial in what follows that the notions of self-dual
and anti-self-dual are quite different and are not interchangeable.

5.2 HISTORY

The influence of the curvature on a manifold can be measured in many different ways and it appears
in many different contexts. An example of such influence is the existence of additional structures
on the manifold under certain curvature conditions. This is specially clear in dimension 4 when one
describes the curvature tensor as an endomorphism of A%(M). Since R : A> — A? is self-adjoint,

77
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the existence of distinguished eigenvalues gives rise to locally defined 2 forms and hence, to almost
Hermitian structures. Properties of such structures can be specialized from curvature conditions like
Einstein or locally conformally flat.

Derdzinski [97] showed that any oriented Einstein 4 dimensional manifold whose self-dual
curvature operator is degenerate is naturally equipped with a Hermitian structure which becomes
locally conformally Kaehler on some open dense set where |W ™| # 0. This result was later used
by Apostolov and Gauduchon [14] and extended to the pseudo-Riemannian setting in [12] under
some additional conditions on the diagonalizability of the self-dual Weyl curvature operator.

An additional remark in the pseudo-Riemannian case comes from the fact that the induced
metric on AT (M) has Lorentzian signature, and hence the causal character of the distinguished
eigenspace of W1 must be considered. Spacelike 2 forms on A~ (M) define almost Hermitian struc-
tures while timelike 2 forms on AT (M) define almost para-Hermitian structures. In both cases the
generalized Goldberg-Sachs theorem holds under the diagonalizability assumption on the corre-
sponding Weyl operators [12, 173]. Recently it has been shown in [91] that the diagonalizability
of the self-dual Weyl operator cannot be removed by constructing explicit examples of self-dual
Einstein 4 dimensional manifolds whose self-dual curvature operator is degenerate and the asso-
ciated almost para-Hermitian structure is never integrable but symplectic. Walker metrics are the
underlying structure behind such phenomena as discussed in Section 5.4.

We also refer to related work in [79, 108, 124].

5.3 FOUR-DIMENSIONAL WALKER MANIFOLDS

As we have seen in Section 4.3.1, the Walker coordinates introduced in Section 3.3 become simpler
when the null r-plane D has maximum dimensionality. Since dim D = r < 7, two cases occur
depending on whether m is odd or even. We have devoted Chapter 4 to the study of the case m = 3,
we now turn our attention to the case m = 4. We begin with the following general result [255]:

Theorem 5.1. A canonical form for a 2n dimensional pseudo-Riemannian manifold M admitting a
parallel field of null n dimensional planes D is given by the metric tensor:

0 Id,
(gij):<ldn B)

where Id, is the n X n identity matrix and B is a symmetric n X n matrix whose entries are functions of
the coordinates (xy, ..., X25).

We note that if the null n-plane is strictly parallel, then the entries of B in the previous
theorem can be chosen to be independent of the coordinates (xp, ..., x,) [255] — we also refer to
Theorem 3.2). We focus on the geometry of 4 dimensional pseudo-Riemannian manifolds admitting
a parallel degenerate 2 dimensional plane field, i.e., the simplest even dimensional Walker manifold
admitting a null parallel plane of maximum dimensionality. Due to Theorem 5.1, in this case the
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Wialker coordinates in Section 3.3 can be further specialized. We adopt the following notation for
the remainder of this book.

Example 5.2. Let O be an open subset of R*. Let a, b, c € C*®(0O) be smooth functions on O.
We set Myp.c := (O, gu.p.c) where

8ab.c ‘= 2(dxjodx3+dxyodxs)+a(xy, x2, X3, X4)dx3 o dx3
+  b(x1, x2, X3, X4)dx4 o dxgq + 2c(x1, X2, X3, X4)dx3 o dx4 .

A straightforward calculation shows
Theorem 5.3.  The Christoffel symbols of Mg p. . are given by:
Vi, Oxy = 3010 + 5€10x,, Vi, Oxy = 5¢10x + 3b10x,,
Vi, Oxy = 5020, + 5C20xp Vi, Oy = 5205, + 3520y,
Vi, 0 = 3(aar + cay + a3)dy, + 3 (car + bay — ag +2¢3)dy, — B0y — S0,
Vi, Oy = 3(as + acy 4 cc2)dy, + 5(b3 + cc1 4+ bea)dyy — Gy — Fox,
Vi, dx, = 3(aby + cby — by +2¢4)dy, + 3 (cby + bby + ba)dy, — 3oy, — By,

The following is now immediate:

Lemma 5.4. A curve y(t) = (x1(t), x2(1), x3(t), x4(t)) in Mg p  is a geodesic if and only if the
Sfollowing equations are satisfied:

0 = X| + X143a) + %8401 + Xox3a0 + dokscr + 3¥3%3(a3 + caz + aay)
+X3%4(as + ccr + acy) + riaks(2cs — by + cby + aby),

0 = X, + X1X301 + X1daby + Xox300 + Xodaby + 3%3%3(2c3 — as + bas + cay)
+i3%4(b3 + bey + cc1) + ykaka(by + bby + cby),

0= i3 — pisiza) — daisc; — phaksby, 0= ¥4 — Jx3i3an — 3kycr — SXaiubo.

Henceforth, we shall only give the (possibly) non-zero components of various tensors up to the
usual Z symmetries. We have

Theorem 5.5.

1. The curvature tensor of Mg o is given by:

1 1 1 1 1
Ri313 = 3a11, Ri314 = 3c11,  Ri33 = 3a12, R34 = 5¢12, Ria4 = 5b12,
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1 1 1
Ri334 = —7 (—asby +c1c2 + 2a14 — 2¢13),  Ria1a = 5b11,  Riaz = 5c¢12,

Rigzs = —5 (—c} +arby — bicy + bacy — 2b13 + 2c14),  Rozoz = San,

(
Rozss = —1 (€3 — aoby — ajca + azer + 2a24 — 2¢23),  Rosps = 5boa,
Razs = e,
Roazs = — 5 (azby — c1c2 — 2b23 + 2c24),
R334 = _41'1 (—ac% — bc% 4+ aa\by + caiby — a1bs + 2aic4 + carby + baybr + axby
4a3by — agby — 2ayc1 + 2brcy — 2bzcr — 2ccicr — 2aq4 — 2b33 4 4c3g).
2. The Ricci tensor and the scalar curvature of Mg p - are given by:
P13 = %(011 +c12), p14a= %(bIZ +ci1), p3= %(012 + c22),
P24 = %(b22 +c12),
P33 = 5(—c3 +aicr + azby — arey + aay + 2cary + baz + 2c23 — 2ax4),
P34 = %(_32171 +cica +ays + baz +acyy + 2ccip — ¢13 + beay — c24),
a4 = %(—Cf +aiby — bicy + bacy + abyy + 2cb1a — 2b13 + bbay 4 2c14),
T =ai + by + 2c12.
3. Let pg := p — ﬁga,b,c be the trace free Ricci tensor of Mg p c.
(P0)13 = —(p0)24 = (p0)31 = —(p0)az = 7 (a11 — bx),
(P0)14 = (p0)a1 = % (b2 +c11),  (p0)23 = (p0)32 = 5 (@12 + €22),
(00)33 = % (2a1¢2 + 2azb — 2asc1 — 2¢3 + aa
+dcain + 2baxy — 4azs — aby — 2aciy + 4c¢3),
(p0)34 = (p0)a3 = % (—2a2by + 2c1¢2 — cary + 2a14 — cbxp
+2b3 4+ 2acy1 + 2cc12 — 2¢13 + 2bcay — 2c24),
(p0)as =  (2a1b1 — 2b1cy + 2bact — 2¢} — ban
+2aby1 + 4cbiy — 4b13 + bbyy — 2bcia + 4c1a).
4. Ma.p,c is Einstein if and only if



5.3. FOUR-DIMENSIONAL WALKER MANIFOLDS 81

ayg —bxn =0, bip+ci1 =0, ap+cn=0,
aicy + azby — axer — ¢3 + 2cain + bay — 2az4 — aciy + 2¢23 = 0,
arby — cicx +cayy —aig — bz —aciy —ccip +c13 — bexpy + 4 =0,

airby — bicy + bacy — C% +abyy + 2¢biy — 2b13 — beya + 2c14 = 0.

The PDE system in Theorem 5.5 (4) is hard to handle and only partial solutions are known
for some special classes of Walker manifolds as will be considered in Chapters 7 and 8. Let W denote
the Weyl conformal curvature tensor of Equation (1.10). An orthonormal basis can be specialized
by using the canonical coordinates as follows:

e] = %(1 — a)0y, + Oy, € 1= —cy, + %(1 — b)dx, + 0y, (5.1)
e3 = —5(1+a)dy, + ;. €4 := —cdy — 3(1 4 D)y, + dy,.

Let e; A ex A ez A esq orient M and let {Eii} be as in Equation (1.12); this gives the canonical
orientation of a Walker manifold of signature (4, 4). We adopt the notation of Equation (1.13).

Theorem 5.6.  The components of W for My p - are given by
W, = 3@ + 3axn + 3by1 + by — 4epn), Wy, = t(ai + by —4c),
Wi = —15 (a1 — 3ax — 3bi1 + bn —4dc1p), Wi, = —3(an + b — ci1 — c2),

W1_3 :_}T(a22_b11): W2_3: }T(alz—b12+C11 — 22).

A complete description of self-dual Walker manifolds was obtained in [95, 106] after inte-
grating the PDE system in Theorem 5.6. This yields:

Theorem 5.7. M p ¢ is self~dual if and only if
a= x13A(x3, x4) + xlzB(xg, x4) + xlzxZC(m, x4) + x1x2D(x3, x4)
+x1 P(x3, x4) + x20(x3, x4) + §(x3, X4),
b= xSC(xg, X4) + x%g(m, x4) + xlxg.A(xg, x4) + x1x2F (x3, x4)
+x15(x3, x4) + x2T (x3, x4) + 1(x3, X4),

¢ = $x2F(x3,x4) + 333D (x3, x4) + x7x2.A(x3, x4) + x1x3C(x3, x4)
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+3x1x2(B(x3, x4) + E(x3, x4)) + x1U (x3, X4) + X2V (x3, x4) + ¥ (x3, x4).

We refer to Theorem 6.21 for a coordinate free description of self-dual Walker manifolds in
terms of modified Riemannian extensions. Anti-self-dual Walker manifolds are much more difficult
to describe. They have vanishing scalar curvature and their structure is, in some sense, richer than
in the self-dual case. This uses the fact that the anti-self-dual Weyl curvature operator W~ allows
complex eigenvalues (which may be constant for suitable Walker manifolds) [52]. We adopt the
notation of Equation (1.13).

Theorem5.8. Let M = M.
1. The eigenvalues ofW+ areT {—é, ﬁ, ﬁ}
2. The components of W are given by:

Wi = —35(6caiby — 6a1b3 — 6bajcy + 12ajcq — 6carby + 6azby
+6baycy + 6azb; — 6asbr — 12a4c1 + 6abicy — 6abycy
+12byc3 — 12b3ca — ayy — 12¢%ay; — 12bcars + 24cans
—3b%ax + 12baxs — 12ass — 3abyy + 12abi3 — by
—12b33 + 12acci1 — 2¢12 + 6abciy — 24cc13 — 12acia

—12bca3 + 24c¢34),

WIJE = W;g = —}‘(—205111 — baiy + 2a14 + abyy — 2byz + acqy

—2cc1p — 213 — bea + 2c24),

+ _ T + _wt _ T + _ wt _ T
W22 -6 W33 - Wll 6° W13 - Wll 12

An explicit integration of the equations in Theorem 5.8 seems difficult. Partial results are
however known for special families of Walker manifolds [111, 112]. By Theorem 5.8:

—1
0

1
WH+ZId) - (WH — L1d) = & (2 — 120w, +48(W 5D | 0
1 1

o O O

Corollary5.9. Let M = Mgy p .

1. If t #0, then
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(a) W has non-zero eigenvalues {—%, ﬁ, ﬁ}
(b) > — 12t Wfi + 48 (W{E)z = 0 ifand only if W is diagonalizable.

2. Ift =0, then W vanishes if and only szfi = WE =0.

Remark 5.10. Assertion (1) gives necessary and sufficient conditions for the diagonalizability of
Wt.If t =0, then W is a 2-step nilpotent operator if and only if W1+1 # (0 and ng = 0, while
W is a 3-step nilpotent operator if and only if Wl'z # 0. We once again emphasize that signature
(2, 2) Walker manifolds inherit natural orientations and one can not interchange the notions of

self-dual and of anti-self dual.

54 ALMOST PARA-HERMITIAN GEOMETRY

This section contains joint work with A. Cortés-Ayaso and J. C. Diaz-Ramos [91]. Let M, p . be
the Walker manifold of Example 5.2. The fact that para-Kaehler and hyper-symplectic metrics are
necessarily of Walker type motivates the consideration of these metrics in connection with almost
para-Hermitian structures. Moreover, as Theorem 5.8 shows, the self-dual Weyl curvature operator
of any Walker manifold of non-zero scalar curvature has a distinguished eigenvalue. Metrics with
such property have been broadly investigated in connection with the so-called Goldberg-Sachs
Theorem [12, 14, 97, 173], which ensures the integrability of certain almost Hermitian or almost
para-Hermitian structures under suitable curvature conditions. As we will show in this section, the
diagonalizability of the self-dual curvature operator plays a fundamental role in such results.

After replacing the manifold M, ; - by a 2-fold covering if necessary, it follows that the
(—%r)—eigenspace of W is generated by a globally defined self-dual 2 form. We take as generator
the 2 form

SWih o+ + ., 8Wh 4
Q=-Yopr 1 2EF + Mo g
~RE +V2E] + —LET:
(Q, Q) = —2 with respect to the induced metric on A™. Hence, it gives rise to an almost para-

Hermitian structure J € End(7 M) which is characterized by the identity:
¢(X,JY) = Q(X,Y) forall X,Y .

The structure J has the following matrix representation with respect to the frame {ey, e, €3, e4} of

Equation (5.1):

4+ 4w+
) 0+ — W 4—1+ — W
= e 0 wWe o —l
=1 ?le 0 ?le

4 i+ 4 v+
_?le -1 _?le 0
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From here, it is easy to check that J2=Idand g(JX,JY) = —g(X,Y) for all vectors X and Y. In
what follows we will refer to J as the almost para-Hermitian Walker structure on Mg, ¢; it is globally
defined on any Walker manifold with nowhere zero scalar curvature. In Theorem 5.13, we discuss
this structure in further detail.

Remark 5.11. A coordinate description of the almost para-Hermitian Walker structure and the
associated 2 form is given by:

4+
1 0 4a+ 2 =2 W)
01 =W b
— T 12 .
J 00 -1 0 ’ (-2)
0 0 0 —1
4
Q = —dx1/\dx3—dx2/\dx4+(c——WE)dx3/\dx4.
T

5.4.1 ISOTROPIC ALMOST PARA-HERMITIAN STRUCTURES

We recall from Section 2.5.1 that (M, g, J) is almost Kaehler it d2 = 0. We say that a para-
Hermitian structure (g, J) is an isotropic para-Kaehler structure if |V J I2=0 (equivalently, one has
that [VQ|? = 0) but VJ # 0 [131]. The existence of isotropic Kaehler structures was discussed
previously [28, 93] in connection with the Goldberg Conjecture in the pseudo-Riemannian situation.
This is closely related to the existence of Einstein and x-Einstein almost Kaehler structures that are
not Kaehler.

Example5.12. Let ¢ .= (O, ga.b,c. J) where (O, gq4.p,¢) is as in Example 5.2 and where J is given
by Equation (5.2), i.e.,

8ab.c = 2(dxiodxsz+dxyodxs)+ a(xy, xz,x3, Xa)dx3 o dx3
+  b(x1, x2, X3, X4)dx4 0 dx4 + 2c(x1, X2, X3, X4)dX3 0 dXa,
10 a 2-2WH
4+
0 1 4w b
0O 0 -1 0
0 0 0 -1

Theorem 5.13. C is an isotropic para-Kaehler, isotropic almost para-Kaebler and isotropic para-
Hermitian manifold, that is |V Q|? = |dQ|* = |N,|*> = 0.

Remark 5.14. 'We emphasize that although V2, d2 and N are isotropic, these tensor fields need
not vanish. If f := %Wl';, then one has:
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1. Q is symplectic (equivalently, C is almost para-Kaehler) if and only if ¢ + f does not depend
on x1 and x».

2. J is integrable (equivalently, C is para-Hermitian) if and only if

(a) 2cy + fi)a —bay —2cay — (a1 +2c2 + fo) f +aq —dec3 —2f3 =0.
(b) aby +bf +2¢fi + (fi —b2) f —2b3 —2f4 =0.

Moreover, C is para-Kaehler if and only if the conditions in (1) and (2) above are satisfied.

5.4.2 CHARACTERISTIC CLASSES

Let M be a compact 4 dimensional manifold. Let L[M] be the Hirzebruch signature of M and let
x[M] be the Euler characteristic of M. The Hitchin-Thorpe inequalities for Riemannian Einstein
manifolds have been generalized [188] to yield the following inequality if M is a compact Einstein
manifold of signature (2, 2):

JILIM]| < x[M] .

Walker manifolds of nowhere zero scalar curvature admit almost anti-Hermitian structures, and
hence the corresponding odd Chern numbers vanish [42, 45], thus providing examples where the
equality is attained.

Theorem 5.15. LezC be as in Example 5.12. If 't is nowbhere zero, then %L[M] = —x[M].

Osserman manifolds are Einstein, and thus the Euler characteristic x [M] and the Hirzebruch
signature L[M] can be expressed as follows [187]:

! +12 o T
XM= —— | TL(WH? 1+ Te[(W )+
8% Iy 24 (5.3)
21 +42 —\2 .
LIM] = EW/ {Te[(WT)7] = Te[(WT)71}.
T Jm

Observe from Equation (5.3) that the Euler characteristic of any compact Einstein metric of signature
(2, 2) is non-positive, provided that W are not of Type Ib. Moreover, since Osserman metrics are
self-dual or anti-self-dual, a detailed examination of Equation (5.3) using Theorem 5.15 shows the
following result [49]:

Theorem 5.16.  Let M be a compact Jordan Osserman manifold of signature (2, 2). Then either M has
constant sectional curvature or the Jacobi operator of M is either a 2 or a 3-step nilpotent operator.
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Further observe that the Jordan normal form of the Jacobi operator may change from point
to point in an Osserman manifold. Hence, we have:

Theorem 5.17. Let M be a compact Osserman manifold of signature (2,2). Then LIM] =0 and
the Jacobi operator has only one eigenvalue, which may be a single, double or triple root of the minimal
polynomial. Moreover, x[M] < 0, and x[M] = O if and only if the Jacobi operator is a nilpotent operator.

5.4.3 SELF-DUAL WALKER MANIFOLDS
Let p* and t* be defined by Equation (1.9):

pfy = —g"Rlex.ei. Jej. Jey) and 1% :=g"pf = Tr{p*}.

An almost para-Hermitian structure is said to be weakly x-Einstein if p* = %(‘L’*) g. Furthermore, if
the *-scalar curvature is constant, the structure is called x-Einszein.

Theorem 5.18.  Assume that the manifold c of Example 5.12 is self~dual so (a, b, c) have the form of
Theorem 5.7. Then:

1. Cis weakly x-Einstein if and only if

a = x7B(x3, x4) + x1 P(x3, x4) + x20(x3, x4) + £(x3, x4),

b = x3B(x3, x4) + x18(x3, x4) + x2T (x3, x4) + n(x3, x4),

c = x1x2B(x3, x4) + x1U (x3, x4) + 22V (x3, x4) + ¥ (X3, X4).
2. C is x-Einstein if and only ifB 18 constant.

3. If C is *-Einstein, then C is almost para-Kaebhler.

Remark 5.19. Recall that the para-holomorphic sectional curvature K (X) which is associated with
a non-null tangent vector field X is, by definition, the sectional curvature of the 2-plane given by
setting 7w := Span{X, J X}, that is,

K(X)=K@):=—-g(RUX, X)X, JX)/g(X, X)* .

We use Theorem 5.18 to see that the para-holomorphic sectional curvature of any weakly x-Einstein
self-dual Walker manifold satisfies K (X) = B, and thus it is pointwise constant, and globally con-
stant if C is further assumed to be x-Einstein.
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Remark 5.20. Einstein self-dual Walker manifolds have been studied in [106] in connection with
the Osserman problem. It follows immediately from the results in [106] that any self-dual Einstein
Wialker manifold which is not Ricci flat is x-Einstein, and thus symplectic. Moreover, the almost
para-Hermitian Walker structure is never integrable unless it corresponds to a para-complex space
form (since the Bochner curvature tensor vanishes due to W~ = 0) [61].

Example 5.21. Four dimensional para-Kaehler manifolds of non-zero constant para-holomorphic
sectional curvature are locally described by the para-Kaehler Walker structure J on M p . (see
Theorem 3.14) with

a =ocx12, b =otx%, C = ax|x;.

The self-dual Weyl curvature operator of this manifold is diagonalizable.

Remark 5.22. The metrics of Theorem 5.18 (1) can be described in terms of modified Riemannian
extensions — see Equation (3.3). Consequently, such a manifold is locally isometric to a metric
8D, 7,14 on the cotangent bundle 7*X of an affine surface X. Here D and ¢ are a torsion free
connection and a symmetric (0, 2) tensor field chosen arbitrarily on ¥, and T is a multiple of the
identity given by T = B 1d.
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CHAPTER 6

The Spectral Geometry of the

Curvature Tensor
6.1 INTRODUCTION

This chapter deals almost exclusively with the signature (2, 2) setting. We introduce the history
of the subject in Section 6.2. In Section 6.3, we discuss some general results concerning Jordan
Osserman manifolds. Let M be a Jordan Osserman manifold of signature (2, 2). The possible
curvature tensors are classified by Theorem 1.18. If the Jacobi operator is diagonalizable (Type la),
then M is locally isometric to a real space form, to a complex space form, or to a para-complex space
form [32]. Furthermore, the Jacobi operator can not have complex eigenvalues; thus M is not Type
Ib. If M is locally symmetric, then either the Jacobi operator is Type Ia or the Jacobi operator is a
nilpotent operator of Type II. There are many examples of Jordan Osserman manifolds which are
not symmetric and which have nilpotent Jacobi operators of order 2 or 3. Type II Osserman metrics
which are not nilpotent are presented.

In Section 6.4, we examine Walker manifolds which are both Osserman and Ivanov—Petrova.
We show that such a manifold has either constant sectional curvature or a 2-step nilpotent Jacobi
operator. Let gp ¢ be the twisted Riemannian extension given by Equation (3.4). In Section
6.5, we consider the case when M is an affine surface. Affine surfaces with skew symmetric Ricci
tensor or with symmetric and degenerate Ricci tensor are studied and Riemannian extensions with
commuting curvature operators are analyzed. Finally, curvature commuting Walker 4 dimensional
manifolds which are not Riemannian extensions are treated.

6.2 HISTORY

To a large extent, the geometry of a pseudo-Riemannian manifold M is the study of the curvature
R € ®*T*M which is defined by the Levi-Civita connection V. Since the whole curvature tensor is
difficult to handle, the investigation usually focuses on different objects whose properties allow one
to obtain information concerning the full curvature tensor. Any two-point homogeneous space is
Osserman and the converse is true in the Riemannian (dim M # 16) [83,208,209] and Lorentzian
[30, 128] settings. However, there exist many Osserman pseudo-Riemannian metrics in other signa-
tures [130, 137] which are not symmetric spaces. In particular, the 4 dimensional globally Osserman
manifolds are classified except those Osserman metrics in signature (2, 2) whose Jacobi operator is
a nilpotent operator [32, 101, 106, 134].

There are many Osserman algebraic curvature tensors which cannot be realized geometrically
by an Osserman manifold [32, 136], although they can be realized geometrically at a given point
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[130, 137] by a pseudo-Riemannian manifold which is not Osserman. Although the Jacobi operator
is probably the most natural operator associated to the curvature tensor, there is some important
geometrical information encoded by other operators such as the skew symmetric curvature operator
or the higher order Jacobi operator [137]. Moreover, not only the Riemann curvature tensor has
been used as a starting object to define curvature operators [129]. The Szabé operator is defined by
the covariant derivative of the curvature. The conformal Jacobi operator [33, 37] is defined by the
Weyl conformal curvature tensor. Note that any Lorentzian or any odd dimensional Riemannian
conformally Osserman manifold is locally conformally flat.

The skew symmetric curvature operator can be regarded as the part of the curvature tensor
describing the behavior of circles [171]. Geodesics and circles are classical objects in geometry and
physics [3, 4, 18, 186], the latter being preserved by Mabius transformations and thus related to
the conformal structure (note that Mobius transformations constitute a special class of conformal
transformations characterized by preserving the eigenspaces of the Ricci operator).

6.3 FOUR-DIMENSIONAL OSSERMAN METRICS

The Osserman algebraic curvature tensors are classified in Theorems 1.18 and 1.20. At the geometric
level, Type Ia Osserman metrics correspond to real, complex and para-complex space forms, Type
Ib Osserman metrics do not exist [32] and Types II and III Osserman metrics with Jacobi operator
which is not a nilpotent operator have recently been classified in [106] and [101], respectively.
Further, note that any Type II Osserman manifold whose Jacobi operator has non-zero eigenvalues
is necessarily a Walker manifold.

6.3.1 OSSERMAN METRICS WITH DIAGONALIZABLE JACOBI OPERATOR
Let M be a pseudo-Riemannian manifold of signature (2, 2). Then M is pointwise Osserman if
and only if it is Einstein and self-dual or anti-self-dual [8, 157]. Furthermore, Theorem 1.18 shows
that any 4 dimensional Jordan Osserman metric is curvature homogeneous.

To decide which Osserman algebraic curvature tensors in Theorem 1.18 are realizable by
Osserman manifolds, we consider the equivalent class of Einstein self-dual metrics in dimension 4.
In such a case, the curvature operator decomposes as

and hence, all information is encoded by the self-dual Weyl curvature operator W. Since W is
traceless, the non-trivial cases correspond to self-dual Einstein metrics whose self-dual Weyl operator
has exactly two or three distinct eigenvalues. (Otherwise W™ vanishes identically and the metric is
Einstein and conformally flat and hence of constant sectional curvature).

Assume the self-dual Weyl curvature operator has exactly two distinct eigenvalues and let
€ denote an eigenvector corresponding to the distinguished eigenvalue. Due to the fact that the
induced metric on A™ is of Lorentzian signature, one scales €2 so that (€2, Q) = +2. Next, observe
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that spacelike 2 gives rise to opposite indefinite almost Hermitian structures (g, J) while timelike
Q defines almost para-Hermitian structures (g, J). Generalizations of the Goldberg-Sachs Theo-
rem [12, 173] (see also [97]) now show that such structures are indeed locally conformally Kaehler
(resp. para-Kaehler) with conformal factor (24(W+, W*))!/3. The Osserman condition shows this
conformal factor is constant. Therefore, the structures associated to Q are Kaehler (with respect to
the opposite orientation) or para-Kachler, depending on the causality of Q. Once again, W~ = 0 is
equivalent to the vanishing of the Bochner curvature tensor [61], and thus the metric corresponds
either to an indefinite complex space form or to a para-complex space form.

We use results of [97] to see that the final case where the self-dual Weyl curvature operator has
three distinct eigenvalues can not occur. We argue as follows. Let €2; be orthogonal eigenvectors of
W corresponding to the different eigenvalues A;. Since the subbundles AT are parallel, we may use
the second Bianchi identity to see SW™ = 0.1t now follows that either at least two of the eigenvalues
Aj are equal (which is a contradiction) or otherwise 2;’s are parallel for all i and thus (21, €22, ©23)
defines a hyper-Kaehler or hyper-symplectic structure, which is also a contradiction.

We note that pointwise Osserman manifolds of signature (2, 2) need not be curvature homo-
geneous; the Jordan normal form of the Jacobi operator may change from point to point [43, 130].
However, if the Jacobi operator of a 4 dimensional Osserman metric has a complex eigenvalue, then
the Jordan normal form must remain constant on the whole manifold, and thus M is curvature
homogeneous. Moreover, note that the same occurs for the self-dual Weyl curvature operator.

Curvature homogeneous Einstein metrics of dimension 4 whose Weyl curvature operator is
complex diagonalizable have been completely classified [99]. These manifolds are locally homo-
geneous — they are either locally symmetric, or they are locally isometric to a Lie group with a
left invariant metric of a specific type. A remarkable fact of such Lie groups is that the restric-
tion of the curvature operator R : A? — A? to the spaces of self-dual and anti-self-dual forms
R* : A* — A¥ has constant eigenvalues A, 2eX3 e i3 with A € R — {0}. This shows that
none of such metrics may be self-dual, and hence no 4 dimensional Osserman metric may have
Jacobi operator corresponding to Type Ib.

6.3.2 OSSERMAN WALKERTYPE II METRICS
Assume M is Jordan Osserman Type II in the classification of Theorem 1.18. Then M is Ricci flat
if and only if « = B = 0. Moreover, if M has a Jacobi operator which is not a nilpotent operator,
then @ = 48 # 0 and M admits a local parallel field of 2 dimensional planes. Thus, M is a Walker
manifold.

We now discuss jointwork with J. C. Diaz-Ramos [106]. We adopt the notation of Example 5.2
to define M = M, ;- and use the curvature classification of Theorem 1.18. We begin with:

Theorem 6.1.  Let M be a 4 dimensional Type II Jordan Osserman manifold where the Jacobi operator
is not a nilpotent operator. Then M is locally isometric to a manifold M p ¢ as described in Example 5.2
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where

a=x}t+xP+x20+ QT -U)+ V(P—V) —2(Q4s—V3)},

2
1
b=x3g+ xS+ x0T+ 2S(P=V) + U(T-U) = 2(S3-Us),

=10 X U+xV+ {—0S+UV + T3 — Us + Py — Vi .

Here P, Q, S, T, U, and V are arbitrary functions of the coordinates (x3, x4) and the scalar curvature T
15 non-zero.

If M is Type II Jordan Osserman with Jacobi operator not a nilpotent operator, then M is
locally a Walker manifold, and it is Einstein and either self-dual or anti-self-dual. We adopt the
notation of Section 5.3. The anti-self-dual case plays no role so we concentrate on the self-dual case.
We integrate the Einstein equations and use Theorem 5.7 and Corollary 5.9 to examine self-dual
Wialker Osserman metrics. The cases where the scalar curvature vanishes and where it does not
vanish are quite different.

Theorem 6.2. Let M = M p ¢ be as in Example 5.2. Set
£i=1>— 12tW +48 (Wih)? .

The manifold M is pointwise Osserman self-dual with t© # O if and only if there exist functions
{P,0O,S,T,U,V}of(x3,x4) 50

a=xIL+xP+x20+2{Q(T —U)+ V(P —-V)—2(Q4— V3)},
b=x3§+x1S+ x0T + 2{S(P = V) + U(T = U) = 2(S; — U},
c=x108 +x1U + 0V + ${—0S + UV + T3 — Us + Py — V4} .

In this setting

1. The Jacobi operator of M has eigenvalues {0, %, ﬁ, ﬁ}

2. The Jacobi operator of M is diagonalizable if and only if € = 0.

3. If E never vanishes, then M is Jordan Osserman Type II.

Remark 6.3. InTheorem 6.22, we will present a result which relates Type II Osserman manifolds
with non-zero scalar curvature and modified Riemannian extensions. A geometric interpretation
of the differential equations in Theorem 6.4 will be given in Section 6.5.1 where it is shown that
such metrics correspond to twisted Riemannian extensions of torsion free connections with skew
symmetric Ricci tensor (cf. Theorem 6.20).
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Theorem 6.4. The manifold M = Mg . of Example 5.2 is pointwise Osserman  self-dual with
© = 0 if and only if there are functions {P, Q, S, T, U, V, &, n, v} of (x3, x4) so
a=x1P+x0+& b=x1S+x2T+n, c=x1U+xV+y,

where we have the relations:

2004 =V3) =0T -U)+ V(P -V),
283 —Uy) =SSP -V)+UT -U),
I3 —Us+ Py —Vy=0S-UV.

In this setting, we have:
1. Mis Type Ia if and only if T3 + Uz — Py — V4 = 0 and W} = 0.
2. M is Type Il if and only if T3 + Uz — Py — Vs = 0 and W, # 0.
3. M is Type Il if and only if Ty + Uz — Py — V4 # 0.

We have the following characterization of Jordan Osserman Walker manifolds. Recall that
the Jacobi operator of any Jordan Osserman 4 dimensional manifold has either one single eigenvalue
o = {5 or two distinct eigenvalues «, B such that @ = 48 [32]. Now, since a necessary condition for
a Walker manifold to be anti-self-dual is T = 0, one has

Theorem 6.5. Let M be a Jordan Osserman Walker manifold of signature (2, 2).

1. If the Jacobi operator is diagonalizable, then either M is flat or M is locally isometric to a para-
complex space form.

2. If the Jacobi operator is not diagonalizable, then either the Jacobi operator is a 2-step or a 3-step
nilpotent operator, or the metric 84 ¢ 15 given as in Theorem 6.1.

Remark 6.6. The Osserman manifolds of Theorem 6.2 are naturally equipped with an almost
para-Kaehler structure (cf. Section 5.4 and Theorem 5.18). However, the underlying almost para-
complex structure is not integrable unless the Jacobi operator is diagonalizable and the metric is
locally isometric to a para-complex space form.

Remark 6.7. Any anti-self-dual Jordan Osserman Walker manifold necessarily has nilpotent Jacobi
operator. Despite the fact that many nilpotent Jordan Osserman metrics are known, none of the
previous examples are anti-self-dual but all of them correspond to special cases of Theorem 6.4. The
general expression of W} in Theorem 5.8 makes it quite intractable and hence it is very difficult to
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obtain the general form of anti-self-dual Walker manifolds. However, if @ = b = ¢ in Example 5.2,
anti-self-dual Einstein metrics are characterized by

ail = dax = —daj, a3z = a4, a3 = a4, aszz + aqq = 2‘134-
Now, it follows after some calculations that such a metric is given by

a = (x2—=x1)P(x2—x1,x3 4+ x4) + (x1 + x2)a(x3 + x4)
+ x3B8(x3 + x4) + x4y (X3 + x4) +8(x3 + x4) .

This defines an Osserman anti-self-dual Walker manifold whose Jacobi operator vanishes or is a
2-step nilpotent operator, depending on whether 2Py + (x2 — x1) P11 is zero or not, for any function
P depending on two variables and any single variable functions «, B, ¥ and §.

Remark 6.8. Note that any Type III Jordan Osserman Walker manifold is Ricci flat, and thus the
Jacobi operator is a 3-step nilpotent operator.

Remark 6.9. The behavior of the eigenvalues is usually the primary object of study when examining
Osserman manifolds. However, when the metric under consideration is of indefinite signature, the
corresponding eigenspaces are important as well. Indeed, 4 dimensional complex and para-complex
space forms have diagonalizable Jacobi operator with eigenvalues {e, %, §} but the eigenspace corre-
sponding to the multiple eigenvalue § inherits a definite (positive or negative) metric in the complex
case. By contrast, in the para-complex case the induced metric has Lorentzian signature. This is
necessarily the case for any Type II Jordan Osserman metric.

Example 6.10. We use the previous analysis to construct Type II Jordan Osserman Walker man-
ifolds which are not nilpotent; we refer to [107] for further details. Let k be a non-zero constant.
We specialize the manifolds M . of Example 5.2 to define the manifold M ¢ by setting:

a = 4kx12 — ﬁf(m)z, b= 4kx%, ¢ =4dkxixy + x2f(x4) — ﬁf’(m).

Set
E 1= 24kf (x4) f'(xa)x2 — 12kf" (xa)x1 + 3 f (xa) f" (xa) + 4 f (x)* .

Theorem 6.11. _Adopt the notation of Example 6.10.
1. ./\/lk,f is Osserman with eigenvalues {0, 4k, k, k}.
2. If € vanishes identically, then My ¢ is Type la.
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3. If € never vanishes, then My, 1 is Type II Jordan Osserman.

We note that if £ vanishes at certain points but does not vanish identically, then M ¢ is
pointwise Jordan Osserman but not globally Jordan Osserman. In particular, if we take f(x4) = x4,
then My 7 is Jordan Osserman on the open set 6kxpx4 # —1.Itis, however, notlocally homogeneous
since VR vanishes only when x| = x = x4 = 0. By Theorem 1.13, any Osserman metric is null

Osserman. This yields:

Theorem 6.12.  The manifold My ¢ of Example 6.10 is null Osserman with a 2-step nilpotent null
Jacobi operator .

A pseudo-Riemannian manifold M is said to be Szabd if the Szabé6 operator
SX):Y — VxRY, X)X

has constant eigenvalues on the unit pseudo-sphere bundles S* (M) [143] (cf. Section 2.4.2). Any
Szabé manifold is locally symmetric in the Riemannian [248] and the Lorentzian [156] setting. In

the higher signature setting, there are examples where the Szabé operator is a nilpotent operator and
non-trivial [143].

Theorem 6.13.  The manifold My s of Example 6.10 is Szabd but is not Jordan Szabe. If f' # 0,
then My r is not Tvanov—Petrova. The manifold My s is locally symmetric if and only if ' vanishes
identically.

6.4 OSSERMAN AND IVANOV-PETROVA METRICS

The work in this section is also due to E. Calvifio-Louzao [75]. An algebraic classification of all
curvature models of signature (2, 2) which are Osserman Ivanov—Petrova was given in Section 1.4.
This algebraic result leads to the following result in the differentiable setting.

Theorem 6.14. Let M have signature (2,2). Then M is both pointwise Osserman and pointwise
Tvanov—Petrova if and only if either M is a space of constant sectional curvature or the Jacobi operator of
M either vanishes or is a 2-step nilpotent operator. Moreover, the manifold M is both Jordan Osserman
and Jordan Ivanov—Petrova implies that M has constant sectional curvature.
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Remark 6.15. It follows from Theorem 6.14 that rank 4 skew symmetric curvature operators given
by (2)—(3) in Theorem 1.24 cannot occur in the differentiable setting and therefore they only exist
at the algebraic level.

The class of 4 dimensional pseudo-Riemannian Ivanov—Petrova manifolds can be quite com-
plicated. In [172] the existence of 4 dimensional Ivanov—Petrova manifolds which are not Osserman
is shown by means of certain locally conformally flat warped product structures of Robertson-Walker
type which are not Einstein. We will construct a large family of Ivanov—Petrova 4 dimensional man-
ifolds with metric of neutral signature which are neither Einstein nor locally conformally flat; many
examples which are neither Einstein, nor self-dual nor anti-self-dual will be obtained. We set ¢ = 0
to simplify the discussion. We then have:

Theorem 6.16. Let M p, o be defined as in Example 5.2 with ¢ = 0. If Mg p. ¢ is [vanov—Petrova,

then M p ¢ is nilpotent Ivanov—Petrova. Furthermore,

a = x18(x3, x4) + A(x2, X3, x4) and
b =x2V(x3, x4) + B(x1, x3, x4)

where Ay B11 = 0.

Remark 6.17.  'We apply Theorem 6.16 and consider the special case where

a = x3P(x3, x4) + x15(x3, x4) + x2T (x3, x4) + £(x3, X4),

(6.1)
b= x{Q(x3, x4) + x1U (x3, X4) + X2V (x3, x4) + n(x3, X4) .

We shall assume P # 0 and Q = 0; a similar study can be developed assuming P = 0 and Q # 0.
By Theorem 5.7, these metrics are never self~dual. Furthermore, M is Ivanov—Petrova if and only if

a = x3P(x3,x4) + x18(x3) + x2T(x3, x4) + £(x3, x4),

(6.2)
b = x2V(x4) + n(x3, x4),

where P # 0 is a smooth function and S, T, V, & and 5 are arbitrary smooth functions. Moreover,

M defined by Equation (6.2) is Einstein if and only if

( )_2T4—TV d Pi— PV
n(x3, x4) = 5P an = .

Metrics defined by Equation (6.2) provide a large family of 4 dimensional Tvanov—Petrova
manifolds which are neither Einstein nor locally conformally flat; indeed, they are never self-dual. The
analysis of the anti-self-dual condition is really much harder (cf. Theorem 5.8). However, it is possible

to specialize those metrics to get examples of 4 dimensional Ivanov—Petrova manifolds which are
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neither Einstein, nor self-dual or anti-self-dual. In particular, a straightforward calculation using the
characterization of the self-dual Weyl curvature operator given in Theorem 5.8 shows that taking

a=x3P(x3) + x1S(x3) + xaT(x3, X4) + £(x3, x4), b = xoK + 1(x3, X4) ,

where P # 0 and k # 0, we get 4 dimensional Jvanov—Petrova manifolds which are neither Einstein
nor self-dual nor anti-self~dual .

6.5 RIEMANNIAN EXTENSIONS OF AFFINE SURFACES

The simplest case in Equation (3.4) occurs when M is a surface. Let M = X be a surface which
is equipped with a torsion free connection D. The twisted Riemannian extension gp ¢ defined in
Equation (3.4) is then a Walker manifold where, after renumbering the indices appropriately and
adopting the notation of Example 5.2, we have

a = —2x1T33° (x3, x4) — 2x2033% (23, x4) + ¢33 (x3, x4),
b = —2x1Tas> (x3, x4) — 2x2Taa*(x3, X4) + Paa(x3, x4),
¢ = —2x1T34% (x3, x4) — 2x2T34* (%3, x4) + P34 (x3, x4) .

Here (x3, x4) are local coordinates on X. Thus, a Walker manifold is a twisted Riemannian extension
in canonical coordinates if and only if a, b, and ¢ are affine functions of (x1, x2) where the coeffi-
cients are smooth in (x3, x4). Theorem 5.5 (4) and Theorem 5.7 show that 4 dimensional twisted
Riemannian extensions are self-dual and have a nilpotent Ricci operator.

6.5.1 AFFINE SURFACES WITH SKEW SYMMETRIC RICCITENSOR
We have the following characterization [129]:

Lemma 6.18. Let D be a torsion free connection on a surface X. The connection D has a nilpotent Jacobi
operator if and only if the Ricci tensor defined by D is skew symmetric.
Proof. We expand
Pa(Tp(x)) = det(Jp(x) — A1d) = det(Tp(x)) — Tr{Tp(x)}A + 1> .
Since Jp(x)x = R(x, x)x = 0, we may conclude that
det(Jp(x)) =0 .
Thus, Spec{Jp(x)} = {0} if and only if
pp(x,x) =Tr{Ip(x)} =0 .

We polarize this identity to see that this condition is equivalent to the condition pp € A%(T*X),
i.e., D is Ricci anti-symmetric. g
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Affine surfaces whose torsion free connection has skew symmetric Ricci tensor have been
completely characterized by Derdzinski [100]. He simplified a previous result of Wong [260] to
show the following result:

Theorem 6.19. For a torsion free connection D on a surface X, the Ricci tensor of D is skew symmetric
if and only if every point of T has a neighborbood U with coordinates (x3, x4) in which the only non-
vanishing Christoffel symbols of D are

T33° = 8,0 and Tu*=20d,0 for ¢eC®().

Ricci flat self-dual Walker manifolds are described in [100]; this gives a complete description
of the metrics in Theorem 6.4:

Theorem 6.20. A 4 dimensional Ricci flat self-dual Walker manifold is locally isometric to the cotangent
bundle T* % of an affine surface (X, D) equipped with the twisted Riemannian extension §p ¢ = &p +
T @, where D is a torsion free connection with skew symmetric Ricci tensor with Christoffel symbols which
may be expressed in adapted coordinates (x3, X4) as:

F333 = —0x¢ and 1—‘4»44 = BX4()0 .

We adopt the notation of Section 3.5.1 and give an alternative description of self-dual Walker
manifolds (cf. Theorem 5.7) in terms of modified Riemannian extensions [77]:

Theorem 6.21. Let M be defined by Example 5.2. Then M is self~dual if and only if it is locally
isometric to the cotangent bundle T* X of an affine surface (%, D), with metric tensor

g=1XldotId) +IdotT + gp +7*¢.

This leads to the following result [77]:

Theorem 6.22. Let M be a Type II Osserman manifold of signature (2,2) with non-zero scalar
curvature T. There exists an affine surface (X, D) so that M is locally isometric to the cotangent bundle
T*X with metric tensor

24
g= % tldotld+gp + —7*p (6.3)
T

where ¢ 15 the symmetric part of the Ricci tensor of D.



6.5. RIEMANNIAN EXTENSIONS OF AFFINE SURFACES 99

6.5.2 AFFINE SURFACES WITH SYMMETRIC AND
DEGENERATE RICCITENSOR

Any twisted Riemannian extension is necessarily a self-dual Walker manifold. We now investigate
some particular cases where the converse also holds [76]. First we specialize Theorem 6.21:

Theorem 6.23. Let M, p, o be defined by Example 5.2. Assume M p ¢ is self-dual. If either Mg p
is Tvanov—Petrova or Mg p ¢ is Ricci flat, then Mg p ¢ is a twisted Riemannian extension given by

Equation (3.4).

Remark 6.24. Ricci flat self-dual Walker manifolds have been investigated in [129]. It was shown
that they correspond to twisted Riemannian extensions of torsion free connections with skew sym-
metric Ricci tensor (see also [100, 184]).

On the other hand, Walker manifolds with a nilpotent Ricci operator are not necessarily
twisted Riemannian extensions. For instance, a Walker manifold M, ;. with

a=0, b = x1x P(x3, x4), c= %XIZP(X3,x4),

has a 2-step nilpotent Ricci operator and is not a twisted Riemannian extension.

Theorem 6.25. Let (X, D) be an affine surface. Then the skew symmetric D-curvature operator is a
nilpotent operator if and only if the Ricci tensor is symmetric and degenerate.

Recall that a tensor field K is said to be recurrent if there existsa 1 form o so Dx K = o (X)K
for each vector field X. Further an affine surface (X, D) is said to be recurrent if its Ricci tensor 1s
recurrent.

Two affine connections D and D are said to be projectively equivalent if there is a 1 form o
such that

DxY — DxY =o(X)Y +o(Y)X

for all vector fields X, Y. Hence, an affine surface (X, D) with symmetric Ricci tensor is said to be
projectively flat if it is locally projectively equivalent to a flat connection.

Theorem 6.26. Let (X, D) be an affine surface with a nilpotent skew symmetric D-curvature operator.
Then (X, D) is recurrent if and only if around each point there exists a coordinate system (x3, X4) in which
the non-zero component of D is given by

Dy, 0x; = a(x3, x4)dx, -

Moreover, (X, D) is locally symmetric if and only if a(x3, x4) = a x4 +§(x3), witha € R and & a
smooth function depending on x3; (X, D) is flat if and only if 9y, a(x3, x4) = 0.
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Remark 6.27. Observe that all locally symmetric connections in Theorem 6.26 are projectively flat.

6.5.3 RIEMANNIAN EXTENSIONS WITH

COMMUTING CURVATURE OPERATORS
We refer to [50] for further details concerning the materials we shall present here. Recall the defi-
nitions of Section 1.4.5. Let p? and pP denote the alternating and the symmetric components of
the Ricci tensor p? (x, y) 1= Tr{z — RP(z, x)y}:

PP (x,y) = HpP(x,y) — pP(y,x)}, and
PP (x.y) =3 {pP(x. y) + pP (3. 1)}

Theorem 6.28.  Let M be the twisted Riemannian extension gp, ¢ given by Equation (3.4) of an affine
surface (X, D); we impose no additional restrictions on D. Then:

1. paD = 0 if and only if M is curvature—curvature commuting.
2. ,OSD = 0 if and only if M is Osserman.
3. Either ,OaD =0or ,OSD = 0 if'and only if M is Jacobi—Ricci commuting .

4. pp = 0if and only if M is Jacobi-Jacobi commuting.

Remark 6.29. If D is the torsion free connection on R? with non-zero Christoffel symbols
Dy, 0xy = Do, 0xy = f(x3)0x;, Do, 0xy = f(x3)0ny
for f = f(x3) with f'(x3) # 0, we have p}, = 0 while pf, # 0. Similarly, if we have that
Dy, 0y = f(x3,x4) 0y

for f = f(x3, x4) with f4 # 0, it follows that pj, # 0 while pf, = 0. Thus, the four possibilities in
Theorem 6.28 are distinct.
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6.5.4 OTHER EXAMPLES WITH COMMUTING CURVATURE OPERATORS
We adopt the notation of Example 5.2. Consider the Walker manifold M, p, . defined by

a=uox1xy, b=—axixy, c= ot(x% — xlz)/Z.

This manifold is a locally symmetric Walker manifold which is Jacobi-Ricci commuting and for
which p? = —a? Id. We refer to [150] for further details. This manifold satisfies the condition

R(px,y,z,w) = R(x,y, pz, w) .

If we let p give M a pseudo-Hermitian structure, then the curvature tensor of M lies in the
decomposition factor W7 of the Tricerri-Vanhecke curvature decomposition of Theorem 1.8. In
particular, it does not satisfy the Gray identity and this almost complex structure is not integrable.

A complete classification of manifolds satisfying curvature commuting conditions is available
in certain special cases. We refer to [150] for the proof of the following result:

Theorem 6.30. Let M p, o be the Walker manifold defined by Example 5.2 witha = b = 0. Then
M p.c is Jacobi—Ricci commuting if and only if’

¢ =x1P(x3, x4) + x20(x3, x4) + S(x3, x4)
where one of the following two conditions holds:
1. Py = Qu, e, Qdx3 + Pdxy is a closed 1 form.

2. There exist (u, v, w) % (0,0, 0) so

w v
P=———#¥— and Q= ——7-——.
u—+ vx3 + wxg u+ vx3 + wxg
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CHAPTER 7

Hermitian Geometry

7.1 INTRODUCTION

In Hermitian geometry, one often examines the relationship between the properties of the structure
(g, J) and properties of the curvature tensor. The Goldberg Conjecture [160] is an example; it is
conjectured that compact almost Kaehler Riemannian Einstein manifolds are necessarily Kaehler.
The Goldberg conjecture is global in nature and is still open. However, additional curvature con-
ditions are known which locally imply the integrability of the almost complex structure. Proofs in
this area make use of relations involving the curvature terms. For example, in the almost Kaehler
context, the relation

1
T — "= 3|VQ?

implies that |[VQ[?> = 0 if T = t*; this means that (g, J) is isotropic Kaebler. In the Riemannian
setting, this shows VQ = 0so (g, J) isin fact Kaehler and thereby establishes the desired integrability
condition [233]. In the higher signature setting, the identity [VQ2|? = 0 does not imply that VQ = 0.
Thus, the class of isotropic Kaehler structures properly contains the class of Kaehler structures
[28, 131]. Further historical information is given in Section 7.2.

In Chapter 7, we will construct examples of Walker manifolds which illustrate that indefinite
almost Hermitian structures exhibit very different behaviors than in the Riemannian setting. In
particular, we will construct manifolds which admit isotropic Kaehler structures which are not
Kaehler. We shall examine proper almost complex structures on Walker manifolds following the
discussion in [198] to obtain a local description of those metrics which are Hermitian, almost
Kaehler, self-dual, »-Einstein or Einstein.

In Section 7.3, we will show that any proper almost Hermitian structure on a 4 dimensional
Wialker manifold is isotropic Kaehler. We will study proper hyper-para-Hermitian structures and
the »-Einstein equation. Proper Hermitian Walker structures are studied in Section 7.4, where
the Einstein equation of Theorem 5.5 (4) is explicitly integrated. This allows the construction of
examples of indefinite Einstein strictly almost Hermitian structures showing that the integrability
result given by Kirchberg [180] does not hold for metrics of signature (2, 2). Special attention is
paid to locally conformally Kaehler structures when we discuss Vaisman manifolds. Almost Kaehler
proper structures are treated in Section 7.5, with special attention to the »-Einstein and the Einstein
cases. Almost Kaehler proper structures of constant sectional curvature are considered when we
construct local examples of strictly almost Kaehler Einstein structures which are not Kaehler.
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7.2 HISTORY

A well-known phenomena in geometry is the incompatibility between certain additional structures
(Hermitian, quaternionic, contact, etc.) and the curvature of the underlying metric. As we have shown
in Chapter 5, the curvature influences the underlying structure of the manifold by equipping it with
some extra properties. This is the spirit behind results like the Goldberg-Sachs Theorem [12, 14]
and related results [84, 97].

The best examples of the antagonism between various geometric properties are to be found
within the context of Kaehler geometry. Many of these results have been obtained by making use
of Bochner’s type formulae which relate curvature objects with invariants of the structure under
consideration [167]. Sometimes the explicit integration of the Chern classes provides the desired
information, as occurs for compact Einstein almost Kaehler 4 dimensional manifolds [233, 234]. In
a general setting, these integral formulae imply that some scalar invariants of the structure vanish.
For instance, one of the candidates for vanishing is |V J| since, in the Riemannian setting, |[VJ| =0
implies VJ = 0. However, in the pseudo-Riemannian context, the tensor VJ may be null but non-
zero; this makes the class of isotropic structures (i.e., those where |VJ| = 0, but VJ # 0) of special
interest.

The first examples of isotropic Kaehler structures were found in [131], where compact 4
dimensional examples of signature (2, 2) were exhibited — see also [28] for 6 dimensional examples.
Later, it was shown [93, 94] that isotropy is a common property in the Walker setting as any proper
almost Hermitian structure is isotropic Kaehler (see Section 7.3).

Finally, it is worth mentioning that the use of integral formulae extends (under suitable con-
ditions) to the indefinite setting, as shown in [238], where a previously used integral expression
is specialized to the case of pseudo-Riemannian compact almost Kaehler Einstein geometry and
explicitly confirmed for a neutral signature metric on the 8-torus in [199]. This involves a gener-
alization of the isotropy condition to k™ order isotropic Kaehler: V*J is non-zero but null. Many
open problems arise now in the indefinite setting: is a compact, almost Kaehler Einstein manifold
isotropic Kaehler, or at least k" order isotropic Kaehler for some k? One also has a related question:
is there a k such that a pseudo-Riemannian, almost Hermitian manifold which is /*?
Kaehler for 1 <[ < k is in fact Kaehler?

order isotropic

7.3 ALMOST HERMITIAN GEOMETRY OF
WALKER MANIFOLDS

Recall that an indefinite almost Hermitian structure (g, J) is said to be an isozropic Kaehler structure if
one has that |[VJ|2 =0 (or equivalently that |V 12 =0)butVJ £ 0. Examples of isotropic Kaehler
structures have been given first in [131] in dimension 4 and subsequently in [28] in dimension 6.
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7.3.1 THE PROPER ALMOST HERMITIAN STRUCTURE OF A
WALKER MANIFOLD
We follow the discussion in [198].

Example7.1. Let My 5. := (O, ga4.p,c) be the pseudo-Riemannian manifold of Example 5.2. We
take the induced orthonormal basis of Equation (5.1):

e1 1= 3(1—a)dy, +dy,, €2 1= —cdy + 5(1 — b)dy, + 0y,

e3 = —3(1+a)dy, + ;. s 1= —Cdy — (1 + D)y, + dy,.
We shall let Cy p.c := (O, ga,p,c, J) where J is the proper almost complex structure defined by:
J=62®e1 —el®ez+e4®e3—e3®e4 .

This means that
Jiegr=e, Jey=—e, Jez=e4, Jes= —e3.

The map J induces a positive 7 -rotation on the degenerate parallel field D := Span{dy,, dy, }:
J 3y, = By, Jdyy = —Cy, + 3(a — b)y, + B,
J 0y, = —y,, Ty, = 2(a = b)dy, + cdy, — .

The following result shows that the class of isotropic Kaehler structures is larger than might
at first sight be expected:

Theorem 7.2.  LetCy - be as given in Example 7.1.
1. Cq p,c is almost Kaebler if and only if a1 + by = 0 and ar + by = 0.
2. Cy.p.c 1s Hermitian if and only if ay — by = 2c¢p and ay — by = —2c;.
3. Cu.b,c is Kaebler if and only if ay = —by = ¢ and ap = —by = —c1.
4. One has that [VQ|* = 0, [dQ|* = 0, [§Q[*> = 0, and |[N;|* = 0.

5 1 =ay + by +2c1pand t* = —axy — by + 2c1a.

Remark7.3. Examples of compact isotropic Kaehler structures can be constructed on tori by taking
a, b and c to be periodic functions on R*. Moreover, note that in the general situation the isotropic
Kaehler structures given by Example 7.1 are neither complex nor symplectic (cf. Theorem 7.2).
Hence, for special choices of functions (which may still be assumed to be periodic) satisfying the
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conditions in Theorem 7.2, examples of symplectic or integrable isotropic Kaehler structures can be
given.

Remark 7.4. The »-Einstein equations (oj = p* — % g =0) of C4 p.c can be written as a system
of partial differential equations as follows:

(P13 = — (P24 = —(})31 = (Y42 = § (a2 — b11) =0,
(P14 = — (P32 = —5 (@2 —c11) =0,
(P23 = — (P41 = —3 (b12 — ) =0,

()33 = Haiby + ax(by — 1) + bact + ca(ar — by) — ¢ — 3 + 2c(ain — c11)
+bax — 2axs + abyy — 2b13 — (a + (b) c12 + 2c14 + 2c23} =0,

(p3)34 = —1 1@ —b)(ara — e11) + claz — bi1)} = 0,
(P43 = 1 {(a —b) (b2 — c2) + claxn — b1} =0,

(Pas = Flarby + ax(br — 1) + bacy + ca(ar — by) — ¢ — 3 + 2¢(bia — ¢22)
+bayy — 2ax + abyy — 2b13 — (a + (b) c12 + 2c14 + 2¢23} = 0.

7.3.2 PROPERALMOST HYPER-PARA-HERMITIAN STRUCTURES

Example 7.5. The notion of an almost hyper-para-Hermitian structure was defined previously in
Section 2.5.2. Let M, p, . be as in Example 5.2. We adopt the notation of Equation (5.1) to define
an orthonormal frame {e,-}?:1 of the tangent bundle of R*. We use Equation (1.12) to define a
corresponding orthonormal frame {E]j.E}iz1 for A>=AT®A:

Efc = \L@{e1 A et +ed Aety, E;E = \%{el Aed+e? Aet,

+ Tl A2 3
Ey = ﬁ{e ANeTFene’}.
The bivectors {Ej_}i.: | define endomorphisms {J j}i.: | of TR* such that
Ji=—1, B =J=1 Nhh=-hl=J

We shall say that the almost hyper-para-complex structure J := {Ji, Ja2, J3} which is defined by
means of £, E;, E5 is proper. Note that J; is an isometry of the Walker manifold g, 5 . while
J, J3 are anti-isometries, i.e., J is an almost hyper-para-Hermitian structure. Let

Ha,b,c = (0, 8a,b,c» J) .
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From Equations (5.1) and (1.12) one gets the description in terms of the coordinate frame:

0 -1 —c %* 1 0 a 0 01 ¢
1 0 % ¢ 0 -1 0 —b 1 0 2 ¢
=lo 0 0o 11" lo 0o =1 o) #F|oo 0o -
0 0 1 0 0o 0 0 1 00 —1 0

Note that Jj is the proper almost complex structure defined in Example 7.1.

Theorem 7.6. Let Hg p, be as in Example 7.5.

1. J = {1, Jo, J3} is integrable if and only if
a = xiB(x3, x4) + x1 P(x3, x4) + £(x3, x4),
b = x3B(x3, x4) + x2T (x3, x4) + 1(x3, X4),
¢ = x102B(x3, x4) + 3x1T (x3, X4) + 322 P(x3, X4) + ¥ (x3, x4).

2. J is hyper-para-Kaebler if and only if a = a(x3, X4), b = b(x3, x4), and ¢ = c(x3, x4).

Remark 7.7.  Observe that all metrics given in Theorem 7.6 (1) are self-dual (see Theorem 5.7)
and moreover, the Ricci operator has a unique eigenvalue A = 3 B(x3, x4), which is a double root of
its minimal polynomial. We take B = o to be an arbitrary constant and we recover Example 5.21
bytaking P =T =& =n=y =0.

Results of [178] show that any hyper-para-Kaehler structure is Ricci flat, just as in the definite
case [46]. Neutral signature Ricci flat non-flat metrics on complex tori and primary Kodaira surfaces
have been constructed in [223]. These metrics are induced by proper hyper-para-Kaehler Walker
structures on R*. Further observe that proper hyper-para-Kaehler structures correspond to Walker
manifolds admitting two orthogonal null parallel vector fields {9y, , dx,} — see Theorem 3.2.

7.4 HERMITIAN WALKER MANIFOLDS
OF DIMENSION FOUR

This section contains joint work with J. Davidov, J. C. Diaz-Ramos, Y. Matsushita, and O.
Muskarov [94]. Throughout this section, let C, 5 be defined as in Example 7.1.
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7.41 PROPER HERMITIAN WALKER STRUCTURES

We shall investigate curvature properties of M, 5 . by considering the associated proper struc-
ture Cy p,c. It turns out that this structure exhibits a very rich behavior providing examples, as we
mentioned in the previous section, of indefinite Ricci flat (non-flat) Kaehler structures on tori and
primary Kodaira surfaces [223] as well as flat non-Kaehler almost Kachler structures [93]. This is
in sharp contrast to the Riemannian case and it is important to recognize that such an exceptional
behavior comes from the fact that any proper almost Hermitian Walker structure is isotropic Kaehler
but not necessarily Kaehler (cf. Theorem 7.2).
Theorem 7.8. C, ¢ is Hermitian and self-dual if and only if

a = x7B(x3, x4) + x102D(x3, x4) + x1 P (x3, x4) + x20(x3, x4) + £(x3, x4),

b= x3B(x3,x4) — x1x2D(x3, x4) + x1S(x3, x4) + 22T (x3, X4) + n(x3, X4),

¢ =33 —x})D(x3, x4) + x1028(x3, x4) — 3x1{Q(x3, x4) — T (x3, x4)}
+3202{P(x3, x4) — S(x3, x4)} + ¥ (x3, x4).

Remark 7.9. Assume that C, 5 . is Hermitian and self-dual. One can then use Theorem 7.8 to see
that the Ricci operator has complex eigenvalues

A= %B()@, x4) £/ —1D(x3, x4) of multiplicity two .

The x-Einstein equations were discussed in Remark 7.4.

Theorem 7.10.  Cg . ¢ is Hermitian and x-Einstein if and only if the functions a, b, ¢ have one of the
Jollowing three forms where k # O is constant.

1. FormI (t* = 8k):
a = k(x] —x3) + x1 P(x3, x4) + x20(x3, x4) + £(x3, x4),
b=k(x3—x}) —x1P(x3,x4) — 20 (x3, x4) — £(x3, x4) + L{P3(x3, x4) — 04(x3, x4)},
¢ =2kx1xy — x1Q(x3, x4) + x2P(x3, x4) + ¥ (x3, x4).
2. FormII (7* = 2k):
a = kxi+x1P(x3, x4) + x20(x3, x4) + £(x3, X4),
b = kx3 + x18(x3, x4) + x2T (x3, x4) — £(x3, X4)

— - {4(383(x3, x4) — P3(x3,x4) + 304 (x3, x4) — Tu(x3, x4))
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—(P(x3, x4) + S(x3,x4))* = (Q(x3, x4) + T (x3, x4))%},
¢ = kx1xz — 331 (Q(x3, x4) — T (x3, x4)) + $x2(P(x3, x4) — S(x3, x4)) + ¥ (x3, x4).
3. FormIII (v* = 0):

a = x1P(x3, x4) + x20(x3, x4) + &§(x3, X4),

b = x18(x3, x4) + x2T (x3, x4) + 1n(x3, X4),

¢ =—3x1(Q(x3,x4) — T(x3,x4)) + 3x2(P(x3, x4) — S(x3,x4)) + ¥ (x3, X4),

where 4(383 — Py +3Q4 — Ty) = (P + $)> + (Q + 1)~

We use the results of Section 5.3 to see:

Theorem 7.11.  Cy . is Hermitian and Einstein if and only if the functions a, b, ¢ have one of the
Jfollowing three forms where k # 0 is constant:

1. FormI (v = 8k):
a = k(xi —x3) +x1 P(x3, x4) + x20(x3, x4) + £(x3, x4),
b =k(x3 —x7) — x1 P(x3,x4) — x20(x3, x4) — £(x3, x4) + +{P3(x3, x4) — Qu(x3, x4)},
¢ =2kx1x2 — x1Q(x3, x4) + x2 P(x3, x4) + ¥ (x3, X4).
2. FormII (v = 6k):
a= Kxf + x1 P(x3, x4) + x2 0 (x3, x4)
+ - {4(P3(x3, x4) — S3(x3, x4)) — 804 (x3, x4) + 20 (x3, x4) (Q(x3, x4)
+T (x3, x4)) 4+ P(x3, x4)* — S(x3, x4)*},
b = kx3 + x18(x3, x4) + 2T (x3, x4) + 7-{—4(Q4(x3, x4) — T4(x3, x4)) — 8S3(x3, X4)
+25(x3, x4) (P (x3, x4) + S(x3, x4)) — (Q(x3, x2)* — T (x3, x4)*)},
¢ = kx1xy — 5x1(Q(x3, x4) — T(x3,x4)) + 3x2(P(x3, x4) — S(x3, x4))
i (2(Pa(x3, x2) + Sa(x3, x4)) + 2(Q3(x3, x4) + T3(x3, x4))
+T (x3, x4) (P (x3, x4) — S(x3, x4)) — Q(x3, x4) (P (x3, x4) + 35(x3, x4)) }.
3. Form III (t = 0):
a = x1P(x3, x4) + x20(x3, x4) + §(x3, x4),
b = x18(x3, x4) + x2T (x3, x4) + 1(x3, X4),
¢ = —3x1(0(x3, x4) — T (x3,x4)) + 3x2(P(x3, X4) — S(x3, X4)) + ¥ (x3, x4),
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where

804 —4(P3— S3) =20(Q + T) + (P2 — §?),
883 +4(Q4 — Ty) =2S(P + 5) — (Q* — T?),
2Py 4+ S4)+2(03+T3) = Q(P+3S)—T(P - 29).

Remark7.12. Metrics of the form given in Theorem 7.11 (3) have received attention in the literature
of Osserman manifolds. Since any 4 dimensional twisted Riemannian extension gp 4 given by
Equation (3.4) is self-dual [76], metrics of this form are Osserman with nilpotent Jacobi operator
and moreover they are realized as twisted Riemannian extensions of torsion free connections with
skew symmetric Ricci tensor [106, 129].

Corollary 7.13.  IfCqy p.c is Hermitian and Einstein, then Cq p ¢ is -Einstein.

Remark 7.14. C, p . is Hermitian, self-dual and Einstein if and only if the functions a, b and ¢ are
of the form II or III in Theorem 7.11.

Theorem 3.2 of [180] shows that an almost Hermitian manifold (M, g, J) of dimension 4
with positive definite metric is Hermitian if the metric g is Einstein and if the Weyl curvature
satisfies

(WH? = g5(r =317 #0
at every point of M. We shall give an example showing that the analogous result is not true in the
signature (2, 2) setting. If M has signature (2, 2), the role of W is played by W™ since the almost
complex structures compatible with the metric and the orientation are parametrized by sections of
A~. Note also that the metric on A2 in [180] is one half of the metric used here. Thus, in our
situation, the analogous condition for W is

WP = ge(t =312 #£0 .

42 2.2 2 .2 _ 1 .2
Example 7.15. Let Cyp c be defined by a = xi + 5x5 + R, b=xj,and ¢c = — A% A
straightforward calculation shows that C, p . is Einstein, that t = 4, that t* = —%, and that
2 1

W= so WP =32 = ge(r —3t%)2.

3
1
V3

1
3
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On the other hand, it follows from Theorem 7.2 that the proper almost complex structure J is not
integrable. Note that W™ has degenerate spectrum {— % , %, %} and that the eigenspace corresponding
to the simple eigenvalue is timelike (and hence it determines an integrable almost para-Hermitian
structure [173]).

742 LOCALLY CONFORMALLY KAEHLER STRUCTURES

Recall that an indefinite Hermitian manifold (M, g, J) is said to be locally conformally Kaehler if
for any point P € M there exists an open neighborhood U and a function f : U — R such that
(U, e*T g, J) is an indefinite Kaehler manifold [109]. Recall that a Hermitian structure (g, J) is
locally conformally Kaehler if and only if the Lee form @ defined by dQ2 = w A Q is a closed 1
form [110]. In particular, the Lee form @ of the manifold C, 5 » of Example 7.1 is given by:

w=—La +b)dx; — Lar + br)dxs . (7.1)

Theorem 7.16.  Cy p ¢ is locally conformally Kaehler if and only if

a = x1P(x3,x4) + x20(x3, x4) + A(x1, x2, x3, X4),
b =x1P(x3,x4) + x20(x3, x4) + 1n(x3, x4) — A(x1, x2, X3, X4),

c = B(x1, x2, X3, x4).

Here the function A + </ —11B is holomorphic with respect tow = x1 + «/—1x2 and P4 = Q3. Moreover,
Ca.b,c is Kaehler if and only if P = Q = 0.

Remark 7.17. The metrically equivalent vector field B of the Lee form w is called the Lee vector field
and J B is usually named as the anti-Lee vector field. A special class of locally conformally Kaehler
structures, the so-called Vaisman manifolds, corresponds to the case of parallel Lee form. Note that
although proper locally conformally Kaehler structures are not necessarily Vaisman structures, the
distribution generated by B and J B is parallel since

B = —P(x3,x4)0y, — Q(x3, X4)0y, -

Further observe that many of the striking differences between positive definite locally conformally
Kaehler structures and the indefinite counterpart lie on the fact that the distribution {B, J B} may
be degenerate, which indeed holds in the case under consideration (see [109]).

Theorem 7.18.  Assume the Lee form w of Ca ¢ is nowhere vanishing. Then w is parallel if and only if
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a = —2x1(P(x3, x4) P3(x3, x4) + Q(x3, x4) Q3(x3, x4))E (x3, X4)
+2x2(P (x3, x4) Q3(x3, X4) — Q(x3, x4) P3(x3, x4))E (x3, X4) + &(x3, X4),

b = 2x1(Q(x3, x4) P4(x3, x4) — P(x3, x4) Qa(x3, x4))E (X3, X4)

—2x2(P (x3, x4) P4(x3, x4) + Q(x3, x4) Q4(x3, x4))E(x3, x4) + n(x3, X4),

c = x1(Q(x3, x4) (P3(x3, x4) — Q4(x3, x4)) — 2P (x3, x4) Q3(x3, x4))E (x3, X4)
—x2(P(x3, x4)(P3(x3, x4) — Q4(x3, x4)) + 20 (x3, x4) Q3(x3, x4))E (x3, X4)
+y (x3, x4),

where Py — Q3 = 0 and € := (P2 + 0~} satisfies P3 + Q4 = —&-1

Example 7.19. Let £(x3, x4) 1= (px3 + qx4 + ). We solve the relations of Theorem 7.18 by
setting P (x3, x4) = pE(x3, x4) and Q(x3, x4) = g€ (x3, x4) where p, g, r are constants which sat-
isfy p? 4+ ¢° # 0. In this case,

a =2pxi1E(x3, x4) + £(x3, x4), b =2qx2E(x3, x4) + n(x3, x4),
¢ = (qx1 + px2)E(x3, x4) + Y (x3, X4).

For the particular case of self-dual Walker manifolds one has the following:

Theorem 7.20.  Cy, p ¢ is locally conformally Kaebler self~dual if and only if
a = x1x2D(x3, x4) + x1 P(x3, x4) + x20(x3, x4) + §(x3, x4),
b = —x1x2D(x3, x4) + x15(x3, x4) + x2T (x3, X4) + n(x3, x4),
¢ =5(x3 — xHD(x3, x4) — 3x1(Q(x3, x4) — T (x3, x4))
+3x2(P (x3, x4) — S(x3,x4)) + ¥ (x3, x4),
where Q3 + T3 = P4+ S4.

Corollary 7.21.  Cq p . is Kaebler self-dual if and only if
a = x1x2D(x3, x4) + x1 P(x3, x4) + x20(x3, x4) + £(x3, X4),
b = —x1x2D(x3, x4) — x1 P(x3, x4) — x20(x3, x4) + n(x3, x4),
¢ =103 —xHD(x3, x4) — x10(x3, x4) + X2 P(x3, x4) + ¥ (x3, X4).

Theorem 7.22.  C, ¢ is strictly locally conformally Kaehler and x-Einstein if and only if the functions
a, b and ¢ have the forms
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a = x1P(x3, x4) + x20(x3, x4) + &(x3, x4),
b =x18(x3, x4) + x27T (x3, x4) + n(x3, x4),
¢ =—3x1(0x3,x3) — T(x3,x4)) + 3x2(P(x3, x4) — S(x3,x4)) + ¥ (x3, X4),

where at least one of P + S and Q + T does not vanish everywhere, where Q3 + T3 = P4 + Sa, and
where 4(3S3 — P3+3Q4 — Ty) = (P + 5 + (Q + 1)~

Theorem 7.23.  Cq p ¢ is strictly locally conformally Kaebler Einstein if and only if the functions a, b and
¢ have the forms

a = x1P(x3, x4) + x20(x3, x4) + §(x3, x4),

b = x18(x3, x4) + x2T (x3, x4) + 1n(x3, X4),

¢ = —3x1(Q(x3, x4) — T (x3, x2)) + 302(P(x3, xa) — S(x3, x4)) + ¥ (x3, xa),
where at least one of the functions P + S and Q + T does not vanish everywhere and

804 —4(P3 — §3) =20(Q + T) + (P> = $?),

883 +4(Q4 — Ty) = 2S(P + ) — (Q* — T?),

4(Py+ S4) =403+ T3) = Q(P +3S) —T(P —S).

Using Theorem 7.2, we easily obtain from Theorem 7.11 the following:

Corollary 7.24.  Cy . is Kaehler Einstein if and only if the functions a, b, ¢ have one of the following
forms where k # 0 is constant:

1. FormI(t = 8k):
a=k(x}—x3) +x1P(x3,x4) + x20(x3, x4) + £(x3, x4),
b=k(x3 —x7) — x1 P(x3,x4) — x20(x3, x4) — £(x3,x4) + L (P3(x3, x4) — Q4(x3, x4)),
c =2kx1x2 — x10(x3, x4) + x2 P (x3, X4) + y (x3, X4).
2. FormII (t =0):
a = x1P(x3, x4) + x20(x3, x4) + §(x3, x4),
b = —x1P(x3,x4) — x20(x3, x4) + 1(x3, X4),
¢ = —x10(x3, x4) + x2P(x3, x4) + v (x3, x4),
where P3 = Qy.

Remark 7.25. In the case when the function ¢ depends only on (x3, x4), C4,p, is Hermitian and
Einstein if and only if the functions @ and b have the forms
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a = x1P(x3,x4) + x20(x3, x4) +&(x3, x4), b = x1 P(x3, x4) + x20(x3, x4) + 1(x3, X4),
where 2P; = P2,204 = 0%, and Py + 03 = PQ. We apply Lemma 2.13 to see the solution of
this system is given by P = —2a4(ag + azx3 + asxs)"Vand QO = —2a3(ag + azxz + asxs) ! Note

thatif P - Q # 0, then the structure (g4,p.¢, J) is strictly locally conformally Kaehler, self-dual, Ricci
flat and »-Ricci flat, but the metric g4 p ¢ 1s not flat.

75 ALMOST KAEHLER WALKER FOUR-DIMENSIONAL
MANIFOLDS

This section contains joint work with J. Davidov, J. C. Diaz-Ramos, Y. Matsushita, and O.
Muskarov [93]. We adopt the notation of Example 7.1 to define C, p,.. We refer to the discus-
sion in Section 7.3 and to the survey [13]. Both p and p* coincide in the Kaehler setting. However,
in general p* need not be a symmetric 2 tensor. We say that (M, g, J) is weakly x-Einstein if p* = %g
and that (M, g, J) is x-Einstein if, in addition, t* is constant.

Theorem 7.26. Cy, p, is almost Kaehler and self-dual if and only if

a = x1x2D(x3, x4) + x1 P(x3, x4) + x20Q(x3, x4) + £(x3, x4),
b = —x1x2D(x3, x4) — x1 P (x3, x4) — x20(x3, X4) + n(x3, X4),
¢ = —2x2D(x3, x4) + 3x3D(x3, x4) + x1U (x3, x4) + 2V (x3, X4) + ¥ (x3, X4).

Theorem 7.27. Cq p ¢ is almost Kaehler and x-Einstein if and only if

a = k(x}P —x3) + x1 P(x3, x4) + x20(x3, x4) + & (x3, x4),
b=k(xy —x}) —x1P(x3,x4) — x20(x3, X4) + 1(x3, x4),
c =2kx1x2 + x1U (x3, x4) + %2V (x3, x4) + v (x3, X4),

wherek isa constant and2(P3 + V3 — Q4 + Us) = (P — V)2 4+ (Q + U)? + 4k (€ + n). In this case,
the scalar and *-scalar curvatures are constant, T = T* = 8«k.

Corollary 7.28.
1. Cyp,c is almost Kaebler, self-dual and x-Einstein if and only if k = 0 in Theorem 7.27.

2. Ifa = a(x3, x4) (resp. b = b(x3, x4)), then Cy p ¢ is almost Kaehler and x-Einstein if and only if
the function b = b(x3, x4) (resp. a = a(x3, x4)) and
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c=x1U(x3, x4) + 12V (x3, x4) + v (x3, X4), where 2(V3 + Uy) = V2 + U2
3. Ifc = c(x3, x4), then Cq p ¢ is almost Kaehler and x-Einstein if and only if

a = x1P(x3, x4) + x20(x3, x4) + &(x3, x4),

b= —x1 P(x3,x4) — x2Q(x3, x4) + 1(x3, X4), where 2(P3 — Q4) = P? + Q2.
The Einstein equations for M, p . are given in Section 5.3.

Theorem 7.29.  Cy p ¢ is strictly almost Kaehler Einstein if and only if

a = x1P(x3,x4) +x20(x3, x4) + &(x3, x4),
b= —x1P(x3,x4) — x20(x3, x4) + n(x3, X4),
c=x1U(x3,x4) + x2V(x3, x4) + y (x3, X4),

where (V — P)> + (U + Q)% # 0 and

20V3= Qi) =V2=VP+Q*+UQ. 2(Ps+Uy =P ~VP+U>+UQ,
03+ Us— P+ Va=PQ+UV.

Corollary 7.30.
1. If Cy p,c s strictly almost Kaehler Einstein, Cy ¢ 15 self-dual, Ricci flat and x-Ricci flat.

2. Ifc = c(x3, x4), Cap,c is strictly almost Kaebler Einstein if and only if’

a = x1P(x3, x4) + x20(x3, x4) + &(x3, x4),
b = —x1P(x3, x4) — x20Q(x3, x4) + n(x3, x4),

where P2 4+ Q% £ 0,2P3 = P2,204 = — Q% and Q3 — P4 = PQ.

115

Remark 7.31.  Near any point where P? + Q% # 0, we may use Lemma 2.13 (after first replacing

Q by —Q) to see the solution of the system described in Corollary 7.30 (2) is given by setting
P = —=2p(px3+qgxs+r)~Land Q = 2g(px3 + gx4 + r)~ ! where p, g, r are constants and where

pr+q* #0.
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Corollary7.32.  Ifthe functiona = a(x3, X4) (resp.b = b(x3, x4) ), thenCqy p. ¢ is strictly almost Kaehler
Einstein if and only if the function b = b(x3, X4) (resp. a = a(x3, x4)) and

¢ =x1U(x3,x4) + x2V(x3, x4) + v (x3, X4),

where U? + V2 £ 0,204 = U, 2Vs = V2, and Us + V4 = UV.

Remark 7.33.  Near any point where U2 4+ V2 # 0, we may use a variant of Lemma 2.13 to see
that the solution of the system in Corollary 7.32 is given by U = —2p(gx3 + pxs +r)~! and
V = —2q(gx3 + pxs +r)~ " where p, g, r are constants and p* + g% # 0.

It is well-known [16, 211, 212] that in the definite case there are no strictly almost Kaehler
structures of constant sectional curvature. In the indefinite case, however, one can construct such
structures.

Theorem 7.34. Ifc =0, Cq p, ¢ 1s strictly almost Kaebler and of constant sectional curvature if and only
if the functions a and b have the form

a = x1P(x3, x4) + x20(x3, x4) + &(x3, x4),
b = —x1P(x3,x4) — x20(x3, x4) + n(x3, x4),

where P2 + Q% # 0 and where

2Py =P%, 2P,=—-PQ, 203=PQ, 204=-0°%
2644+ 2033+ (E3 + )P — (B4 + 1) Q + EP? +nQ? = 0.

In particular, every such a structure (8q.p,c, J) is flat.

One also has that
Theorem 7.35. Ifa = b =0, Cqp, is of constant sectional curvature if and only if
¢ =x1U(x3, x4) + x2V (x3, x4) + ¥ (x3, x4) ,

where U2 + V2 # 0 and where U, V, and y satisfy 2Uz = UV, 2U4 = U2,2V3=V2 2V, =UV,
and y34 = y Us. In particular, every such a structure (q.p,c, J) is flat.

Example. Let p, ¢, r be arbitrary constants and p? + g% # 0. Set
a=(=2px; +2qx2)(px3 +qxs+1r)"", b= Qpx; —2qx2)(px3+qxs+1r)"", =0,

or
a=0, b=0, c=—2px|+2gx2)(qx3+ pxs+r)~"
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Then it follows from Theorems 7.34 and 7.35, and Remarks 7.31 and 7.33 (see Lemma 7.36 below)

that the proper almost Hermitian structure (g4.p ¢, J) determined by means of the functions a, b, ¢
defined above is strictly almost Kaehler and the metric g is flat.

Lemma 7.36. Ifa =b =0, then Cyp c is an almost Kaehler manifold which is Kaebler if and only if
¢ = c(x3, x4).
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CHAPTER 8

Special Walker Manifolds

8.1 INTRODUCTION

We adopt the notation of Example 5.2. In this Chapter, we consider Walker manifolds M, p .
where two of the defining functions vanish. This permits a somewhat more detailed analysis than is
available in the general context. On the other hand, this is not an invariant notion.

In Section 8.3, we set @ = b = 0 and examine when the manifolds My ¢ are Osserman,
self-dual, or anti-self-dual. We determine the eigenvalues of the Weyl operator in the self-dual and
in the anti-self-dual contexts and study the commutativity conditions of Definition 1.27 for this
family. We give examples of conformally Osserman manifolds whose eigenvalue structures exhibit
all the possible algebraic types of Theorem 1.18; certain of these manifolds are strictly conformally
Osserman, i.e., they are conformally Osserman but are not in the conformal class of any Osserman
metric. We examine questions of geodesic completeness and Ricci blowup as well as study curvature
homogeneity.

In Section 8.4, we change our focus slightly and set b = ¢ = 0. We examine questions of
curvature homogeneity for the family

My =Moo where a=-2f(x4) € C°[R) .

We will show that if @ > 0, then M f 1s curvature homogeneous and is curvature modeled on a
symmetric space. If additionally f® > 0, then M s is 1 curvature homogeneous and 1 curvature
modeled on a homogeneous space; M 7 is homogeneous if and only if one has that £ (x4) = ae™™,
for some a, A € R.

8.2 HISTORY

The study of commutativity properties of natural operators associated with the curvature tensor
has received much attention in recent years. We refer to [48] for an overview of the field and only
mention a few high points here.

The field could be said to begin with the seminal work of Stanilov and Videv [246] where
commutation questions were first introduced, although Ricci semi-symmetric manifolds had been
studied previously in the literature. Tsankov [253] subsequently classified all the hypersurfaces in flat
Euclidean space which were curvature—curvature commuting. Subsequent to that time, a number
of authors have contributed to the field. Originally, the Riemannian setting has been studied [54,
55,158, 174] but subsequently the pseudo-Riemannian setting was a fertile field of investigation as
well; we refer to [53, 58] for further details.
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As noted previously, curvature homogeneity also has been a fertile field of investigation.
Again, the Riemannian setting was the original context [232, 235,236, 240, 249]. Three dimensional
Lorentzian curvature homogeneous manifolds have been studied extensively [64, 65,72,73,74,232]
but the four dimensional setting has also been important both in the Lorentzian [202] and the
(2,2) signature settings [99, 114]. The higher dimensional context has been examined as well
[113, 146, 147, 149]. We refer to [140] for a more extensive bibliography than it is possible to
present here and also to the seminal work of [226].

8.3 CURVATURE COMMUTING CONDITIONS

In this section, we report on work of [ 50, 51,52]. We seta = b = 0 and consider the manifold M o,
in the notation of Example 5.2. There are two separate families which deserve special attention:

¢ = x1P(x3, x4) + 20 (x3, x4) + ¥ (x3, x4) Where P2 = 2P,

8.1
0’ =203, PQ=P;+ Qu, (81

and

¢ = x1P(x3, x4) +x20(x3, x4) + v (x3, x4) where P3 = Q4. (8.2)

We note by Lemma 2.13 that the conditions on P and Q in Equation (8.1) are equivalent to the
conditions

P2=2P;, Q*=20;3 P3=Qi=1P0.
Theorems 5.5, 5.6, and 5.8 imply:

Lemma8.1. The curvature and Weyl curvature tensor of Moo, take the form.:

Rizzs = —g(cic2 —2c13), Rizia = jc11,  Razos = 3em,
Rigss = —3(—c2 +2c14), Rizos = 3c12, Riaos = e,
Rozss = —5(c3 — 2023),  Rouza = —3(—cica + 2c24),
R3434 = —%(—cclcz + 2¢34),

Wi =—3c12, W=z +en), W;i=0
- 2 - 1 — 1
sz = —3C12, W23 = Z(Cll — ), W33 = 3C12,

+_ 1 +_ 1 + + 1
Wi = gci2+ 2cc13 — 2¢34, Wy, = 3c10, Wiz = W — 3c12,

+ +_ 1 + +_ 1
W13 = W]] — 5C12, W23 = W12 =3 (ccrz2 +c13 — 24).

One has the following results for this family:
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Theorem 8.2.

1. Moo,c is self~dual if and only if ¢ = x1 P(x3, X4) + x2Q(x3, x4) + y (x3, x4).
2. Mo,o,c is anti-self-dual if and only if’
c=x1P(x3, x4) +x20(x3, x4) + y(x3, x4) + §(x1, x4) + 1n(x2, x3)
with Py = Q4 and c Py — x1 P34 — xp P33 — y34 = 0.
3. The following assertions are equivalent:

(a) Mo.o.c is Einstein.

(b) c is as in Equation (8.1).
(c) p=0.

(d) Mao.o.c is Osserman.

(¢) The only (possibly) non-zero curvature is R3434 = %cclcz — C34.

It is a crucial feature of these examples that Ricci flat, Einstein, and Osserman are equivalent
conditions; this is not the case, of course, for general Walker manifolds of signature (2, 2). Further-
more, if My o, is Einstein, then ¢ is affine in (x1, x2) so M o ¢ is a twisted Riemannian extension
as discussed in Section 3.5.1. This will be a consistent theme in what follows. We refer to Theorem
8.6 below for other conditions which are equivalent to the Einstein condition.

Theorem 8.2 and Lemma 2.13 yield the following:

Corollary 8.3.  Suppose that M o, is Osserman. Then:
1. Mo,o,c is a twisted Riemannian extension gp, ¢ given by Equation (3.4).
2. c is globally defined if and only if ¢ = c(x3, x4).
3. If R3az4 = 0, then Mo0,¢ is flat.
4. If R3y3s # 0, then Moo, ¢ is Osserman and 2-step nilpotent Ivanov—Petrova.
This result can be used to construct examples of Osserman and Ivanov—Petrova manifolds

where the Jordan normal form varies from point to point. Let p)jf (resp. m)jf) be the characteristic
polynomial (resp. minimal polynomial) of the Weyl curvature operator W*ata point P € R*.

Theorem 8.4.
1. If Mo,o,¢ is self~dual, then p;j_ =23 and

(a) m" =23 ifcis — cou #0.




122 CHAPTER 8. SPECIAL WALKER MANIFOLDS

(6) mj: = A2 ifC13 — ¢4 =0andcciz —c3q # 0.

(c) m;t_ =Aifci13 —ca =0andcci3 — c34 =0.

2. If Moo, is anti-self-dual, then Spec{ W~} = {0, :I:%(—cll czz)%}.zﬂsa
(a) m; = A2+ fenen) iferr exn # 0.
(6) m; = A3 if either 1y = 0 or c2p = 0 but not both.

(c) m, = )»if(,‘n =y =0.

We now turn our attention to commutativity conditions and recall the notation established

in Definition 1.27. We have:

Theorem 8.5.  The following assertions are equivalent:
1. Mo0,c is Jacobi—Ricci commuting.
2. Moo, is curvature—Ricci commuting.
3. Mo,o,c is curvature—curvature commuting.

4. c satisfies the conditions of Equation (8.2).

We study when M o, is Jacobi-Jacobi commuting; Equation (8.1) appears once again.

Theorem 8.6.  The following assertions are equivalent:
1. Mo,0,c is curvature—Jacobi commuting.
2. Moo, is Jacobi—Jacobi commuting.
3. Mo.o.c is Osserman.

4. c satisfies Equation (8.1).
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Lemma 2.13 shows that the conditions of Theorem 8.2 (3) are very rigid. On the other hand,
the condition of Theorem 8.5 (4) that P3 = Q4 is, of course, nothing but the condition that

w:= Pdxs+ Qdxz

is a closed 1 form. Thus, there are many examples.

We continue the discussion of Section 6.5.3. Let D be a torsion free connection on a 2
dimensional manifold. The conditions given in Equations (8.1) and (8.2) can be expressed in terms
of a twisted Riemannian extension as follows.

Lemma8.7. Let
c=x1P(x3,x4) +x20(x3, x4) + ¥y (x3,x4) .

Then, taking coordinates (x3, X4) on the affine manifold, M o ¢ is a twisted Riemannian extension gp. 4
given by Equation (3.4), where

¢33 = pas = 33> =T33 =Ty’ =T =0,
pu=y, TuP=-1P, Tyu*=-10.

Moreover,
1. pP = 0ifand only if c satisfies Equation (8.2).

2. pP =0 ifand only if pP = 0 if and only if c satisfies Equation (8.1).

Ifa =b =0, then p” =0 < p? = 0. This is, of course, a reflection of the equivalence of
conditions (1) and (2) in Lemma 2.13. However, this is not the case for a more general affine
extension. In contrast to the situation we have been considering where there are essentially two
different conditions on c, there are four cases of interest for a general twisted Riemannian extension
(cf. Theorem 6.28).

If My, 0,¢ is conformally Osserman, let Specy, denote the set of eigenvalues of Jw where each
eigenvalue is repeated according to multiplicity and let m; denote the minimal polynomial of Jyw.
We have the following examples which illustrate different phenomena of conformally Osserman
manifolds:

Theorem 8.8.  The following manifolds Mo o, are conformally Osserman.
1. The Jordan normal form does not change from point to point:

(a) ¢ =x? —x3 = my = 122 — 1) and Specy, = {0,0, £1}.

(8) ¢ = x2+x2 = my = 202+ 1) and Specy, = {0,0, £¥51).
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(c) ¢ = x1x4 + x3x4 = m; = A% and Specy, = {0}.
(d) ¢ = x{ = my = 1> and Specy, = {0}.

2. Specy, = {0} but the Jordan normal form changes from point to point:

i xa #£0,
(a)c:xzx§+x32x4:>mkz A2 if x4=0, x3#0,
A af x3=x4=0.
2B if x4 #0
— 2 — ’
(b)c_x2x4+X3x4:mA_{)\2 if x=0.
A if x3#0
_ 2 _ )

A2 i xix3 4 xoxs #0,

d — prm— .
(d) ¢ = x1x3 4+ x2x4 = m;, {A if x1x3+x2x4 =0.

3. The eigenvalues can change from point fo point:

(a) ¢ = x{ +x] —x§ —x3 = Specyy = 10,0, £3./(627 + 1)(623 + D).

(8) ¢ = x{ +x] +x3 +x3 = Specy = 10,0, 4./~ (627 + 1)(623 + D).

(c) ¢ =x} —x3 = Specy, = {0,0, £3 /x1x2}.

We note that (1a) has Type Ia, that (1b) has Type Ib, that (1¢c) has Type II, and that (1d) has

Type Il in the classification of Theorem 1.18. Thus, all algebraic types can be realized geometrically
in this context.

Recall that M is said to be strictly conformally Osserman if it is conformally Osserman but
it does not belong to the conformal class of any Osserman metric; we refer to related work by
Nikolayevsky [210] in the Riemannian setting.

Theorem 8.9. Let M0 be as in Theorem 8.8.
1. The manifolds of (1a), (15), and (1d) are strictly conformally Osserman.

2. Only (1c) defines a geodesically complete manifold; the remaining manifolds exhibit Ricci blowup
and therefore can not be embedded isometrically in a geodesically complete manifold.

3. The manifolds other than (1d) are not curvature homogeneous.
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4. The manifold (1d) is curvature homogeneous, not 1 curvature homogeneous, and the group of isome-
tries acts transitively on O := R* — {(0, x2, x3, x4)}.

Remark 8.10. Let R be the induced action of the curvature on A2(7*M). We note that Derdzin-
ski [98] showed a 4 dimensional Riemannian manifold is curvature homogeneous if and only if
R has constant eigenvalues; furthermore if such a manifold is Einstein, then it is locally symmet-
ric. In (2d), Spec{RA} = {0} but the manifold is not curvature homogeneous. Thus, this result of
Derdzinski fails in signature (2, 2); we refer to Derdzinski [99] for additional results in this direction.

Remark 8.11. In Case (1) above, the group of isometries acts transitively on the proper open subset
O of the manifold
Mo,o,xf :

Thus, O is a homogeneous space which is geodesically incomplete; this can not happen in the
Riemannian setting.

8.4 CURVATURE HOMOGENEOUS
STRICT WALKER MANIFOLDS

This reports on work with C. Dunn [114] and generalizes previous work by Derdzinski [98] in the
area. We refer to [140] for other examples. Let f = f(x4). We set

a=-=-2f, b=c=0
to define, using the notation of Example 5.2,
Mf = Ma,(),() .

This strict Walker manifold is a twisted Riemannian extension where the connection on R? is flat as
was discussed in Section 3.5.2. By Theorem 3.17, all manifolds in this family are nilpotent Ivanov—
Petrova. Similarly, by Theorem 3.16, any such manifold is nilpotent Osserman. It will follow from
Theorem 8.12 and Lemma 2.12 that M ¢ is symmetric if and only if f® = 0. Furthermore, if
My is symmetric, then either M ¢ is flat, or M ¢ is locally isometric to one of the following two
examples:

Mo or M_. .
s

Xy

It turns out that the sign(f®) is a local isometry invariant; we shall therefore usually assume
f® > 0as the case f® < 0 can be handled similarly.
The following is an immediate consequence of Theorem 3.9:

Theorem 8.12.  The manifolds M ¢ satisfy:
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1. VkR(8x3, Oxgs Oxgs Oxgs Oxys o v oy Ory) = f(k+2); the remaining components vanish.
2. All geodesics extend for infinite time.

3. If P € R thenexpp : TpR* — R* is a diffeomorphism.

4. All the local Weyl scalar invariants of M ¢ vanish so M g is VSI.

For p > 2 and f(3) > 0, set
Olp(f) = f(P+2){f(2)}P—1 {f(3)}—17 .
We have the following curvature homogeneity results:

Theorem 8.13. Assume f® > 0.

1. M f 18 curvature modeled on the symmetric space M X3

2. Assume additionally that 3 >o.

(a) My is 1 curvature modeled on the homogeneous space M 4.
(6) M ¢ is homogeneous if and only fo(Z) = ote)‘x“for somea, A € R.

Theorem 8.14.  Assume that fi(z) > 0 and fi(3) > 0.

1. Let f; be real analytic. Assume ap(f1)(P1) = ap(f2)(P2) for all p > 2. Then there exists a real
analytic isometry

¢: My, P1) = (Myp,, P) .

2. If there is an isomorphism @ from the k curvature model Mk (M f1> P1) o the k curvature model
M (M g, Po), then

ap(f(P) =ap(f2)(P) for 2=<p=<k.

We work in the real analytic context henceforth so Theorem 8.14 applies. The Walker manifold
M ¢ can be realized as a hypersurface. Give R2:3 .= Span{ey, ez, €1, €2, €} a signature (2, 3) inner-

product:
(eieir) =1, (é,é)=1.

Let H ¢ be the hypersurface defined by the embedding:

W(x1, X2, X3, X4) 1= X1€] + X2e2 + x3€1 + X462 + (%xf + f(x4))é .

Theorem 8.15.  If f is real analytic, then (M g, P) is isometric to (H s, P).
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Let G be the Lie group of isometries of M 7 and let g be the associated Lie algebra.
Theorem 8.16. Let f be real analytic.
1. If fY =0, then dim g = 10.
2. If fP =k #0, thendimg = 8.
3. I f® = ae™ fora #0and\ # 0, then dim g = 6.

1. If fP £ ae and if f® # a(xa + )" forn € N, thendim g = 5.
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Glossary

In order to help the reader to understand the basic content of the book, we summarize in
these pages some notational conventions employed herein.

Elements in a model.

\% vector space.
X,¥,2,... arbitrary vectors of V.
(-, ) inner product of arbitrary signature.

A algebraic curvature tensor.

m algebraic model composed by the triple (V, (-, -), A).

¢ complex model composed by the quadruple (V, (-, -), J, A).
(V) space of algebraic curvature tensors.

(1]

Elements in a manifold.

M differentiable manifold of dimension m.
@) open neighborhood.
gD Riemannian extension.
g pseudo-Riemannian metric.
M pseudo-Riemannian manifold formed by the pair (M, g).
X1y oy Xm) local coordinates.
C>® (M) space of smooth functions on M.
TpM tangent space of M at P.
C®(TM) space of smooth vector fields on M.
{O0x,s...,0y,} coordinate vector fields.
{dxy,...,dx;;} dual of the coordinate vector fields.
X,Y,Z,... arbitrary vector fields of M.
D arbitrary connection.

\vJ Levi-Civita connection.
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Wt w-
L

Curvature and associated elements.

(0, 4) curvature tensor.

curvature operator.

curvature components in a given basis.

Ricci tensor and Ricci operator.

scalar curvature.

self-dual and anti-self-dual Weyl curvature tensors.
second fundamental form.

Complex and para-complex manifolds.

J almost Hermitian and almost para-Hermitian structure.
{J1, J2, J3}  hyper-Hermitian and hyper-para-Hermitian structure.
o *-Ricci tensor.
T *-scalar curvature.
Q(, ) Kaehler form.
Walker manifolds.
D null distribution.
gD.¢ twisted Riemannian extension.
gp.¢,7,s modified Riemannian extension.
Mype  Walker manifold of signature (2, 2) composed of the pair (O, g4.5,¢)-
Cab.c almost Hermitian manifold of signature (2, 2)

composed of the triple (O, g4.5.¢. J).
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*-Ricci flat, 114, 115

*-Ricci tensor, 9, 34

*-scalar curvature, 9, 34, 35, 86, 114

k curvature homogeneous, 36, 37

k curvature modeled on a homogeneous space,

36
k-stein, 13

adjoint map, 23

affine connection, 32, 50, 51, 99

affine extension, 123

affine geodesic, 27

affine manifold, 25-27, 53, 123

affine structure, 40

affine surface, 89

almost anti-Hermitian metric, 34

almost anti-Hermitian structure, 85

almost complex manifold, 34

almost complex structure, 33, 35, 101, 103,
110,111

almost Hermitian, 33, 34, 83, 91, 103, 104, 110

almost Hermitian structure, 33, 78, 103, 104,
117

almost hyper-para-complex structure, 34, 35,
106

almost hyper-para-Hermitian, 35

almost hyper-para-Hermitian structure, 35,

106
almost Kaehler, 33, 34, 84, 103-105, 114-117

almost Kaehler Einstein, 104, 115, 116

almost Kaehler Einstein structure, 103

almost Kaehler form, 33

almost Kaehler structure, 84, 108, 116

almost para-complex, 47

almost para-complex structure, 35, 47, 69, 93

almost para-contact, 69

almost para-Hermitian, 46, 53, 69

almost para-Hermitian geometry, 34

almost para-Hermitian manifold, 35

almost para-Hermitian structure, 34, 39, 77,
78,83, 84,86,91,111

almost para-Hermitian Walker structure, 84,
87

almost para-Kaehler, 34, 70, 84-86

almost para-Kaehler structure, 93

almost pseudo-Hermitian, 35

almost symplectic, 46

anti-Hermitian structure, 34

anti-Kaehler, 34

anti-Kaehler structure, 34, 44

anti-Lee vector field, 111

anti-self-dual, 11, 16, 82, 85, 90-94, 96, 97,
119-121

bi-invariant, 23

Bochner curvature, 87, 91
Bochner formula, 104
bundle-like foliation, 68, 69

canonical coordinates, 24, 40, 42, 46, 58, 97
canonical symplectic structure, 24
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Cartan-Killing form, 23, 72

characteristic polynomial, 12, 13, 55, 121

Chern classes, 77

Christoffel symbols, 21, 28, 41, 50, 51, 53, 57,
60, 79, 98,100

classification of models, 14, 16

Clifford algebra, 2

Clifford commutation relations, 7

Clifford structure, 2

Codazzi, 30, 62—64, 70

Codazzi Ricci tensor, 57, 63, 64, 70

compact, 22, 33, 85, 104

compact almost Kaehler, 103

compact almost Kaehler Einstein, 104

compact Einstein, 85, 104

compact indefinite-signature, 104

compact isotropic Kaehler structure, 105

compact Jordan Osserman, 85

compact Osserman, 86

compact structure group, 58

complementary distribution, 31, 47, 77

complementary index, 5

complementary projections, 31

complementary subspace, 47, 48

complete, 36, 45, 52

complete lift, 25

complex numbers, 6

complex space form, 44, 89, 90, 94

complex structure, 44

conformal Jacobi operator, 14, 90

conformal metric, 69, 70

conformal Osserman, 1

conformal structure, 2, 90

conformally equivalent, 30

conformally flat, 30, 44, 48, 64, 70, 90

conformally Kaehler, 112, 114

conformally Osserman, 3, 13, 14, 30, 90, 119,
123,124

conformally symmetric, 48

connection, 5, 21, 25-30, 32, 34, 35, 39, 45, 47,
49-51, 54, 55, 60, 71, 77,87, 89, 92,
97-100, 123

constant x-scalar curvature, 35, 86

constant holomorphic sectional curvature, 6, 7

constant para holomorphic sectional curvature,
7,53, 86,87

constant Ricci curvature, 61

constant scalar curvature, 30, 35, 61, 62, 64, 68,
71

constant sectional curvature, 5, 8, 18, 44—46,
57,64,65,69,71,85, 89,90, 95,103,
116

contact structure, 66, 69

contraction of indices, 9, 30

coordinate frame, 21, 22, 107

cross product, 72, 73

curvature commuting, 19, 20, 65, 66, 76, 89,
100, 101, 122

curvature decomposition, 1

curvature homogeneity, 21

curvature homogeneous, 36, 52, 57, 58, 74-76,
90,91, 119, 124,125

curvature model, 69, 11-14, 16-20, 29, 30,
35, 36, 58, 62, 64, 65,95,119, 126

curvature operator, 1-3, 8,12, 17, 18, 21,
25-30, 39, 44, 50, 51, 55-57, 65, 78,
83, 87,89-91, 96, 99

curvature—Jacobi commuting, 19, 20, 122

curvature—Ricci commuting, 19, 20, 65, 66, 75,
76,122

cyclic parallel Ricci tensor, 57, 58, 62, 63, 76

decomposition, 26

degenerate line field, 75, 76

degenerate subspace, 4

diagonalizable Ricci operator, 64, 65

distribution, 21, 31, 40, 42, 43, 45, 47-49, 51,
53, 60, 65-68, 77,111



eigenvalue structure, 13, 65, 119

Einstein, 9, 13, 16, 20, 34, 39, 44, 61, 62, 80,
84, 85, 87,90-92, 94, 96, 97, 103,
109,110, 113,115,121, 125

Einstein convention, 3

Einstein curvature model, 9, 13, 16, 20

Einstein equation, 80, 92,103, 115

essentially conformally symmetric (ECS), 48

Euler characteristic, 85

Fiedler’s theorem, 6

first Bianchi identity, 25

flat connection, 47, 51, 53,99, 125
flow, 21, 22, 66

foliated Walker manifold, 67
foliation, 22, 45, 46, 66, 68, 69
Fubini-Study metric, 6

Gauss Equation, 67

generalized curvature operator, 25, 26
geodesic equation, 27, 79

geodesically complete, 27, 28, 51, 119, 124
geodesically incomplete, 125, 126
geometric realization, 26, 29, 30, 35, 36
Goldberg Conjecture, 84, 103
Goldberg-Sachs Theorem, 77, 78, 83, 91
Grassmannian, 17

Gray identity, 11, 21, 35, 101

Hermitian complex structure, 9
Hermitian curvature model, 6, 7
Hermitian manifold, 11, 33, 34, 36, 110, 111
Hermitian model, 35

Hermitian structure, 1, 6, 10, 78, 111
Hirzebruch signature, 85
Hitchin-Thorpe inequality, 85
Hodge star operator, 11, 16
holomorphic sectional curvature, 7
holonomy group, 21, 27, 31, 32
homogeneous, 36, 72

INDEX 155

homogeneous space, 2, 36, 45, 52, 71, 76, 125,
126

homogeneous structure, 39, 45, 46, 71,72, 76

hyper-Hermitian curvature decomposition, 11

hyper-Hermitian model, 35

hyper-Hermitian structure, 7

hyper-Kaehler structure, 91

hyper-para-Hermitian model, 35

hyper-para-Hermitian structure, 7, 16, 18, 35,
103

hyper-para-Kaehler, 35, 107

hyper-para-Kaehler structure, 107

hyper-symplectic, 35, 39, 40, 77, 83

hyper-symplectic structure, 91

hypersphere, 45

hypersurface, 2, 5, 39, 40, 44, 126

indefinite almost Hermitian structure, 91, 103,
104

indefinite complex space form, 91

indefinite Einstein, 103

indefinite Hermitian manifold, 111

indefinite Kaehler, 48, 111

indefinite Ricci flat, 108

indefinite space form, 40, 44

integrable Hermitian structure, 33

integrable para-Hermitian structure, 34

involutive distribution, 45

isotropic Kaehler, 103, 104, 108

isotropic Kaehler structure, 84, 103-105

isotropic para-Hermitian manifold, 84

isotropic para-Kaehler structure, 84

isotropic structure, 104

isotropic subspace, 4, 32

isotropically geodesic, 68

Ivanov—Petrova, 1, 17-19, 39, 49, 51, 54-56,
64, 65,89,95-97,99, 121, 125

Ivanov—Petrova curvature model, 18

Ivanov—Petrova manifold, 64
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Jacobi identity, 22

Jacobi normal form, 3

Jacobi operator, 1-3, 8, 13-16, 18, 19, 21, 26,
29, 40, 51, 54, 55, 85, 86, 89-95, 97

Jacobi-Jacobi commuting, 19, 20, 100, 122

Jacobi-Ricci commuting, 19, 20, 100, 101, 122

Jacobi—Tsankov, 19

Jacobi-Videv, 19

Jordan block, 3, 4, 59

Jordan equivalent, 4

Jordan Ivanov—Petrova, 18, 95

Jordan normal form, 1, 4, 13, 14, 16, 57-59, 73,
74,76,86,91,121,123,124

Jordan Osserman, 13, 14, 16, 18, 51, 85, 89-95

Jordan Szabé, 95

Kaehler, 33, 34, 84, 91, 103-105, 108, 111,
112,114,117

Kaehler Einstein, 113

Kaehler form, 6, 9, 35

Kaehler structure, 103, 106, 108

Killing vector field, 127

Kodaira surface, 108

Lagrangian foliation, 46

Lee form, 111

Lee vector field, 111

left invariant, 23, 47,72, 91

left multiplication, 23

length of a curve, 28

Levi-Civita connection, 5, 21, 28-30, 32, 34,
35,45, 47,50, 55, 60,77, 89

Lie algebra, 21-23, 47, 48, 72, 73,127

Lie bracket, 21-23

Lie derivative, 21, 22, 68

Lie group, 23,27, 39, 47, 48,72,73,91, 127

line field, 31, 75, 76

local parallel field, 91

locally conformally equivalent, 3

locally conformally flat, 3, 30, 39, 44, 63, 64,
70, 78,90, 96

locally conformally Kaehler, 34, 78, 91,
111-114

locally conformally Kaehler structure, 103, 111

locally homogeneous, 2, 36, 37, 57, 74-76, 91,
95

locally projectively equivalent, 99

locally reducible, 34

locally symmetric, 36, 46, 48, 53, 57, 61, 68,
70-72,75,76,89,91,95,99-101, 125

locally symmetric connection, 100

locally two-point homogeneous, 2

Lorentzian, 13, 20, 27, 37, 45, 59, 61, 64, 65,
67,69,71-76,91, 94, 95

Lorentzian space form, 71

minimal plane field, 67

minimal polynomial, 16, 58, 59, 75, 86, 107,
121,123

minimal surface, 68

mixed Ivanov—Petrova, 17

modified Riemannian extension, 47, 50, 51, 53,
82,87,92,98

natural reductive homogeneous space, 76

naturally reductive, 57

naturally reductive homogeneous structure, 76

neutral signature, 6, 14, 18,27, 31, 34, 39, 40,
45,50, 96, 104

Nijenhuis tensor, 33, 34

nilpotent curvature operator, 39, 55, 56, 99

nilpotent Ivanov—Petrova, 54, 55, 125

nilpotent Jacobi operator, 18, 54, 55, 89, 93, 95,
97

nilpotent Lie group, 39, 47, 48

nilpotent operator, 4, 13, 16, 18, 19, 39, 40, 44,
51, 65, 83, 85, 86, 89-95, 97, 99

nilpotent Osserman, 39, 54, 110, 125

nilpotent Ricci operator, 39, 61, 76, 97, 99



nilpotent shape operator, 39
nilpotent Szabé, 54
non-compact, 49
non-symmetric Osserman, 39
non-unimodular, 73

normal plane field, 67

null eigenspace, 47

null Jacobi operator, 95

null Osserman, 13, 95

null parallel distribution, 40, 49, 51, 53, 60
null parallel field, 40, 78

null parallel plane, 78

null parallel vector field, 107
null plane, 40, 58, 59

null subspace, 4, 44

Olszak distribution, 48, 49

order of nilpotency, 4

orthogonal group, 5, 46

orthogonal plane field, 41, 68

orthonormal basis, 5, 11, 14-16, 20, 35, 44, 46,
56,59, 72-75, 81,105

orthonormal frame, 33, 67, 75, 106

Osserman, 1-3, 12-14, 16, 18, 19, 29, 30, 39,
40, 49, 51, 54, 55, 85-87, 89-96, 98,
100, 110, 119, 121-125

Osserman curvature model, 12-14, 16

para-complex numbers, 6

para-complex space form, 47, 87, 89-91, 93, 94

para-complex structure, 32, 47

para-contact structure, 69, 70

para-Hermitian, 7

para-Hermitian model, 35

para-Hermitian curvature decomposition, 11

para-Hermitian curvature model, 7, 9, 35, 36

para-Hermitian manifold, 34, 36, 84

para-Hermitian structure, 1, 6, 16, 18, 21, 34,
53,77, 85
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para-holomorphic sectional curvature, 7, 53,
86,87

para-Kaehler, 34, 39, 40, 46, 47,53, 77, 83-85,
87,91

para-Kaehler cone, 70

para-Kaehler structure, 35, 39, 47

para-Kaehler Walker structure, 87

para-quaternionic, 35

para-quaternions, 7

para-Sasakian, 70

para-unitary group, 6

parallel bundle, 91

parallel degenerate line field, 75, 76

parallel displacement, 32

parallel distribution, 31, 40, 45, 48, 49, 51, 53,
60, 77

parallel field, 40, 58, 91, 105

parallel Lee form, 111

parallel non-degenerate distribution, 40

parallel plane field, 41

parallel Ricci operator, 57, 58, 69, 71

parallel Ricci tensor, 57, 62, 63, 76

parallel second fundamental form, 44

parallel spanning vector field, 60, 61, 65, 66, 70

parallel translation, 31

parallel transport, 21, 27, 42

parallel vector field, 31, 60, 107

parallel Weyl curvature tensor, 48

parallelizability, 47

parallelizable para-complex, 47

plane field, 67

plane wave manifold, 30, 51

pointwise Ivanov—Petrova, 95

pointwise Jordan Osserman, 95

pointwise Osserman, 29, 90-93, 95

pp-wave model, 40

principal bundle, 43

principal curvature, 44

projectively equivalent, 99
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projectively flat, 27, 99

proper almost complex structure, 105, 107

proper almost Hermitian, 104

proper almost Hermitian structure, 108

proper Hermitian Walker structure, 103

proper hyper-para-Kaehler Walker structure,
107

pseudo-Hermitian, 45

pseudo-Hermitian complex structure, 6

pseudo-Hermitian curvature decomposition,
11

pseudo-Hermitian curvature model, 9

pseudo-Hermitian structure, 18, 21, 101

quaternions, 7, 21,23, 72

real space form, 90

recurrent, 46, 99

reductive, 45, 71, 76

Reeb vector field, 69

Ricci anti-symmetric, 27

Ricci blowup, 28, 119, 124
Ricci curvature, 1, 59, 61, 74, 75

Ricci flat, 87,91, 94, 98,99, 107, 108, 114, 115,

121
Ricci foliation, 68

Ricci operator, 1, 2, 9, 29, 30, 39, 44, 57-59, 61,

65-71, 73-76, 90, 97-100, 107, 108
Ricci semi-symmetric, 19, 75, 76
Ricci symmetric, 27
Ricci tensor, 8, 9, 12, 21, 26, 28, 49, 57, 58, 60,
62-64,70,75-77, 80, 89, 97-99
Riemannian extension, 39, 40, 49, 50
right invariant, 23
right multiplication, 23
Robertson-Walker, 96

scalar curvature, 9, 29, 30, 34, 35, 61, 62, 64,
66,67,71,77, 80, 82-86, 92, 98, 114
scalar Weyl invariants, 37

Schouten tensor, 9, 29, 30, 63

second Bianchi identity, 29, 91

second fundamental form, 5, 44, 67

sectional curvature, 1, 5-8, 18, 29, 44-46, 53,
57,64,65,67,69,71,85-87,89, 90,
95,103,116

self-adjoint linear transformation, 4

self-dual, 11, 16, 77, 78, 81-83, 85-87, 90-93,
96-99, 103, 107, 108, 110, 112, 114,
115,119-121

semi-symmetric, 19, 20, 75, 76

shape operator, 39, 40, 44, 67, 68

signature, 5

simply connected, 22, 31, 32, 36, 45, 49, 71, 72

Singer decomposition, 9

skew symmetric Ricci tensor, 92, 97-99

skew—Tsankov, 19

skew—Videv, 19

space form, 44, 89

spacelike, 4

spacelike Jordan Ivanov—Petrova, 18

spacelike Jordan Osserman, 14

spacelike Osserman, 13

spectrum of an operator, 12

strict Walker, 57, 65, 70, 71, 76, 125

strictly almost Hermitian structure, 103

strictly almost Kaehler, 103, 115-117

strictly almost Kaehler structure, 116

strictly conformally Osserman, 119, 124

strictly locally conformally Kaehler, 112-114

strictly parallel, 42, 59, 78

structure constants, 73

structure group, 58

symmetric Osserman, 51

symmetric product, 24

symmetric space, 36, 45, 51,52, 71,72, 75, 89,
126

symplectic, 24, 46, 85, 87, 105

symplectic structure, 24, 33, 34, 47



Szabé, 30, 51, 54, 95

timelike, 4

timelike Jordan Ivanov—Petrova, 18

timelike Osserman, 13

torsion free affine connection, 50

torsion free connection, 25-28, 39, 49, 54, 55,
87,92,97-100, 123

torsion tensor, 25

totally geodesic, 67, 68

trace free Ricci tensor, 12, 80

Tricerri-Vanhecke decomposition, 10, 101

twin metric, 34

twisted Riemannian extension, 30, 50, 51, 54,
55,89, 92,97-100, 121, 123, 125

two-point homogeneous space, 2, 89
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unimodular, 23, 73
unitary group, 6

Vaisman manifold, 111

Vaisman structure, 111
vanishing Bochner curvature, 91
vanishing scalar curvature, 64, 82

VS, 30, 31, 37,51, 58, 71, 126

warped product structure, 96

weakly x-Einstein, 34, 86, 114

wedge product, 24

Weyl curvature, 1, 3, 9, 11, 14, 16, 21, 29, 30,
48,58,77,78,81-83, 87,90, 91, 97,
110, 119-121

Weyl projective curvature operator, 21, 26
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