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Introduction

As a Riemannian invariant, the curvature and its derivatives are the most natural algebraic
invariants which stem from the connection. Therefore, this suggests that the curvature en-
codes a lot of information of the geometry of a Riemannian manifold. These considerations
show that the curvature is a fundamental concept in differential geometry, nevertheless
the role played by this important tensor is not yet completely understood.

The main purpose of this thesis is to obtain geometric consequences from algebraic
conditions on the curvature tensor. Usually, we will impose these conditions on operators
associated to the curvature tensor, since the curvature tensor itself is hard to handle.
Generally we work in the broad setting of pseudo-Riemannian manifolds; however, in
some chapters or sections we will restrict our analysis to positive definite metrics.

The scheme of this memoir goes as follows. A preliminary chapter, Chapter 1, is
presented with the purpose of establishing the main definitions and some basic results on
the subject that will be needed later on. Now, the main body of the thesis is divided
into four different parts. On the one hand, although they are all closely related, since all
of them focus on the task of describing the geometry of manifolds with a given algebraic
condition on the curvature, they are essentially independent. On the other hand, the order
that we have chosen is a natural one and we find some part motivating the next one.

Part 1 deals with some aspects of the Osserman problem. Since the Osserman con-
jecture was stated in [145] for Riemannian manifolds, many related problems have been
solved as well as the conjecture itself (except for dimension 16) [51, 52, 135, 136]. An
illustrative example is the classification of Osserman manifolds in Lorentzian signature,
which shows that they are of constant sectional curvature [16, 75]. On the other hand,
interesting questions have arisen during last years that remain still unanswered. Four-
dimensional manifolds of neutral signature appear as the simplest unsolved case to study.
Therefore, we devote Chapters 2, 3 and 4 to the study of Osserman manifolds in signature
(2,2). We first relate the eigenvalue structure of the Jacobi operator of an Osserman
algebraic curvature tensor with the eigenvalue structure of the self-dual (or anti-self-dual)
Weyl operator. Thus, the four possibilities (depending on the eigenvalues and the Jordan
normal form) are in one to one correspondence between the two operators. Next we use
Walker metrics to provide examples which realize all those four types for the conformal
Jacobi operator; this is, we show the existence of conformally Osserman metrics realizing
all algebraic possibilities.
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Although the conformally Osserman property is local, we are also interested in global
properties such as completeness. Hence, we study geodesic completeness in several Osser-
man and conformally Osserman examples, all of them being Walker manifolds. Another
global topological condition such as compactness will allow us to better understand the
Jordan Osserman condition in signature (2,2). The following theorem will be proved in
Chapter 4:

Theorem 4.1.3. Let (M,g) be a compact Jordan-Osserman manifold with metric of
signature (2,2). Then (M,g) has either constant sectional curvature or nilpotent Jacobi
operators.

In the last chapter of Part I we study the conformally Osserman and the Osserman
condition in manifolds with a given structure, namely a warped product structure. In
summary, we see that the warped product structure is so rigid that the conformally Osser-
man condition is equivalent to local conformal flatness for a Riemannian warped product.
On the other hand, this is not the case in higher signature and a explicit example will
be given. These considerations, together with the fact that the Osserman condition is
equivalent to the conformally Osserman condition and the Einstein property, lead us to
a better understanding of Osserman manifolds whose underlying structure is that of a
warped or a twisted product.

Motivated by results in Chapter 5, we develop in Part IT an extensive analysis of locally
conformally flat manifolds whose metric structure is that of a warped product. Using the
fact that every warped product is in the conformal class of a direct product, in Chapter 6
we characterize local conformal flatness:

Theorem 6.1.2. Let (M,g) = B x¢ F be a pseudo-Riemannian warped product. Then
the following hold:

(i) If dim B = 1, then (M, g) is locally conformally flat if and only if (F, gr) is a space
of constant curvature.

(ii) If dim B > 1 and dim F > 1, then (M, g) is locally conformally flat if and only if

(ii.a) (F,gr) is a space of constant curvature K*'.

(ii.b) The function f : B — RT defines a global conformal deformation on B such
that (B, TIQQB) is a space of constant curvature Kg = —K¥'.

(iii) If dim F = 1, then (M,g) is locally conformally flat if and only if the function
f: B — R defines a conformal deformation on B such that (B, %gg) is a space of
constant curvature.

Due to the fact that the domain of the warping function is the base manifold B, the
geometric properties of B strongly influence the geometry of the whole manifold B x ¢ F'.
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Thus, special attention is paid to warped products with base a model space (Euclidean,
hyperbolic or spherical). Furthermore, we show that global properties on the base, such
as compactness or geodesic completeness, have interesting consequences.

There are several ways of generalizing the warped structure of a warped product man-
ifold. One is by enlarging the domain of the warping function, thus getting a twisted
product. It was shown in [68] that an Einstein twisted product is indeed a warped prod-
uct (except if the fiber has dimension one). We show that a locally conformally flat twisted
product is also a warped one if the dimension of their factors is greater than one. Therefore
we may apply the previous study to these kind of manifolds.

A different way of generalizing warped products is by adding new fibers with their
corresponding warping functions, thus getting the so-called multiply warped structure. In
Chapter 7 we study local conformal flatness on manifolds with this structure; we distin-
guish two cases depending on the dimension of the base as in Theorems 7.2.6 and 7.3.1
and Remark 7.3.4. An unexpected consequence of both analysis is the following restriction
on the number and the geometry of the fibers:

Let B Xy F1 X ... Xy Fy be a locally conformally flat multiply warped product.
Then:

e the number of fibers is less or equal than dim B + 2,
e all the fibers are of constant sectional curvature,

e the sign of the curvature of the fibers depends on the signature of the base;
thus, if the signature is Riemannian, there is at most one fiber of negative
curvature.

Similarly, we work out some interesting results on manifolds with this structure which
have constant sectional curvature.

Locally conformally flat manifolds are far from being completely classified. However,
some results are known if the Ricci curvature is positive. For instance, a complete sim-
ply connected locally conformally flat manifold of nonnegative Ricci curvature is in the
conformal class of S, R™ or R x S* !, In Chapter 8 we take advantage of the results in
Chapters 6 and 7 to construct new examples of complete locally conformally flat manifolds
of negative (Ricci) curvature.

Since many of the cosmological models describing the Universe are multiply warped
products, both isotropic and anisotropic, one uses the characterizations given previously
to attain a better understanding of the geometry of these models. These applications are
also described in Chapter 8.

Recall here that the main objective when studying Osserman-like problems is to obtain
geometric consequences of the constancy of the eigenvalues of a certain operator which is
closely related to the curvature tensor. In Part III we turn our attention to the task of
classifying manifolds with commuting curvature operators. Thus, the core of our study
here is not the eigenvalues of a curvature operator but the corresponding eigenspaces, that
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we analyze by means of commutativity properties. For example, the aim of Chapter 9 is
to prove Theorem 9.3.1, that we rephrase as follows:

Let (M, g) be a Riemannian manifold of dimension n. Then the Jacobi opera-
tors commute for arbitrary directions, i.e.

J(@)I(y) =TT (x)  forany z,y,

if and only if (M,g) is flat; and if n > 3, the Jacobi operators commute for
orthogonal directions, i.e.

J(@)I(y) =T ()T (x)  forany zly,
if and only if (M, g) has constant sectional curvature.

In Chapter 10 we obtain some partial results in this direction for higher signature
manifolds, where an analogous characterization does not hold. For instance, we show
that for dimension lower than 14, the condition J(z)J(y) = J(y)J(x) is equivalent to
J(x)T (y) = 0 for any z,y. The example of minimal dimension which does not verify this
equivalence occurs in dimension 14; we deepen into his geometric properties in Chapter 10,
too.

Most of the conditions that one can study over the Jacobi operator can also be applied
to the skew-symmetric curvature operator. Indeed, after the Osserman problem called
the attention of the mathematics community, Ivanov-Petrova manifolds arose as a parallel
problem motivated by the Osserman one and the behavior of the curvature tensor along
unit circles. Hence, in Chapter 11 we study algebraic models whose skew-symmetric
curvature operators commute and we give an algebraic classification of indecomposable
algebraic models with definite signature. Moreover, we give several geometric examples
which suggest that a geometric classification is much more complicated.

Let 7 be a k-plane on the tangent space of a point p. For {e1,...,ex} a basis of 7, one
defines the Jacobi operator of order k£ by

k
J(m) == Zj(ei) :
i=1
As an Osserman-like problem, Gilkey [82] characterized Riemannian manifolds whose Ja-
cobi operators of order k£ have constant eigenvalues, showing that for 2 < k < n — 2 they
are manifolds of constant sectional curvature. For kK = 1 or Kk = n — 1 this is the Osserman
condition. Let (M, g,.J) be an almost Hermitian manifold. A natural generalization of the
Jacobi operator to the complex setting is giving by

J(me) = T (x) + T (Jx),

where m;, = Span {z, Jz}. One of the features that makes the usual Jacobi operator so
special is that it completely determines the curvature tensor. Thus, it looks natural to
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wonder if this is true for the complex Jacobi operator we have just defined. The first task
in Part IV is to answer this question and to understand when the complex Jacobi operator
determines the curvature tensor of an almost Hermitian manifold. This is the purpose of
Chapter 12. There we will show in Theorem 12.1.3 that:

For (M,g,J) a Hermitian or a nearly Kdihler manifold, the complex Jacobi
operator completely determines the curvature tensor.

The above is not true in the general almost Hermitian setting (see Theorem 12.1.2 for
an explicit example). Some results concerning almost Kéhler manifolds or dealing with
conformally equivalent manifolds are also obtained.

Afterwards, we begin the study of complex Osserman manifolds, defined in a natu-
ral fashion as those almost Hermitian manifolds whose complex Jacobi operators have
constant eigenvalues. In Chapter 13 we obtain some general results, thus showing that
these kind of manifolds are Einstein and, moreover, that the eigenvalue structure of their
complex Jacobi operators is controlled as follows (Theorem 13.1.7):

Let (M, g,J) be a complex Osserman almost Hermitian manifold of dimension
n which verifies the compatibility condition J*R = R and such that the Jacobi
operator determines the curvature tensor. Then the eigenvalues of the complex
Jacobi operator verify the following:

1. If n =2 (mod 4), there are 2 eigenvalues with multiplicities (n — 2,2).
2. If n =0 (mod 4), then one of the following holds:

(a) There are 2 eigenvalues with multiplicities (n — 2,2).
(b) There are 2 eigenvalues with multiplicities (n — 4,4).
(c) There are 3 eigenvalues with multiplicities (n — 4,2, 2).

We also use Clifford families to construct examples, mainly at the algebraic level,
and show that all these possibilities occur. Furthermore, we delve into the structure of
algebraic curvature tensors given by Clifford families to analyze which of them are complex
Osserman.

In the last chapter we concentrate on K&hler manifolds. The fact that the complex
structure is parallel has geometric consequences which allow us to obtain some partial
results when the complex Jacobi operators have 2 eigenvalues of multiplicities (n — 2, 2).
The main result of the chapter is the complete classification of complex Osserman Kahler
manifolds in dimension 4:

Theorem 14.2.9. Let M = (M,g,J) be a 4-dimensional Kdihler manifold. Then
M is pointwise complex Osserman if and only if it is of constant holomorphic sectional
curvature.
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Chapter 1

Preliminaries

This first chapter of the thesis is devoted to establishing basic notation as well as to
recalling some fundamental results we will use in subsequent chapters. Thus, in the first
sections we settle the framework for our investigation; afterwards, we define the specific
concepts which are in the focus of our work. Primary properties will be enumerated
without a proof, as our purpose is just to recall some well known facts we will need later.

We may refer to [139] for most of the content of this chapter. However, any introduction
to pseudo-Riemannian Geometry can be helpful, for example we cite monographs [113,
122, 153, 157], and more specific books as [77, 84, 85]. More concrete results which may
not appear on a introductory course will be cited appropriately.

1.1 General context: pseudo-Riemannian manifolds

In this section we fix the context we are going to work in and establish the more general
setup. There are also some conventions we adopt here that will remain valid throughout
this memoir. The principal object of interest in our study are pseudo-Riemannian man-
ifolds. This is, we consider an n-dimensional manifold M endowed with a metric g of
signature (p, q) to form the pair M = (M, g).

As a matter of notation, let T'M be the tangent bundle and T),M be the tangent space
at the point p € M. Let X(M) be the space of all tangent vector fields on M. As a general
rule, we will denote by capital letters X, Y, Z, U, V, W tangent vector fields and by small
letters ,y, z, u, v, w tangent vectors at a particular point of the manifold.

Let v be a non-zero vector in T,M. We say z is timelike if g(z,z) < 0, spacelike if
g(x,z) > 0 and null if g(z, z) = 0. For unit vectors, we let ¢, = g(z, z). The corresponding
pseudo-sphere in T),M is

Sp(M) :={veT,M :|g(v,v)| =1}.

The corresponding bundle in T'M is then S(M) := [, Sp(M). When we restrict the
character to timelike or spacelike we use notation S;E(./\/l) ={veT,M: g(v,v) = 1}

1



2 1 Preliminaries

for the pseudo-spheres and ST (M) := Upenr SE(M) for the corresponding subbundles.
The Levi-Civita connection on M is denoted by V. Its characterization is given by
the Koszul formula as follows:

29(VxY,2) = Xg(Y,2)+Yg(X,Z) - Zg(X,Y)
F9(X[Z,Y]) + 9%, 12, X]) + g(Z,[X, Y],
for all X,Y,Z € X(M).

We also denote by V the gradient operator on M; note that the gradient of a function
f:(M,g) — R is determined by g(Vf, X) = X(f). The divergence of a vector field X is
defined as div X = trace VX. The Hessian tensor hy of a real-valued function f : M — R
is defined by hy(X) = VxVf, where X € X(M). Also the symmetric (0, 2)-tensor field
Hy defined by H¢(X,Y) = g(hy(X),Y) is called the Hessian form of f. We define the
Laplacian Af by Af = trace hy = divV f.

We define the curvature operator R as

R(X,Y)Z = VixyZ — [Vx, Vy]Z,
from where the (0, 4)-curvature tensor is given by
R(X,Y,Z,V) = g(R(X,Y)Z,V).
The curvature tensor verifies the following symmetries:
(1.1) R(X,Y,Z,V)=—R(Y,X,Z,V) = R(Z,V,X,Y),

Note that expression (1.2) is the First Bianchi Identity. Also, the curvature tensor
verifies the following differential identity:

(VxR)(Y,Z,U,V)+ (VyR)(Z,X,U,V)+ (VzR) (X,Y,U, V) =0,

which is usually known as Second Bianchi Identity.

1.2 Algebraic preliminaries

When studying a problem in pseudo-Riemannian geometry, it is sometimes useful to think
of it, if possible, from an algebraic point of view. This is, one may study the condition
in the tangent space of an arbitrary point in the manifold, so that one works in a vector
space. We will see that this way of proceeding is often a helpful tool. In this section we
set terminology in a purely algebraic context.

Let V' be an n-dimensional real vector space endowed with a non-degenerate inner
product (-,-) of signature (p,q). To be consistent with the notation established in the
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previous section, we use x, ¥, z, ... to denote vectors in V. Thus, for given (V, (-, -)) we may
also define the pseudo-spheres S*(V, (-,)) = {x € V : (z,z) = £1} or

SV, () ={z eV [, 2)] = 1}.

A (0,4)-tensor A is said to be an algebraic curvature tensor if it verifies the symmetries
of Equations (1.1) and (1.2). Thus, an algebraic model V = (V,(:,:), A)is the triple
consisting of the vector space V', the inner product (-, -) and the algebraic curvature tensor
A. When we refer to the curvature operator we use calligraphic notation A. Henceforth
we will use sometimes the notation R for both the curvature tensor of a manifold and the
algebraic curvature tensor of an algebraic model; the meaning will be clear from context.

1.3 Curvature decomposition: the Weyl tensor

In this section we introduce basic operators associated to the curvature tensor. Since all
these concepts are defined pointwise, we may think of them in a point p of a pseudo-
Riemannian manifold M. Consequently these definitions are automatically translated to
the purely algebraic setting of a model V = (V, (-,-), A).

For a given basis {e1,...,e,} of vector fields, set g;; = g(e;,e;) and let (¢g*/) denote
the inverse matrix. Then the associated Ricci tensor pr and scalar curvature 7 are given
by

n n
(13) PR(%Q) = Z g”R(a:,ei,y,ej), TR = Z gZJpR(ehej)'

i,j=1 i,j=1

Also, recall that the sectional curvature K of a non-degenerate plane 7 = Span {x,y}

in T, M is given by K (7)) = g(x’x)lz ((f/z)ii)(xw Moreover, a manifold has constant sectional

curvature x if and only if its curvature tensor is given by

R(z,y,z,w) = k{g(w, 2)g(y,w) — g(y, 2)g(z,w)}.

This curvature tensor will play an important role in subsequent chapters, so we denote by
Ro(z,y,z,w) = g(x,2)9(y, w) — g(y, 2)g(z,w) the algebraic curvature tensor of constant
sectional curvature +1.

Using notation established above, the Weyl tensor Wg is defined by

WR(x7 Y, %z, 'U) = R(l’, Y, =, U) + (71_17;%{9(13 Z)Q(Z/? U) - g(yv z)g(x, U)}
(1.4) —talpor(@, 2)g9(y. v) — pr(Y, 2)9(z,v)

+rr(y,v)9(x, 2) — pr(z,v)9(y, 2)},
for all z,y,2z,v € T,M. We will avoid subindexes when it is clear from the context the
curvature tensor we are working with. Moreover, sometimes it will be convenient to use
subscript notation for the components of each tensor on the corresponding basis; thus, for
example, p;; = p(ei, ej), Riju = R(ei, ej,ex,e1), ...
Let us introduce the following useful notation.
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Definition 1.3.1 Let B, D be (0, 2)-tensors. The Kulkarni-Nomizu product is defined as
follows:
(BeD)(X,Y,Z,V) = A(X,Z)B(Y,V)+A(Y,V)B(X,Z2)

for any XY, Z,V € X(M).

Remark 1.3.1 Given any two symmetric (0, 2)-tensors B, D, the Kulkarni-Nomizu prod-
uct B e D gives an algebraic curvature tensor. In particular note that g ¢ g = 2R,.
Furthermore, the space of all algebraic curvature tensors is spanned by elements of the
form B e B (see [59], [70] and [84] for three different proofs).

The next theorem provides a meaningful decomposition of the curvature tensor.

Theorem 1.3.2 [113] An algebraic curvature tensor A decomposes as A = b+ 3+ W,

where
.

1
U=l —geg, 3=——(p—1g)eg, and W=R-U-3=R-Coeyg,
-1) n—2 n

where C = — (,0 — ﬁg) is the Schouten tensor.

Remark 1.3.3 One can reinterpret curvature tensors as lying in the space of 2-forms
A(V). Under this terminology, components $, 3 and W given in Theorem 1.3.2 are
orthogonal with respect to the metric

(B,D) :=tr(BoD),

for B, D operators in A(V). Moreover, each of the components i, 3 and W of the
decomposition above has a geometrical meaning:

e The component 4 is the orthogonal projection on the space of constant sectional
curvature tensors.

e A pseudo-Riemannian manifold M is said to be Einstein if its Ricci tensor is a scalar
multiple of the metric. In such a case one has p = 7 g. Therefore, one has that the
Einstein condition is equivalent to 3 = 0.

e A pseudo-Riemannian manifold M = (M, g) is said to be locally conformally flat if
for every point p € M there exists an open neighborhood U, p € U, and a conformal
change €7, 0 : U — R, such that g = e gy where gg is the Euclidean metric.

Locally conformally flat manifolds are characterized by means of properties of tensors
associated to the curvature depending on the dimension of the manifold. Thus, 3-
dimensional manifolds are locally conformally flat if and only if the Schouten tensor
is Codazzi, i.e. totally symmetric

(VxO)(Y, 2) = (Vy C)(X, 2).
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In dimension n > 4, a pseudo-Riemannian manifold is locally conformally flat if and
only if its Weyl tensor vanishes, i.e. W = 0.

1.3.1 Self-duality and anti-self-duality in dimension 4

Let V = (V,(:,-), A) be a 4- dimensional algebraic model, let {e1, e2, €3, €4} be an orthonor-
mal basis in V and let {e!, e?, €3, e*} be its associated dual. A specific feature of dimension
4 comes from the properties of the Hodge star operator, which acts on the space of 2-forms
A =Span{e' Ael : i,j€{1,2,3,4}, i < j} in the following way

el Nel Ax(eF Ael) = ((5,’;.5{ - 6?5%) gigjet Ne? N et

where €; = g(e;,e;). Since x* = Id for any inner product of definite or neutral signature,
the Hodge star operator induces a splitting A = AT @& A~, where AT and A~ denote the
spaces of self-dual and anti-self-dual 2-forms

AT ={a€A:xa=a}, AT ={aeA:xa=—-a}.

Next put let for the restriction of the Weyl tensor W4 to the spaces A*. Then A is
said to be a self-dual (resp. anti-self-dual) algebraic curvature tensor if W, = 0 (resp.
WX = 0). Finally observe that the induced inner products on AT are positive definite if
g is Riemannian, but they are Lorentzian if g is of neutral signature.

An orthonormal basis for the self-dual and anti-self-dual space is given by

A* = Span {EjE (e' Ne? 4 egese® A et)/V2, B = (e! A e® F eaese® Net) /2,

1.5
(1.5) By = (el Net L ereze® Ned)/V2) .

Henceforth we will use these two bases when coordinates in the self-dual or anti-self-dual
space are needed, except where indicated explicitly to the contrary.

1.4 Curvature operators

Since the whole curvature tensor is very difficult to handle, one often focuses on the study
of properties of simpler objects which nevertheless determine the whole curvature tensor.
In this section we recall the definitions as well as some basic features of such operators.
Although some of the definitions are given in an algebraic context, they automatically
translate to the geometrical setting.

1.4.1 The Jacobi operator and the Osserman condition

Let V = (V,(-,-), A) be an algebraic model. The Jacobi operator Ja associated to A is the
self-adjoint map on V defined by

Ja(r)y = Az, y)z.
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As a matter of notation, sometimes it will be convenient to avoid the subindex A, if it is
clear from the context, or express the Jacobi operator as J, := J(x).

V is said to be spacelike (resp., timelike) Osserman if the eigenvalues of J4 are constant
on ST(V,(-,+)) (resp., on S™(V,(-,-))). Now, observe that the results of [76, 84] show the
equivalence between spacelike and timelike Osserman conditions. In fact if p > 0 and if
q > 0, one only needs to assume that the spectrum of 7 is bounded on S*(V) or on S~ (V)
to ensure V is pointwise Osserman (see [15]). Therefore, from now on we just refer to V
as Osserman or to A as an Osserman algebraic curvature tensor if any of these conditions
is satisfied. Note that the eigenvalues of the Jacobi operators J(z) change the sign when
moving from timelike to spacelike directions, nevertheless they remain constant on each
of S=(V,(,-)) and S*(V, (-, ")).

Although we have first defined the Osserman condition in the algebraic setting, it was
historically introduced in the differentiable setting, where it is a little bit more tricky since
there is a distinction between the global and the pointwise condition. More specifically, M
is said to be globally Osserman if the eigenvalues of Jr(X) do not depend on the vector
field X € X(M). On the other hand, M is pointwise Osserman if the eigenvalues of Jr(x)
do not depend on x € T, M, but they may change from point to point.

The fact that the local isometries of any locally two-point homogeneous space (i.e.
a flat space or a space locally isometric to a rank 1-symmetric space or their non com-
pact duals), act transitively on the unit pseudo-sphere bundles implies that any locally
two-point homogeneous space is Osserman. This terminology of Osserman manifolds is
motivated by the paper [145] where R. Osserman conjectured that a globally Osserman
Riemannian manifold is two-point-homogeneous. This was proved by Chi in dimension 4
and in any dimension which is not a multiple of 4 (i.e., 2k+1 and 4k+2 for k = 1,2,3,...),
see [51] and also [52], and by Nikolayevsky in dimension 4k with 4k # 16 (see [135, 136]),
following a two step process suggested in [89]. There is a similar classification result in the
Lorentzian setting. It is known [16, 75] that any Osserman Lorentzian manifold has con-
stant sectional curvature. In the higher signature setting, such classification results fail.
There are, for instance, Osserman manifolds that are not even locally affine homogeneous
[64, 86]. As a stronger condition Jordan-Osserman manifolds are those Osserman mani-
folds whose Jacobi operator has not only constant eigenvalues but also constant Jordan
normal form.

Later on, the constancy of eigenvalues of several operators such as the higher order Ja-
cobi operator, the skew-symmetric curvature operator or the Szabé operator were studied.
We recommend [77], [84] and [85] for nice expositions in the field.

1.4.2 The conformally Osserman condition

From an algebraic point of view, the concept of Osserman conformality can be thought of
as a specialization of the Osserman condition to the Weyl tensor, consequently it appeared
later historically. Since the Weyl tensor is an algebraic curvature tensor we may consider
the associated Jacobi operator Jy. Following [18] we refer to it as the conformal Jacobi
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operator and M is said to be conformally Osserman if (T, M, gp, W)) is Osserman at each
point p € M. We shall make clear that the eigenvalues of Jyy are allowed to change from
point to point. An important feature of Osserman conformality is that it is conformally
invariant as was proved in [20]. If the metric is not definite, one has to be careful since
spacelike and timelike directions provide different eigenvalues; however, since Osserman
conformality is a particularization of the Osserman property, it inherits its properties and
spacelike conformally Osserman is equivalent to timelike conformally Osserman.

The following result, first proved in [20], relates Osserman condition with Osserman
conformality, thereby improving the understanding of the role played by these two concepts
in the description of the geometry of the manifold.

Theorem 1.4.1 LetV = (V,(-,-), A) be a model. Then V is Osserman if and only if V is
FEinstein and conformally Osserman.

Proof. First recall that if A is Osserman then it is necessarily Einstein. Therefore we shall
show that if A is Einstein the eigenvalues of J are constant if and only if the eigenvalues
of Jw are constant. Suppose A is Einstein, then by Theorem 1.3.2 the curvature tensor
is written as -

(1.6) A= on-l—VV.

This equality shows J(z) = amenld+ Jw (x) on 2+ and hence the result follows. O
The previous observation extends automatically to the geometric context of pointwise
Osserman manifolds, thus showing that a pseudo-Riemannian manifold M is pointwise
Osserman if and only if it is Einstein and conformally Osserman.
Let M = (M, g) be a pseudo-Riemannian manifold. For a function ¢ : M — R*,
define the Schwarzian tensor as

B(6) = Hy — do® o~ {Ad [ V6|}g,

which is symmetric and traceless. The equation B(¢) = 0 is called the Mébius equation and
characterizes conformal changes which preserve the Ricci eigenspaces. Thus, a conformal
transformation ¢ preserves the Einstein property if and only if B(¢) = 0. In such a case
we say that ¢ is a Mébius transformation.

Note, as a consequence of Theorem 1.4.1, that the Osserman condition is preserved by a
conformal transformation if and only if it preserves the Einstein property, this is, if and only
if it is a Mobius transformation. Let M be an Osserman pseudo-Riemannian manifold.
Then every manifold in its conformal class is conformally Osserman. Nevertheless, it
is not true in general that a conformally Osserman manifold is in the conformal class
of an Osserman manifold. Examples of this fact will be explicitly given in Chapter 3.
Observe that, as a consequence of Theorem 1.4.1, a conformally Osserman manifold is
in the conformal class of an Osserman manifold if and only if there exists an Einstein
manifold in its conformal class.
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1.4.3 The skew-symmetric curvature operator

Let V = (V, (-,-), A) be an algebraic model. For vectors x,y, the skew-symmetric curvature
operator A(zx,y) is given by

(A(z,y)z,w) = Az, y, 2, w),

where here we emphasize the role played by arguments x and y, with a skew-symmetric
behavior.

If {e1, ez} is an oriented orthonormal basis for an oriented non-degenerate 2-plane m,
the skew-symmetric curvature operator A, = A(w) is given by

Arz = A(m)z := Aler,e2)z.

This definition is independent of the particular oriented orthonormal basis chosen. Note
that the skew-symmetric curvature operator is skew-adjoint, in contrast to the Jacobi
operator which is self-adjoint. This justifies in many cases the different properties that
both operators present in certain instances.

1.4.4 The higher order Jacobi operators

Here, we follow the discussion of Stanilov and Videv [160] to define a higher order Jacobi
operator as follows. Let {eq,...,e;} be an orthonormal basis for a k-plane II. Set

k

JA) =Y eT(e);

=1

this is independent of the particular orthonormal basis chosen and, roughly speaking, it
measures the average of the Jacobi operators in the k-plane II. Indeed, if M is Riemannian,

) =) | o T

where c¢(k) is a suitably chosen normalizing constant. If k = 1, one recovers the ordinary
Jacobi operator. Furthermore, if & = n then p := J(V) is the Ricci operator; thus
suggesting that the higher order Jacobi operator can also be thought of as a generalization
of the Ricci operator to lower dimensional subspaces.

One says that a model V = (V, (-,-), A)is k-Osserman if the eigenvalues of J(II) are
constant on the Grassmannian Gri (V') of k-planes.

Gilkey proved in [82] that the geometry of a Riemannian k-Osserman model is very
rigid:

e Ifk=1o0r k=n—1, then V is k-Osserman if and only if it is Osserman.
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o If 2 <k <n-—2, then V is k-Osserman if and only if there exists a constant ¢ such
that A = cAy or A = cAy, where J is a complex structure. Geometric consequences
of this algebraic classification are then obtained by using the Second Bianchi Identity,
showing that a Riemannian manifold M is k-Osserman if and only if it has constant
sectional curvature.

1.4.5 The complex Jacobi operator and the complex Osserman condition

Let us consider an algebraic model V = (V, (-, -), A), in which we have a complex structure.
We give the following definition.

Definition 1.4.1 Let (-,-) be an inner product on V. Let A be an algebraic curvature
tensor on V and let J be a Hermitian complex structure on (V,(-,-)). Then we say the
quadruple V = (V,(-,-), A, J) is a complex model.

Let V = (V,(-,-), A, J)be a complex model. If 7 € CP(V,J), let S(7) be the set of
unit vectors in 7. Let z € S(w) for 7 € CP(V,J). Denote 7, := Span{x, Jz}. For any
x € S(m) we define

e the holomorphic sectional curvature Q(my):

Q(ry) = Az, Jx,x, Jx),
o the complex Jacobi operator J(mz):
I (me) = T (x) + T (Ju),
e and the complexr skew-symmetric curvature operator R(my):

R(mz) := R(zx, Jx).

Note that Q(7), J(mz) and R(m;) do not depend on the choice of z. These definitions
are translated to the geometric setting for almost Hermitian manifolds in a natural way.

In order to define the complex Osserman concept, instead of the 2-Osserman condition
where the eigenvalues are constant on the Grassmannian of 2-planes, we consider a natural
weaker condition with constant eigenvalues on the space of holomorphic planes CP(V, J).
Thus, we give the following definition.

Definition 1.4.2 Let V = (V,(-,-), A, J) be a complex model. We say that V is complex
Osserman if

1. J and A are compatible, i.e. J*A = A.

2. The eigenvalues of Ja(my) are constant on CP(V,J).
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We shall also sometimes simply say that A is complex Osserman in this situation.

Note that we impose an extra condition of compatibility between the curvature and the
almost complex structure. Although it may seem a bit artificial, we will see in Chapter 12
that it is indeed very natural. Moreover, some important families of almost Hermitian
manifolds satisfy that condition.

In Part IV we will study the complex Jacobi operator and we will give some partial
results on the classification of complex Osserman models and manifolds. Furthermore, we
will give a complete classification of complex Osserman Ké&hler manifolds in dimension 4.

1.4.6 Commutativity of operators associated to the curvature tensor

In Part III of this memoir we study how some commutativity properties of natural opera-
tors associated to the curvature tensor influence the geometry of the manifold. A seminal
paper on the subject is due to Tsankov [167], who first studied these questions for Rie-
mannian hypersurfaces. In the present section we establish some notation we will use later
and describe a few basic properties. We will use subscripts more than usual in this section
with the purpose of simplifying notation.

Let V = (V, (-,-), A) be an algebraic model. The Jacobi operator J(x) is quadratic in
x and can be polarized to define a bilinear operator J,, = J(x,y) by setting

1

jxyz = j(m,y)z = §{A<$,Z)y + A(y7 Z)JJ} :

The following identities are immediate consequences of the previous definition:
(1 7) Tz = Tz, j:]cyy = _%jy:n’
Teos Ox-+sin y = cos? 0.7, + 2 cos 0 sin 0Ty + sin® 0T, .

It is convenient to set from the beginning the notation we are going to work with. We
establish the main specific terminology in next definition; we first define concepts in the
algebraic context to later extend them to the differentiable setting.

Definition 1.4.3 Let V = (V,(:,-), A) be an algebraic model. We say that
1.V is Jacobi Tsankov if J,Jy = JyJz for all z,y €'V,
2. V is orthogonally Jacobi Tsankov if Jp.Jy = JyJz for all x,y € V with x Ly,

3. Vis skew Tsankov if Ar A, = A, Ar for all non-degenerate oriented 2-planes w and
0-7

4.V is orthogonally skew Tsankov if A A, = Ay Ax for all non-degenerate oriented
2-planes m and o with m L o.
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In order to translate all these concepts to the differentiable setting, let M = (M, g) be
a pseudo-Riemannian manifold. Then M is said to have one of the properties discussed
above if and only if the associated model V(M, p) = (T,M, g,, R,) has such a property for
all points p € M.

1.5 Manifolds with special structure

The existence of nontrivial solutions of the M&bius equation influences the local structure
of the manifold, which must be a warped product (see [67, 115, 119, 144]). Moreover, local
twisted products are the underlying structure of manifolds admitting Codazzi tensors in
many cases. Therefore twisted and warped product decompositions are natural structures
to be analyzed when considering conformal properties.

1.5.1 Warped product structures

A simple geometric structure is that of a direct product manifold, this is, a manifold
M = (M, g) which decomposes as M = (B X F,gp ® gr). Note that these manifolds are
reducible at every point. Now, we are going to slightly modify the metric of one of these
factors to get a much more interesting structure.

Let (B, ggp) and (F, gr) be two pseudo-Riemannian manifolds and let f : B — R™ be
a positive function on B. The product manifold M = B x F' endowed with the metric

g=9® figr

is called a warped product; B is called the base, F' is called the fiber and f is called the
warping function. We denote by B X I’ the warped product with base B, fiber F' and
warping function f.

The following results provide a basic description of the geometry of a manifold with
warped product structure.

Lemma 1.5.1 [139] Let M = B x; F be a warped product. Let X,Y € X(B) and
U,V € X(F), the Levi-Civita connection is given by:

(i) VxY is the lift of VY,

(i) VxU =VyX =200,
(iii) nor(VyV) =I1I1(U,V) = —%Vf,
(iv) tan(VyV) is the lift of VEV,

where VB and VT denote the Levi-Civita connections of (B, gg) and (F, gr), respectively,
and I is the second fundamental form with respect to F'.
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Let M = B x; F' be a warped product. Denote by £p and £ the canonic foliations
associated to the submanifolds determined by B and F'. Note from Lemma 1.5.1 that £p
is totally geodesic (i.e. the second fundamental form vanishes IIp = 0), whereas £p is
spheric (i.e. Ilp = Zgp for a Z orthogonal to £p and parallel in the normal bundle of
£r [147]). The next result shows this is a characteristic fact of warped products among
product spaces for orthogonal foliations:

Theorem 1.5.2 [147] Let g be a metric defined on B x F. If £5 and £ intersect or-
thogonally, then g is a warped product if and only if £p is totally geodesic and L£r is
spheric.

Warped products were introduced in [13] as a tool to construct Riemannian manifolds
with non positive curvature. From that point on they were extensively studied, moreover
they found one of the main motivations in Physics, where many models present this
structure. Specially, many cosmological models are warped or multiply warped products.

The curvature of a warped product is described in next lemma.

Lemma 1.5.3 [139] Let M = B x ¢ F be a warped product. Let X,Y,Z € X(B) and let
U V,W € X(F). The curvature tensor R is given by:

(i) R(X,Y)Z is the lift of RB(X,Y)Z on B,

(ii) R(U,X)Y = U,

M
(iii) R(X,Y)U = R(U,V)X =0,

(iv) R(X, U)WV = U0V (Vf),

(v) RUV)W = RE(U. V)W — TLI0 (o, w)yv — (v.w)v).

From the expressions of the curvature, one easily obtains the expressions for the Ricci
tensor.

Corollary 1.5.4 [139] Let M = B x; F be a warped product with d = dimF > 1,
X, Y e X(B) and U,V € X(F), then:

(i) pX.Y) = pP(X,Y) — $Hp(X.Y),
(ii) p(X,U) =0,

(iii) p(U,V) = pF (U V) = (U, V) (B + (d = 1) 70,

From the previous corollary we deduce the expression for the scalar curvature of a
warped product:
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Corollary 1.5.5 Let M = B x ;I be a warped product, then the scalar curvature is given
by:
F
B, T Af
T=7"4— —2d— —d(d —1)
f? f

VY
7
where d = dim F'.

As we said before, warped products were used to provide examples of Riemannian
manifolds with negative curvature. The following result characterizes such manifolds:

Theorem 1.5.6 [13] A Riemannian warped product B x ¢ F' has negative sectional cur-
vature K < 0 if and only if the following conditions hold:

(i) dimB =1 or KB <0,
(ii) f is strictly convex,

(iii) (a) dim F =1, or
(b) K <0 if f has a minimum; K¥ <0 if f does not have a minimum.

The warped product structure may be generalized in two different directions, namely,
by adding an arbitrary number of fibers to get a multiply warped product or by extending
the domain of the warping function to the whole manifold, thus obtaining a twisted product.

Let (B,gB), (F1,91), - -, (Fk, gr) be pseudo-Riemannian manifolds. The product man-
ifold M = B x F} x ... x F}, equipped with the metric

I=98 D fig ®... O figr,

where fi,...,fr : B — RT are positive functions on B, is called a multiply warped
product. B is the base, F1,...,Fy are the fibers and fi,..., f are referred to as the
warping functions. We will denote a multiply warped product manifold as above by
BXfl F1 X Xf Fk.

Since multiply warped products are obtained from warped products by adding new
fibers, these multiple structures preserve the geometry of warped products. Moreover, a
multiply warped product B x ¢ Fy x ... Xy, Fj can be thought of as a warped product
with base B x ¢, Iy X ... Xy, Fp_1 and fiber F}. Thus, the components of the curvature
for a multiply warped product B x ¢ Fy x ... Xy, Fj are the same as those of a warped
product, and hence they are given by Lemma 1.5.3, except for the following additional
components:

(vi) R(U;, U)Vi = GEUY £,V £,)U;,

(vii) R(Us, Vi)Ws = RF (Us, Vi)W — SSE20 (05, W) Vi — (Vi, W) U3),

(3

where U;, V;, W; € X(F;).
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1.5.2 Twisted product structures

Let (B,gp) and (F,gr) be two pseudo-Riemannian manifolds and let f : B x F — R*
be a positive function on B x F. The product manifold M = B x F' endowed with the
metric

9=98% f’gr

is called a twisted product. The same terminology of base and fiber applies in this case,
whereas f is the twisting function (sometimes it is also referred to as the warping function).

Twisted products were introduced in [49] and systematically studied by Ponge and
Reckziegel in [147]. In this subsection we are going to describe the geometry of a twisted
product as we have done previously for a warped one. For simplicity in some of the
expressions, we use £ = Log f instead of f.

Lemma 1.5.7 [67] Let M = B x ¢ F be a twisted product, X,Y € X(B) and U,V € X(F).
The Levi-Clivita connection of M behaves as follows

(i) VxY is the lift of VEY,
(it) VxU = X (U,
(iii) VyV = VEV + UV + V(U — g(U, V) VE.
From previous lemma it follows that the canonical foliations with respect to B and F,
that we denote by £p and £p, are totally geodesic and totally umbilic (i.e. the second
fundamental form can be written as I1p = gpZ for a vector field Z orthogonal to £p),

respectively. As for warped products, this fact also characterizes twisted products for
orthogonal foliations.

Lemma 1.5.8 [147] Let g be a metric defined on B x F. If £ and £ intersect orthog-
onally, then g is a twisted product if and only if £p is totally geodesic and L£F is totally
umbilic.

Next lemma gives the expression of the curvature tensor for a twisted product, which
can be obtained from the expressions of the Levi-Civita connection in Lemma 1.5.7.

Lemma 1.5.9 [67] Let M = B x ¢ F' be a twisted product. The curvature tensor is given
by:

(1)
(i)

R( Z =RB(X,Y)Z,
R(

(iii) R(
R(

X,Y)

U, X)Y = (He(X,Y) + X(§Y()U,
X, U)V = g(U, V)(X(§VE+ he(X)) = XV (EU,
U

(iv) WX =XV(OU - XU(E)V,
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(v) R(U, V)W = RF(U, V)W g(VE,VE) (g(U W)V — g(V,W)U)
He(V,W)U — He(U, W)V
g(V,W)he(U) — g(U,W)he(V)
WV (U - UEV)
(UE)g(V.W) =V (&)g(U,W))VE,

where X,Y,Z € X(B) and U,V,W € X(F).

+ o+ o+ 4+

The Ricci tensor can be obtained by contraction.

Lemma 1.5.10 [67] Let M = B xy F be a twisted product. For X,Y € X(B) and
V,W € X(F) we have

(i) p(X,Y)=pP(X,Y) = d(X(Y (&) + He(X,Y)),
(i) p(X,V)=(1-d)XV(E),

(iii) p(V,W)=p"(V,W) + (2
+ (d

= d)(V(OW(§) + He(V, W)
—2)g(V,W)g(VE,VE) — g(V,W)AE,

where d = dim F'.

From the definitions above and, moreover, taking into account the geometry of warped
and twisted products, it seems that the twisted product structure is much more flexible
than the warped one. Indeed, if B restricts to a point p, the manifold {p} x ¢ F' is nothing
but a homothety on gp for a warped product, but a conformal deformation of gg for
a twisted one. Nevertheless, we find in the literature that under certain circumstances
twisted products reduce to warped products, as next results show.

Theorem 1.5.11 [68] Let B x s F' be a twisted product with dim F' > 1. Then p(X,V) =0
for all X,V, with X tangent to B and V tangent to F, if and only if B x; F' may be
expressed as a warped product B XfF of (B,gp) and (F,gr), where gr is a metric tensor
conformally equivalent to gp.

Corollary 1.5.12 [68] Let M = B x¢ F, with dim F > 1, be a twisted product. Then if
M is Einstein, it may indeed be expressed as a warped product.

In Section 6.3 we will give a result following this philosophy, that is, by means of
conditions on the curvature it ensures that a twisted product can in fact be written as a
warped one.
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1.6 Completeness and Ricci blow-up

We say that M is geodesically complete if all geodesics exist for all time. In the Rieman-
nian setting, the Hopf-Rinow Theorem provides a useful tool to guarantee completeness.
However, in higher signature it is generally harder to check wether or not a manifold is
geodesically complete. Since our task in several occasions will be to study completeness of
higher signatured manifolds, we will check whether there is blow up of operators associated
to the curvature along geodesics. We say that M exhibits Ricci blowup if there exists a
geodesic «y defined for ¢ € [0,7) with T" < oo and such that lim;—7 |[p(,%)| = co. If M
exhibits Ricci blowup, then it is geodesically incomplete and it can not be isometrically
embedded in a geodesically complete manifold of the same dimension. In the remaining
of this section we present a couple of criteria for geodesic completeness.

Complete Riemannian twisted products

The following result is due to Bishop and O’Neill [13]:

Theorem 1.6.1 Let M = B x; F' be a Riemannian warped product. M is complete if
and only if B and F are complete.

An analogous result of Theorem 1.6.1 does not hold for twisted products. However
we may force the condition on the fiber to get a simple criterion by means of sufficient
conditions for a twisted product to be complete.

Theorem 1.6.2 Let M = B Xy F' be a Riemannian twisted product with compact fiber.
Then M is complete if and only if B is complete.

Proof. Assume M is complete. Then, since B inherits the geometry of M (i.e., its
canonic foliation £p is totally geodesic), B is also complete. Now we prove the opposite
implication. Since M is Riemannian we use Hopf-Rinow Theorem. Let {(p;,qi)}: be
a Cauchy sequence on B xy F. Obviously {p;} is a Cauchy sequence on B so, since
B is complete, it converges in B. Furthermore, there exists a compact K C B which
contains the sequence {p;};>; for a certain k. Consider the product K x F, since K
and F' are compact, the product also is. The twisting function f attains its maximum
and minimum in K X F, hence 0 < ¢ < f < d for some ¢,d € R. This bound implies
d(qi,q5) < (1/e)d((pi, i), (Pj,q5)), s0 {¢;} is a Cauchy sequence on F. F'is compact, so it
is complete and {¢;} converges. Hence {(p;,¢;)} also converges. O

Although this result is based on Hopf-Rinow Theorem, different tools are used to
get interesting results in Lorentzian signature. See, for instance, [152] for examples of
incomplete metrics on the Lorentzian torus.
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Generalized plane wave manifolds

Here we define a large family of manifolds that has been extensively studied and that
contains some of the examples we will study later. We refer to [85] for more information
on this kind of manifolds.

Definition 1.6.1 Let (x1,...,xy,) be the usual coordinates in R"™. A pseudo-Riemannian
manifold (R™, g) is said to be a generalized plane wave manifold if the Levi-Civita connec-
tion verifies

(1.8) Vo, 0n; = > Thwr,... 25-1)0k, ,
k>max{i,j}

where Ffj denotes the Christoffel symbols.

Generalized plane wave manifolds have several interesting properties. In the following
theorem we mention just a few (see [85] for a broad exposition).

Theorem 1.6.3 [85] Let M be a generalized plane wave manifold. Then
o M is geodesically complete,
o M is nilpotent Osserman, nilpotent k-Osserman and Ricci flat,
e the scalar Weyl invariants of M vanish.

There are other kind of plane waves such as plane fronted waves or pp-waves which
are interesting from a physical point of view, however they do not necessarily correspond
to generalized plane wave manifolds. See, for instance, [45], where necessary and sufficient
conditions for a plane fronted wave to be geodesically complete are given.
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Conformally Osserman manifolds
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The fact that the metric is definite in the Riemannian case, implies that the Jacobi
operator is diagonalizable. This is not true in higher signature and makes the Osser-
man problem less tractable in general. Proceeding as in [16] or [75], if the signature is
Lorentzian, then V = (V, (-, ), A) is Osserman if and only if the sectional curvature is con-
stant, and thus the space of Osserman algebraic curvature tensors reduces to Span {Ag}.
The same result holds for Osserman algebraic curvature tensors in an odd-dimensional
Riemannian space [51], [89].

If V= (V,(,-),A)is an Osserman model of arbitrary signature, then the Ricci tensor
p satisfies p = 7(-,-). This shows that any Osserman algebraic curvature tensor in a 3-
dimensional vector space V has constant sectional curvature. Therefore the first nontrivial
case is that of dim V = 4.

These two previous considerations suggest that the first meaningful case in the study
of Osserman manifolds is that of 4-dimensional metrics of neutral signature. This has been
extensively done during last years, although a good understanding of the subject has not
been attained so far.

Despite the fact that in the higher signature setting some of the two-point homogeneous
spaces can be recognized by some Osserman-like properties ([17], [24]), a remarkable fact is
the existence of many nonsymmetric and even not locally homogeneous Osserman pseudo-
Riemannian metrics. A two-step strategy has been followed so far in the study of Osserman
manifolds [89]. The first step consists in the determination of the Osserman algebraic
curvature tensors, which is closely related to the existence of certain Clifford structures
([24], [51], [135], [136]). Secondly, the objective is to classify the manifolds with such
a structure as Nikolayevsky did in [134]. Therefore, a fundamental aspect towards an
understanding of Osserman metrics is to determine the solution of the Osserman problem
at a purely algebraic level. Here, it is worth emphasizing the existence of many Osserman
algebraic curvature tensors which are not geometrically realizable ([17], [81]). For a more
complete exposition on the subject see [77] and [84].

In Chapter 2 we recall some facts about Riemannian Osserman models and study the
algebraic structure of Osserman algebraic curvature tensors in neutral signature.

Recently, the Osserman problem has evolved into related questions as those on the
constancy of eigenvalues of the Weyl conformal Jacobi operators [18], [19], [20]. Thus, in
Chapter 3 we study conformally Osserman manifolds in signature (2,2). We use Walker
manifolds to provide a broad variety of examples, showing that all possible algebraic struc-
tures, given in Chapter 2, are geometrically realizable for the conformal Jacobi operator.
Here, it is worth mentioning that we do not have this realizability for the usual Jacobi
operator and Osserman manifolds (see [17]).

In Chapter 4 we turn our attention to global properties of Osserman and conformally
Osserman manifolds in dimension 4 and neutral signature. Firstly, we characterize those
which are both compact and Jordan Osserman. Secondly, we answer questions of geodesic
completeness for Osserman and conformally Osserman examples.

We conclude Part I in Chapter 5, which is devoted to the analysis of the Osserman
condition on manifolds whose metric has the structure of a warped product. We character-
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ize Osserman Riemannian warped products by showing that they have constant sectional
curvature. Some conclusions are also obtained for twisted products; however, we shall say
that the dimensions of the base and the fiber of the product play an important role here.
A consequence of these characterizations is that a conformally Osserman warped product
is locally conformally flat. This fact motivates the study, in Part II, of locally conformally
flat manifolds with warped product structure. Therefore, Chapter 5 acts as a link between
Parts I and II.



Chapter 2

Algebraic structure of
4-dimensional Osserman manifolds

In this chapter we study neutral signature Osserman algebraic models. Results given
here will be used in subsequent chapters, specially in the study of conformally Osserman
4-dimensional manifolds in Chapter 3.

First we recall some facts about Osserman models and manifolds in the Riemannian
setting. Afterwards we concentrate on neutral signature and investigate the algebraic
structure of Jacobi operators in Osserman models, based on previous works [17] and [77].
We then relate the Jordan normal form of the Jacobi operator with that of the Weyl
self-dual operator, giving the explicit terms of the curvature and the matrix components
of each operator.

2.1 The Osserman condition in the Riemannian setting

The Osserman conjecture is totally solved in dimension 4 for Riemannian manifolds in an
affirmative way, as next theorem shows.

Theorem 2.1.1 [51] Let M = (M, g) be a 4-dimensional Riemannian globally Osserman
manifold. Then M is flat or locally a rank one symmetric space.

Nevertheless, there are several peculiarities in dimension 4 that appear when study-
ing Riemannian Osserman manifolds and that will be useful when passing to the higher
signature setting; we recall some of them in this section.

The next result gives a nice characterization of Osserman models.

Theorem 2.1.2 [89] Let V = (V, (-,-), A) be a 4-dimensional Riemannian algebraic model.
The following assertions are equivalent:

1. V is Osserman,

23
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2.V is Finstein and self-dual or anti-self-dual,
3.V is 2-stein (i.e. (x,z)"%tr{J(x)?} is independent of x € V).

Remark 2.1.3 Although the pointwise and global Osserman conditions are in many cases
equivalent, there exist examples of 4-dimensional Riemannian pointwise Osserman man-
ifolds which are not globally Osserman (see [89] and [142]). Furthermore and more con-
cretely, it follows from the work of Nikolayevsky that, with the exception of dimension
sixteen which is still open, pointwise Osserman metrics which are not Osserman only exist
in dimension four.

2.2 The Osserman condition in signature (— — ++)

The Osserman problem is solved for Riemannian and Lorentzian models in dimension 4,
hence we deal with neutral signature in the remaining of this chapter.

Remark 2.2.1 Since J(z)z = 0, one often restricts the Jacobi operator J(z) to zt.
Moreover, since for any spacelike or timelike vector = the inner product induced on a*
is of Lorentzian signature, the Jacobi operators are not completely determined by their
eigenvalues, but by the Jordan normal form. Thus, we have the following four possibilities:

a 0 0 v =6 0 a 0 0 a 1 0
0o g8 0|, 6~ 0], 0o g 1], 0 o 1
0 0 v 0 0 « 0 0 B 0 0 «
Type Ia Type Ib Type 1T Type 11T

Observe that type Ia corresponds to diagonalizable Jacobi operators and type Ib corre-
sponds to Jacobi operators with a complex eigenvalue, while type II and type III corre-
spond to a double and a triple root of the minimal polynomial of the Jacobi operators,
respectively.

Subsequent results provide an algebraic description of Osserman algebraic curvature
tensors in neutral signature, characterizing the different possibilities for the structure of
the Jacobi operators. They are essentially obtained in the same way as in [17], [77].

Lemma 2.2.2 Let V = (V,(-,-),A) be an algebraic model with (-,-) of signature (2,2)
and let {e1(—), ea(—),e3(+),ea(+)} be an orthonormal basis. The following assertions are
equivalent:

(i) V is Osserman and the Jacobi operator J(e1) is diagonalizable with eigenvalues

(a, B,7):

J(e1) = (e1,e1)

o o
o o
2 O O
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(ii) The curvature tensor is given by

200—3—
A1912 = Azazs = a, Ajggy = 20070
—a+26—
Aigis = Apsog = =3, Aggaq = — 28201,
—a—[F+42
Ajg14 = Azzaz = —, Avgog = —2 21,

(iii) The self-dual and anti-self-dual Weyl operators satisfy W~ =0 and

9 200 — B — 7y 0 0
wt = 3 0 —a+28 -7y 0
0 0 —a—[+2y
20 — § 0 0
= 0 28— ¢ 0
0 0 —2(a+p)+ 3

Lemma 2.2.3 Let V = (V,(-,-), A) be an algebraic model with (-,-) of signature (2,2)
and let {e1(—),e2(—),e3(+),es(+)} be an orthonormal basis. The following assertions are
equivalent:

(i) V is Osserman and the Jacobi operator J(e1) has one real and two complex eigen-

values (o, + Bv/—1):

v =8 0
J(e1)=(er,er)| B8 v O
0 O
(ii) The curvature tensor is given by
Ar212 = —Aiz13 = —Aooa = Asaza =7y, A1 = Aggaz = —a,
Ar213 = A1224 = Aigza = Agazs = 03,
Angzg = —A1z = =557, A2z = 2(a3_7) :

(iii) The self-dual and anti-self-dual Weyl operators satisfy W~ =0 and

—3a-v) -2 0
Wt = 28 —jla=v) 0
0 0 (@ =)

Lemma 2.2.4 Let V = (V,(-,-),A) be an algebraic model with (-,-) of signature (2,2)
and let {e1(—),e2(—),e3(+),es(+)} be an orthonormal basis. The following assertions are

equivalent:
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(i) V is Osserman, the Jacobi operator J(e1) has one simple and one double eigenvalue
(a, B, 8) and the following associated matrix

B+3 -5 0
J(e1) = (e1,e1) i -1 o0
0 0 «
(i) The curvature tensor is given by
A1o1o = Asaza = B+ 3, A1234=—anﬂ+%,
Asz1z = Aosos = —B+ 3, Aqz94 = “T*ﬁ +1
Aqg14 = Agzez = —av, Aqg23 = z(ag_ﬁ) ,
A1o13 = A1201 = Arzza = Aouga = — 5.

(iii) The self-dual and anti-self-dual Weyl operators satisfy W~ =0 and

| -1 0
Wt = 1 JHeB g
0 0 4(a—p)

3

Lemma 2.2.5 Let V = (V,{-,-), A) be an algebraic model with (-,-) of signature (2,2)

and let {e1(—), e2(—), es(+),ea(+)} be an orthonormal basis. The following assertions are
equivalent:

(i) V is Osserman, the Jacobi operator J (e1) has one triple eigenvalue (o, o, &) and the
following associated matriz

« 0 %
J(e1) = {e1,e1) 0 «a %
(ii) The curvature tensor is given by
Ar212 = —Aiz13 = —Araia = —Azzoz = —Agazs = Asaz = @,
Ar214 = —Arg2s = —Aiz14 = A1gos = —Araza = Araza = Aogzos = —Aogza = % .

(iii) The self-dual and anti-self-dual Weyl operators satisfy W~ =0 and
0 0 V2
Wt = 0 0 V2
-2 V2 0
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As a consequence of Lemmas 2.2.2, 2.2.3, 2.2.4 and 2.2.5 one has the following result.

Theorem 2.2.6 Let V = (V,(-,-), A) be an algebraic model in signature (2,2). ThenV is
Osserman if and only if it is Jordan-Osserman.

Proof. Assume V is Osserman. Let e; € S7(V,(-,-)). Then J(e;) is of one of the
types in Remark 2.2.1 and there exist orthonormal vectors ea(—), e3(+), e4(+) so that the
curvature tensor is given by Lemmas 2.2.2-2.2.5. Now, it is straightforward to show that
such a curvature tensor has all the Jacobi operators of the same type and, therefore, V is
Jordan-Osserman. O

Remark 2.2.7 The four types of the Jacobi operators characterized in Lemmas 2.2.2—
2.2.5 may be given in terms of the self-dual operators as well. Thus, for an orthonormal
basis {e1(—),e2(—), e3(+), ea(+)}, one obtains the following:

1. Type la:
For an algebraic curvature tensor given by
Aj212 = Asaza = 5 + 15, Aj934 =35,
Aigi3 = Apgpa = -5 — &, Aizzg = -2,
Avg = Agzpz = %52 — T Ay = -2
the self-dual and anti-self-dual Weyl operators satisfy
a 0 0
Wtr=|0 g 0 with a+8+~v=0 and W™ =0.
0 0 v
The Jacobi operator in the direction of e; is given by:
a 0 0
~ . a T 5 BT a+p3 T
= — h = — _ = — —_ = — _
J(e) 05 0 ), where &=5 475, f=5+135.1 2 12
0 0 #
2. Type Ib:
For an algebraic curvature tensor given by
Ajo12 = —A1313 = —Aoaoa = Aguza = -5 + 15,
Apgg = Aozas = —5 — 15,
Aio1s = Aroos = Aizza = Asaza = — 5, Aioga = —Apgos = %, Aoz = ¢,

the self-dual and anti-self-dual Weyl operators satisfy
v =8 0
Wr=|p8 ~ 0 with 3#0, a+2y=0 and W~ = 0.
0 0 «
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The Jacobi operator in the direction of e; is given by:

5 B o
Je)=—| 6 4 0
0 0 «&
with 3
a T A a T
V=24 4BVl = (—— —)i—\/—l.
=5t TEP 1T 12) e
. Type II:
For an algebraic curvature tensor given by
Ao = Azaza = —$+ 1+ 5,
Az =Aun=$+1— 15,
Ag1a = Aszes = —5 — 15,
A1g13 = A1ooa = A13g4 = Aouza = — 5,
Apgga = -9+ 1, A132a =2+ 1, Az = %,

the self-dual and anti-self-dual Weyl operators satisfy

B+3 —4 0
wt = L B—3 0 with o +28=0 and W~ = 0.
«

0

[esi V]|

The Jacobi operator in the direction of e is given by:

.
_ 1 5 1
j(el) - - 1 B ) 0 )
0 0 &
with
A « + T B . « + T
a=2= e T
2 12° 4 12
. Type III:
For an algebraic curvature tensor given by
Aj912 = —A1313 = —Ara14 = —Aozez = —Aogoa = Azazs = {5,
Aj914 = — A3 = —A1314 = A1323 =—A1424 = A1a34 = Aozoy = —Aozzy = 2%/5,

the self-dual and anti-self-dual Weyl operators satisfy

0 0
wt = 0 0
11

and W™ =0.

= oS

2 V2



2.2 The Osserman condition in signature (— — ++) 29

The Jacobi operator in the direction of e; is given by:

A 1
(6] 0 ﬁ
~ 1 . N T
J(e1) = — 01 014 ﬁ with &=
i s @

Lemmas 2.2.2, 2.2.3, 2.2.4, 2.2.5 and Remark 2.2.7 classify all possible types of Os-
serman algebraic curvature tensors. Moreover, they relate the eigenvalues of the Jacobi
operator with the eigenvalues of the self-dual conformal operator. The following is an
analogue of Theorem 2.1.2 in the neutral signature setting.

Theorem 2.2.8 Let V = (V,(-,-), A) be an algebraic model of signature (2,2). Then, V
is Osserman if and only if it is self-dual (or anti-self-dual) and p = %(-,-). Moreover, the
types of the self-dual curvature W+ (resp., anti-self-dual curvature W= ) are in one to one
correspondence with the different types of the Jacobi operators in Remark 2.2.1.

Proof. Note that any algebraic curvature tensor A can be interpreted as an endomorphism
in the space of 2-forms A. Moreover, from Theorem 1.3.2 and since V is a 4-dimensional
vector space, A decomposes as

T wt 0
(2.1) A—uIdA+3A+< 0 W‘)’

where 3, denotes the trace-free Ricci tensor as an endomorphism in A. Furthermore, in
order to express the self-dual and anti-self-dual curvature tensors, a basis of the space of
2-forms is constructed as follows: let {e;} be an orthonormal basis of V' and consider the in-
duced basis on the spaces of self-dual and anti-self-dual 2-forms AT = Span {Ef[, E2i, E?)i}
given in (1.5). Note that

<Eit7Eit> = €1€2, <E§|:7E§t> = €1€3, <E§E7E§t> = €1&4 .

With respect to the basis {Eli, EZi, E;f}, the self-dual and the anti-self-dual Weyl operators
W;f : AT — AT have the following matrix form:

eiesWin e1ea(Wiiz ere2(Wihs

12 1
(2.2) W;‘t = 6153(Wj)12 5183(Wj)22 6163(WAi)23
e1ea(Wiis e1ea(Wi)as e14(W3)a3

Now we proceed as in [77]. If A is an Osserman algebraic curvature tensor, then spe-
cialize the orthonormal basis {e;} above as given in Lemmas 2.2.2, 2.2.3, 2.2.4 or 2.2.5 to
get, after a straightforward calculation, that p = Z(-,-) and W~ or W+ vanishes. More-
over, the structure of the self-dual or anti-self-dual part of the Weyl tensor corresponds
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to the structure of the Jacobi operators. Conversely, if A is assumed to be self-dual and
p = %(--), then (2.1) becomes

T wt 0
(2.3) AlQIdA+< 0 0);

from where it follows that A is Osserman proceeding as in [3], [77] or [89]. O



Chapter 3

Differentiable structure of
four-dimensional conformally
Osserman manifolds

The purpose of this chapter is to investigate the geometry of 4-dimensional conformally
Osserman pseudo-Riemannian manifolds. Special attention is paid to the construction of
a large number of examples of conformally Osserman metrics. As a consequence we obtain
that the eigenvalue structure of the conformal Jacobi operators is much richer than the
corresponding one for the usual Jacobi operators. In that sense, two aspects should be
emphasized as concerns those examples:

o There exist conformally Osserman manifolds which are not in the conformal class of
any Osserman metric.
o All the possible algebraic structures of the conformal Jacobi operators in Remark 2.2.1

can be realized at the differentiable level.

First note that, although the algebraic study we carried out in previous chapter dealt
with the Osserman condition, and not with the conformally Osserman itself, in this chapter
we apply all those results to the Weyl tensor and we take advantage of them to analyze
conformally Osserman manifolds. In Sections 3.1-3.4 we present results in [33] including
some new examples, whereas results of Section 3.5 are collected in [40].

3.1 Conformally Osserman manifolds and (anti-) self-dual
structures

The following characterization was established in the Riemannian setting in [19].

Theorem 3.1.1 [19] Let V = (V,(:,+), A) be a Riemannian model with dim V = 4. V is
conformally Osserman if and only if V is self-dual or anti-self-dual.

31
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In the following result we use Theorem 2.2.8 to see that an analogous characterization
of 4-dimensional conformally Osserman manifolds also holds in neutral signature.

Theorem 3.1.2 Let M = (M, g) be a 4-dimensional pseudo-Riemannian manifold. Then
M is conformally Osserman if and only if there is a choice of orientation for M such that
it is self-dual or anti-self-dual. Moreover, there is a one to one correspondence between
the Jordan normal form of Jw and W=.

Proof. Since the Weyl tensor is trace-free, pyy = 0 and 7 = 0, from where it follows
that the algebraic Weyl curvature tensor Wy constructed by (1.4) from the Weyl tensor
W, coincides with the Weyl tensor, i.e. Wy = W. Now the result follows immediately
from Theorem 2.2.8. O

As an immediate application of previous Theorem, examples of conformally Osserman
(= — ++)-metrics are obtained from the work of Dunajski [62]. Our purpose in the
remainder of this chapter is to use Theorem 3.1.2 to construct new examples of conformally
Osserman metrics.

3.2 Walker metrics

A specific feature of strictly pseudo-Riemannian metrics is related to the local reductibili-
ty/decomposability of such structures as shown by Wu in [172]. There are many striking
differences between the Riemannian and pseudo-Riemannian situations which come from
the existence of parallel degenerate distributions, which do not lead to local decompositions
of the manifold in the indefinite setting. Among such metrics, an interesting family was
investigated by Walker [169]: pseudo-Riemannian manifolds admitting a parallel degen-
erate distribution of maximal rank, which include some metrics on tangent (for example
some complete lifts) and cotangent (for example Riemann extensions) bundles as special
cases [76]. One says that a pseudo-Riemannian manifold M of signature (2,2) is a Walker
manifold if it admits a parallel totally isotropic 2-plane field. It was shown by Walker that
any such 4-dimensional metric can be locally expressed in adapted coordinates (x1,...,z4)
as manifolds in next definition.

Definition 3.2.1 M is called a Walker manifold if M is a neutral signature 4-dimensio-
nal manifold with metric tensor expressed in local coordinates as

0 0 1 0

00 0 1
g(@1, x2, 33, 24) = 1 0 a(xy,me,23,24) c(z1,22,23,24) |’

0 1 c(xy,xe,x3,24) b(x1,22,23,24)

for arbitrary functions a, b, c.

During last years, a broad analysis of the geometry of Walker metrics has been devel-
oped (see, for instance, [47], [60], [61], [128]); these appear in several different contexts.
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3.2.1 Self-duality and anti-self-duality in general Walker metrics

In this subsection we summarize results obtained in [61] giving the expression of the self—
dual and the anti-self-dual Weyl tensors for a Walker metric g as in Definition 3.2.1. The
components will be given with respect to the orthonormal basis {e1, es, e3, e4} where

1 1
61:*(1*0)81+83, 62:*681+*(1*b)82+84,
(3.1) 2 2

1 1
632—5(1+a)31+83, 64:—661—5(1+b)32—|—84.

The following lemma gives the expressions of the self-dual and the anti-self-dual com-
ponents of the Weyl tensor.

Lemma 3.2.1 With respect to the basis induced in A~ by (1.5) and the basis (3.1), the
components of W~ are given by

_ 1 _ 1

Wy, = —E(an + 3aga + 3b11 + baa — 4c12), Wy = _g(all + by — 4cra),
_ 1 _ 1

Wiy = E(an — 3aga — 3b11 + bag — 4ci2), Wi = Z(au + b1z — c11 — 22),
_ 1 _ 1

Wi = (a2 —bn), Was = —jla1z = b2+ e —en).

All the components of W can be written in terms of Wﬂ, ng and the scalar curvature
as follows:

T T

-
The expressions for Wfi and W1+2 are

1
WIJE = E (66a1b2 — 6a1bg — 6bajcy + 12a1c4 — 6easgby + 6agby + 6bascy + 6azby — 6agbo

— 12(1461 + 66Lb162 — 6ab201 + 126263 — 121)302 — a1 — 1202(111 — 12bca12
+ 24cayy — 3b2a22 + 12basy — 12a44 — 3a2b11 + 12ab13 — bag — 12b33

+ 12acc11 — 2¢12 + 6abeis — 24cc13 — 12ac14 — 12bcog + 24634),

1
le = Z(—2CCL11 — balg + 2(114 + CLb12 — 2523 +aci1 — 20612 — 2013 — b022 + 2624).

Remark 3.2.2 Note, from Lemma 3.2.1, that

+ + + 7
Wll W12 Wll + 12
+ _ =+ T +
W = _W12 6 _Wl2 ’

-Wi+ %) -Wh —(Wihi+%)
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and, as a consequence, the eigenvalues of W+ are {r/6, —7/12, —7/12}. Since the induced
metric on Ai has Lorentzian signature, the structure of W is determined by its Jordan
normal form, which may correspond to type Ia, type II or type III, depending on whether
W is diagonalizable or not. A straightforward calculation shows that

-1 0 -1

) 120 W 48 (W)

(W+ - %Id) : <W+ +Z1d -

12

from where we have the following;:

(i) If 7 # 0, we have that W has non-zero eigenvalues {7/6,—7/12, —7/12} and the

equality 72 + 127W, + 48 (W{E)Q = 0 is the necessary and sufficient condition for
the diagonalizability of W. If the above equation does not hold, then —7/12 is a
double root of the minimal polynomial of WT.

(ii) If 7 = 0, then W+ vanishes if and only if W] = W}, = 0 and moreover

1. W+ is two-step nilpotent if and only if W} # 0 and W, = 0,
2. W is three-step nilpotent if and only if W1+2 #0.

Note from the eigenvalues of W™ that, if the metric is anti-self-dual then necessarily 7 = 0.
This shows, in particular, that an Osserman anti-self-dual Walker metric is Ricci flat, since
Osserman implies Einstein.

Even if the expressions for the eigenvalues of the self-dual operator are quite simple,
this is not the case for the eigenvalues of the anti-self-dual operator. Thus, they are not
easy to compute in a general frame and that makes it hard to obtain specific conclusions on
the Jordan structure of the Jacobi operators. For this reason we shall restrict in Section 3.3
to a simpler family of Walker metrics; as this provides all the examples we are looking for.

3.2.2 Explicit form of self-dual Walker metrics

To motivate our later study, we recall in this section some results in [61] concerning self-
dual Walker metrics. More specifically, a complete description of self-dual Walker metrics
is given by integrating the partial differential equations obtained from Lemma 3.2.1.

Theorem 3.2.3 [61] A Walker metric g is self-dual if and only if the defining functions

a, b and c are given by

a =2} A+ 1B + 2312C + 2179D + 21 P + 22Q + &,

b=a3C + 238 + m25 A+ z129F + 218 + 22T + 1,

1 1 1
= 5:]5%}“ + 590%7) + rizo A + 2123C + 50122(B+E) + 21U + 22V +7,

where P, Q, S, T, U, V, A, B,C, D, &, F, & n and~y are functions depending on the

coordinates (x3,x4).

C
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3.2.3 Conformally Osserman metrics with type II conformal Jacobi op-
erators

Theorem 3.2.3 provides a useful characterization of self-dual Walker metrics. Use that
notation to compute the scalar curvature of a self-dual Walker metric and obtain

(3.2) T =3(4x1 A+ B+ 422C + ).

Now, taking into account Remark 3.2.2 and due to the fact that the type of the Jacobi
operator coincides with the type of the self-dual Weyl operator (as we have seen in Chap-
ter 2), one may use characterization of Theorem 3.2.3 to construct explicit examples of
conformally Osserman metrics whose conformal Jacobi operators are of type II. We will
use these considerations in Section 3.4 to construct an explicit example which is not in
the conformal class of an Osserman metric.

3.2.4 Strict Walker manifolds

We have seen in this section that Walker manifolds are those neutral signature manifolds
admitting a 2-dimensional parallel degenerate distribution. When, moreover, the manifold
admits two orthogonal parallel null vector fields, it is called a strict Walker manifold. In
such a case there are local coordinates where the metric is given by:

0 0 1 0
00 0 1

(3.3) g(x1, 32, w3, 74) = 1 0 a(1‘3,$4) c(3,24) ’
0 1 c(xs,xq) blas,zq)

for arbitrary functions a, b, ¢ [169].

Remark 3.2.4 Theorem 3.2.3 implies that any strict Walker metric is self-dual. More-
over, one may compute the Ricci tensor to check that any strict Walker metric is Ricci flat
(see [61]). Therefore, any strict Walker metric is Osserman. Furthermore, Remark 3.2.2
shows that the Jacobi operators are either identically zero or two—step nilpotent (depend-
ing on whether Wﬂ = 2¢34 — ag4 — b33 vanishes or not).

We will refer to strict Walker metrics later on in Chapter 4 and will see that they have
some nice global properties; they are, for example, geodesically complete.

3.3 A particular family of Walker metrics

As we have said in the introduction, the purpose of this chapter is to provide examples of
Osserman and conformally Osserman manifolds which realize different kind of algebraic
structures. We restrict therefore to the following more tractable case:
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00 1 0
0 0 0 1

(3.4) g(x1, 2, 73, 24) = 1 0 0 c(x1, e, x3,24)
0 1 c(z1,x9,23,34) 0

This family of metrics will suffice to provide examples corresponding to all the possibilities
in Remark 2.2.1, as we will see in Remark 3.4.1.

We begin our study of the geometry of metrics (3.4) by determining their curvature
tensor, Ricci tensor and scalar curvature. Then we analyze the self-dual and the anti-self-
dual properties.

oh oh

As a matter of notation, in what follows we write h; = 7, hjj = 55— for any
2 2 J

function h(x1,...,24), and 0; = 8%7; (i,j = 1,...,4). After a long but straightforward
calculation we get that the non vanishing components of the (0, 4)-curvature tensor are

Risiu = —%oci, Rosos = —3ca2,

Risss = —3cio, Roszs = 1{c3—2cxs},
(3.5) Rizzs = i{cico—2ci3}, Rozu = i{-cico+2co},

Risgs = —jcio, Raszs = 3{-ccico+2cs},

Rugs = 1{-cd+2cu}.

From (3.5) we obtain that the non vanishing components of the Ricci tensor are

1 1 2

p13 = 3Ci2, psz = 3{—3+2cu},

1 1
(3.6) P14 = 3Ci1, p3s = si{cica+2cci2 —c13—cu},
' 1 1 2
p23 = 35 C22, pu = 3{—F+2cu},
_ 1
P4 = 3012,

and the scalar curvature is given by

(3.7) T =2c19.
Let {e1, e2,e3,e4} be the orthonormal basis given by
(3. er = 31+03, e = —cOi+ 50+ 0,
e = —301 403, ex = —cO—30,+0s

Note that e; and ey are spacelike, while e and e4 are timelike. Now, from Lemma 3.2.1,
the non vanishing components of W~ and W in this basis are given by

— 1 - 1
Wn = 3as, Wi, = —3(ci1+c),
— 2 — 1
(3.9) W22 = 3 C12, W23 = -1 (611 — 622) 5
- 1
Wi = —3co,
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and
1 1
WH = —gCi2— 2cci3 + 2034, Wf% = WQ—E = -3 (0012 +c13 — 024)7
1
(3.10) Wohy = —Lep, Wi = —2(cciz — ),
1
W3+3 = g§Ci2— 2cci3 + 2c34.

3.3.1 Characterization of (anti-) self-duality

We now use the calculations performed in the previous section to characterize self-dual
metrics and to give information about the algebraic structure of the self-dual operator by
means of the characteristic polynomial py and the minimal polynomial n).

Theorem 3.3.1 The Walker metric of Equation (3.4) is self-dual if and only if the defin-
ing function c(x1,xe,xs3,x4) has the following form

(3.11) c(xy, o, k3, x4) = 21 P(23,24) + 22 Q(x3, 24) + S(x3,24) ,

for any functions P(xs,x4), Q(x3,x4) and S(xs,x4). Moreover, in such a case, the char-
acteristic polynomial of W+ reduces to px(W+) = =3, and the minimal polynomial is
characterized as follows:

(i) ny(WF) = A3 at those points where c13 — coq # 0.

(ii) nx(WT) = X or ny(WT) = A2 at those points where c13 — ca4 = 0, depending on
whether the function § := cci3 — ¢34 vanishes or not.

Proof. Note from (3.9) that a Walker metric (3.4) is self-dual if and only if the defining
function c(x1, x9, x3,z4) satisfies

(312) Cl11 = C2 = C12 = 0.

First, c1o = 0 implies that c¢(x1, e, 3, 4) = ¢(x1, X3, 24) + (22, 23, 24). But 11 =¢11 =0
and cgy = o9 = 0, so it follows that

&(w1, x5, 24) = 71 P(23,24) + S(3, 74),

A~

&(x2, 3, 14) = 22 Q(x3,x4) + S(3,24).

Therefore c(z1, z2, x3,24) = 21 P(23,24) + 22 Q(x3, 24) + S(x3,24), with § = S+ S, which
shows (3.11).
On the other hand, the characterization of W7 given by (3.10) lets us determine the
characteristic polynomial of W, to be
-1

(3.13) (W) = m{108A3—9c§2A—c{>2}.
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Now, if the metric is self-dual, then cj2 = 0 and therefore (3.13) reduces to py(W ') = —\3.
Finally, it is straightforward to show that under the conditions given in (3.12) one has

—23 —3(c13 — c24) —23
W= 3(ci3—c) 0 $(c13 — c4)
2% $(c13 — c21) 2§
The square of this matrix is
-1 0 -1
(W+)2 = 3(013 —c)’ 0 0 0 |,
1 0 1
from where the characterization of the minimal polynomial of W™ follows. ]

Anti-self-dual metrics are characterized proceeding in an analogous way in the next
theorem.

Theorem 3.3.2 A Walker metric (3.4) is anti-self-dual if and only if the defining function
c(x1, e, x3,24) has the following form

c(xr, e, x3,24) = a1 P(x3,24) + 22 Q(3,24) + S(3,74)

(3.14)
+&(z1, 24) + 1(72, 73)

for any functions {(x1, x4) and n(z2,x3), and functions P(x3,x4), Q(x3,z4) and S(zs,x4)
satisfying

Py —Q4=0, cP3 —x1 Py — w2 P33 — 534 = 0.
Moreover, in such a case, W~ has eigenvalues (0, £3(—c11 022)%) and the minimal poly-
nomial is characterized by the following:

(i) nx(W™) = —px(W ™) if there are three different eigenvalues (i.e., c11 coa # 0).

(ii) na(W=) = X or nx(W~) = \? depending on whether c11 and caa vanish simultane-
ously or not, if zero is the unique eigenvalue (i.e., c11ca2 =0).

Proof. First note that, from (3.10), the anti-self-duality is equivalent to
(3.15) c12 =0, c13 — c24 =0, cciz —c3q = 0.

Since c12 = 0, we have c(x1,x9,x3,24) = ¢é(x1,23,24) + ¢(22,23,24). Now, from the
condition c13 — co4 = €13 — ¢4 = 0, we obtain
&(w1, 3, w4) = 21 P23, 24) + E(21, 24) + S(203, 24),

~

c(w2, w3, 24) = 2Q(x3, 24) + 122, 23) + S(23, 24),
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where P3 — Q4 = 0. Then, putting S = S + S, from cci3 — ¢34 = 0 we obtain that
cP3—x1 P34 — x5 Q34 — S34 = 0, which shows the first part of the result since P3 — Q4 = 0
implies that Q34 = Ps3.

Now we analyze the characteristic and the minimal polynomials of W~. From (3.9)
we get the general expression of the characteristic polynomial of W™, which is given by

—1

(316) p(W) = —

{108 )\3 + 9 (3 C11 C22 — 40%2) A — C12 (9 C11 C22 — 8 C%Q)} .

If the manifold is anti-self-dual then ¢12 = 0 and this lets us reduce (3.16) to the expres-
sion py\(W™) = % {4 A3+ 11 e )\}. Now, if ¢11 ¢c22 # 0 then there are three distinct
eigenvalues and therefore ny(W~=) = —p)(W ™). On the other hand, it is straightforward
to show that under the conditions given in (3.15) we have

. 0 —(c11 + ¢22) 0
W~ = 1| o + c22 0 C11 — €22
0 c11 — €22 0

Now we compute the square of W~ to obtain

) —(c11 + c22)? 0 —(c}) — ¢39)
(W_)2 = E 0 —4611622 0 s
) — 3y 0 (c11 — c22)?
which shows the different possibilities for the minimal polynomial when py(W~) = —\3,
this is, when ¢11 90 = 0. [l

3.3.2 Characterization of Osserman manifolds

The main result of this section gives necessary and sufficient conditions for a Walker
metric as in (3.4) to be Osserman. This is a first step to later, in Section 3.4, construct
examples of conformally Osserman Walker metrics which are not in the conformal class of
any Osserman manifold.

The following is a technical lemma we need to characterize the Osserman condition in
this setting [42].

Lemma 3.3.3 Let O be an open connected subset of R*. Let P,Q € C*(O) be functions
only of (x3,x4). Then the following conditions are equivalent:

1. P2 =2P;, Q*> =2Qs3, and Py = Q4 = $PQ.
2. P2 =2P;, Q®> =2Q3, and PQ = P3 + Q4.

3. There exist (ag,a3,as) € R3 — {0} so that P = —2a4(ag + azxs + asrs)™' and
Q= —2a3(a0 + aszxs + a4x4)*1.
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Proof. It is clear that (1) implies (2); a direct computation shows that (3) implies (1).
We must therefore show that (2) implies (3). Let P and @ satisfy the properties given in
Assertion (2). Set

Op = {(z1,x2,x3,24) € O : P(x3,24) # 0},
Oq = {(21, 72,23, 24) € O : Q(x3,24) # 0}.

We suppose first that Op N Og is non-empty. Let B be a closed ball R* with non-empty
interior which is contained in O and which has int(B) C Op N Oq. We integrate the
equation P? = 2P, on int(B) to express

(3.17) P(x3,24) = —2(£(23) +24)"! on  int(B).
We use the relation PQ = P + Q4 to conclude
—2(&(w3) + 74) 7' Q = 26(w3)(E(w3) + 74) 7 + Qu(ws, x4)
which can be written in the form {Q(x3,z4)(€(23) + x4)?}4 = —2€(x3) and thus
(3.18) Q(r3,24) = {$(w3) — 26 (x3)za} (& (w3) + 2) 7.

We set Q% = 2Q3 and clear denominators to obtain the relation:

{d(z3) — 26(x3)za}? = 2{o(w3) — 28(x3)za}(E(T3) + 74)°

(3.19) —2{p(x3) — 26 (x3) w4} 26 (23)(E(3) + 24) .

Setting the coefficient of 23 = 0 then yields £(z3) = 0 s0 £ = ag + ayx3 and Equation
(3.19) becomes:

{p(x3) — 20174}% = 26(x3)(a0 + 123 + 74)?

3.20
( ) —4041((;5(.%;;) — 2&11‘4)(&0 + ar1x3 + x4) .

Examining the coefficient of 27 in Equation (3.20) shows that ¢(z3) = —2a?, hence we
have ¢(x3) = By — 2a3z3. Equation (3.20) then further simplifies to become:

(3.21) (Bo — 2a3w3 — 20174)* = —dad(ap + arzs + 74)3
) —4041(ﬁ0 — 20&%.%'3 — 20613?4)(060 + a1x3 + ZC4) .
This leads to the relation 83 = —4a?ad —48pa1ap which implies Sy = —2a1ap. Equations

(3.17) and (3.18) now yield

P(z3,24) = —2(ap + anx3 + 74) L,
(3.22) 1
Q(z3,24) = —2a1 (g + @123+ 4) .
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By continuity, Equation (3.22) holds on the closed ball B and in particular P and @ do not
vanish on B. Consequently OpN Qg is a closed set so as O is connected, we may conclude
O = Op = Og. Analytic continuation now shows P and @) are given by Equation (3.22)
on all of @ and thus Assertion (3) holds.

We therefore assume OpNQOg is empty. If Op and Og are both empty, then P = @ =0
and we may take (ag,as,as) = (1,0,0) to obtain a representation of the form given in (3).
We therefore assume O is non-empty; the case Op is non-empty is handled similarly. Let
B be a closed ball with non-empty interior which is contained in O and which satisfies
int(B) C Og. We integrate the equation Q% = 2Q3 to express

Q= —2{zz+n(xy)} ' on int(B).
Since PQ = P53 + @4 and since P = 0 on int(B), we have 77 = 0 and hence
(3.23) Q=—2(x3+a)"t on int(B).

Again, by continuity, this representation holds on all of B and thus @ is non-zero on B.
Thus Og is closed and consequently O = Og. Thus Equation (3.23) holds on all of O and
P =0 on all of @. This again obtains a representation for P and @ of the form given in
Assertion (3). O

Remark 3.3.4 If A\ # 0, then (Aag, \ag, Aas) and (ag, as,as) determine the same func-
tions P and Q. Thus we may regard (ap,as,as) as belonging to the real projective space

RP? := {R3 — {0}}/{R — {0}}. Ifas =0, then P =0; if a3 = 0, then Q = 0.
Now, we are ready to give the following characterization.

Theorem 3.3.5 A Walker metric (3.4) is Osserman if and only if the defining function
c(x1, 2, x3,24) has the following form

c(x1, 22, 23, 24) = 1P (23, 24) + 22Q (23, 24) + S(3,24) ,

where )
_ —2a4
P(x?” x4) T aotazrztagry ’
_ —2a3
Q(x‘?” 334) T aotazrstaszry

Proof. Recall from Theorem 2.2.8 that a metric (3.4) is Osserman at a given point if and
only if it is Einstein and self-dual or anti-self-dual at that point. Note from (3.6) and (3.7)
that a metric (3.4) is Einstein if and only if

2 2
(324) C11] = C99 = O, 1 = 2614, Cy = 2623, C1Co2 —C13 — C4 + CcClg = 0.

On the other hand, the metric must be self-dual or anti-self-dual and, in both cases, cjo = 0
(see the proofs of Theorems 3.3.1 and 3.3.2). Hence ¢11 = a2 = ¢12 = 0, which is nothing
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but (3.12), and thus the Osserman condition implies that c(x1,z2, z3,x4) must be of the
form

(3.25) c(z1, e, x3, x4) = 21 P(3,24) + 22 Q(x3, 24) + S(23, 1),

for some functions P(x3,24), Q(z3,24) and S(x3,x4) satisfying
(3.26) P*=2P;, Q'=2Qs PQ=Ps+Qu

Now the result follows from Lemma 3.3.3. |

Remark 3.3.6 Note that expressions (3.24) by themselves are sufficient to guarantee that
the manifold is not only Einstein but Osserman. Indeed, from c1; = coo = 0 we get that
¢ may be written as

c(x1, 22,23, 24) = 21 P23, 24) + 22 Q(23, 24) + 21 22 R(23, 24) + S(23,24).

Now use equation ¢ co — ¢13 — co4 + cc12 = 0, which is a polynomial in the variables x
and x2, to see that the coefficient of z1x9 is 2R(x1, x2) and necessarily vanishes. Hence ¢
has the form given in (3.25) for P and @ satisfying conditions in (3.26). Moreover, these
conditions imply that p = 0.

To sum up, if M has a metric of the form given in (3.4), the following conditions are
equivalent:

1. M is Osserman,
2. M is Einstein,
3. p=0.

Remark 3.3.7 In order to analyze the Jordan normal form of the Jacobi operators corre-
sponding to the Osserman metrics in the previous theorem we do the following calculation.
Let x = 2?21 «;0; be any non null tangent vector. Then the Jacobi operator Jgr(z) takes
the form

0 0 az —Qg Qg
B 0 0 —agay a2
0 0 0 0

where 9
B —2a3a4S(x3,24) + (ag + asrs + agwy)*Ssa(x3, 24)

) =
(ap + azxs + aszq)?

This shows that all Osserman metrics in Theorem 3.3.5 have nilpotent Jacobi oper-
ators and hence all the eigenvalues are zero. Moreover, in order to decide the degree of
nilpotency, note that Jr(x)? = 0 for any of these metrics, so the minimal polynomial is
A% in all the cases except when § = 0 that Jg(x) = 0.



3.4 Conformally Osserman examples 43

3.4 Conformally Osserman examples

We now use the results of the previous sections to construct explicit examples of confor-
mally Osserman metrics. Special emphasis will be made on those examples being confor-
mally Osserman but neither Osserman nor in the conformal class of an Osserman metric.

3.4.1 Examples with globally constant Jordan normal form

Next we will give some simple examples of conformally Osserman metrics corresponding
to the different possibilities in Remark 2.2.1. Note that none of them is Osserman as an
application of Theorem 3.3.5. Further, observe that although the conformally Osserman
property does not require the global constancy of the eigenvalues of the conformal Jacobi
operators (in order to be a conformal property), that is indeed the case in the examples
below.

The following examples are conformally Osserman:

(Ia) For the special choice of c(x1, z2, 3, 4) = x? — 23 the characteristic polynomial

of Jw(z) is given by pA(Jw(x)) = A* — 1 A2 and, therefore, its eigenvalues are
(07 07 %7 _%)

(Ib) For the special choice of c(x1, o2, 3, T4) = 22 + 22 the characteristic polynomial
of Jw(z) is given by pr(Jw(z)) = A + 7 A? and, therefore, its eigenvalues are
(07 0’ % i, _% ,L)

(IT) For the special choice of ¢(x1, z2, x3,x4) = x1 x4+2x3 x4 the characteristic polynomial
of Jw () is given by px(Jw (x)) = A* and its minimal polynomial is ny(Jw (z)) = \2.

(ITI) For the special choice of c(z1, o2, x3, x4) = 7 the characteristic polynomial of
Jw () is given by px(Jw (z)) = A* and its minimal polynomial is ny(Jw (z)) = A3.

The following table summarizes information about the examples above.

c(z1,x2,23,24) = | Type Characteristic Eigenvalues Minimal
polynomial of Jy of Jw polynomial of Jy
2?2 — 23 Ia A —IN2 0,0,3, -2 | XOA-DH(O+3)
a3 + 23 Ib A4 3 0,0, 21, —5i | A2(A — 5i)(\ + 39)
T1T4 + X324 1I A\ 0,0,0,0 A2
7 111 2\ 0,0,0,0 A3

Remark 3.4.1 Recall that a metric § is in the conformal class of a metric g if and only
if g = %g for some positive function W. Let § = %g for a Walker metric g as in (3.4).
A long but straightforward calculation from the components p11, p12 and pag of the Ricci
tensor of § shows that if § is Einstein, then the conformal factor must be of the form

U = z1¢(x3, 24) + 2200 (23, 24) + £(23,24) ,
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for some functions ¢, ¢ and £. Now, assuming g to be any of the metrics (Ia), (Ib) or
(IIT) above, it follows from the component p14 that both functions ¢ and ¢ must vanish,
and thus ¥ = £(x3,24). Moreover a conformal deformation § = % g of a metric (3.4) with
U = {(x3,24) is Einstein if and only if

c11 = c22 =0, 02:26144-4@, 62:26234-45&,
(3.27) ! ¢ 7 ¢
Ecyea —5(613—1-024—6012)+2£361+2§402+4fg4 = 0.

As a consequence, we obtain the nonexistence of Osserman metrics in the conformal
class of the conformally Osserman metrics (Ia), (Ib) and (III) above.

3.4.2 Examples with eigenvalue structure changing from point to point

All the examples in previous section are conformally Osserman in a global sense, this is, the
eigenvalues of the conformal Jacobi operator are independent of the point. Here we give
some examples showing that the Jordan normal form of the conformal Jacobi operator
may change from point to point and, moreover, that the eigenvalues of the conformal
Jacobi operators may also change (even from real to complex eigenvalues).

Examples with nilpotent conformal Jacobi operator

1. The characteristic polynomial is py(Jw (x)) = A* while the minimal polynomial is
nx(Jw(x)) = A3, A2 or )\, depending on the point considered. For the special choice
of ¢(x1,22,73,74) = 225 + 23 24, the minimal polynomial is ny(Jw(x)) = A3 at
any point with x4 # 0, n)x(Jw(z)) = A? at those points with z4 = 0, 23 # 0 and
nx(Jw(z)) = A at points with z3 = z4 = 0.

2. The characteristic polynomial is py(Jw (z)) = A* while the minimal polynomial is
nx(Jw(z)) = A3 or A2, depending on the point considered. For the special choice of
c(x1, 2,73, 74) = T2 2% + T3 74, the minimal polynomial is ny(Jw (7)) = A? at any
point with x4 # 0 and ny(Jw (z)) = A? at those points with x4 = 0.

3. The characteristic polynomial is py(Jw (z)) = A* while the minimal polynomial is
nx(Jw(x)) = A2 or A, depending on the point considered. For the special choice of
c(xy,x9,23,24) = 1 x%, the minimal polynomial is ny(Jw(x)) = A3 at any point
with z3 # 0 and ny(Jw(z)) = X at those points with zg = 0.

4. The characteristic polynomial is py(Jw (z)) = A* while the minimal polynomial is
nx(Jw(z)) = A2 or ), depending on the point considered. For the special choice
of c(w1,22,73,14) = 123 + w224, the minimal polynomial is ny(Jw(x)) = A2
at any point with zjx3 + zoxy # 0 and ny(Jw(x)) = X at those points with
Tr1T3+ 224 = 0.



3.4.2 Examples with eigenvalue structure changing from point to point 45

In the following table we can see that previous examples cover all the possibilities of
variation among the different algebraic structures of Remark 2.2.1 with real eigenvalues.

c(xy,x2,23,24) = Characteristic Where? Type Minimal

polynomial of Jy polynomial of Jy

x4 #0 111 A3

IL‘2$?1 + x%:m A\ 4 =0,23 #0 1I A2

r3 =24 =0 Ia A

x4 #0 11 A3

:L‘2$?1 + T374 A\ r4=0 11 A2

x3#0 11 A3

z173 A — — —

x3=0 Ia A

T123 + Toxy A\ x123 + Toxg # 0 1I \?

123 + X914 = 0 Ia A

Scheme of examples with globally constant eigenvalues but changing Jordan normal form.

Type Il non-nilpotent conformal Jacobi operators

We use the results of Subsection 3.2.3 to construct examples with non-nilpotent conformal
Jacobi operators of type II. Recall from Remark 3.2.2 that the eigenvalues of W are
given by (7/6,—7/12, —7/12). Hence, from expression (3.2), one chooses A = C = 0 and
B + & constant, so that the scalar curvature is constant, to get constant eigenvalues of
the conformal Jacobi operator. Now, the Jordan normal form depends on the values of
T, Wi and W55, but it is always of type Ia or II (see Remark 3.2.2). To illustrate this
procedure, we give here an explicit example which is not in the conformal class of an
Osserman manifold.
Let M be a Walker metric as in Definition 3.2.1 with
c(x1, e, T3,24) = T1T2 .

2 2
a(x1,$2,x3,$4) :x]_ +f]31$4, b(m1,$2,$3,x4) :x27

Hence the eigenvalues of the conformal Jacobi operator are (0, %, —%, —%) everywhere.
Moreover, the main feature of this example is that it is of type II in the open subset
{(z1, 72,23, 74) € R* : 61290 # 1} and type Ia in {(z1, 72, 23,24) € R* : 62120 = 1}.
Moreover, it is not in the conformal class of an Einstein metric. Indeed, for a confor-
mal deformation § = %g we proceed as in Remark 3.4.1. A lengthy calculation of the
components pio2, p11 and poo shows that

/-
-

r101(73, 4) + Y(73,74), OF
T2¢2 (73, T4) + VY(13, 4).
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Now, computing p14 and po3 we derive that ¥ = i (x3,24). Then, after computing pss
and pg4, one gets that ¥ must be constant and ¢ is not Einstein.

One may also choose values of A, B, C and £ so that 7 is not constant and, thus, build
examples with eigenvalues of the conformal Jacobi operator changing from point to point.

Examples with changing eigenvalues

Next we provide some examples of metrics with the form of (3.4), which are of type Ia or
Ib and with eigenvalues of their conformal Jacobi operators changing from point to point.

1. The conformal Jacobi operators have real constant eigenvalues at each point, but
changing from point to point. For the choice of ¢(x1, x2, x3,24) = x‘ll + x% - ZL‘% - :1:%

we have p\(Jw(z)) = A — 1 (627 + 1) (623 + 1) A? and, therefore, its eigenvalues
1 1
are (0,0,% (622 +1) (623 +1))% ,—1 (622 +1) (623 + 1)) z).
2. The conformal Jacobi operators have imaginary constant eigenvalues at each point,

but changing from point to point. For the choice of c(x1, 79, x3, 74) = ri+23 +25+23
we have p)(Jw(z)) = A + 1 (627 + 1) (623 + 1) A? and, therefore, its eigenvalues

1 1
are (0, 0,1 ((6a2+1) (623 +1))% i,—3 ((622+1) (623 +1))2 z)
3. The conformal Jacobi operators have real or imaginary constant eigenvalues depend-

ing on the considered point. For the special choice of c¢(z1, 79, 23, 24) = 23 — 23 the
characteristic polynomial is p)(Jw (z)) = A* — § 21 22 A? and, therefore, its eigen-

values are (O, 0, % (z1 562)% ) —% (21 332)%>

We summarize our results in the following table. It shows diagonalizable examples
with changing real, imaginary or alternating real and imaginary eigenvalues.

c(z1, T2, 3,24) = Eigenvalues

oot —ad— a3 | 0,0, £1 (622 +1) (623 +1))7

o} +a?+a3+a23]0,0, £3 ((6x§+1)(6m§+1))%z’
z3 — 3 0,0, £3 (2 xg)%

Examples with changing eigenvalues from point to point.

3.5 Curvature homogeneity

A pseudo-Riemannian manifold M = (M, g) is said to be curvature homogeneous if for any
p,q € M there is an isometry ¢ : T,M — T,M such that ¢*R; = R,. Roughly speaking,
the curvature tensor of a curvature homogeneous manifold looks the same at every point.
Thus, homogeneous manifolds are necessarily curvature homogeneous. In the following
result we analyze examples of the previous section [40].
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Theorem 3.5.1 The manifolds of Section 3.4 are not curvature homogeneous.

Proof. First of all note that the Ricci and the (anti)-self-dual operators of a curvature
homogeneous manifold have constant Jordan normal form. Hence, we may use the de-
scription given in Section 3.4.2 to derive the result for examples given there. However we
analyze all the cases separately giving some more information on their geometry.

c = 22 — z3: The square of the Ricci operator is given by

-1 0 4119 4(2% — 23)

2 _ 0 —1 4(2? —23) —4x129
P 0 0 ~1 0|’

0 0 0 —1

thus p? is a multiple of the identity at a point p if and only if 1 = 29 = 0 and M is not
curvature homogeneous.
c = 2?2 + z3: Again we compute the square of the Ricci operator to obtain

10 driwe  —4(xd — 23)
2= 0 1 —4(2?+23) 4x129

0 0 1 0|’

00 0 1

hence, again p? is a multiple of the identity at a point p if and only if 21 = 25 = 0 and M
is not curvature homogeneous.
c = x124 + x324: The Ricci operator is given by

1—

e
Il
o O OO
OO OO
o O O o
N[
8
O OO

Thus M is Ricci flat if and only if 22 = 2 and M is not curvature homogeneous.
c=x2: This case is surprisingly difficult to treat. We work in somewhat greater
generality and let ¢ = ¢(x1). From Equations (3.5) we specialize the curvature tensor to

obtain that the only nonnull components are:
Risiy = —3ici, Russ = —jdl.

It is convenient to work in an algebraic context. We consider a model V. Let
{e1,e2,e3,e4} be a basis for R*. Let Va8 = (R‘l,ga,Agﬁ) where the non-zero entries
of go and Ag are, up to the usual Zs symmetries, given by

ga(61763) - 17 ga(62764) = 17 ga(63a64) = Q,

Apy (e, es e ea) = =y,  Apcler e ez, eq) = =7
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Let V(M,p) = (R%, gp, Rp). Tt is then immediate that

VIMp) =V 1010y,
Lemma 3.5.2
1. Vo g,y 18 isomorphic to Vo g .
2. Vo8~ ts isomorphic to Vo11 if B# 0 and if v # 0.
3. V0o,0,y @5 isomorphic to Vo1 if v # 0.
4. Vo0 s isomorphic to Vo1, if 3 # 0.

Proof. Set fi := ey, fo := ea, f3 := e3 — aeg, and fy := e4. We prove Assertion (1) by
computing:

9a(f1, f3) = ga(f2, fa) = 1,

9a(f3, f1) = g(e3,eq) — ag(ez,e4) = 0,
Apc(f1, fa, f3, f1) = Apc(er, ea, €3, 1) = =32,
Apc(f1, f3, f1, fa) = Apcler,e3,e1,e4) = —7.

Clear the previous notation. Set f| := e1e1, fo 1= €9e9, f3 := 61_163, and fy := €2_1€4.
This is still a hyperbolic basis. We compute:

Ap(fr, fa, f3, f1) = —€3°B% and  Ag,(f1, f3, f1, fa) = —e165 .

If 3,7 # 0, we take g = 3 and &1 = 3y~ ! to establish Assertion (2). If 3 = 0 and ~ # 0,
we take e1 = 1 and €2 =  to establish Assertion (3). If 8 # 0 and v = 0, we take 9 = 3
and £1 = 1 to establish Assertion (4). O

Set Vg, := Vo 3,4. The analysis performed above shows that we have at most 4 different
models. In fact, these models are all distinct.

Lemma 3.5.3 The models {Vo,0, V1,1, V0,1, V1,0} are pairwise non-isomorphic.
Proof. As Vy is flat, it is distinct from the other models. If V is a model, define:

ker(V) i= {€: A(&,61,6,&) =0V &,&,8 € RY},
Range (V) = Span {A(&1,£2)83 V &1,62,&3 € R}

It is then immediate that

(3.28) ker(Vp 1) = ker(V1,0) = ker(V11) = Span {ea} .
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Moreover, note that

Range (V ) - Span {7617762a7€37ﬁ2€1aﬁ2€2a5263} S0
(3.29) Range (V1,1) = Range (V1,0) = Range (Vo,1) = Span{ei, ez, e3} .

Let (8,7) # (0,0). Suppose there exists an isometry 7" of Rtso T *Vj.5 = Vp; necessarily
(3,7) # (0,0) as well. Equations (3.28) and (3.29) yield:

T'Span {es} = T'ker{Vs,} = ker{V5 5} = Span {e2},
TSpan {es} = TSpan {e1, ez, €3} = TRange { Vs, }*
= Range {Vgﬁ}L = Span {ey, e, e3} = Span {e4},
TSpan {e1,e3} = T'Span {ea, 4} = Span {ey, e4}* = Span {e1, e3} .

Consequently we have
Tey = tiie1 + tizes, Tea = eea, Tez = esren + eszes, Tes =5 ey
Since Teq L Tey and Teg L Teg, we have T'=U or T =V where

Uei =¢1e1, Ues = e9e9, Ueg = 61_163, Uey = 62_164,

Ver =cies, Veg =eg9e9, Veg = 51_161, Veys = 62_164.

We have
Ue' @l @el @et) =0l @S @e! ®@et,
Ul @et@ed@et) = del et ®@e3 ® et
Vieloed el @et) =0l el @ @ e,
Vielvetoel@et) =hewet@e @e!
Thus such a map can not intertwine different elements of {Vo 1, V10, Vi,1}. O

In the example in question, ¢ vanishes precisely when 1 = 0. The analysis performed
above shows M is not curvature homogeneous; however it is curvature homogeneous on
the hyperplane complement.

¢ = z9w] + x374: We compute the Ricci operator

00 —%:I:ji —T4
oo Zz o0
P=1 0 0 0 0

0 0 0 0

Thus M is Ricci flat at p if and only if x4 = 0, so M is not curvature homogeneous.
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c= xzxi + x3x4: Again the Ricci operator

00—%:}611 —T4
oo Zz o0
P=1 0 0 o o0 |’

0 0 0 0

shows M is not curvature homogeneous, since it is Ricci flat at p if and only if x4 = 0.
c= :z:lac%: Now, the Ricci operator

00 0 —a
| 00 —z3 —3a3
P=1 o0 o0 0|
00 0 0

has all its components zero at p if and only if z3 = 0 and hence M is not curvature
homogeneous.

¢ =x123 + xowy: Let Rp be the induced map from A to A. Relative to a suitably
chosen basis, one has:

—1+x324 0 —14+2324 0 0O O

0 0 000 O

R% = l—ax324 0 1—a324 0 0 O
0 0 000 O

0 0 00 0 0.

Thus R% = 0 if and only if x374 = 1 and M is not curvature homogeneous.

Remark 3.5.4 Derdzinski [57] showed a 4-dimensional Riemannian manifold is curvature
homogeneous if and only if Ry has constant eigenvalues; furthermore if such a manifold
is Einstein, then it is locally symmetric. This fails in signature (2,2). We have computed
that Ry has constant eigenvalues (0,0,0,0,0,0) in example with ¢ = z1x3 + xo24 but that
the Jordan normal form of Ry varies with the point in question. Thus these manifolds
are not curvature homogeneous. This is not surprising; it is known that the eigenvalue
structure alone is not a sufficient determinant; one must also consider the Jordan normal
form. We refer to [58] for additional results in the (2,2) setting.

a= x% 4+ x124, b = x% and ¢ = z1x2: We have shown that the conformal Jacobi oper-
ator is of type II if 6z125 # 0 but of type I if 62122 = 0. Hence the self-dual tensor also
changes its type and the example is not curvature homogeneous.

Let c =21+ 22 — 25 — 23, c =21 + 22 + 25 + 23 or ¢ = 23 — 23. Then we have seen
in Section 3.4.2 that M is conformally Osserman but the eigenvalues change from point
to point. Therefore M is not curvature homogeneous. Il




Chapter 4

Some global results on manifolds
with signature (— — ++)

The local to global study of geometric properties has been particularly developed in Rie-
mannian geometry. In contrast, in areas such as Lorentzian or more generally pseudo-
Riemannian geometry, little is known about global properties of the geometry. In most
results, the sign of the curvature (sectional curvature, Ricci curvature, etc.) plays a funda-
mental role, like for instance the celebrated Calabi-Markus Theorem [44]. However, such
assumptions have no sense in the case of pseudo-Riemannian metrics of neutral signature
(v,v), since changing the sign of the metric takes one from positive to negative curvature.
The simplest case to be considered is that of 4-dimensional (— — ++)-metrics, where some
generalizations of the Hitchin-Thorpe inequality for Einstein metrics have been developed
by Law [120] and Law-Matsushita [121].

4.1 Compact Osserman neutral signature manifolds

We begin the global study of Osserman manifolds by analyzing those which are compact.
More concretely, the purpose of this section is to show that a compact Jordan-Osserman
4-dimensional manifold with metric of neutral signature, necessarily has constant sectional
curvature or is Ricci flat. The results in this section are collected in [43].

4.1.1 Basic facts

Recall that, if we consider the curvature tensor R as an endomorphism of A(M), we can
decompose it as

(4.1) R:%IdA+3A+W++W_,

where 3, denotes the traceless Ricci tensor, 35(X,Y) = p(X,Y) — 7 9(X,Y) (see Theo-
rem 1.3.2).

o1
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A 4-dimensional metric is Einstein if and only if the decomposition (4.1) becomes
R = Idy\+W™* +W~. In such a case, the Euler characteristic x[A/] and the Hirzebruch
signature Y[M] can be expressed as follows [120]:

2

nmz—lg/ﬁmwﬂ%umWWﬂ+7w

(4.2) 24

=2 /{tr (W] — (W) 2o,

Observe from (4.2) that the Euler characteristic of any compact Einstein (— — ++)—
metric is nonpositive, provided that W* are not of type Ib (i.e. provided they have real
eigenvalues).

It is a fundamental fact that an orientable 4-dimensional manifold with a field of 2-
planes (equivalently, a 2-dimensional distribution) admits two kinds of almost complex
structures with opposite orientations. Since an indefinite manifold of metric signature
(— — ++) admits a field of 2-planes, it is necessarily an almost Hermitian manifold.

Fact 4.1.1 [127] An orientable 4-dimensional manifold admits a (— — ++)-metric if and
only if it satisfies a pair of Wu’s conditions as follows

ci[M] = 3Y[M]+2x[M],
A[-M] = 3Y[-M]+2x[-M] = —-3Y[M] + 2x[M],

where —M stands for M with the opposite orientation.

Hence, it follows from (4.2) that the first Chern number ¢2[M] and the first opposite
Chern number ¢?[—M] are given by

2
M = 53 [ {0V + T

(4.3)
ﬂ%ﬂ=-3ﬂﬂwwwﬂ+%w

Remark 4.1.2 The fundamental form of an indefinite almost Hermitian structure defines
a smooth section of A~ of constant norm 2 and conversely, any smooth section €2 of A~
of constant norm 2 is the fundamental form of an indefinite almost Hermitian structure.
The fact that the inner product on A* induced by a (— — 4+)-metric is of signature
(— — +) shows the existence of two almost complex structures with opposite orientations
just considering the 1-dimensional spacelike subspaces of A*, from where Fact 4.1.1 can
also be obtained.
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4.1.2 Main results

The following result, which is central in this section, shows that compactness is a strong
restriction when dealing with Osserman metrics.

Theorem 4.1.3 Let M = (M, g) be a compact Jordan-Osserman manifold with metric
of signature (— — ++). Then M has constant sectional curvature or the Jacobi operators
are nilpotent.

Proof. Recall from Theorem 2.2.8 that an algebraic curvature tensor is Osserman if
and only if it is Einstein and self-dual or anti-self-dual. We assume in what follows that
W= =0 (a completely analogous analysis will prove the anti-self-dual case). Hence, the
self-dual part of the Weyl conformal curvature tensor corresponds to one of the Jordan
canonical forms Ia, Ib, IT or IIT in Remark 2.2.1.

Also recall that (g, P) is said to be an almost paraHermitian structure if P? = Id
and g(PX,PY) = —¢g(X,Y) for all vector fields X, Y on M. Then the fundamental
form Qp(X,Y) = g(PX,Y) defines a section of AT of constant norm —2. Conversely,
any smooth section € in AT of constant norm —2 is the fundamental form of an almost
paraHermitian structure (see also [102], where the inner product on A is taken with the
opposite sign of ours).

Assume W is of type Ib. Then Lemma 2.2.3 implies ker(W™ + 3(a — v)Id) is 1-
dimensional and, moreover, it is timelike since otherwise the self-adjoint operator W
would diagonalize. The same occurs if we assume W™ is of type II. In fact, if a # 3, then
the eigenspace corresponding to %(oz — () defines an almost paraHermitian structure on
M. Next, assume o = 3 = 0, then W is 2-step nilpotent and Im(W ) is 1-dimensional
and has an induced degenerate inner product. Therefore the restriction of the metric
to Im(W ™) defines a 1-dimensional null subspace. Recall from Remark 4.1.2 that unit
sections QI of A% of positive norm (equivalently, almost complex structures inducing
opposite orientations) exist on M. Hence, for any null section Qgc of AT, define a 1-di-

mensional unit timelike section of A* as QL = WQ& — (09, Q1)QF, which is an
+7t

almost paraHermitian structure with fundamental form ﬂQ; Finally, assume W™ to be
of type III. Then (W*)? is 2-step nilpotent, and the result follows as in type II above.

Further, observe that the existence of an almost paraHermitian structure (g, P) is an
equivalent condition to the existence of an almost anti-Hermitian structure (g, J) (i.e.,
J? = —1Id, g(JX,JY) = —g(X,Y) for all vector fields X, Y on M). Indeed, let (g, P) be
an almost paraHermitian structure and let h be an arbitrary Riemannian metric on M
such that h(PX,PY) = h(X,Y) for all X, Y. Define an almost product structure @ by
h(QX,Y) = g(X,Y) and put J = —PQ. A straightforward calculation shows that J is
an almost complex structure on M and moreover

9(JX,JY) = g(PQX, PQY) = —g(QX,QY) = —g(X,Y),

which shows that (g, J) is almost anti-Hermitian. Moreover a straightforward calculation
shows that J is h-orthogonal and the fundamental forms Qp and Q%(X,Y) = h(JX,Y)



o4 4 Some global results on manifolds with signature (— — ++)

coincide with each other. Hence, both P and J induce the same orientation on M (see
[23], [25] for more information on anti-Hermitian and anti-Ké&hler structures).

Chern classes of almost complex manifolds with anti-Hermitian metrics were studied in
[23], [25], showing that the existence of such structures is a much more restrictive condition
than that of almost Hermitian ones, as it is shown in the following assertion.

Fact 4.1.4 [23] Let (M,g,J) be an almost anti-Hermitian manifold. Then all the odd
Chern classes vanish (i.e., cap11[M] =0, for all k).

Then, since we are assuming W~ = 0, (4.3) shows that

2 2 1 7_2
alM] = w/{“ TRl = 5 e

and hence 7 = 0, which proves that M is Ricci flat.

Finally assume W™ is of type Ia. A complete solution for the Osserman problem
is known in this case: either it is a space of constant sectional curvature, an indefinite
Kaéahler manifold of constant holomorphic sectional curvature or a paraKéhler manifold
of constant paraholomorphic sectional curvature [17]. Observe that in the last two cases
there are exactly two-distinct eigenvalues of the Jacobi operators in a ratio 1 : %. If
M is a paracomplex space form, then it admits an almost anti-Hermitian structure and
hence ¢;[M] = 0, which implies that 7 = 0 and hence M is flat in the compact case.
The situation for the indefinite complex space forms is somehow different, since they are

anti-self-dual (instead of self-dual as it occurs in the positive definite case), with

- 0 0
W= 0 -1 0 |,
0 -1
and thus
72 1 72
M] =~ tr[(WH)?] +t o= —
M) =~ [l - eV o=~ [ T

which shows that x[M] < 0, with equality if and only if M is flat. K&hler-Einstein metrics
have been investigated by Petean [146], showing that the possible non Ricci flat ones
should occur on minimal ruled surfaces over curves of genus g > 2, or they should realize
on minimal surfaces of class VIIj (see [9]). Now, since any V IIj-surface has nonnegative
Euler characteristic, any such surface supports a Kéhler Osserman metric if and only if
X[M] = 0, and the metric is flat. Next, assume M to be a minimal ruled surface over a
curve of genus g > 2. Then the Chern numbers c}[M] and co[M] satisfy

AM]=8(1—g), c[M]=4(1-g).
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Hence, the Hirzebruch signature Y[M] = % (¢}[M] — 2¢3[M]) vanishes identically, and
thus

1 1 72
M) = 5z [ 0V =l o= —55 [ T,
which shows that 7 = 0, and hence M is flat. O

Further observe that the Jordan normal form of the Jacobi operators may change from
point to point in an Osserman manifold. We have the following result.

Theorem 4.1.5 Let M = (M, g) be a compact Osserman manifold with metric of signa-
ture (— ——++). Then Y[M] = 0 and the Jacobi operators have only one eigenvalue (which
may be a single, double or triple root of the minimal polynomial). Moreover x[M] < 0 and
X[M] = 0 if and only if the Jacobi operators are nilpotent.

Proof. First of all, note that there does not exist any 4-dimensional Osserman metric
whose Jacobi operators have three distinct real eigenvalues. Moreover, the same holds
true as concerns Osserman metrics with complex eigenvalues for the Jacobi operators [17].
Hence, we will show the non-existence of compact Osserman metrics with two distinct
real eigenvalues. Let a and 3 denote the constant eigenvalues of the Jacobi operators, the
later assumed to be of multiplicity two, and let Ey(X) = (X) @ ker(Rx — (X, X)Id)
be the two dimensional subspace spanned by X and the eigenvector corresponding to the
distinguished eigenvalue a.

Observe that, for any non null vector X, the restriction of the metric tensor to Eq(X)
must be non degenerate, and thus either definite (of signature (++) or (——)) or indefinite
(of Lorentzian signature (—+)). Furthermore, the signature type of the FE,’s cannot
change from definite to indefinite, since in such a case it would pass through a degenerate
situation. Next, we analyze the two different possibilities.

If the induced metric on the E,’s is definite, then ker(Rx — (X, X)Id) is also definite,
and thus the Jacobi operators are diagonalizable. This shows that M is locally an indefinite
complex space form [17], and thus such metrics do not exist in the compact case as it was
shown in the proof of Theorem 4.1.3. Now, assume the induced metric on the E,’s is
indefinite. Then, ker(Rx — a(X, X)Id) defines an almost paracomplex structure P on
M which makes (M, g, P) an almost paraHermitian manifold. Hence c?[M] = 0, which
proves M is Ricci flat, since 7 = 0, just by proceeding as in the proof of Theorem 4.1.3.
Finally observe that the eigenvalues v and ( are in a ratio 1 : %, as it was proven in [17]
for the diagonalizable case (it also follows as a consequence of the local description of the
non diagonalizable case given in [61]). Hence, « = 43 = 0, which is a contradiction. O

Remark 4.1.6 It follows as a scholium to the proof given above that a compact Osserman
4-dimensional manifold M with metric of signature (——-++) has Y[M] = 0 and x[M] <0,
with equality if and only if the Jacobi operators are nilpotent.



o6 4 Some global results on manifolds with signature (— — ++)

Remark 4.1.7 The following are consequences of previous work of Petean [146]:

e There exist Osserman metrics whose Jacobi operators change from zero to 2-step
nilpotent on tori.

e Compact indefinite Kahler Osserman 4- dimensional manifolds are Ricci flat, and
thus they are a complex torus, a hyperelliptic surface, or a primary Kodaira surface.
Indeed, since Y[M] = bt — b~ = 0, it follows that x[M] =2(1 — by + ), and thus
(since x[M] < 0) by > 1+b" and by = 1+ b~ if and only if x[M] = 0. Now, an
indefinite Kihler surface satisfies H2(M;R) # 0, from where b~ = b™ > 1, and thus
by > 2. This shows that no minimal surface of class VI is Kahler Osserman.

4.2 Completeness of Osserman and conformally Osserman
Walker metrics

Our purpose in this section is to study geodesic completeness on some Walker manifolds
with special features. We will relate the Osserman condition and the conformally Osserman
condition, which are purely algebraic conditions, to the global geometry of the manifold
by answering questions on geodesic completeness.

We will focus on a family of Walker manifolds of signature (2, 2) whose Jacobi operator
has eigenvalues (0, 4k, k, k) but whose Jacobi operator is not diagonalizable [60], as well
as Osserman and conformally Osserman examples studied in Chapter 3. Some of these
manifolds are geodesically complete and others exhibit Ricci blowup. In this section we
present results from [40].

4.2.1 Geodesic equations

In order to study geodesic completeness, a first step is to obtain the corresponding geodesic
equations. Thus, we begin by computing the geodesic equations for a Walker metric in
general, since all the examples we are going to study are of this kind.

Lemma 4.2.1 Let M be a Walker metric as in Definition 3.2.1. Let ay := Opa, by, := Oib
and cy, := Ogc. Then the geodesic equations for M are given by:

0 = 21+ T1T301 + 12401 + T2X3a9 + ToT4Co
+%3’c3:'63(a3 + cag + aay)
+ist4(ag + cco + acy)
+3d434(2cs — by + cby + aby),
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0 = do+ 2123c1 + T1Tab1 + Todzco + Todabo
+%9'63a':3(203 — a4 + bag + cay)
+igi4(bs + bea + ccq)
+Sdad4(bs + bby + cby),

0 = &3— sd3igar — dzdac — 3Eadabr,

0 = 24— %9&33’;3(12 - $3i402 - %i‘4i‘4b2.

Proof. We use the discussion in [78] to determine the Christoffel symbols; the Lemma

then follows:

Vo, 03
V9,03
(4.4) Vp,05
Vo,04
V9,04

20101 + 5109, Vo, Or = 3c101 + 5b10s,

%(1281 + %0262, Vo, 04 = %0281 + %bzag,

$(2c3 — aqg + bag + ca1)d + (az + caz + aar) — 2a105 — Las0y,
%(a4 + cco + acy)01 + %(b:; + beg + cc1)02 — %0183 - %0284,

2(2¢4 — by + by + aby)dy + L(bg + bba + cby) Dy — 10195 — Lbyd.

O

Now, we specialize Lemma 4.2.1 to the examples (3.4), since we are going to study
them in subsequent sections.

Lemma 4.2.2 Let M be a Walker metric as in (3.4). Then the geodesic equations are:

0 = Z1+ T12401 + ToT4Co + T3xT4CCo + T4T4Cy,
0 = Io+x1T3¢1 + T3 + T3T3C3 + L3Tyccy,
0 = &3— x314c1,
0 = .C'I;'4 — £3¢462.

4.2.2 Completeness of strict Walker manifolds

The importance of strict Walker metrics is emphasized by the fact that they are geodesi-
cally complete, as next result shows.

Theorem 4.2.3 Let M be a strict Walker manifold. Then M is geodesically complete.

Proof. By Lemma 4.2.1, the geodesic equations for a strict Walker manifold as in (3.3)

are:

. 1. - 1. - ..
= &1+ 5@32303 + 50404(2c4 — b3) + L3840a4,
. 1. - 1. - ..
= 9+ 51‘31‘3(263 — CL4) + 59342?4[)4 + T3x4b3,

= T3,

o o o o
\

= I4.
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The final two equations can be solved to yield an affine solution, thus, let z3 = a4+ (Gt and
x4 =+ dt. The first two equations then have the form iy = f1(¢) and &3 = fo(t) which
can be solved. Thus geodesics extend for infinite time and M is geodesically complete. [J

Remark 4.2.4 Note that strict Walker manifolds verify identity (1.8), therefore they
are generalized plane wave manifolds. This means, in particular, that they have, among
many other interesting properties, vanishing scalar Weyl invariants and nilpotent Jacobi
operators. Furthermore, they all are geodesically complete as Theorem 1.6.3 states.

4.2.3 Technical ODEs lemma

In the remaining of this chapter we are going to study completeness of some particular
Walker metrics. However, the geometry of such examples is more complicated than strict
Walker metrics, so we use different techniques. The following technical result from [40]
will be essential for our purpose.

Lemma 4.2.5 Let f(t) satisfy f(t) = E(f, f) with f(0) =1 and f(0) = 1 and mazimal
domain [0,T). Assume =(z,y) > ex®y? for x>1andy >1 where 2a+ >3 and e > 0.
Then T < oo, limy_,7 f(t) = oo, and lim;_,7 f(t) = oco.

Proof. Since f Is positive, f and f are monotonically increasing. Suppose T < oo but
limy_,7 f < oo. Then f is bounded and hence f is bounded as well. Thus limy_p f = fp
and lim;_,7 f = fr exist and are finite. The fundamental theorem of ODEs shows [0,7)
is not the maximal domain of the function f. Thus if T is finite, limy_7 f (t) = co. Hence
lim_7 f(t) = oo as well and the Lemma holds.

To complete the proof, we suppose that T' = oo and argue for a contradiction. Without
loss of generality, we assume ¢ < 1. Let ¢; := 0 and let t,41 := t, + En% We wish to
show f(t,) > n and f(t,) > n?. As this holds for n = 1, we proceed by induction on n.
Because f is monotonically increasing, f(tns1) > f(tn) + f (tn)a12 >n+ 2 3” >n+1. To
prove the second estimate, we use the mean value theorem to find s w1th 3 6 [tns tnt1] SO
f(tngr) = f(tn) + €nzf( s). We may estimate that:

(1]

fs) = E(f(5), F(9) 2 ef () F(8)” = ef (t)*F (tn)” = en®**F > en®.

Consequently f(t,41) > n? + E%eng > n?+3n > (n+ 1)2. The desired contradiction
follows as lim,,—,o0 £, < 00. O

4.2.4 Conformally Osserman examples

We study the global geometry of the conformally Osserman examples given in previous
chapter:
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Theorem 4.2.6 Among the explicit examples given in Section 3.4, we have:
(i) the manifold given by the warping function ¢ = x1x4 4 x3x4 is geodesically complete,

(i) all other examples present Ricci blowup, therefore they cannot be embedded isomet-
rically in a 4-dimensional geodesically complete manifold.

Proof. Suppose first that for 1 > 1 one has

ci=p(x1) >z, ci1>1, e4=0.

This is the case for the warping functions ¢ = 23 — 23, ¢ = 23 + 23, ¢ = 23, ¢ = 2} — 23,
c=xt+2?—z3—23and c = 2} +2? + x5 +22. Weset 2o(t) = 0, x3(t) = 0 and z4(t) = —t.

The geodesic equations given in Lemma 4.2.2 then become
Z1—aip(z1) =0, ¥2=0, #3=0, &4=0.

This yields a consistent set of equations with #; = #1p(x1). By Lemma 4.2.5, we have
that lim;_7 @1 (t) = oo for T finite. By Lemma 4.2.2,

p(3,%) = drd1p11 + 2&1d4p1a + Gadapas = —drc11 — 307

As ¢11 > 1, limy—7 p(5,%) = —oo and these manifolds exhibit Ricci blowup.
Let ¢ = x123 + x2x4. The geodesic equations are:
0 = &+ d1dgxs + Todgxy + T3da(T123 + Toxs) T + Tadaxo,
0 = X9+ T1T323 + Tox374 + T3T3x1 + 1'3.%"4(1311'3 + 3321'4)173,
0 = &3— zgiqws,
0 = 5.154 — igi‘4x4.
We start with initial conditions x3(0) = 43(1) = z4(1) = d4(1) = 1. Symmetry implies
that x3(t) = x4(t) = h(t) where h satisfies h(t) = h(t) h(t) h(t). Lemma 4.2.5 now shows

h — oo at finite time so M is incomplete. Furthermore, we use equations (3.6) to see that
pij = 0 for 7,5 # 3,4 and thereby show M exhibits Ricci blowup by computing:

p(%,%) = @3p33 + Bipas + 203Fapss = 3{ps3 + paa + 2p34}
o 1o 14 .2
= x3{—§x4 ~ 573 + xgxy — 2} = =243

Let ¢ = x1235 be the warping function. The final two geodesic equations become
T3 = 3'339'0455% and 4 = 0. Setting x4 = t then yields the equation Z3 = :cdx?,) and,
by Lemma 4.2.5, #3(t) — oo as t — T for T' < oo. All the components of the Ricci
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tensor vanish except p34 and pss. Since x3(t) > 1, we show M exhibits Ricci blowup by
computing:
. L. . .o 1. « 4 . .
= — — = < — - — X
thn% p(%, %) thn%{ 2i31423 — 5E4d473} < thn%{ 2&3} 00

Suppose that ¢ = mzxi + x§x4 or that ¢ = ngi + x3x4 are the warping functions.
The final two geodesic equations become 0 = &3 and &4 = j:39b4a:i. We take x3 = t so
#4 = 2423, Let 14(0) = 24(0) = 1. Thus lim;_,7 &4 = co at some finite time and x4(¢) > 1
for all t. Only ps3 and p34 are non-zero. We show M exhibits Ricci blowup by computing

. . . — . _l . . 4 _ . . < . _ . —_ _
}LH%P(%’Y) th_}rr%{ sigdgw] — 2bgiawy} < th_}nﬁap{ 2%4} 00 .

Finally let ¢ = z1x4 + x3z4. The geodesic equations in the last two variables are

fg — :k39b4x4 =0 and fi’4 =0 so

ry=a+ 0t and 3= cePlattBy %)

We integrate this equation to determine x3. As the equation for Zo takes the form s +
F(x1,x3,24, %1, &3,%4) = 0, it poses no difficulty and the only task is to determine x;.
The equation for x; takes the following form:

1 + T124T4 + T4T4x1 + Tydg23 = 0.

By rescaling the geodesic parameter, we see that there are really only two cases to be
considered. These are 4 = a and x4 = t. If x4 = a, we get the equation &1 = 0 which
has linear solutions. If x4 = t, we get the equation

1+t +x1 = w(t)
for suitably chosen 1. We set x1 := fefé  to reduce the order of the equation, thus

o= (f-tfle2?,
#o= (F-2tf+82f - pe =t
and then

Bt tinbay = (f—2tf +0f — fatf —2f + fle s

= (F-thHe 7" = ().

Setting f1 := f then leads to an equation of the form f; —tf; = 11(t) for suitably chosen
aq. Setting f1 = fo e%tZ then yields

fi—thi=(fattfo— Yffz)e%t2 =1(t),

which leads to the equation fg = 9(t). This equation can be solved for all time; hence it
follows that M is geodesically complete. O
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4.2.5 Non-diagonalizable Jacobi operators

We have said before that in signature (2, 2) the eigenvalue structure of the Jacobi operator
does not determine the operator up to conjugacy; one must instead consider the Jordan
normal form. We know from Remark 4.2.4 that any strict Walker manifold of signature
(2,2) is nilpotent Osserman. However there are Walker manifolds of signature (2, 2) which
are Osserman but not nilpotent and whose Jacobi operators are not diagonalizable [60],
more specifically, the Jacobi operators are of type II with non-null eigenvalues at some
points, as next result shows.

Theorem 4.2.7 [60] Let M be a Walker metric (Definition 3.2.1) with

a=4ka? — k f(z4)?, b= 4ka3,

¢ = dka1ao + wa f (24) — 2 f (1),

where f = f(x4) is non-constant and k # 0. Then M is Osserman with eigenvalues
(0,4k,k, k) and the Jacobi operators are diagonalizable at a given point p if and only if

24 k:f(w4)f(x4)a:2 —12 k‘f(:m)xl +3f(x4)f(xq) + 4f(a:4)2 =0.

We continue the study of geodesic completeness; the next theorem shows these mani-
folds are geodesically incomplete.

Theorem 4.2.8 Let M be as in Theorem 4.2.7. Then M is geodesically incomplete and
can not be embedded isometrically in a geodesically complete manifold.

Proof. Since f is non-constant, we may choose &4 so f(&4) # 0 and f(&4) # 0. Choose &
s0 16k2¢2 = f(&4)%; normalize the choice of sign so k&) > 0. As an ansatz, we set 71 = &1,
xo = 0, and x4 = &4 to be constant. This implies ¢ = 0. The geodesic equations in &1, Zo,
and %4 given by Lemma 4.2.1 then become %1 = &9 = &4 = 0, which are satisfied. The
remaining geodesic equation is 0 = &3 — 4 k&12323. We can solve this equation by setting

r3 = —ﬁln(l —t),
i3 = ﬁ(l - t)_17
By = ge(l—0)72=4k&isds.

This is defined for t € (—o00,1) and we have lim;_,; 4k & x3 = oo. In particular, M is
geodesically incomplete.

Since M is Einstein, it does not exhibit Ricci blowup. Instead we use a different
argument to show M is essentially incomplete. Let {e1,e2,e3,e4} be a parallel frame
along v with e;(0) = 09;. From Equation (4.4):

Vo, 01 = 64k& 101, Vo,00 = 4k&10o,
Vo, 03 = —4k€103,  Vg,01 = —261f(€4)01 — 4k&10s.
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Consequently
el(z3) = e~ Gms g,
62 ([L’3) e 6_414561.723 82,
63((133) — €4k§1m383,
1 .
eq(x3) = @f(£4)(64k§1$3 _ 6_4’“51”3)81 4 sy,

Since R(01,0s,03,04) = 0, R(01,05,03,01) = 4k, f(§4) # 0, and since 4k& z3(t) — oo as
t — 1, M is seen to be essentially incomplete as:

%EI} R(ey,es,e3,e4) = %Ey}{ﬁf(&)(e‘lk&% — e~ W3 ) AkEres g

= lim f(&0) (7 — 1) = oo,



Chapter 5

Conformally Osserman warped
product metrics

In this chapter we study Osserman conformality over manifolds with a special structure,
more specifically with a warped or a twisted product structure. We have already mentioned
how these structures have been useful to find examples of negative curvature manifolds.
Also, they naturally appear in many different contexts, so a deeper study is worthwhile
here. In this chapter we show that a Riemannian warped product and most of the twisted
ones (those whose factors have dimension greater than one) are conformally Osserman
if and only if they are locally conformally flat. This fact will lead to Part II, since it
motivates the study of locally conformally flat warped products.

5.1 Four-dimensional warped products

When studying the Osserman problem, manifolds of dimension 4 manifest a quite peculiar
behavior. This is pointed out when studying Osserman conformality as well. On the one
hand dimension 4 is the minimal dimension where the Weyl tensor plays a significant role,
since in dimension 3 all the information of the curvature is encoded in the Ricci tensor.
On the other hand, we will see below some behavior which is unique to dimension 4 and
which is related to the fact that in that dimension the Hodge star operator is idempotent
for even signature.

We begin this chapter by concentrating on 4-dimensional products. The main reason
to do this is not only that we are going to find slightly different features in dimension 4,
but also that the tools we make use of are different from those we use in the general case.
In this section we summarize results in [27].

The characterization given in Theorem 3.1.2 is very useful in our study of warped
products due to the following result:

Theorem 5.1.1 Let (M, g) be a pseudo-Riemannian manifold of dimension 4. If (M, g)

63



64 5 Conformally Osserman warped product metrics

decomposes as a warped product M = B Xy F or as a twisted product M = B Xy F' with
dimB =1 ordimF =1, then the following assertions are equivalent:

1. M is self-dual,
2. M is anti-self-dual,
3. M is locally conformally flat.

Proof. Since M is locally conformally flat if and only if it is self-dual and anti-self-
dual, it suffices to show that (1) and (2) are equivalent. Since the signature is arbitrary,
there are three cases to be analyzed: Riemannian (+ + ++), Lorentzian (— + ++) or
neutral (+ + ——). The Lorentzian case follows directly from [20], where it is proven that
a Lorentzian manifold is conformally Osserman if and only if it is locally conformally flat.

A warped product B x ¢ F is in the conformal class of (B x F,1/f?gp @ gr), which
is a direct product. Thus, since the three properties under consideration are conformal
invariants, it suffices for our purpose to restrict our analysis to direct products. Therefore,
we are going to compute the components of the self-dual and anti-self-dual tensors of the
corresponding direct product and check that they simultaneously vanish.

Let {e1,e2,e3,e4} be an orthonormal basis of the tangent space and let {e!,e?, €3, e}
be the corresponding dual basis. Consider the orthonormal basis for the self-dual and
anti-self-dual spaces given in (1.5):

A* = Span {Eli = (el Ae? £ ezeqe® Net)/V2, Ezi = (e' Ae? Ferese® Net)/V2,
Ef = (e' Net £ exeze? A ed)/V2Y,

where €; = g(e;, e;). The diagonal terms of the self-dual and anti-self-dual matrix associ-
ated to these basis are given by:

QW = Wizia + Waasa + 2€364Wia3a,

2W = Wizia + Waasa — 2e3e4Wioaa,
- QW5 = Wiziz + Waazs — 2€2e4Wisa4,
2Ws = Wisiz + Waaoa + 2e2e4Wis4,
2W5h = Wigia + Wasas + 2€2e3Wia03,
2Was = Wigia + Wagaz — 2e2e3W1423,

but for a warped product Wiogs = Wig904 = Wigez = 0, so Wﬁ = Wi, W;g = W,, and
VV3+3 = Wa3. The remaining terms are:

QWS = Wioiz — e2eaWinoa + e3e4Waiz — e2e3Wsaoa,
2Wi, = Wioiz + eaeaWiooy — €364W3413 — €263W3404,
(5.2) QW = Wioia + eaesWioos + e3eaWaars + e264Waaos,
2Wis = Wioig — eae3Wioog — e364Wi3q14 + €264 W43,
2Woh = Wizia + e263Wizo3 — eaeaWours — e3eaWoaos,

2Wos = Wizis — e2e3Wi3ze3 + eaeaWos14 — €364 Waya3.
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Suppose dim B =1 and dim F = 3. Let e; € X(B) and eg, e3,e4 € X(F'). Then

W24 = W3413 = 0,
W23 = W3414 = 0,
Wizaz = Wag1a = 0,

hence Wi, = Wiy, Wi = W5 and Wi = Wo,.
Suppose dim B = 2 and dim F = 2. Let ej,e2 € X(B) and e3,eq € X(F'). Then

Wi213 = Wiooa = W3g13 = Wago4 = 0,
Wi214 = Wioa3 = W3g14 = W3g23 = 0,

Wis1a = —5 p3a, Wizes = — 5 p12, Waara = — 5 p12, Waaaz = — 5 p3a.

Hence ng =W, = ng = W3 = 0. Now, since the signature is Riemannian or neutral,
we have €1 = eg€3ey, therefore

1 —
Wy = — (e~ eaezea)pzs = 0= Wy,

Suppose dim B = 3 and dim F = 1. Let e1,e2,e3 € X(B) and e4 € X(F'). Then

Wi224 = Wi3413 = 0,
Wi214 = Wig03 = 0,
Wiz1a = Wag3 = 0,

so Wi, = Wy, Wit = —W; and W, = —W,;. Note that these relations still hold if
we consider a twisted product B x; F' with dim F' = 1. For a twisted product B x; F'
with dim B = 1 we consider a conformal change by 1/f? to get (F x B,gr ®1/f?gg), so
that the dimension of the fiber is 1. Again the result follows since the conditions under
consideration are conformally invariant.

The relations among the self-dual and anti-self-dual components show that in all cases
the self-dual and anti-self-dual operators simultaneously vanish. Hence the result follows.[]

The following is an immediate corollary of Theorems 3.1.1, 3.1.2 and 5.1.1:

Theorem 5.1.2 Let M = Bx;F be a 4-dimensional pseudo-Riemannian warped product
or a twisted product M = B x; F' with 1-dimensional base or 1-dimensional fiber. Then
M is conformally Osserman if and only if it is locally conformally flat.

One may wonder if this result holds in general for a 4-dimensional twisted product.
This is not the case, as next example shows.
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Example 5.1.3 Consider the following twisted product:
M = R? X f R27 with f(a;‘l, T2, T3, .7,‘4) — T1T3 =TT

A straightforward calculation shows that

0 0 %(1 + exlm_”“)
wt = 0 0 0 and W= =0.
%(1 + 6x1:1:3—a:2z4) 0 0

Hence M is self-dual but it is not anti-self-dual and, consequently, it is conformally Os-
serman but not locally conformally flat.

The following result shows the non-existence of compact (anti-)self-dual twisted prod-
ucts which are not locally conformally flat.

Theorem 5.1.4 Let M = B x; F' be a compact Riemannian twisted product such that
dim B,F = 2. Then Bx¢F is conformally Osserman if and only if it is locally conformally
flat. Moreover, in such a case it is actually a warped product.

Proof. Since M is conformally Osserman, it is self-dual or anti-self-dual. Suppose M is
self-dual (reversing the orientation interchanges the roles of self-dual and anti-self-dual).
Since B and F are 2-dimensional and oriented, let JZ and J¥ be orthogonal complex
structures on B and F', respectively. Then M is Hermitian and opposite just considering
the complex structure J? @ +J. Then if M is self-dual, results in [6] show that M is
locally conformally flat or conformally equivalent to CP? with the Fubini-Study metric or
to a compact quotient of the unit ball in C? with the Bergman metric. Hence, it follows
that M is locally conformally flat or a locally conformally K&hler manifold. Assume J is
locally conformally Kéahler. Let X be a vector on the base and U a vector on the fiber.
Hence {X,JX,U,JU} is an adapted basis for the product. Since (B x; F,J) is locally
conformally K#hler, then there exists ¢ such that (B x F, g” @ v f2¢%) is Kéhler on a
suitable open set (note that this is a doubly twisted product). Then

(VxJ)U = Vx(JU)—-JVxU
= JU(n )X +X(In o f2)JU —U(ln ¢)JX — X (In o f2)JU
= JU(ny)X —U(ln ¢)JX,
(Vu)X = Vy(JX)—-JVyX
= JX(Invy A U +U(n)JX — X(In ¢ f2)JU — U(ln o) JX
= JX(In v f2)U — X(In ¢ f2)JU,
from where U(In ¢) = 0, JU(In ¢) = 0, X(In ¢f?) = 0 and JX(In ¢ f?) = 0. This
implies that 1) is constant over F' and one proceeds in an analogous way to show that 1) f2
is constant over B too. Hence, f may be decomposed as a product f = fpfr such that

fB is constant on F' and fr is constant on B, so B x ; I is indeed a warped product and
by Theorem 5.1.2 it is locally conformally flat. ]

<
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5.2 Conformally Osserman warped products in higher di-
mension

Motivated by the results of previous section, one may wonder if an arbitrary conformally
Osserman warped product is locally conformally flat. This question makes no sense in
Lorentzian signature, since we already know that any conformally Osserman Lorentzian
manifold is locally conformally flat [20]. This section is devoted to giving a positive
answer to this question in the Riemannian setting and give a negative answer, by means
of a counterexample, in the higher signature context.

We begin by analyzing the Riemannian setting. Since every warped product is in the
conformal class of a direct product and Osserman conformality is a conformally invariant
property, it suffices to study when a direct product is conformally Osserman. The warped
product characterization will be obtained as a consequence of the following theorem.

Theorem 5.2.1 Let M = (M, g) be a conformally Osserman Riemannian manifold which
decomposes as a direct product M = (B x F,gp @ gr). Then WM = 0.

Proof. Let p € M be an arbitrary point. Denote b = dim B and d = dim F. On
T,M we can choose an orthonormal basis {ei,...,ep, f1,..., fa}, with {e;} C T;FM and
{fi} C Ti M, which diagonalizes the Ricci tensor.

Note that Jw (e;)ej, Tw(fi)e; € TfM and Jw (fi) f, Tw(ei)fj € T;M. Indeed, from
the expressions of the curvature in Lemma 1.5.3 we may compute:

Twlee; = Tnlees — 7 (pleed) + ples e) = 755 ) e,

(5.3)
Jwle)f; = —75 <P(€i,€z’) + p(fj, ) — ﬁ) fi,

and, therefore, f; is an eigenvector for every Jw(e;) (analogously, e; is an eigenvector
for every Jw(f;)). Also notice that mixed terms of the Weyl tensor vanish, that is,
Wes, fi)ex = 0 and W(fi,ej) fe = 0if i # k.

Suppose Jw(e1)f; = A fj, Jw(er)fx = pfr with j # k. Recall the Raki¢ duality
principle [150] (see also [84]): let V = (V,(:,:), A) be an Osserman algebraic model with
(+,+) positive definite; then Ja(z)y = Ay < Ja(y)x = Ax. We now use the Rakié¢ duality
principle to compute

Jw(cosOf; +sinffy)er = cos? 0Tw(fj)er + sin? 0Tw (fi)er
+cosOsin (W (fj,e1) f + W(fr,e1)f;)
= cos? 0w (fj)er + sin® 0Tw (fr)er
= (cos2 O\ + sin? 0,u) el.

This shows e; is an eigenvector for Jw (cos@f; + sinffy) associated to the eigenvalue
(cos2 O\ + sin® Gu); but, since the eigenvalues are constant, we conclude that A = u. By
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repeating this argument, we may show that all the eigenvalues of Jy(e1) associated to
eigenvectors f; in Tf M are equal.

Next, we are going to show that all the eigenvalues of Jy(e1) are indeed equal. On
the contrary, suppose there exists a unitary vector x € T, fM such that Jw(e1)x = ve.
Then

Jw(cosfey +sinff))r = cos?0Tw(er)x + sin? 0Jw (f1)z

+cosfsin® (Wey,x)f1 + W(f1,x)er)
= (cos® v + sin? O) z.

Consequently A = v and all the eigenvalues are equal. Since the trace of Jy (-) is zero, we
conclude that all the eigenvalues of Jy (-) vanish and thus the Weyl tensor is zero. ]

Corollary 5.2.2 Let M = B x; F' be a Riemannian manifold with a warped product
structure. Then M is conformally Osserman if and only if it is locally conformally flat.

Proof. The property of being conformally Osserman is conformally invariant. Then
(M,g) = (B x F,gg @ f%gr) is conformally Osserman if and only if so is

1
(M.g") = (B x F, 7298 ® gr),
which is a direct product. We apply Theorem 5.2.1 to complete the proof. (I

Previous results, together with the complete characterization in [20] of conformally Os-
serman Lorentzian manifolds and results in the previous section concerning 4-dimensional
warped products of neutral signature, show the equivalence between Osserman confor-
mality and local conformal flatness in several general contexts. Nonetheless, this is not
a general feature and strongly depends on the conditions such as metric structure, signa-
ture,. ... The next example shows that this sort of results can not be extended to higher
signature direct products in dimensions greater than 4 and, consequently, the result also
fails for warped products.

Example 5.2.3 Let M = B x RY, where B = (R*, gg) is a strict Walker manifold with
metric of the following form

0 0 1 0
0 0 0 1
93(96173327373,374): 1 0 0 c(xg a:4)
0 1 c(w3,4) 0

where x1,x9,x3, x4 are coordinates in B. The signature of B is (2,2) but RP is endowed
with an Fuclidian metric of arbitrary signature. Then the only non-null component of the
curvature, up to the usual symmetries, s

R(03,04,03,04) = 34,
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so, since M is Ricci flat,

W (03, 04, 03,04) = c34.

Then Jw has constant eigenvalues (0,...,0) everywhere and hence M is conformally
Osserman with nilpotent conformal Jacobi operator; however M is not locally conformally
flat unless 9304¢(x3,x4) = 0.

5.3 Conformally Osserman twisted products

From the results of the last section, we know that a Riemannian conformally Osserman
warped product is locally conformally flat and we will see in Theorem 6.3.1 that a lo-
cally conformally flat twisted product with factors of dimension greater than one may be
expressed as a warped product. We may then wonder if the condition of Osserman confor-
mality itself implies that a twisted product (with factors of dimension greater than one)
may be expressed as a warped product. The answer to this question is positive for odd
dimensions, since in this case the conformally Osserman condition is equivalent to local
conformal flatness (see [20]). Nevertheless, this is not true in general. Example 5.1.3 is a
counterexample in the lowest possible dimension; it is self-dual but it is not anti-self-dual
and, in conclusion, it is conformally Osserman but not locally conformally flat. However,
manifolds with twisted product structure and fiber or base of dimension 1 behave quite
differently.

Theorem 5.3.1 A twisted product M = B x; F, with dim B =1 or dimF =1, is
conformally Osserman if and only if it is locally conformally flat.

Proof. If dim B = 1, M is in the conformal class of F' x;,; B with dim B = 1, so
we may suppose without loss of generality that dim F = 1. Let p € M be an arbitrary
point. Let v be a unit vector on the fiber F'. Now consider Jy (v) and take a basis of or-
thonormal eigenvectors {ey,...,e,—1} tangent to the base of the twisted product. Denote
by {\1,...,An—1,0} the eigenvalues associated to the orthonormal basis {e,...,e,—1,v}.
Note that for ¢ # j,

Wei,v,ej,v) = (Jw(v)e;, e5) =0,
and, for any 4, j, k with ¢ £ j, j # k, k # 1,

Wi(ei,v,ej,ex) = Wlej,ex,ei,v)
= Rlej, er, ei,v) — 5 (p(ej, €){ex, v) + plex, v)(ej, ;)
—p(ej,v)(er, e;) — plex,ei)(ej,v)

—_ T

(e eidlens v) — (es ves, ex)
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Also note that W(e;,v,ej,e;) = 0. Hence Wi(e;,v)e; = 0 for i # j and Jw(e;)v = \jv.
Then
Jw (cosfe; +sinfej)v = cos? 0T (e;)v + sin® 0w (e;)v
+cosOsinO(W (e;,v)ej; + Wiej,v)e;)
= (cos?ON; + sin? O\;)v.

Since M is conformally Osserman, the eigenvalues of the conformal Jacobi operator are
constant. Therefore A\; = A;. But, since tr(Jw(-)) = 0, all the eigenvalues are zero and
thus the Weyl tensor vanishes. Hence M is locally conformally flat. O

5.3.1 Osserman twisted products

In this section we take advantage of Theorem 1.4.1 to give a complete characterization of
Osserman twisted products in the Riemannian setting.

Theorem 5.3.2 Let M = B Xy I be a Riemannian manifold with local structure of a
twisted product. Then M is pointwise Osserman if and only if it is a space of constant
sectional curvature. Moreover, B also has constant sectional curvature.

Proof. Suppose M is Osserman. Hence, by Theorem 1.4.1, (M, g) is Einstein and confor-
mally Osserman. We may now apply Theorem 1.5.12 and Corollary 5.2.2 if dim F' > 1 or
Theorem 5.3.1 if dim F' = 1, to show that M is locally conformally flat. Since M is also
Finstein, it has constant sectional curvature. The converse is immediate. Furthermore,
M has constant sectional curvature implies B also has constant sectional curvature since
RE = R on the subbundle tangent to B. O

The relation between Osserman manifolds and two-point-homogeneous manifolds gives
us the following consequence of Theorem 5.3.2.

Corollary 5.3.3 Neither CP™ nor its negative curvature dual may be decomposed as a
twisted product.

Proof. Every two-point-homogeneous space is Osserman, in particular CP™ and its neg-

ative curvature dual are Osserman. The result is now immediate from Theorem 5.3.2.
O



Open problems

Although we have done some progress in understanding the structure of Osserman and
conformally Osserman manifolds, there are still open questions of interest:

1. In Chapter 3 we found examples whose conformal Jacobi operators realize all possible
normal Jordan forms. In order to do that, we have chosen Walker metrics of a
specific form, namely as in expression (3.4). However, a complete classification of
conformally Osserman Walker metrics is far from available.

2. We have shown in Chapter 4 that compactness is a strong condition when dealing
with Jordan Osserman manifolds. When we weaken the Jordan Osserman condi-
tion to the Osserman one, the situation is not so well understood. Thus, a better
understanding of the implications of Theorem 4.1.5 is needed.

3. We have studied completeness of many examples with algebraic properties in Chap-
ter 4, thus relating in some sense the pointwise geometry of the manifold with the
global one. It would be interesting to find relationships between pointwise conditions
and completeness for Walker manifolds.

4. The higher signature setting is very often much more difficult to handle than the
Riemannian one. A better understanding of twisted and warped products of high
signature is required to improve the general results of Chapter 5.
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Part 11

Locally conformally flat manifolds
with warped product structures
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Locally conformally flat structures on Riemannian manifolds are the natural gener-
alizations of isothermal coordinate systems, which are available on Riemann surfaces.
However, not every higher dimensional Riemannian manifold admits a locally conformally
flat structure, and it is difficult to provide a classification of such manifolds; this is still
an open problem. For example, M is locally conformally flat implies all the Pontrjagin
numbers of M vanish; thus CP? is not locally conformally flat. More generally, some
classification results are known under suitable topological conditions: a compact simply
connected locally conformally flat manifold must be an Euclidean sphere (cf. [116], [156]).
Also some classification results have been obtained under different geometrical assump-
tions like being locally symmetric or locally isometric to a product (cf. [119], [175]).
Complete locally conformally flat manifolds with nonnegative Ricci curvature have been
studied by several authors, showing that their universal cover is in the conformal class of
S™, R™ or R x S" !, where S™ and S"~! are spheres of constant sectional curvature [176].
Such conformal equivalence can be specialized to isometric equivalence under some extra
assumptions on the scalar curvature and the sign of the Ricci curvatures [50], [162] (see
also [46]). In spite of the results on locally conformally flat manifolds of nonnegative cur-
vature, there is a lack of information as concerns negative curvature. One of the purpose
in this part is to construct new examples of complete locally conformally flat Riemannian
manifolds with nonpositive curvature.

Since the seminal work of Bishop and O’Neill [13], warped products have been seen
to be a powerful tool for constructing manifolds of nonpositive curvature (see also [12]).
Therefore, our aim is to investigate the existence of locally conformally flat structures on
manifolds equipped with a warped product structure, or more generally on multiply warped
spaces, as being a natural generalization of warped products (cf. for example [164] and
the references therein). Other generalizations of warped product structures, like twisted
or multiply quasi-warped (cf. [130], [147], [164]) are not of interest for our purposes, since
they reduce to warped and multiply warped spaces, respectively, provided that they are
locally conformally flat. Another motivation for the consideration of locally conformally
flat structures on manifolds equipped with a warped product metric comes from the fact
that the Schouten tensor is Codazzi for any locally conformally flat manifold. Moreover,
although the local structure of Codazzi tensors is not yet completely understood, they
lead to warped product decompositions of the manifold in many cases [14], [164].

Locally conformally flat multiply warped spaces are investigated in Chapter 7. Our
approach relies on the fact that any multiply warped space is in the conformal class of
a suitable product, a fact previously observed for warped product metrics [119]; this has
several implications for the geometry of the fibers and the base of the multiply warped
space. A local description of locally conformally flat spaces with the underlying structure
of a multiply warped product is then obtained from the fact that any warping function
must define a global conformal transformation on the base which makes it of constant sec-
tional curvature. Then the case of n-dimensional base with n > 2 reduces to the existence
of nontrivial solutions of some Obata’s type equations on the base (sometimes called con-
circular transformations [114], [163]) together with some compatibility conditions among
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the different warping functions. This analysis is carried out in Section 7.3. Conditions be-
come much weaker when the base is assumed to be 1-dimensional as shown in Section 7.2,
in accordance with Roberston-Walker type metrics, which are locally conformally flat in-
dependently of the warping function. Some global consequences are obtained in Section
7.4, where locally conformally flat warped product manifolds with complete base of con-
stant curvature are classified as well as those being multiply warped if the base is further
assumed to be simply connected.

Applications of the results in Section 7.3 have already been found by R. Tojeiro in
the study of conformal immersions into the Euclidean space [165]. Other applications
are obtained in Chapter 8, where a complete description of multiply warped products of
constant curvature is obtained (Section 8.1). The already announced examples of complete
locally conformally flat manifolds of negative (Ricci) curvature are explicitly given in
Section 8.2. Warped spaces with base the hyperbolic space are of main interest, providing
of some new examples of complete locally conformally flat manifolds with nonpositive
sectional curvature, and with nonpositive Ricci curvatures but no sign on the sectional
curvature.

Finally, some cosmological models are discussed in Section 8.3 with special attention
to multidimensional models.



Chapter 6

Warped products and local
conformal flatness

Recall that a pseudo-Riemannian manifold (M, g) is said to be locally conformally flat if
and only if every point in M admits a coordinate neighborhood 4l which is conformal to the
pseudo-Euclidean space R”, i.e. there is a diffeomorphism ® : VV C R — 4 and a positive
function ¥ such that &*g = \IlzgRg. Note that any surface is locally conformally flat, but
not every higher dimensional pseudo-Riemannian manifold admits a locally conformally
flat structure. Necessary and sufficient conditions for the existence of such a structure are
given by the nullity of the Weyl tensor (if dim M > 4) and the fact that the Schouten
tensor is a Codazzi tensor in dimension 3.

Locally conformally flat warped product spaces have been investigated by several au-
thors (see, for example [79], [80], [138]) who obtained necessary and sufficient conditions
for M = B xy I to be locally conformally flat in terms of both the curvatures of the base
(B,gp) and the fiber (F,gr) and some PDE’s involving the warping function f. Those
results have been obtained directly as necessary and sufficient conditions for the Weyl
tensor on B X ¢ F' to vanish.

The results we present in this chapter are specialized in [30] for Lorentzian manifolds.

6.1 Locally conformally flat warped products: local struc-
ture

In the present section we characterize locally conformally flat warped products by estab-
lishing a criterion which describes the geometry of the base and the fiber of the product and
which imposes some strong restrictions to the warping function. First recall the following
result due to Yau [175](for an alternative proof see [28]).

Theorem 6.1.1 [175] Let M = B x F be a pseudo-Riemannian direct product. Then
M is locally conformally flat if and only if (B,gg) and (F,gr) have constant sectional

7
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curvature and if one of the following holds:
a) dimB =1 ordimF = 1.

b) dimB > 2, dimF >2 and K = —KF.

The next theorem uses the fact that every warped product is in the conformal class
of a direct product to take advantage of the previous theorem and to characterize locally
conformally flat warped product metrics.

Theorem 6.1.2 Let M = B x; F' be a pseudo-Riemannian warped product. Then the
following hold:

(i) If dim B =1, then M is locally conformally flat if and only if (F, gr) is a space of
constant curvature.

(ii) If dim B > 2 and dim F' > 2, then M s locally conformally flat if and only if

(ii.a) (F,gr) is a space of constant curvature K*'.

(ii.b) The function f : B — RT defines a global conformal deformation on B such
that (B, %gB) is a space of constant curvature KB = —KF.

(iii) Ifdim F =1, then M is locally conformally flat if and only if the function f: B — RT
defines a conformal deformation on B such that (B, #93) is a space of constant
curvature.

Proof. Let g = g ® f?gr be a warped product metric on M = B x F. Apply on
M the conformal transformation given by 1/f2 to write g = f? (%gg D gF). Since local

conformal flatness is a conformally invariant property, g is a locally conformally flat metric
on M if and only if so is g = f%gB @ gr. Since f is defined on B, § is the product metric

of (B, %gB) and (F, gr). The result now follows from Theorem 6.1.1. O
Note that Theorem 6.1.2 enables us to understand the geometrical meaning of the
PDE’s involving the warping function in [79] and [138].
An immediate consequence of Theorem 6.1.2 is the following result, which shows there
are several strong restrictions on the base and the fiber that must be satisfied for a warped
product to be locally conformally flat.

Corollary 6.1.3 Let M = BXF be a locally conformally flat pseudo-Riemannian warped
product. Then (B, gg) is locally conformally flat and (F, gr) is of constant sectional cur-
vature.

Remark 6.1.4 As a consequence of previous results, the local structure of locally confor-
mally flat warped product metrics can be given as follows as a local converse to Corollary
6.1.3.
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Let (B, gp) be a locally conformally flat manifold and (F,gr) a space of con-
stant sectional curvature. Then there exist locally defined warping functions
fu: 4 C B — RT such that the warped product manifold 8 x y, F' is locally
conformally flat.

Indeed, note that fy is defined in terms of the local conformal factor and some appropri-
ately chosen Mobius transformations in order to adjust the sectional curvatures of (4, g),
where g = igB, so that K% = —KF.

Observe that the vanishing of the Weyl tensor is a local property. In fact, M = Bx ¢ F
is locally conformally flat if and only if for each point p € M there exist functions ¥ defined
in a neighborhood of p such that the restriction of U2 . g to the defining neighborhood is
flat. Since all spaces of constant curvature are locally conformally flat, we have plenty of
functions ¥ as before in any locally conformally flat manifold. However, the implication
in Theorem 6.1.2 is on the whole base B, since the warping function is globally defined.
Therefore, two basic problems arise from the above: when is it possible to extend the
locally defined warping functions to the whole base B? and, in such case, is there any
kind of uniqueness on the warping functions?.

Both problems will be considered in what follows under some additional assumptions
(Sections 6.1.1 and 6.2) in the Riemannian setting.

As an application of Theorem 6.1.2-(iii), a 4-dimensional static spacetime B x ¢ R is
locally conformally flat if and only if (B, %93) is Einstein. Therefore, any conformal Ein-
stein 3-dimensional manifold gives rise to a suitably defined locally conformally flat static
spacetime. (See [112], [129] and the references therein for more information on conformal
Einstein equations). On the other hand, Friedman-Robertson-Walker spacetimes R x ¢ F’
are locally conformally flat for any fiber F' of constant curvature, independently of the
warping function.

Remark 6.1.5 As a generalization of the warped product structure, one can consider the
product manifold M = B x F with metric tensor g = b’gp ® f2gr, where f and b only
depend on the points of B and F, respectively. This is said to be a doubly warped product
and we denote it by By, x ¢F. Now, proceeding as above, one can express the doubly
warped metric g as follows,

g="b%g5® fgr =V <gB T fQ(bIQQF)> = b f? ((flggB) o (blZgF)> :

This shows that the doubly warped product is in the conformal class of a certain warped
product, moreover it is also in the conformal class of a direct product. Thus, Theorem 6.1.2
applies to show that By x s F' is locally conformally flat if and only if (B, f% gp) and (F, b% gr)
have constant sectional curvatures, which are necessarily of opposite sign if both B and F
have dimension greater than one. Again, this interpretation gives a geometrical meaning
to the PDE’s systems in [80].
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6.1.1 Warped products with base of constant sectional curvature

The local existence of warping functions making (4 C B) x, F locally conformally flat
follows from Remark 6.1.4. The global existence of such functions is the object of our study
in this section. First, we assume the dimension of B is strictly greater than 1 (dim B > 1),
otherwise any globally defined warping function f makes the manifold locally conformally
flat. Furthermore, in order to understand the simplest cases, we consider warped products
with base (B, gp) of constant sectional curvature and dim B = n. Our first result is the
following analytical characterization of the warping function.

Lemma 6.1.6 Let M = B x; R be a locally conformally flat warped product. Then
(B,gB) has constant sectional curvature if and only if the warping function f defines a
solution ¢ = —In f of the Mébius equation By, ($) =0, where

(61) Bys(6) = Hy — do© d — (A6~ V6| }g.

Moreover, for any base (B, gp) of constant sectional curvature and any positive solution
¢ of (6.1), the warped product B x § R is locally conformally flat.

Proof. Since (B, gp) is locally conformally flat by Corollary 6.1.3, then it is of constant
sectional curvature if and only if it is Einstein. On the other hand, (B, ]}—293) is a space
of constant sectional curvature by Theorem 6.1.2, and thus Einstein. Therefore (B, ¢gp)
is of constant sectional curvature if and only if the conformal deformation gp — -5g5
preserves the Einstein property, which occurs if and only if f is a solution of the Mobius
equation [144]. Now, the second part of the lemma follows from Theorem 6.1.2 and the
considerations above. (I

It is shown in [144] that, if ¢ : B — R satisfies the M&bius equation on (B, gg) then,
since Hegp(g) = exp(¢){ Hy + do @ do}, the function ¢ = exp(—¢) satisfies Hy, = %Ad}glg
on (B, gp). Henceforth we will refer to Hy, = %A@Z)gB as the linearized Mobius equation
on (B, gR).

We use the previous lemma to obtain the following description of the possible warping
functions on a locally conformally flat warped product with base a complete and simply
connected Riemannian space of constant sectional curvature.

Theorem 6.1.7 Let (B, gg) be a complete and simply connected Riemannian manifold of
constant sectional curvature. Then the warped product B x ¢ R is locally conformally flat
if and only if one of the following occurs:

(i) B =R"™, where R™ denotes the Euclidean space, then all possible warping functions
are given by

(6.2) FR)=a|R|P+ (b, X)+c, BER" aceR,

where the coefficients a, b and ¢ satisfy dac — H?H2 >0, a >0 and (,) is the
FEuclidean inner product in R™.
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(ii) B =H", where H" denotes the Poincaré half-space model of the hyperbolic geometry,
then all possible warping functions are given by

2 —_—
(6.3) F(R) = allX| +:§b’?>+c, B cR", a,c€eR,

where the coefficients a > 0, b and c satisfy either of

(ii.1)  dac— | B2 >0, or
(i4.2)  dac— (b +b3+---+b2_1) > 0and by, > 0.

(iii) B =S", where S™ denotes the Euclidean sphere, then all possible warping functions
are given by

n—1

(6.4) f=-

Y+ K
-

where Y is an eigenfunction for the largest eigenvalue of the Laplacian, i.e. it satisfies
Ay = — T3, and k is a real constant making f positive.

Proof. We analyze each case above separately.

(i) It follows from Lemma 6.1.6 that a function f : R™ — R defines a locally conformally
flat warped product R™ x ; R if and only if ¢ = —In f is a solution of the M6bius equation
on (R™, go). By considering u = exp(—¢), one gets that f is indeed a positive solution of
the linearized Mobius equation Hy = %A f90.

Now it follows easily from the linearized Mobius equation that any such function f
must be of the form

fR)=a|X|*+(b,X)+¢, a,ceR b R

Moreover, since f is required to be strictly positive in order to be a warping function, we
have the following. First observe that a > 0, otherwise f is negative outside a compact
set.
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The warping function does
not intersect the plane
Tst1 = 0.

Now, assuming a > 0, f(®) = a|| X |2+ (b, %) + ¢ has its minimum at X = —2%3) and
f(—iﬁ) = —ﬁ“?]? + ¢, which has to be positive, from where (i) is obtained.

(7i) Let (4™, go) denote the Euclidean upper-half-space and consider the Poincaré half-
space model (H", gyy) as a conformal deformation gy = 9*gy = 9%2 go of the Euclidean met-

ric. Let ¢ be a Mobius transformation from the hyperbolic space (H", gir) into (4™, fl—QgH)
and consider the following diagram:

12
(H", g1 = 5590) — (4", 7z91)
vl /
(un, gO)
Note that the set of conformal transformations forms a group with composition; moreover
the Mobius transformations are a proper subgroup [144]. Further, since ¢ is a Mdbius

transformation, then ¢ is a M&bius transformation if and only if so is ¢ o 9!, which is
defined in (U", g9). Now, it follows from (i) that % g = go, from where

1
' (@ X [2+( b, X)+c)2
it follows that

a| |+ (B, %) ¢

Tn

f(xX) =
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Since x, > 0 we only have to consider the numerator in the above definition of f
in order to analyze its positivity. Now note that a|X|* + <B), X) + ¢ defines a convex
paraboloid (considered as a function in R™) which is positive on 4 if and only if a > 0 and
it does not intersect the domain . Hence two different possibilities may occur.

The warping function may

be positive even if the
paraboloid is negative in
points where x5 < 0.

The minimum of the paraboloid is positive and the required condition is 4ac — HB)H2 > 0,
which shows (7i.1) as in previous case (7). The other possibility occurs if the minimum
is nonpositive but it is realized on the down-half-space (i.e., _2—?; < 0). In this case the
desired condition is obtained by the positivity of the intersection of the paraboloid defined
by a||®||>+(b, ®)+c and the hyperplane 2, = 0, which gives dac—(b3+b3+- - +b2_) > 0,
thus showing (7.2).

(iii) As in the previous cases, it follows from Lemma 6.1.6 that a function f : S" — R
defines a locally conformally flat warped product S" x; R if and only if ¢ = —Inf is a
solution of the Mdbius equation on (S™, gsn). By considering u = exp(—¢), one gets that
f is indeed a positive solution of the linearized Mobius equation and thus Hy = %A fasn.

Next, consider the gradient vector field V f on S". Since (Lyvyg)(Y,Z) = 2H(Y, Z),
it follows from the linearized Mobius equation that V f is a conformal vector field on S”,
and then
(6.5) —A(divV f) =

-
n—1

div(V f),
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where 7 denotes the scalar curvature of (S, gsn) (cf. [173]). Hence A(Af) = —T5Af.
This shows that Af is an eigenfunction for the first non-trivial eigenvalue A\ = —-%5 of
the Laplacian in (S", ggn). Further, it also follows from (6.5) that A(Af + T f) = 0 and
thus that Af + %5 f is a constant function. Therefore, if ) denotes a A;-eigenfunction for
the Laplacian in (S™, gsn ), then the desired warping functions are given by f = —"Tflw—i-f@,

for some constant x which makes f positive. [l

Remark 6.1.8 The eigenspace corresponding to the largest eigenvalue A\; = —_%5 of the
Laplacian in S™ is generated by the restriction to S™ of the homogeneous polynomials of
degree one in R"*! (see for example [10, Chap. 3]). Thus any such Aj-eigenfunction is the
restriction to S™ of some ¥ defined on R*™! by ¥(X) = (@, X) for 0 # a € R"*L.

Remark 6.1.9 The conformal deformations of the model spaces defined by the different
functions (6.2), (6.3) and (6.4) in previous theorem affect the sectional curvature as follows:

(i) The sectional curvature of (R, % go) is constant 4ac — HﬁHQ > 0, where f is defined
by (6.2).

(ii) The sectional curvature of (H", flngn) is constant 4ac — ||B>||2, where f is given by
(6.3).
(iii) The sectional curvature of (S, % gsn) is constant K2 — (";721)2\\?\\2, where f is given
by (6.4) and ¢» = WU |gn is the restriction to S" of ¥(X) = (@, X). Note here that
12
R? - Ol
positive.

is positive, since x is greater than “=1| @] in order to make f

It follows from Theorem 6.1.2 that the sectional curvature of the modified base and the
fiber must have opposite signs. Hence, given one of the bases above, there are restrictions
on the sign of the curvature of the fiber as in the table below.

Fibers Curvature of

Base Warping function R | RY | ¢ | He (B,#QB)

R | f(R)=a|R|P+ (D, ) +c| v | X | X |V | 4dac—|b|?

s | f(R)=-=4B,R)+C | v | X | X | v |- m)e

me | f(R) = AXEHBKve ol | dac— || B2

Zz

Scheme of the possible combinations among the bases and the fibers.
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6.2 Locally conformally flat warped products: global struc-
ture

For a given manifold (B, gp), to be the base of two different locally conformally flat
warped products is a very restrictive fact. This is shown in the next results, which give
some partial answers to the uniqueness of the warping function of a locally conformally
flat warped product under some global conditions.

Theorem 6.2.1 Let (B,gB) be a compact Riemannian manifold admitting two-distinct
(i.e., f # cf) warping functions such that both B x; F' and B Xj F are locally confor-
mally flat manifolds for a certain fiber F. Then (B,gp) is conformal to the Euclidean
sphere by means of the conformal deformation %gg and f/f is one of the functions in
Theorem 6.1.7-(iii).

Proof. Let f and f be warping functions such that B x; ' and B X i F are locally
conformally flat warped products. Then Id : (B, %93) — (B, #93) is a conformal

transformation between two compact spaces of constant sectional curvature. Proceeding
as in case (iii) of Theorem 6.1.7, it follows that f/f is a solution of the linearized M&bius
equation on (B, %gB)

1 .
Hpyp=~A(f/1)g

and thus V(f/f) is a conformal vector field on (B, %93). Note that 7 is the scalar
curvature of (B, # gp) and it is constant, since (B, % gB) has constant sectional curvature.
Then it follows from (6.5) that A(A(f/f) + 27 f/f) = 0 and thus A(f/f) + -Z5 f/f is
a constant function on (B, % gB)-

Next, using the linearized M&bius equation, we compute the Hessian of A( f /f) to see
that -

(6.6) HA(f/f)JFmA(f/f)g:U-

Now, if 7 > 0, then (6.6) is Obata’s equation for A(f/f) Since f # ¢f and for some
constant C, A(f/f) = —ﬁf/f + C, then it follows that A(f/f) is not constant and
hence (B, f% gp) is isometric to an Euclidean sphere [137].

Finally note that 7 < 0 leads to a contradiction as follows. Indeed, if 7 < 0, then the
existence of a nonconstant solution A(f/f) of (6.6) is characteristic of warped product
structures R x¢ N, where N is a complete Riemannian manifold and the warping function
satisfies £ + mf =0, £ > 0 among complete Riemannian manifolds [107, Thm. C, D].

This contradicts the assumption that B was compact. The case 7 = 0 implies A( f /f) is
constant and thus it follows from the linearized M&bius equation that H il = 29 for some

constant . This shows that f /f is a special concircular function on (B, f%gB) and hence
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it follows from [163, Thm. 2] that (B, % gp) is isometric to the Euclidean space, which is
also a contradiction. O

Remark 6.2.2 The previous theorem shows, in particular, the nonexistence of noncon-
stant globally defined warping functions on the flat tori T" which make T™ x ; F' locally
conformally flat (where F' is an arbitrary pseudo-Riemannian manifold). However note
that such warping functions always exist locally (see Remark 6.1.4).

The result of Theorem 6.2.1 can be extended to warped products with a noncompact
base under some alternative geometrical assumptions such as completeness.

Theorem 6.2.3 Let M = B x; I be a locally conformally flat warped product with

(B, f—lggB) geodesically complete. If there exists a warping function f # cf on B such
that B X j F is also locally conformally flat, then one of the following holds

1. (B, %93) is a complete and simply connected space of constant sectional curvature

and the warping function f/f s given by Theorem 6.1.7, or otherwise

2. (B, %gB) is a warped product R X exp(at4+8) N, where (N, gn) is a complete flat
Riemannian manifold and the warping functions satisfy

f/f=exp(at+p)+k

for some real constants a > 0, 3, k > 0, where o = —n(;il) and T8 denotes the

scalar curvature of (B, #93).

Proof. Let f # cf be two warping functions on B such that B Xf F and B x; F
are locally conformally flat. Then, by Theorem 6.1.2 it follows that #gg and f%gB

are constant sectional curvature metrics on B. Thus, the identity map is a conformal
diffeomorphism between two Einstein metrics on B. Since (B, %93) is assumed to be

complete and f # cf, then either (B, f%gB) is a complete and simply connected space of
constant sectional curvature (and then isometric to one of the model spaces in Theorem
6.1.7), or (B, 71293) is a warped product R X exp(at4) IV, where (N, gy) is a complete
Ricci flat (n — 1)-dimensional Riemannian manifold and the warping functions satisfy
f/f = exp (at + ) +k, for some constants «, (3, k [115]. Now, by Corollary 6.1.3 it follows
that R X4 exp(at+8) N is locally conformally flat and thus (IV, gn) is of constant sectional
curvature by Theorem 6.1.2, which shows that (N, gy) is flat. Moreover, it follows after
some standard calculations that the scalar curvature of (B, f%gB) is 78 = —n(n — 1)a?,
which completes the proof of the result. [l
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6.3 Locally conformally flat twisted products

In the same spirit as Corollary 1.5.12, the following result shows that the local conformal
flatness condition reduces twisted to warped products under some general assumptions.

Theorem 6.3.1 Let M = B x; I be a twisted product with dim B > 2 and dim F' > 2.
If the Weyl tensor is zero, then M may be written as a warped product.

Proof. Let X and V denote two non null vector fields on B and F', respectively. Since
dim B > 2, we choose a non null vector field Y on B which belongs to the space orthogonal
to X; Y € (X)1. Then
WY, X,Y,V) = R(Y,X,Y,V)
T e YY) V) = (X, Y)Y, V)}
(6.7) — L {p(V Y )X, V) = p(X, Y)Y, V)
= _ﬁg(}c Y)p(X7 V)

If W =0, then necessarily p(X,V) = 0. The result now follows from Theorem 1.5.11. O

Thus, the previous result reduces the study of locally conformally flat twisted products
to warped products and twisted products with one factor of dimension 1.

Remark 6.3.2 As a scholium to Theorem 6.1.2, for the metric tensor of any twisted
product B x; F', one can write

9B ® figp = f* <J}293@9F>-

This shows that B x; F' is locally conformally flat if and only if so is F* x 3 B. But this

time gr ® - gp is still a twisted product metric, since the twisting function f depends
both on B and F. The fact that f decomposes as a product of two functions fp and fr
defined on B and F', respectively, if and only if so does %, comes up from the following
expression

XU(log f) = —-XU (log ch) ,

for all vector fields X, U on B and F, respectively.

The duality condition in the previous remark justifies the symmetry on the conditions
dimB > 2, dim F > 2 in Theorem 6.3.1. Now, in order to show the necessity of these
restrictions, we construct some simple examples showing the necessity of the assumptions
on dim B > 2 and dim F > 2 as follows. Let I C R be an open interval and take U C R?
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an open set such that f(¢t,z,y,2) = H% is positive on I x U. After a long calculation
one gets that the twisted product manifold I x; U has vanishing Weyl tensor, hence it
is locally conformally flat. Moreover, note that I x; U cannot be reduced to a warped
product structure since

0 0 -2
Z ) =—= £
p<8t’6z> (t+2)? 70
this should vanish, of course, for a warped product.
Locally conformally flat twisted product metrics with 1-dimensional fiber are easily
obtained from Remark 6.3.2 by considering U x 1 I.

f

In the remainder of this section we characterize local conformal flatness in twisted
products of the form B x; R. First, recall the following expressions for the curvature of
such twisted products, obtained by specializing Lemmas 1.5.9 and 1.5.10.

Lemma 6.3.3 Let B x; R be a twisted product. Let X,Y,Z,T be vectors tangent to the
base B and let U be a vector tangent to the fiber. Then the curvature tensor is given by:
Hy(X,Y)

R(X,Y,Z,T) = RP(X,Y, Z,T), R(X,U,Y,U) = 7

<U7 U>7

the Ricci tensor is given by:
H¢(X,)Y)
f )

and the scalar curvature is given by:

A%

p(va):pB(Xay)_ f 7

p(X,U)=0,  p(UU)=

Now we have the following results.

Theorem 6.3.4 Let M = Bx¢R be a twisted product with dim B > 4. Then the following
assertions are equivalent:

(1) M is locally conformally flat.

(2) B is locally conformally flat. Furthermore for any orthonormal vectors X,Y, Z tan-
gent to B, the following equation holds

Hy(Z,Z) Hy(Y,Y)
f f

(8) For any orthonormal vectors X,Y tangent to B, the following equation holds

(6.8) Kxy — Kxz =

B B L Hy(X,X) Hy(Y,)Y) | 2ABf
(6.9) Kxy = (n—1)(n—2) ¥ f (n—1)f
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Proof. We first establish the equivalence of (1) and (2). Suppose that M is locally
conformally flat or, equivalently, that Kgr + Kgu = Kpc + Kpp for any orthogonal
vectors E,F,G,H € X(M) (see [117]). Then, from Lemma 6.3.3 it follows that B is
locally conformally flat and

Hi(Z,7) Hy(Y,Y)
——— =Kxz ——,7—,

f f
for X,Y, Z vectors tangent to B, from where (2) follows. Conversely, this also shows that
Kpr+ Keg = Kpg+ Kpp for any orthogonal vectors E, F, G, H in M, so (1) also follows
from (2).

We now show that (1) implies (3). Suppose M is locally conformally flat, then the
Weyl tensor vanishes, so

Kxy —

WX Y.XY) = Kxy -k (p(X,X) +p(V.Y) - 155)

n—1
TB
(6.10) = Kxy -5 (05X, X) + 0PV, Y) - 25
_HXX) L HGY) QABf)
f f
= 0.
We replace Y by elements of an orthonormal basis and sum to get
B Hi(X,X) n—-3ABf
11 B(X,X)= —(n— ’ ,
(6:11) PEX) = T = -y TR
Now, substituting the Ricci terms in (6.10) we get
B Hy(X,X) HpY)Y) 2ABf
Kxy = — - 7
(n—1)(n—2) f f (n=1)f

which is the expression in (3).

Finally, we show (3) implies (2). We use (6.9) to show that (6.8) is met and also that
Kxy + Kz = Kxz + Kyr for X, Y, Z, T orthogonal vectors tangent to B, hence (2)
follows. .

Remark 6.3.5 Note from item (2) in Theorem 6.3.4 that, if B is locally conformally
flat, then there exists locally a conformal factor 1 such that ¢g? = ¢?¢", where ¢" is the
usual Euclidean metric. Thus, one may make a conformal transformation of B x y R with
conformal factor 1/v¢? to get

Since this new twisted product is also locally conformally flat, we obtain from (6.8) that
for any X,Y tangent to the base

H?(X,X)=H®(Y,Y),

where ¢ = % and H is the Hessian with respect to the Euclidean metric.
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From Theorem 6.3.4, the following relations among properties of a twisted product
B xR follow.

Corollary 6.3.6 Let M = B x; R be a twisted product of dimension n > 4. Then any
two of the following assertions imply the third one:

(a) M is locally conformally flat.
(b) B has constant sectional curvature.
(c) H}B = \gB.

Proof. (a)+ (b) = (¢). If M is locally conformally flat, by Theorem 6.3.4, equation (6.8)
holds, and since the sectional curvature is constant we have H (X, X) = H¢(Y,Y") for any
orthonormal vectors X, Y, which implies (c).

(a) 4+ (¢) = (b). Again, by equation (6.8) item (b) follows trivially.

(b) + (¢) = (a). Note that (b) and (c) imply (2) of Theorem 6.3.4, so (a) holds. O



Chapter 7

Multiply warped products and
local conformal flatness

In general, a multiply warped product takes the form
BXf1 F1 X X F]C.

We may make this decomposition slightly more canonical by assuming, without loss of
generality, that f; is not a constant multiple of f; for ¢ # j. The order of the fibers plays
no role in our discussion. Henceforth for the remainder of Chapter 7 we set s = dim B
and d; = dim F;.

The local study of multiply warped products we present in this chapter is developed in
general for arbitrary signature. Nonetheless, several global results we present in Section 7.4
need some restrictions on the signature of the base. The Riemannian versions of most of
the results in this chapter are collected in [34].

7.1 Basic results

The following lemmas give some useful expressions that we derived from Lemma 1.5.3 and
that we will need further on.

Lemma 7.1.1 Let M = B Xy Fy x --- Xy, F}, be a pseudo-Riemannian multiply warped
product, X,Y € X(B) and U;,V; € X(F;), and let d; = dim F; fori =1,...,k. Then the
Ricce tensor is given by:
. Hy (X,Y)
(i) p(X,Y) = pB(X,Y) = S0 =d,.

(ii) p(X,V;) =0, foralli=1,... k.

(iii) p(Ui, Vi) = p"(U;, Vi) — (Ui, Vi) (Affl + (d; — 1)7”2{5”2 + 2544 <V%fvjfj>)
foralli=1,... k.

7

91
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(iv) p(Vi,Vj) =0, if i # .
And the scalar curvature has the following expression:
r=7184+%", #TFi

Afi Vz,Vz (Vfi,V
— oY B - 5 di(d — )BT 5 S did SRS

(7.1)

For the sectional curvature we will need expressions given in the following Lemma.

Lemma 7.1.2 Let M = B Xy, Fi x--- Xy, Fj, be a multiply warped product, X,Y € X(B)
and U;, V; € X(F;). Then we have the following expressions for the sectional curvature:

Kxy = K£%y,

Kxu, = —%,
Koy, = %Kfy - ||Vf/;i||27
Koy, = Y530 Gz,

where KB and K denote the sectional curvatures on the base B and the fiber F;, respec-
tively.

Recall from the previous chapter that a non flat locally decomposable pseudo-Riemannian
manifold is locally conformally flat if and only if it is locally equivalent to the product of
an interval and a space of constant sectional curvature N(c) x R or to the product of two
spaces of constant opposite sectional curvature Ni(c) x Na(—c) [119], [175].

We begin by extending Corollary 6.1.3 to the multiply warped product context.

Lemma 7.1.3 Let M = B Xy Iy x...Xj, F}, be a locally conformally flat multiply warped
product. Then

(i) (B, gg) is locally conformally flat,

(ii) (Fj,g:) is a space of constant sectional curvature for all i = 1,...k, provided that
d; > 2.
Proof. For any ¢ =1, ..., k, write the multiply warped metric as
1 2 2

f f
9= 590300 .000...0%g).
fi E [

Since f; : B — R™, the above expression shows that g is in the conformal class of a
suitable product metric tensor. Hence, the multiply warped metric is locally conformally
flat if and only if so is the product metric of (F;,g;) and the multiply warped product
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B Xpn Fiox ..o x Fox ... X 5. Fj, with base B = (B, f%gB). This shows that either

i fi
dim F; = 1 or, as a consequence of Theorem 6.1.1, (F}, g;) is of constant sectional curvature,
and moreover that B x y, 1 x ... X F; x ... Xy, F} is of constant sectional curvature too.

fi fi
The result is obtained by repeating this argument with every fiber. O

Remark 7.1.4 Note from the previous proof that if B xy Fy x ... Xy, F} is locally
conformally flat, then sois B xp Fy x ... x5 | Fi_1.

7.2 Multiply warped products with one-dimensional base

This section is devoted to the study of multiply warped spaces with 1-dimensional base,
this is
(7.2) M=1xys Fy x---xy F, where I CR,
and the fibers F1, ..., Fj are arbitrary pseudo-Riemannian manifolds. Note that, although
we assume the base to be of positive signature, the analysis for negative signature is
analogous.

Firstly we describe all multiply warped products of constant sectional curvature. Then,
such classification will be used to obtain a complete description of those which are locally
conformally flat. These results are exposed in [29] and [31].

7.2.1 Multiply warped products of constant sectional curvature

In this section we obtain a complete description of multiply warped products with 1-
dimensional base and constant sectional curvature. This will be useful to later describe
locally conformally flat multiply warped products.

Firstly, specialize Lemma 7.1.2 to obtain the expressions for the sectional curvature of
a multiply warped space of the form M =1 x ¢ F1 x --- Xy, F}, :

KBtUi - %7
(7.3) Ky, = # (K(Ijz%—i'(f{)Q) ;
fif}

The next theorem was obtained previously by Mignemi and Schmidt in [131]; for the
sake of completeness we provide a proof which differs a bit from that of [131]. First of all
note that, as a consequence of (7.3), if M =1 xj Fy x --- x5, F}, is a space of constant
sectional curvature, then each fiber F; must be of constant sectional curvature.

Theorem 7.2.1 Let M =1 xy Fy x--- Xy, F}, be a Riemannian multiply warped product
with dim1 = 1. Then M has constant sectional curvature K if and only if one of the
following holds:
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(i) M =1xu, Fi or M =1 Xo, F1 Xq, Fa, with warping functions given by

ai(t) =a;t+b;, 1=1,2.
Moreover, the fibers (Fy, g;) are necessarily of constant sectional curvature K¥i = a?,
provided that dim F; > 2 (i = 1,2), and the warping functions satisfy the compatibil-
ity condition ajas = 0 in the case of two fibers (this is, one of the warping functions
is constant). In this case K = 0.

(i) M =1 xg, Fi or M =1 xg, F\ xg, F», with warping functions given by
Bi(t) = a;sinct + b; cos et 1=1,2.

Moreover, the fibers (F;, g;) are of constant sectional curvature K = ¢%(a? + b?),
provided that dim F; > 2 (i = 1,2), and the warping functions satisfy the compati-
bility condition ayas 4+ bibs = 0 in the case of two fibers. The value of the sectional

curvature is K = 2.

(111) M =1 x4, F1 or M =1 X, Fi X, F>, with warping functions given by
vi(t) = a; sinh ¢t + b; cosh ct, 1=1,2.

Moreover, the fibers (F;, g;) are of constant sectional curvature K'i = c%(a? — b?),
provided that dim F; > 2 (i = 1,2), and the warping functions satisfy the compati-
bility condition ajas — b1be = 0 in the case of two fibers. The sectional curvature is
K =—¢2.

Proof. Assume M has constant sectional curvature K. Then conditions in (7.3) can be
rewritten in a simpler way as follows:

(i) FI() + K fi() =0,
(i) fI(1)? + K fi(0)? = K5
(i) FOFE) + K fi) (1) = 0.

Now observe that equations (i) only depend on the warping functions and the constant
value of the sectional curvature. Therefore, such equations give us the general form of the
warps. Thus, depending on the sign of K, one gets:

K=0: ai(t):ait—i—bi,

(7.4) K=¢c: Bi(t) = ajsinct + b; cos ct,
K=—-¢: ~i(t) = a; sinh ¢t + b; cosh ct.
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Equations (i7) come from the sectional curvature of a plane generated by two vectors in
the same fiber, so they express the compatibility between the fiber and the corresponding
warping function when dim F; > 2. We use the expressions from (7.4) to obtain

K — 0: KF'L = a127
(7.5) K=¢: KFi = cQ(az2 —i—b?),
K=-c%: KFi = c2(a2 - b2).

Finally note that equations (i) and (i7) completely determine the structure of a warped
product of constant sectional curvature, but if M has more than one fiber then equations
(7i7), which correspond to the sectional curvature of a plane generated by vectors in dif-
ferent fibers, must also be considered. Thus, equations (iii) can be interpreted as a com-
patibility condition among the different warping functions. Hence, as one can expect, it
provides a bound in the possible number of fibers arguing as follows: if one of the warping
functions is constant, suppose without loss of generality that fi is constant, then from
(i73) we have K fi fo = 0 and necessarily K = 0. Now, for fo and f3 we have f5fi =0 so
fo or f3 has to be constant and hence a multiple of f; which contradicts the assumption
that no warping function is a multiple of any other; therefore only two fibers may occur.
On the other hand, suppose that there are three different warping functions f1, fo and fs,
none of them constant. Then from (iii) we get

/ /
(7.6) h gl_Js
f 1 f 2 f 3
Now it follows that f3 = kf; for some constant x, which is a contradiction since warping
functions are assumed to be different. Therefore the maximum number of fibers is exactly
two and, if this is the case, the restrictions at (ii7) provide the following constraints

K=0: ailag = O,
(77) K=¢: aras + bibs = 0,

K = —02 Loalag — blbg = 0,

which completes the proof. O

Remark 7.2.2 A connected 1-dimensional manifold is diffeomorphic to a interval in R
or the circle S1. Assume the manifold M = S! x4 Fy x -+ x4, F}, has constant sectional
curvature. Then, since S! is compact, each function [ attains its maximum in S and
there exist ¢; so that f/’(¢;) = 0. Observe from equations (7) in the proof of Theorem 7.2.1
that this implies K = 0 and hence f/'(t) = 0 for all ¢t € S'. Therefore f;(t) = a;t + b;.
But this functions are not defined on S'. Hence we conclude that there are no multiply
warped products of constant sectional curvature with compact 1-dimensional base.
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Remark 7.2.3 Although Theorem 7.2.1 is restricted to Riemannian signature, one ex-
tends that result for arbitrary signature as follows. First of all, note that the signature
of the fibers plays no role in previous classification. Secondly, the change of sign in the
signature of the base influences equations (i), (ii), (iii), (7.4), (7.5), (7.6) and (7.7). In

summary, one obtains that

M =1xy F1 x--- Xy Fy, with g7 of negative signature has constant sectional
curvature K if and only if £ < 2 and one of the following holds:

(i)

(iii)

Observe that the change of signature on the base switches the role of positive and negative

K =0, then M =1 x4, F1 or M = I xq, F1 X4, Fo, with warping
functions given by

ai(t):ait+bi, 1=1,2.

Moreover, the fibers (Fj, g;) are necessarily of constant sectional curva-
ture KTi = —a?, provided that dim F; > 2 (i = 1,2), and the warping
functions satisfy the compatibility condition ajas = 0 in the case of two
fibers (this is, one of the warping functions is constant).

K =% then M = I x5, Fy or M = [ xg, F{ xp, Fp, with warping
functions given by

Bi(t) = a; sinh ¢t + b; cosh ct, 1=1,2.

Moreover, the fibers (Fj, g;) are necessarily of constant sectional curvature
KT = ¢*(—a? 4 b?), provided that dim F; > 2 (i = 1,2), and the warping
functions satisfy the compatibility condition aias — b1be = 0 in the case
of two fibers.

K = —c* then M = I x,, Fj or M = I x.,, F| x,, Fy, with warping
functions given by

~i(t) = a;sinct 4 b; cos ct, 1=1,2.

Moreover, the fibers (Fj, g;) are necessarily of constant sectional curvature
KFi = c2(—a? — b?), provided that dim F; > 2 (i = 1,2), and the warping
functions satisfy the compatibility condition ajas 4+ b1bs = 0 in the case
of two fibers.

curvature with respect to the warping functions.
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d* @ f1g1 @ f3g2 —dt* © f191 © f392
Warping Compeatibility Warping Compatibility
Curvature functions conditions functions conditions
K= 0 a;t + bz ajag = 0, a;t + bl ajag = 0,
KFi =a? KFi = —q?
K =¢? a; sin ¢t + b; cos ct aijas + b1bs =0, a; sinh ct + b; cosh ct ajas — bibs =0,
KT = c2(a? +b?) KFti = c*(—a? + b7)
K =—¢ a; sinh ct + b;coshet | ajas —biby =0, a;sinct + b; cos ct aras + biby =0,
K= a? —17) K= (a2 1)

The warping functions and the compatibility conditions depend on the signature of the base.

Remark 7.2.4 An important consequence of Theorem 7.2.1 is that a manifold of constant
sectional curvature with local structure I xf Fy X --- Xy, I} cannot have more than two
fibers.

7.2.2 Locally conformally flat multiply warped products

The next result is the first step in generalizing Theorem 6.1.2-(i) to the class of multiply
warped spaces; it gives an upper bound on the number of different fibers of the multiply
product space. Although this result can be derived directly from Theorem 7.2.1, we give
an independent proof which is self-contained.

Theorem 7.2.5 Let M = I xy Fy x --
warped product. Then k < 3.

- X, Fy be a locally conformally flat multiply

Proof. Consider the metric g written as follows

g = d?® flge & flox
2 2 2
= f? <(f1,€> dt2@(%) 91@"‘@(f’};1> gk_1€9gk)-

Although we are implicitly assuming the base is Riemannian, the proof is totally analogous
if the signature is negative. Expression (7.8) shows g is in the conformal class of the product

metric ) )
1 _
(f,fdtQ &) (jﬁ;) g DD (%) gk—l> @ g,

(7.9)
which is also locally conformally flat. Therefore, Theorem 6.1.1 implies the constancy of
the sectional curvature of the fiber (Fj, gx) (provided that dim Fj, > 2) and moreover that

the metric ) )
1 fi fr—1
7.10 —dt*® () B <) _
(7.10) Iz ) £ ) I

also has constant sectional curvature. Hence, it follows that I xz Fy x ---
also locally conformally flat.

(7.8)

ka_l Fk—l 18
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Rescaling the metric on I by means of ¢ = [ f%(t), the metric tensor (7.10) defines the
following multiply warped product

(7.11) IX]?l Fi x--- kail Fk*l)
where fz(f) = J{l((?), recall that it has constant sectional curvature. Now it follows from
k
the curvature identities at (7.3) that
i A
(7.12) 12 — Ky, = = Ky, = =t
fifa Jife—1
for vector fields V;, W; € X(F;). Hence there are two possibilities: either fl is constant or
I I
(7.13) fo_ _fi
2 Jre—1

First suppose fl is constant, then f; = kipfr for some constant kq;. But this contra-
dicts the assumption that no warping function is multiple of any other. Therefore (7.13)
holds and hence fa = ko3fs = -+ = Kyp—_1)fk—1 for some constants r;;. Now, con-
sidering again the same assumption, the maximum number of different functions between
f1, fo, ..., fr—1 is two. Hence, there cannot be more than three different warping functions
among f1,..., fx. This proves the result. O

The following is a characterizing result which describes the warping functions for each
possible number of fibers.

Theorem 7.2.6 Let M =1 xp Fy| x--- Xy, I} be a pseudo-Riemannian multiply warped
product with 1-dimensional base. Then M is locally conformally flat if and only if, up to
a reparametrization on the base, one of the following holds:

(1) M = 1x;F is a warped product with fiber F' of constant sectional curvature (provided
that dim F > 2) and any (positive) warping function f.

(1t) M = 1Ix 5 F1 x g, Fy is a multiply warped product with two fibers of constant sectional
curvature (provided that dim F; > 2, i =1,2) and warping functions

1 1
?7 f2_?7

where f is a strictly increasing function and £ is a warping function making I x¢ Iy
of constant sectional curvature (cf. Theorem 7.2.1) and (£ o f) > 0.

fi=(of)

(111) M =1 x4 Fy x5, Fo X ¢, F5 is a multiply warped product with three fibers of constant
sectional curvature (provided that dim F; > 2) and warping functions

f1=<51of>},, f2=(£20f);,, fgz},,
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where f is a strictly increasing function and & are warping functions which make
I x¢, F1 xg, Fy of constant sectional curvature (cf. Theorem 7.2.1) and such that
(€0f)>0,i=1,2.

Proof. By Theorem 7.2.5, we know that & < 3 and that, in any case, the fibers have
constant sectional curvature (provided that their dimension is greater or equal than 2).
Moreover, if M is a warped product (k = 1), then such condition is, indeed, sufficient by
Theorem 6.1.2. This proves (i). Now, if there are two fibers (M =1 Xy, Fy xy, Fy) then

1 f?
(7.14) ngt2 ® —;2 9F,

has constant sectional curvature. (Note that we are again assuming the base has positive
signature, if it does not the proof is essentially the same, so we restrict here to the Rie-
mannian case). But since fo is strictly positive, we can introduce a reparametrization on

Ibyt=[ f%(t), and thus (7.14) leads to

(7.15) d* ® £(6) g,

which is a warped product with constant sectional curvature, where & (t~) = ;;8 This

proves (7).
Finally, if £k =3 (M =1 X £ Fi X fo Fy X fa Fg), then

1 2 2
(7.16) detQ @ % gr, @ f%gFQ
f3 3 3
has constant sectional curvature, and proceeding as above we get that
(7.17) di* + & (1)%gr, + E(1)*gr,
has constant sectional curvature, with & (£) = Q,Eg and &(t) = }28 t=J f%(t)) Thus,
(i1) is obtained. O

Remark 7.2.7 Note that Robertson-Walker spacetimes are locally conformally flat, in-
dependently of the warping function. Previous theorem shows that the warping functions
of a multidimensional model M = I X, Fy Xy, F5 X ¢, F3 are very specific (see also Theorem
7.2.1). However we still have essentially no restrictions for one of the warping functions,
in the same way as for Robertson-Walker metrics.

Remark 7.2.8 Let M = S xy, Fy x --- xy, F; be a locally conformally flat multiply
warped product. Using notation of the proof of Theorem 7.2.6 we obtain that

dt? + &(8)2gr + ..+ &1 (D)%gR,_,

has constant sectional curvature. Hence, from Remark 7.2.2 necessarily £ < 1. So M is a
warped product St x ¢ F' with arbitrary warping function. Therefore, a multiply warped
product with compact 1-dimensional base is locally conformally flat if and only if it is a
warped product.
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7.2.3 Global aspects

First of all recall from [13] that a Riemannian warped product metric is complete if and
only if both the base and the fiber are complete. This result can be easily extended to the
more general class of multiply warped products to ensure that a multiply warped product
is complete if and only if the base and all the fibers are complete, independently of the
warping functions (which are restricted by their positivity on the whole base).

e [t follows from Theorem 7.2.6 that any locally conformally flat multiply warped prod-
uct of type (7.2) derives from a suitable space of constant sectional curvature as in
Theorem 7.2.1. It is important to emphasize here that complete locally conformally
flat metrics can be constructed from non necessarily complete metrics of constant
sectional curvature. For instance, the multiply warped space I xp, St X hy S% with
warping functions

1 1 1 1
h1(t) = — sin(t) + — cos(t), ho(t) = — sin(t) — — cos(t),
is an incomplete manifold of constant sectional curvature K = 1. However, by
making an appropriate choice f(t) = :%r + arctg(t) and using Theorem 7.2.6, we

get that
R Xf1 Sdl Xf2 Sd2 ><Jc3 Hd3

is a complete locally conformally flat space with warping functions

fi(t) = {\% sin(3f + 1 arctan(t)) + % cos(3Z + § arctan(t))}4(1 + t2),
fa(t) = {\% sin(3F 4 1 arctan(t)) — —= cos(3Z + 1 arctan(t))}4(1 + t2),

f3(t) = 4(1 + t2).

S

Moreover, in order to obtain new examples of complete locally conformally flat man-
ifolds of nonpositive curvature by using warped and multiply warped product metrics,
there are some facts to be considered:

e Clearly any space of constant sectional curvature is locally conformally flat, and thus
it follows from Theorem 7.2.1-(iii) the existence of complete warped products R x ¢ F°
of constant negative sectional curvature. However it follows from the compatibility
conditions at Theorem 7.2.1 the nonexistence of complete multiply warped manifolds
I xy, Fy Xy, F5 of constant curvature.

Remark 7.2.9 The following conditions, which are obtained in a similar way as in [13]
by proceeding from the expressions in (7.3), guarantee that a multiply warped product
has nonpositive sectional curvature:

(a) Any fiber F; with dimension d; > 2 is of nonpositive sectional curvature.
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(b) Warping functions are convex (i.e., f/’ is non negative).
(c) All the warping functions are increasing or decreasing functions, f; > 0 or f/ <0 Vi.

Moreover, conditions (a)—(c) are necessary if the base is complete (cf. [13]). Thus (a)—(c)
are equivalent conditions to nonpositive sectional curvature in a complete multiply warped
product of type (7.2).

e New examples of complete locally conformally flat manifolds of nonpositive curvature
can now be constructed by using a multiply warped structure. For example, consider
the multiply warped product

R x s R x gz, H?

with warping functions:

fi(t) = (sin(5 + £ arctan(t)) + cos(5 + 3 arctan(t))) 2(1 + ¢2)
fa(t) =2(1 +t2).

It follows from Theorem 7.2.6 and Remark 7.2.9 that this is a complete locally
conformally flat manifold with nonpositive sectional curvature.

Alternatively, note that another way of checking the nonpositiveness of the sectional
curvature in the above example (and, in general, for any multiply warped product
with base of constant sectional curvature) consists in testing the sectional curva-
ture with respect to each pair of vector fields in an orthogonal frame adapted to
the product structure. This follows from the expressions of the curvature in Sec-
tion 1.5.1, which guarantee that the sign of all sectional curvatures is nonpositive if
it is nonpositive for pairs of vectors in such an orthogonal frame.

7.3 Locally conformally flat multiply warped products with
base of dimension s > 2: local structure

The fibers of any locally conformally flat multiply warped space have constant curva-
ture; however, such necessary condition does not suffice for the local conformal flatness of
the product space, which strongly depends on the action of the warping functions. The
purpose of this section is to obtain a local description of such warping functions. As a
consequence, we will show the existence of some limitations on the number of fibers of
a locally conformally flat multiply warped space and also on their geometries. We begin
by considering the situation where the base (B, gp) has constant sectional curvature, in
such a case necessary and sufficient conditions for local conformal flatness are given by
the following result.
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Theorem 7.3.1 Let M = B Xy Fy X ... Xy Fy be a multiply warped product with base
of dimension s > 2 and constant sectional curvature. Then M is locally conformally flat
if and only if the warping functions satisfy

Af;
(7.18) Hy, = 9B
Afi  Af; _ Vi, V) B L,
7.19 + =35 —sK*", i .
(7.19) fi [ fif; 7
(7.20) KFi = || Vfi]? - %fiAfi — KB, whenever d; > 2.

Proof. First of all, note that condition (7.18) is equivalent to the constancy of the sectional
curvature of the base of a locally conformally flat multiply warped space. Since (B, gp) is
locally conformally flat and (B, 7 1 gp) is a space of constant sectional curvature by Lemma
7.1.3, we have that (B, gp) is of constant sectional curvature if and only if the conformal
deformation f2 gp — gp preserves the unique eigenspace of the Ricci tensor, which occurs
if and only if f is a solution of the Mdbius equation; hence (7.18) follows (cf. [114], [144]).

In order to show that (7.19) and (7.20) hold, we note that if M is locally conformally
flat, then it follows from Remark 7.1.4 that the warped product space B xj, F; is also
locally conformally flat, and thus the associated Weyl tensors vanish, for all i =1, ... k.
We use the equation Hy, = f L

W(X7Y7X7Y> = RB(X7Y7X7Y) + %

— iz {evp(X, X) +exp(Y,Y)}

gp to compute:

(d:— F;

Af; Vi, Vfi e xE i Afi
20,5 i~ ) AT e {(s )R - 45k

reordering we get

— B (s=1) B di(d;—1) KFi
= &X& (K + (s+dij1s)(s+di—2)K R e sy )

2d; Afi di(d;—1) (V £,V fi)

T (s+di—1)(s+di—2) fi (s+d;—1)(s+d; —2) f?

2(s=1) 7-B Afi
©s+di—2 K +(s+d —2)s fl>

— B s(s—1) 2(s—1)
= Ex€y <K {1 + ey ey B s+d¢72}

_i_AfZ { 2, 2d; }
fi (s+di—2)s (s+di—1)(s+d;—2)

_I_ di(di—l) K_Fz o di(di—l) <VfZ,Vf7,>
(s+di71)(s+d¢f2) f,? (S+dl‘71)(s+di72) fl2
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and simplifying

_ di(d;—1) B 2d;(d;—1) Af;
= &Xx¢v ((s-i—d Noran X T G- =
+ di(di—1) Ko di(di—1) (Vfi,Vfi)

di(d;—1) B | 2Af; | KFi V1,V fi)
- oexEy ((s+di—1)(s+di—2) {K TR T TE TR })
for all orthogonal unitary vector fields X,Y € X(B); hence equations (7.20) hold. We
proceed in an analogous way to show the necessity of (7.19); we now consider the multiply
warped space B X y, F; X 7, Fj, which is also locally conformally flat for all ¢ # j € {1,...,k}.
We use Lemma 7.1.1 and also (7.20) which was previously obtained; thus, we compute

_ B EXEY. T
WX, Y, X,Y) = RY(X,)Y, X.Y) + cga D erard =)

— e tevp(X, X) +exp(Y,Y)}

= EX{nyB
=) Ien {s(s=1) — di(di — 1) — dj(d; — 1)} K

' (s+di+d;—1)(s+d;+d;—2)
_2di(stdi—1) Af;  2di(s+d;—1) Af; 2d‘d‘<vfi,wj>}

s fi s fi YR fif
2ex € B d; Af; dj Af;
s {s - DT - hsk - ashy

ordering things slightly

_ B s(s—1)=di(di—=1)—d;(d;—1) 1-B
= &x¢fy <K + (s+di+dj71)(s+diid12)K

2d; (s+d;—1) N 2d,(s+d;—1) Af;
T (sFHdi+d;—)(s+di+d;—2)s f;  (s+di+d;—1)(s+di+d;—2)s f;
B 2d;d; (VfiVf) _206s=1) peB
(s+di+d;—1)(s+di+d;—2)  fif; stdi+d;—2
n 2d; Afi 2d, Afj
(s+di+d;—2)s f; | (s+di+d;j—2)s f,

. B s(s—1)—d;(d;—1)—d;(d;—1) 2(s—1)
= &x¢&v (K {1+ (s+di+d]-—1)(s+diidjj—2) - s+di+dj—2}

LA fl 2d, B 2d; (s+d;—1)
fi (S+di+dj72)8 (s+d¢+djfl)(s+di+djf2)s

+A5 Afj 2dj . 2dj (S+djfl)
(S+di+dj—2)s (S+di+dj—1)(8+di+dj—2)8

. Qdidj (vfz7vf]>
(s+d;+d;—1)(s+d;i+d;—2)  fif;
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simplifying

_ 2did; B 2d;d; AF;

= &X¢&v <(s+di+dj—1)(sj+di+dj—2)K + (8+di+dj_1)(sj"di+dj_2)5 fi
n 2did; Afy 2d;d; ~Vfi, Vi)

(S+di+dj—1)(5+di+dj—2)s fj (S+di+dj—1)($+di+dj_2) fzf]

_ 2d;d, B 1Afi , 18f  (VfiVE)
= gxgy<(s+di+djfl)(s+di+dj72) {K 3T TS fif; })

for all orthogonal unitary vectors X,Y € X(B). Hence (7.19) follows.

Next we will show that conditions (7.18)—(7.20) are indeed sufficient for M to be locally
conformally flat. First of all note that the “a priori” nonzero components of the Weyl tensor
in a local orthonormal frame {X,Y,..., Uy, V4,..., U;,V;,...} with X|Y,... € X(B) and
Ui, Vi,... € X(F;) are those given by W(X,Y, X,Y), W(X,U;, X,U;), W(U;, U;, U, Uj)
and W(U;,V;,U;, Vi). Now, a long but straightforward calculation from expressions in
Lemma 7.1.1, using that the warping functions satisfy Hy, = f L gp, shows that

2 ST
B _ (VLN AR AS
+Z Z];ﬁz (n— 1 (n—2) {K fif; i sfi T Sfjj}>

W(X,Y,X,Y) = exey (Zz (ndi(1d)—i(;1,)2) {KB _ VhVA) 1;5 + QAf’}

for all X,Y € X(B). Also, for X € X(B) and U, € X(F,), one has

W(X,Us X,Us) = exen, (gt { K5 - Lyl 4 10 4 2801

B _ (VLY AR Af
+ 30 Z o 2>{K rno YR tan }

di va»vi Aa Ai
+Zi7£an72{< : f>__f__f_KB}

fafi sfa sfi
de—1 <Vfayvfa> KF"' 2Afa B
+n—2{ o Ry i })

Next, put U, € X(Fy,) and U, € X(Fp), (a # b) to get
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W(Ua, Ub7 Ua7 Ub) - EUagUb <Zl (ndi(lcél(;l_)Q) {KB - _<Vf};2sz> + 15”5 _'_ fo{.l}

B Vi, Vi) Afi Afj
P e (K~ R+ 2+ 2

3 {(Vfa,vm _ Ao Af KB}

n—2 fafi sfa sfi
& [(VRYE) _ Afy _ Afi _ B
Y e A
dg—1 <Vfavvfa> KFa 2Afa B
T { - -y }
dpy—1 ) (Vf6,V fb) KTy 2A f; B
e R e
B (Vfa,V fp) Afa Afi
+{K —nn o ta Tt sfbb})
and, finally,
di(d;— i, Vi Fi i
W (Us, Vi s, Va) = t,6v, (S ety (B — (L7004 I 4 280

B_ (VSN L Afi | Af
+Z Z];éznl ){K fifj]_’_sfz—'— ]}

Py, { Vfa,Vfi)_%_%_KB}

i#a n—2 fafi sfa sfi
2(da—1) J (Vfa,Vfa) KFa 2A fa B
A [ e 20k — et

Vfa,Vfa Fa Afa
+{KB_< ffgf>+l‘<fg _’_ZS‘}({ })7

for all U,,V, € X(F,).

Now, it follows from the expressions above that, once we have assumed (7.18), the
compatibility conditions (7.19) and (7.20) suffice to show the local conformal flatness of
the multiply warped space M. O

Considering the special case of B being an open subset of the Euclidean space, Theo-

rem 7.3.1 reads as follows.

Theorem 7.3.2 Let M = U° xp Fy X ... Xy F} be a multiply warped space with 4° C Ry,
s > 2. Then M is locally conformally flat if and only if the warping functions satisfy

(7.21) [i(R) = ai| )P+ (B, R) + e,

for all X € U°, where a; > 0, ¢; € R and ?Z € R*. Moreover the warping functions are
compatible in the sense that

— —

(7.22) (bi, bj) =2(ac; + ajc;), for any i # j,
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and the sectional curvature of each fiber F; with dimF; > 2 is given by
(7.23) KT = |[bi)? —daici, i,j=1,....k

Proof. It follows from [144] that the solutions of the Mobius equation in the Euclidean
space are given by f;(X) = a;| X2 + (b, X) + ¢; for some a;,¢; € R, b; € R®. Then
(7.22) and (7.23) follow from (7.19) and (7.20), respectively, by using the expression given
in (7.21) for the warping functions. O

As an application of Theorem 7.3.2, the following Remark gives the local structure of
locally conformally flat multiply warped products.

Remark 7.3.3 Note from Lemma 7.1.3 that the base of an arbitrary locally conformally
flat warped product is necessarily locally conformally flat. Hence, there exist local coor-
dinates such that gg = U?gys. Observe that, when using such coordinates, the multiply
warped metric may be written as

fi I
9B O fig @ ... @ fig, = V? <gus T (5)291 ...0 (3)291@ :

Therefore the multiply warped product gg ® f 12 g1 D... D f,?gk is locally conformally flat
if and only if so is ggs B (%)le D...dD (%)2916. Hence the warping functions are locally
determined by Theorem 7.3.1 up to a conformal factor ¥, since the warping functions are
given by fi(X) = (a;|| R[>+ (b4, ®)+¢)V for all i = 1,.. ., k, in local coordinates where
9B = V?gys.

We summarize in the next Remark the main consequences one gets from Theorem 7.3.2
and from Remark 7.3.3.

Remark 7.3.4 Since any warping function of a locally conformally flat multiply warped
space M = U° xy Fy x ... Xy, F} is completely determined by scalars a;,c; € R and
vectors ﬁ, = (bj1,...,bis) € R®, consider the vectors ?l = (bit, ..., bis, ai,c;) in RST2,
Next, define an inner product of signature (v + 1, s — v + 1) in R**2 by

0 -2
-2 0

and note that equations (7.22) and (7.23) at Theorem 7.3.2 are interpreted in terms of the
orthogonality &, L & ; (for all i # j) and KT = || €;||? (whenever d; > 2), respectively.
Hence the following follows from Remark 7.3.3.



7.4  Multiply warped products with base of dimension s > 2: global structure 107

o Let M =B xy Fi x...xy Fj be alocally conformally flat multiply warped product
with (B, gP) of signature (v, s — v). Then M has at most s + 2 different fibers.

Furthermore, the sectional curvatures of the fibers (Fj, g;) with d; > 2 have the
following restrictions:

(1) there are at most v + 1 fibers of negative curvature,

(2) there are at most s — v + 1 fibers of positive curvature.

e For any locally conformally flat manifold (B*, gp), there exist (s+ 2) locally defined
warping functions f; : 4 C B — RT and (F;, g;) spaces of constant curvature such
that M = U xp Fy x ... Xy ., Fsio is locally conformally flat.

The following simple example shows that the bound in the number of fibers is sharp.
Let Us xp Rx .-+ x¢ ., R be a multiply warped product where the base is the space
Us ={X = (z1,...,25) € R® : x; > 1,Vi = 1,...,s} and the warping functions
are given by (we denote by « the correspondence between each function and its
representation in R+2)

El = (1,0,...,0,0,0) <  fi(R) = a1,

52 = (0,1,...,0,0,0) — fg(?) = T2,

€, = (0,0,...,1,0,0) o  f(R) = z,,
is+1 = (0707"')0)171) = ferl(?) = H?”2+17
€s+2 = (0707 s ,07 17 *1) - fs+2(?) = H?”2 - L

7.4 Locally conformally flat multiply warped products with
base of dimension s > 2: global structure

In previous sections of this chapter we have developed a thorough analysis of the local
geometry of locally conformally flat multiply warped products. We devote this section to
the study of some global aspects, with special attention to Riemannian multiply warped
products.

Remark 7.4.1 Let (B, gp) be a geodesically complete strictly pseudo-Riemannian man-
ifold of constant sectional curvature. Then, if M = B xp Fy x ... xy, I} is locally
conformally flat, it reduces to a product M = B x F', where F' is 1-dimensional or a space
of constant curvature opposite to that of B. Indeed, for such a manifold, any warping

function f; must satisfy (7.18), i.e. Hy, = %93 and thus along any null geodesic (t) one
has

d? d / Afi o Afi I —

g i) = 2 95(V fi,7) —93( ) = e (V) =0,

which shows that f;(y(¢)) is linear on ¢ and thus f; cannot be positive if B is null geodesi-
cally complete unless it is constant.
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The existence of nontrivial globally defined solutions of (7.18) on the constant curvature
model spaces has significant geometrical consequences, as it is shown in [114]. These ideas
lead to the following result.

Theorem 7.4.2 Let M = B xy Fy X --- Xy, F}. be a locally conformally flat multiply
warped product space with complete and simply connected Riemannian base (B,gp) of
constant sectional curvature. Then, if k > 2, B is isometric to the hyperbolic space H?.
Moreover, for each k < s+ 2 there exist locally conformally flat multiply warped spaces
M =H? X7 Fix--- X fi Fk.

Proof. First of all, note that B Xy, F; is locally conformally flat, as it is shown in
Remark 7.1.4. Then we apply Theorem 6.1.7 to obtain the form of the possible warping
functions. Now, the way we proceed is showing that a locally conformally flat multiply
warped space whose base is the Euclidean space or the sphere reduces to a warped product.
Therefore, an analysis of the curvature of the induced metrics (B, ;ng) is needed.

Since M is locally conformally flat, so is M;; = B Xy, F; Xy, Fj, whose metric tensor
can be expressed as gy, = sz(f%ng &) f%?fz?gi ® g;). Hence M;i = B x F; equipped with

the metric # g ® f% ff g; has constant sectional curvature K M3i. Since M 5; can be viewed
j i

as a warped product, it follows from Lemma 1.5.3 that

M-, f;’ ~
Kyd' = =3By, (X.X)

for all unit vectors X € X(B), U € X(F;), where H f./f; denotes the Hessian of }% with

respect to the conformal metric %gB. Now, since (cf. [74])
j

Hyyp = L{Hfi - ﬁHfj - l.gB(ij, Viigs + %QB(ij,ij)gB},
fj f.] f] f]

one gets

(7.24) —KMEZ'JJEQB = fjHy, — fiHy, — g5(Vf;,Vfi)gp + JJ?QB(ij’ij)gB-
J J

Proceeding in an analogous way and expressing the metric tensor of M;; = B X, F; X ¢, F}
as gu;; = ff(f%gg @ #ffgj @ gi), one also has

(7.25) —KM“'?QB = fiHy, — fiHy, — 95(V fi,V f;)9B + ?QB(sz‘, Vfi)gs.

Now it follows from (7.24) and (7.25) that

(7.26) KM - KM = 5V - £V
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As an immediate application of the previous relation we have that if the multiply warped
space M = B x4 Fy x ... xy, F}, is locally conformally flat, then the (constant) sectional
curvature of (B, %93) cannot be nonnegative for two different warping functions. Indeed,

if |f;Vfi— fiVfil|*? =0, then Vln(%) = 0, from where it follows that f; is a multiple of
fj, which is not possible. This shows the nonexistence of nontrivial locally conformally
flat multiply warped metrics with base the Euclidean space or the sphere.

Finally, in order to show the existence of complete locally conformally flat multiply
warped products with base H® and the maximum number of fibers, just consider the
following set of functions

Fi(R) = SRIRP+ o+ men + (s + 2z + 5+ 1,
f2(X) = SYX|P 4o+ + a1 +swats— 1,
f3(X) = IX* + 35 + 2,
f4(X) = SIRIP+ 21 + 225 + 2,
[5(X) = SIRIP+ 252+ 225 + 2,

fssa(X) = IXNZ + 21 + 225 4 2.

Note that all the functions above are positive on the hyperbolic space and, furthermore,
they satisfy the compatibility conditions in Theorem 7.3.2. Hence, proceeding as in Re-

mark 7.3.3, one has that f;(X) = @ are positive warping functions on H®. In this

way one defines a locally conformally flat multiply warped space either for 1-dimensional
fibers or higher dimensional fibers of suitable constant curvature as in Remark 7.3.4. [

Theorem 7.4.3 If M = B xy, Fy x ... Xy, Fy is a Riemannian locally conformally flat
multiply warped product with compact base B, then k = 1.

Proof. Indeed, let f;, f; be two distinct warping functions. Then, proceeding as in

Lemma 7.1.3, (B, f%gB) and (B, f%gB) are of constant sectional curvature. Since }% is not
i j

constant it follows that (B, % gp) and (B, f%gB) are conformal metrics of constant curva-
i i

ture, and thus Euclidean spheres [114]. Hence, proceeding as in the proof of Theorem 7.4.2,
one obtains that there is only one admissible fiber. O
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Chapter 8

Applications

8.1 Warped products of constant sectional curvature

This section is devoted to the study of warped and multiply warped product spaces
with constant sectional curvature. Note that a pseudo-Riemannian manifold of dimen-
sion greater than 4 is a space of constant sectional curvature if and only if it is Einstein
and locally conformally flat. Since we have already studied local conformal flatness in
Chapters 6 and 7, the results we obtain in the present section are those corresponding to
impose the additional condition of being Einstein.

Let s be the dimension of the base. We shall study the cases s = 1 and s > 2 separately.
The case of 1-dimensional base has been already considered in Section 7.2.1, hence from
now on we restrict to the case of s-dimensional base with s > 2. Warped products are
going to be treated as a particular case of multiply warped ones. We assume all along this
chapter that each warping function is neither a constant nor a constant multiple of any
other warping function.

8.1.1 Multiply warped products with base of dimension s > 2

In this section we describe the local structure of multiply warped product manifolds with
base of dimension greater than one which are spaces of constant curvature. We determine
the warping functions as well as the corresponding restrictions on the geometry of the
fibers. First of all, recall from Lemma 7.1.2 that the sectional curvature of a multiply
warped product M = B xy F1 x ... Xy, Fj, depending on the chosen plane, has the

111
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following expressions:

Kxy = K%y,
Kxu = e

(8.1) Koy, = #ngvz _ <Vf?i2sz)’
Kuw, = —\T8¥i) i

where, as usual, we use notation X,Y € X(B) and U;, V; € X(F;). Also, recall that the
non-vanishing components of the Ricci tensor are given by

Hfz (X Y)

p(XY) = pP(X,Y) = 3, di

IO(UZ) V;) =p Z(Um V;) <Uz7 ‘/;> {Afl + (d 1) <Vf}’2v‘fz + Z];ﬁz v]}évajfﬁ} ’

(8.2)

where d; = dim F;.

Remark 8.1.1 Note from (8.1) that if M is a space of constant curvature x, then each
fiber F; must also have constant sectional curvature and, moreover, the base B has constant
sectional curvature equal to k. Therefore, throughout this section we always assume that
the base and the fibers of the multiply warped space are of constant sectional curvature.

Now, using Theorem 7.3.1, the following result is obtained.

Theorem 8.1.2 Let M = B Xy F1 x ... Xy Fj be a multiply warped product with
B,Fy,...,F}, of constant sectional curvature, s = dimB > 2 and K® = k. Then M
is a space of constant curvature (K = k) if and only if the following conditions hold:

(i) Hy, =
(ii) Af; = —skfi,
(iii) (Vfi, V) =—kfifs, i#7,

(iv) (Vfi, Vi) = —kf? + K, whenever d; > 2,

where 1,7 =1,...,k.

Proof. Assume M has constant sectional curvature x. Then (i) — (iv) follow directly
from (8.1). Conversely, if we assume that conditions (i) — (iv) hold, then one easily checks
that M is locally conformally flat, since (7.18) — (7.20) in Theorem 7.3.1 hold. But from
(8.2) one also obtains M is Einstein. Hence M is of constant sectional curvature. O
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We have seen in Remark 8.1.1 that, for a multiply warped product M of constant
curvature x, the base B must also have constant curvature x. Thus, in analyzing the local
structure of M, we may consider an open subset I C R? endowed with the metric

-1

(8.3)

where (z1,...,zs) denote the usual coordinates (see [171, Th. 2.4.11]). Note that the
metric above is a conformal deformation of the pseudo-Euclidean metric gy of signature
(v,s —v)on R}, g, = # go, where the conformal factor is given by

(8.4) G(x1,. . xs) =14 —(—af — - =22 +al g+ +a2).

Now we use these considerations to obtain the following result.

Theorem 8.1.3 Let M = B Xy F1 x ... Xy Fj, be a multiply warped product with

B,F,...,F}, of constant sectional curvature, s = dimB > 2 and KB = k. Then M

is a space of constant sectional curvature (K = k) if and only if the warping functions

have locally the expression

+(bi, ®) + ¢
)

XX

fi(R) = —4——

1 ’ CieRa b_)ieR87

X
+

(Z) <E>,b_j>+l<éclc]:0, Z?é]’
(ii) (by, b) + e = KI', if dimF, > 2,

foralli,j=1,...,k, where (-,-) denotes the scalar product in the pseudo-FEuclidean space
RS.

Proof. Since the base B is a space of constant curvature x, we can assume that gp = g,
(given by (8.3)) on an open subset 4l C R*. In what follows we use a two-step process: first,
we determine the solutions of the Mdbius equation H,, = %gm in (4, gx) and, secondly,
we compute the Laplacian and the gradient of such solutions with respect to g, to use
Theorem 8.1.2.

As it is well-known, solutions of H, = %go in (4, go) are those of the following form:

(8.5) fFR)=a(X, %)+ (b, %) +c,
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for all a,c € R and b eR®. Asa consequence, we determine locally the scaling functions
fi (they must be solutions of the M&bius equation in (4, g,;)), which are of the form

a;(®X, %) + (bi, X) +¢;
8.6 (X) = - ;

for all a;,c; € R and E) € R* i=1,...,k. Now, using [74, Lemma 6.1.1], a long but
straightforward calculation lets us compute the Laplacian and the gradient with respect
to g, of a solution (8.6), which are given by

A fi = —skfi+2s(a; + 52,
9u(VIfi, V9 f;) = —kfif; + (bi,bj) + keic
ke 2a;(X, %) + (b;, X)
2 ; v J ’ J?

* (“+4) 1+ 5(%,%
kej\ SHX,X) — <b_>i,?>

-2 (aj + 7) " )

4 1+ 4(X, X
where 7,5 = 1,...,k. Then, from Theorem 8.1.2 we have
A f; = —sk i,

9r (VI [, NI f5) = =k fifi, i # ],
G (V9= i, V9 f;) = —kf2 + K1, if dim F; > 2,

fori,j=1,...,k, and hence a;+ "¢ =0 (i = 1,..., k), from where the result is obtained.[]

Remark 8.1.4 The local description of multiply warped product spaces of constant cur-
vature in the previous theorem leads to some restrictions on the number and the geometry
of the fibers. Consider vectors Z = (Ei),cz-) = (b1, -+ bic, ¢;) in R¥T! endowed with the
symmetric bilinear form given by

—1

K

Then, conditions (i) and (i) in Theorem 8.1.3 mean that the vectors g, 1= 1_,) .k,

must be ortg)gonal to each other and, if dim F; > 2, then the associated vector & must
—

satisfy (&, &) = KTi. Moreover, it follows that (8.7) is a scalar product in R**! of
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index (—1,.’.’.,—1,1,“’:7’.’,1,%) if Kk # 0 and (—1,.%.,-1,1,57%,1,0) if Kk = 0. Now, if
k = 0, Theorem 8.1.3 implies that the scaling functions are polynomials of degree one,
fi(X) = <ﬁ, X ) + ¢;, and the corresponding vectors 3 are orthogonal if and only if so
are the vectors b—: This shows that no more than s fibers may exist if k = 0. (Recall
that warping functions are assumed to be nonconstant, and thus the case ? = (6), c) is
excluded). Therefore, proceeding as in Remark 7.3.4, we conclude:

1. A multiply warped product M = B Xy F1 x...xj, F}, of constant sectional curvature
K, with a (s > 2)-dimensional base has, at most, s fibers if kK = 0, and at most s+ 1
if Kk # 0.

2. The sectional curvatures of the fibers F; of a multiply warped product of constant
curvature and with base of signature (v, s — v) are as follows:

(a) If kK > 0, then no more than s — v + 1 fibers of dimension > 2 and positive
sectional curvature are admissible and no more than v fibers of dimension > 2
and negative sectional curvature may occur.

(b) If K < 0, then no more than s — v fibers of dimension > 2 and positive sectional
curvature are admissible and no more than v fibers of dimension > 2 and
negative sectional curvature may occur.

(c¢) If kK = 0, then no more than s — v fibers of dimension > 2 and positive sectional
curvature are admissible and no more than v + 1 fibers of dimension > 2 and
negative sectional curvature may occur.

3. For any (s > 2)-dimensional base (B, gg) of constant curvature s, there exist s + 1
(if & # 0) or s (if K = 0) locally defined scaling functions f; : 4 € B — Rt and
(F3, gr,) spaces of constant curvature so that M = $x ¢ My x---xy, M, has constant
sectional curvature.

8.2 Complete locally conformally flat Riemannian manifolds
of nonpositive curvature

In this section we are going to make use of the tools developed in previous chapters to
work out some examples of complete Riemannian manifolds with nonpositive curvature.
Recall that complete locally conformally flat manifolds of nonnegative Ricci curvature are
well understood, but there is a lack of information concerning negative curvature. The
examples we present in this section are collected in [34].

Pseudo-Riemannian manifolds with indefinite metric and with the sectional curvature
bounded from above or from below for all non-degenerate planes (respectively, on the Ricci
curvature) are necessarily of constant curvature [118] (respectively, Einstein [55]). Hence-
forth we restrict to the Riemannian setting, so we will use results obtained in previous
chapters in a more specific context.
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8.2.1 Warped products of nonpositive sectional curvature

As we have mentioned previously, warped products are a basic tool in constructing mani-
folds of nonpositive curvature, which are complete if and only if both factors are complete
Riemannian manifolds [13].

Let M = B x; F be a locally conformally flat Riemannian warped product with base
B a model space R®, §* or H®. If M is assumed to be complete, we have the following
consequences of results in Chapter 6 and expressions (8.1):

i) If B = R?, then R® X ¢ F" has nonpositive sectional curvature for any warping function
f
f as in Theorem 6.1.7.

(ii) If B = S*, then no locally conformally flat warped product S* x; F may be of
nonpositive sectional curvature.

Furthermore, there is no locally conformally flat warped product with compact base
and nonpositive sectional curvature, unless it is a direct product. Indeed, it follows
from (8.1) that the warping function of a warped product B x; F' of nonpositive
sectional curvature satisfies H;y > 0, and thus Af > 0. Now, since B is compact
without boundary and dim B > 2, it follows that Af = 0, and thus f is constant.

(iii) If B = H?, then a necessary and sufficient condition for a locally conformally flat
warped product H?® x ; F' to be of nonpositive sectional curvature is given in terms

o R )2+(b. %)

of the warping function f(X) = *< by f > 2bs, whenever dim F > 2.

We finish with some simple examples which illustrate the previous situation.

e Let M be the product manifold M = H? x H? equipped with the warped metric
defined by the warping function

HIXP+22+1
i) '

f(X) =

e Let M be the product manifold M = H? x R? equipped with the warped metric
defined by the warping function

IR A+
_ - ,

f(X)

After some straightforward calculations we get that the sectional curvature is non-
positive in any of these particular examples.

Proceeding in the same way as in [13] one gets that a multiply warped product manifold
M = Bxy Fy x...Xy, Fy is complete if and only if the base and all the fibers are complete.
Moreover, in such a case, the sectional curvature is nonpositive if and only if the following
three conditions hold:
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(a) The sectional curvatures of the base and the fibers are nonpositive, i.e. KZ <0 and
Kt <o.

(b) The warping functions are convex, i.e., Hy, is positive semi-definite.
(c) We have that (Vf;, Vf;) >0, for all i # j.

Note that condition (a) may be omitted whenever the base or the corresponding fiber are
1-dimensional.

Let M = B xy, Fy X ... Xy, Fj, be a complete locally conformally flat multiply warped
space with £ > 2 and with simply connected base of constant curvature. Then M is of
nonpositive sectional curvature if and only if B = H* and the warping functions f;(X) =
0l R 2 +(b7. ®) +e

Ts

(1) fi > 2b;s (where b5 is the s-th component of b;), whenever d; > 2, and

satisfy

(2) 1> T for all ¢ # j.
Here are a couple of simple examples illustrating the previous situation.

(a) Let M be the product manifold M = H? x F{! x F; equipped with the multiply
warped metric tensor defined by the warping functions

MRt R+
s ; 2 Lo )

f(X)

where F5 is 1-dimensional and F} is either 1-dimensional or of negative sectional

curvature K11 = —x2.

(b) Let M be the product manifold M = H? x F1¢ x F; equipped with the multiply
warped metric tensor defined by the warping functions

fl(?): %HYH2+"E1+1 fQ(?): %H?H2+2"E1+$2+2

T2 Z2

where F5 is 1-dimensional and Fj is either 1-dimensional or flat.

Furthermore, if M = B Xy Fy X ... Xy, F} is an n-dimensional locally conformally flat
multiply warped space with base of constant sectional curvature, then it follows from
(7.18)—(7.20) that M has at most k + 1 different Ricci curvatures given by

Mg = (s— KB 134,85

7
(8.8) N .
A, = (s-DKP 15,488 — (n—2) (KP + 155).

Now a straightforward calculation shows that examples (a) above have exactly three dif-
ferent Ricci curvatures but only two different Ricci curvatures occur in case (b).
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Remark 8.2.1 Observe that the base and the fibers of a multiply warped product play
completely different roles. For instance, if M is a warped product with compact base
and nonpositive sectional curvature, then it follows from (8.1) that the warping function
satisfies Hy > 0, and thus f is constant, which shows that M must be a direct product. In
opposition, one can easily construct examples of locally conformally flat multiply warped
spaces of nonpositive sectional curvature with compact fibers.

In addition to examples (b) above, the metrics in Theorem 6.2.3-2 can also be viewed
as multiply warped metrics with 1-dimensional base. A straightforward calculation shows
that R X .pt++ N X g eBttate F has nonpositive sectional curvature if and only if F' is 1-
dimensional. Also note that both N and F' can be chosen to be compact. Moreover,
R X yept+v N X &bttt F has three distinct Ricci curvatures and thus it is not isometric

to example (b) above where only two distinct Ricci curvatures occur.

8.2.2 Warped products of nonpositive Ricci curvature

The Ricci tensor of a locally conformally flat manifold completely determines its curva-
ture tensor. Nonetheless, nonpositive curvature and nonpositive Ricci curvature are not
equivalent conditions. We now construct examples with nonpositive Ricci curvature but
not necessarily nonpositive sectional curvature.

The following examples are complete locally conformally flat Riemannian manifolds
with nonpositive Ricci operator, and are built using only one fiber, this is, they are warped
products.

e H2 x ; H? with warping function

XN+ 21 + 42+ 3
T2 '

f(xX) =

The eigenvalues (A1, A2) of the Ricci operator have multiplicities (2, 2) and are always
negative:
IR + 621 + 8wa + 18

)\ — N )\ =
! 222 f(X) ?

IR + 621 — 8ap + 18
212 f(X)

o H? x ! S? with warping function

IR+ 322 + 2
= p .

f(X)
Again, the eigenvalues (A1, \2) of the Ricci operator have multiplicities (2,2) and

are negative:

C3(IRIP +w +2
2 f(X) 7

BRI —m 2

A= z2f(X)

A =
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Moreover, note that the sectional curvature of H? x ¥ S? has no sign, since

~ IRIP =329 +2
P TR 4 B 2

which changes the sign depending on the point under consideration.

Remark 8.2.2 As an immediate application of (8.8), an n-dimensional locally confor-
mally flat multiply warped space M = H® x4 Fy x ... Xy Fj, (s > 2) has nonpositive

—
ail| X |24+ (b, X) +e; satisfy
Ts

Ricci curvature if and only if the warping functions f;(X) =
(i) Zidi”;—j <n-1, foralli=1,...,k, and
(i) (n—2)% +3;d;% <n—1, forallizje{l,. ..k}

Finally, note that simple examples of complete locally conformally flat manifolds with
nonpositive Ricci curvature are

H2 XfIS2 ><f282 XfSSQ ><f4H2

with warping functions

fi(R) = BIX e s fu(3) = R Pssmss

T2 ’ T2

f3(X) = LI X2 421420242 () = w

T2 ’ T2

Moreover notice that the same conclusions hold for the spaces H? x p, % X, S? xp, S?,
H? x4, S? x ¢, S? and the warped product H? x 7, S%. Also note from (7.26) that if the
manifold H* x ;s F1 x ... Xy, F} is a locally conformally flat space of nonpositive sectional
curvature then there is at most one fiber F, with dim F, > 2. Furthermore F, must
be of nonpositive sectional curvature; this shows that none of the examples above has
nonpositive sectional curvature.

8.3 Locally conformally flat cosmological models

In the standard Friedmann-Robertson-Walker (FRW) cosmology, the isotropy of the space-
time is reflected on a warped product structure with a fiber of constant sectional curvature,
but no restrictions are needed on the warping function to ensure that the resulting space-
time is locally conformally flat. On the other hand multidimensional cosmological models
have attracted a lot of attention during the last years by constructing mathematical mod-
els of an anisotropic universe (see, for example, [48], [66], [105], [106] and [108]). The
prototype of such cosmological models is the Kasner metric, where each restspace hyper-
surface is a flat 3-dimensional space [101]. The underlying structure of those models is
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given by a multiply warped product of several spaces where the warping functions depend
only on time.

Since many physical/mathematical properties of the spacetime are invariant under
conformal transformations and local conformal flatness is a characteristic of Friedmann-
Robertson-Walker cosmological models, our purpose in this section is to apply results in
Chapter 7 and in Section 8.1 to discuss some generalizations of FRW spacetimes with
special attention to that property. Moreover the mathematical consideration of multidi-
mensional cosmological models as a basic structure for constructing locally conformally flat
solutions of the Einstein equations is motivated by the fact that the Schouten tensor of any
locally conformally flat manifold is a Codazzi tensor. The Einstein equations show that
the eigenvalue structure of the stress-energy tensor determines the eigenvalue structure of
the Schouten tensor, which leads to warped and multiply warped product decompositions
of the spacetime, the mathematical structure behind multidimensional models, in many
cases (see for example [14] and [164] for more information on Codazzi tensors).

A curvature/physical characterization of local conformal flatness in terms of the Jacobi
operators corresponding to light directions can be given as follows. For a null vector
u € T,M, define the nondegenerate normal space at = ut /Span {u}, where ut is the
orthogonal space to Span {u}, and define the induced inner product on @+ by §(Z,7) =
g(z,y), where z,y € ut with n(z) = 7, n(y) = ¥ and 7 : u' + w" is the canonical
projection. The Jacobi operator R, : ut + @' is given by R,Z = m (R(u,x)u), where
z € ut with m(x) = T and R is the curvature tensor. A null vector u € T,M is called
isotropic if R, = c,id, where ¢, € R and (M, g) is called null isotropic if every null vector
field is isotropic. Physically, null isotropy corresponds to the situation of an observer in
a cosmological circumstance, who observes that the density of light is (ideally) locally
uniform on his celestial sphere (null isotropy) rather than it is globally uniform on his
celestial sphere (which corresponds to infinitesimal null isotropy as discussed in [99], [111]).
Now, it follows from [73, Thm. 3.2] that a Lorentzian manifold is locally conformally flat
if and only if it is null isotropic. Thus local conformal flatness represents an intermediate
condition between isotropy and anisotropy of the spacetime.

This section is based on results from [29] and [32].

8.3.1 Some considerations on spacetimes and models

Among anisotropic cosmological models, the Kasner metric represents one of the simplest
solutions of the Einstein equations. Such solution is defined on a manifold of the form
M = R x F| x Fy x F3, where each Fj is either R or S'. Natural generalizations of
Kasner solution have been extensively studied during last years (see for example [104],
[106], [123] and [125]). Similarly, most of multidimensional cosmological models are based
on a manifold

(89) M:RXF1><~--XFk,
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where the Riemannian manifolds F; are assumed to be of constant sectional curvature (or
more generally, Einstein spaces) and the metric tensor is given by

k
(8.10) g=—e2Wq? 4 Z 2"y,
=1

where g; is the metric tensor of the factor F;, of dimension d;. Thus, in what follows we
restrict to multiply warped spaces with 1-dimensional base whose fibers are all Riemannian
manifolds. Therefore, we consider a Lorentzian manifold M with the underlying structure
of a multiply warped product space of the form

(8.11) M:Ixlelx---xkok (ICR),
with metric tensor

(8.12) g=—dt® + ffo1 + -+ fion,

where g1, ..., g are Riemannian metrics on F, ..., Fj, respectively.

Remark 8.3.1 The following consequences are obtained from Theorems 7.2.1 and 7.2.6:
e Restrictions on the number of fibers:

— No more than two fibers are admissible for a space I Xy Fy X -+ Xy Fy to be
of constant sectional curvature,

— No more than three fibers are admissible for a space I X Fy X --- Xy, F} to be
locally conformally flat.

e Restrictions on the curvature of the fibers:

If M =1 xy Fy Xy, Fy Xy, F3 is locally conformally flat, then the fibers
have constant sectional curvature and mo more than one d-dimensional
fiber with d > 2 may be of nonnegative curvature.

e Restrictions on the warping functions:

If M =1 %y Fy xy, Fy Xy, F3 is locally conformally flat, then only one
warping function is free of constraints. The other two warping functions
are explicitly given, up to a reparametrization of time.

We have just described a multidimensional generalization of Friedmann-Robertson-
Walker models with the underlying structure of a multiply warped product (with 1-
dimensional base) I x f, Fy X --x f, Fj,. Observe that the generalized Friedmann-Robertson-
Walker spacetimes obey the Einstein equations for a stress-energy tensor which is not
necessarily a perfect fluid.

Now, we exhibit some specific examples of locally conformally flat cosmological models
whose underlying structure corresponds to a multiply warped product metric.



122 8 Applications

Bianchi type-I homogeneous spacetimes

Bianchi type-I universes are the simplest anisotropic cosmological models. They generalize
the Kasner universe and the Heckmann-Schucking solution (cf. [100], [109], [123]). Recall
that the general form of a Bianchi type-I metric is as follows

(8.13) ds? = —dt* + a(t)?dx® + b(t)*dy® + c(t)?dz>.

Then Theorems 7.2.1 and 7.2.6 show that, after some reparametrization of time, a metric
(8.13) is locally conformally flat if and only if one of the following holds

alt) = (a1 F(8) + by) 7.
(8.14) b(t) = (agf(t) + b2) f’l(t)’ with a1ae = 0,

(8.15) b(t) = (azsinh f(¢) + bz cosh f(t)) 7775 with ajaz — biby =0,
c(t) = 7
a(t) = (avsin f(t) + b1 cos f (1)) g
(8.16) b(t) = (azsin f(t) +bacos f(t)) gy, with ara + biby =0,
ot) = 71

Multidimensional perfect-fluid type solutions

Multidimensional solutions of the Einstein equations for a perfect fluid energy-momentum
tensor have been considered in [104], [125]. The starting point in those discussions is a
metric (8.10) on a manifold (8.9), where the fibers F; are Ricci flat Riemannian manifolds.
Now, if the manifold is locally conformally flat, as a consequence of Theorem 7.2.5 any
such d-dimensional fiber with d > 2 is of constant curvature and hence flat. Moreover, as
a consequence of Remark 8.3.1, no more than three fibers may occur and moreover only
one d-dimensional fiber (with d > 2) is admissible.

Brane cosmologies with anisotropic bulk
Recall that the bulk metric has the form
3 .
(8.17) ds? = —e?Aotw) g2 4 Z A (42 + du?,
i=1

where the ¢ coordinates span the three spatial dimensions and w is the coordinate of the
extra dimension. Clearly bulk metrics do not correspond to multiply warped products with
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1-dimensional base, but they correspond to a multiply warped product metric where ¢ and
w provide coordinates on a two dimensional base. Further, assuming that the anisotropy
depends only on time and not on the extra dimension, (8.17) becomes [65]

3
(8.18) ds? = e2AW) | _g200®) g2 4 Z 240 (dz')? | + dw?,

=1

which is locally conformally flat if and only if the multiply warped metric

3
d82 — _dtQ + ZeQ(Qi—ao)(t) (d.’L’Z)Q + e—QOco(t) (e—A(w)dw)Q

=1

is locally conformally flat.

Now, it follows from Theorem 7.2.6 that a metric (8.18) cannot be locally conformally
flat unless there is a reduction on the number of different warping functions (note that it
corresponds to a multiply warped product with four different fibers) and the corresponding
warping functions are obtained from (8.14), (8.15), (8.16).

BTZ black hole models

Many spacetime models can be written in the form of a multiply warped metric. For
instance the Schwarzschild metric or the BTZ black hole model which can be described by

(8.19) ds®* = N?dt? — N72dr? + r?d¢?,

where d¢? is the line element on the sphere and where N? = m — ?—22 Moreover, by

introducing a new coordinate u, the metric (8.19) becomes [101]
(8.20) ds? = —dp® + f1(p)*dt* + fo(p)>de?,
and a straightforward calculation shows that it is locally conformally flat if and only if

ffs = ot 1+ o5 — fofd
1 fo '

8.3.2 Multidimensional cosmological models with higher dimensional
external spacetime

Although the large scale of the observable part of our present time Universe is well de-
scribed by the 4-dimensional Friedmann-Robertson-Walker model, it is possible that space-
time at Planck distances might have some extra dimensions. The multidimensionality of
our Universe is one of the most intriguing assumptions in modern physics and a natural
ingredient in different theories like string theory and some recent generalizations. Then
a process should exist leading from all dimensions on the same scale to the actual stage
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of the Universe, where we have only four external dimensions and all internal spaces have
to be contracted to sufficiently small scales making them unobservable. Hence, it is natu-
ral to generalize the FRW model to multidimensional cosmological models (MCMs) with
spacetime manifold

(8.21) M=BxF, x--xFy

and with decomposed metric
k
(8.22) g=gp+ Z 62¢1($)gi
i=1

where = are some coordinates on the s-dimensional spacetime B and g; are the metrics on
the internal spaces F; (i = 1,...,k) (see, for example, [93], [94], [95], [96], [97], [98], [148],
[149]).

In what follows we restrict ourselves to multiply warped spaces with a higher-dimen-
sional Lorentzian external spacetime B (dim B = b > 2) whose internal spaces F; are all
Riemannian manifolds.

Remark 8.3.2 We use Remarks 7.3.4 and 8.1.4 to give some restrictions on multidi-
mensional cosmological models of the form M = B xy Fy x --- Xy, Fj, where B is the
(Lorentzian) external spacetime (b > 2), and with Riemannian internal spaces Fj.

e Restrictions on the number of fibers:

— No more than b+ 2 different internal spaces may occur if the MCM is locally
conformally flat.

— No more than b different internal spaces may occur if the MCM is flat, and no
more than b+ 1 are allowed if the curvature is constant but nonflat.

e Restrictions on the curvature of the fibers:

If M is locally conformally flat, then all internal spaces of dimension > 2
are necessarily of constant curvature and moreover, no more than two may
be of nonpositive curvature.

Remark 8.3.3 It is well known that in multidimensional cosmological models the internal
spaces should be compact and small enough to make them unobservable at the present
time. Note from previous remark that examples of locally conformally flat models of the
form M = B xy, Fy x--- Xy, F}, can be constructed in such a way that the internal spaces
(F;, g;i) are compact and of constant curvature. Moreover the size of the compact internal
spaces can be specialized to be as small as desired just specializing the scaling functions.
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8.3.3 Locally conformally flat MCMs with compact internal spaces

Let 4 be an open subset in the Minkowskian space L?. Then
M=Uxp SHx .o xp S% X fyi H%+1 X fyra H+2

with scaling functions

fi(X) = @i, i=1,...,b—1,
H(X) = 1-3(X, %),
for1(X) = a1,

fora(X) = 1+1(X,X)

is a locally conformally flat MCM.

Observe that the scaling functions do not depend on the particular choice of internal
spaces. In fact, the internal spaces influence on the scaling functions relies only on the
value of their constant sectional curvature (just consider the scaling functions above mul-
tiplied by «; > 0 to obtain internal spaces of constant sectional curvature :l:a?). Therefore
examples of locally conformally flat models with compact internal spaces and the maxi-
mum number of fibers are easily derived from previous expressions by considering spheres,
Euclidean tori or compact hyperbolic manifolds as compact model spaces of constant sec-
tional curvature (see [151] for constructions of compact hyperbolic manifolds).

MCMs of constant sectional curvature

MCMs of any constant sectional curvature can be explicitly given as follows. Let 4 be
an open subset in (R?, g,.) for any x (see (8.3)). Examples with the maximum number of
internal spaces and constant curvature k = 0 are given by

M= Uxp HY x4 §%2 x - xp S
where the scaling functions are defined by
[i(X) = x4, i=1,...,0b.
In case of nonzero constant curvature, b+1 internal spaces can be considered as follows:
M =Uxp HY x4 8% x - xp, S X fy R+t

where F =S if kK > 0 or F = H if k < 0, and with scaling functions given by

. — 1 . -
fZ(Y) = W.ﬂ“ 1 = 1,...,b,

(X)) = s (\/1;' - 4\;;<?,?>).

In an analogous way as it was done for conformal flatness, internal spaces can be taken
of arbitrary constant curvature ioz%, by multiplying the corresponding scaling function by
a; > 0.
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MCMs with FRW external spacetime

Here we construct locally conformally flat MCMs with external spacetime an open subset
in a Friedmann-Robertson-Walker spacetime R x, R~! or R X Hb~!. In what follows
we take coordinates (¢,z1,...,2p—1) on th. If U C R x, Rb~1, then

M=Uxp SHxoxp STt HP

where

fi(t,?) = TP, Z':]_,...,bfl,

HEX) = A+ ¢ 0
is a locally conformally flat MCM. In particular, the MCM

1 1
- GO I
M L[XflS <a1> X be71§ (abl),

with the above scaling functions multiplied by «; > 0, is locally conformally flat with
compact internal spaces which can be made as small as desired.
On the other hand if 4 C R x,, H’!, then we take

M=Uxp ST x - xyp , ST2 xp R

with scaling functions

. — TP ) — _
fit,X) = Y i=1,...,b—2,
_
forr(t,X) = 5.

This is a locally conformally flat MCM. Once again we can multiply the scaling functions
above by «; > 0 to obtain a locally conformally flat MCM

M=UxySh <1> ><~-><fb2Sdb2< ! >

aq 0p—2

with compact internal spaces which can be made as small as desired.

5D solutions of the vacuum Einstein field equations

Next we analyze the local conformal flatness of two families of 5-dimensional metrics
which embed 4-dimensional FRW models with flat, spherical or hyperbolic spatial sections.
When these metrics satisfy the 5-dimensional vacuum field equations, pap = 0, they are
suitable manifolds for the space-time-matter theory, which proposes that our Universe
is an embedded 4-dimensional surface in a vacuum 5-dimensional manifold. In such a
case, since the manifold is Ricci flat, the local conformal flatness implies that the whole
curvature tensor vanishes. As well as the study of that case, we will also characterize the
local conformal flatness of these families of metrics when the 5-dimensional vacuum field
equations are not required.
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The Liu-Mashhoon-Wesson metric

Consider the Liu-Mashhoon-Wesson (LMW) metric [157] in the form

a2 (t,1)
1(t)

where a and p are undetermined functions and d02K 3) is a 3-dimensional metric of a unit
sphere, plane or hyperboloid for K = 41, 0 or —1, respectively,

(823) dS%MW = — dtQ + dl2 + az(t’ l)dU(QKyg)a

(8.24) doly 5 = dy® + S (¢)(d6? + sin® 0dp?),
where
siny, K=+1,
SK(w) = 1/}7 KZO?
sinhv, K=-1.

The LMW metric (8.23) satisfies one component of the vacuum field equations, and in
this general form it is locally conformally flat if and only if the functions a(t,[) and u(t)
satisfy

ar(K + p? — a?) + a(—pp + aay + aray) — a®ay = 0.

Note that, in this general setting, one can find nontrivial solutions of the above equation.
For instance, choosing

1
a(t,l) — etJrl7 N(t) — (62t+K _ K)Q ,

the corresponding MCM is locally conformally flat and of nonconstant curvature. To
ensure that all the vacuum field equations are satisfied, one may take the function a(t,!)
to be given by

k2(t) + K

p?(t) + K’

where K is an integration constant and p(t) and k() are completely arbitrary functions of
time, with the unique constraint of X < a?(t,1)(u?(t) + K) (cf. [157]). In this particular
case, we know that the MCM is locally conformally flat if and only if it is flat, and a
straightforward calculation shows that this occurs if and only the integration constant /C
vanishes.

a?(t,1) = (u(t) + K)I% 4+ 2k(t)] +

The Fukui-Seahra-Wesson metric

Proceeding as in the previous example, the Fukui-Seahra-Wesson (FSW) metric [72],

b (7, w)

*(w)

(8.25) dshgy = —dr* + dw® + b*(1,w)doly 3,
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is locally conformally flat if and only if the functions b and ¢ satisfy
bw(_K + C2 - b?r) + b(_CC/ + bwaT + bTbTUJ) - b2b‘r~rw =0.

Again, in this general setting, one can find nontrivial solutions. For example, if we choose
K 1
b(r,w) =e™ v, ((w) = (62“’+ +K)?,

then the corresponding MCM is locally conformally flat with nonconstant curvature. How-
ever, to ensure that the vacuum field equations are satisfied, the function b(7,w) must have
the following form

2(w)—-K
() = () — K7 + 2l + 5 =
Here K is an integration constant and ((w) and x(w) are arbitrary functions (see [157]).
In this case, again the MCM is locally conformally if and only if it is flat, and this occurs
if and only K vanishes.

Generalized Kasner-AdS spacetimes

A n-dimensional MCM described by the metric

dr?

f(r)

with f(r) a positive function and dU(QKm_Q) as in (8.24) but for the (n—2)-dimensional case
is called a generalized Kasner-AdS spacetime. First, a straightforward calculation shows
that (8.26) is locally conformally flat if and only if f satisfies 72 f/ —2r f'+2f = 2K. Metrics
(8.26) appear in the study of solutions of the Einstein-Maxwell equation in a higher-
dimensional background with a cosmological constant A. This equation allows a 3-family
of static black hole solutions (parameterized by the constant K), whose gravitational field
is given by (8.26) with f(r) = K — £r? — Mr3=" + Q*r?3~"), n > 4, and where M and Q
denote the mass and the charge parameters, respectively (we refer to [69], [126] and the
references therein). In such a setting, it can be shown that the MCM is locally conformally
flat if and only if M = @ = 0 (which is always the case for n = 4), and this occurs if and

only if the MCM has constant curvature %

(8.26) ds* = —f(r)dt* + + r2da(2K7n72)



Open problems

The following open problems arise from the discussion in Part II.

e As a consequence of the work of Lokhamp [124], any manifold of dimension n > 3
admits a complete metric of negative Ricci curvature. Moreover, this is bounded be-
tween two negative constants (which depend on the dimension). This result shows
one cannot draw conclusions from negative Ricci curvature; however, classifying lo-
cally conformally flat manifolds of negative Ricci curvature is desirable. Such a
classification would be also interesting under some weaker assumptions as 2 nonpos-
itive curvatures.

e Another direction of interest for future research is the study of constant mean cur-
vature hypersurfaces of locally conformally flat multiply warped products, especially
in Lorentzian signature.

e In Riemannian signature, completeness of multiply warped products is characterized
in terms of the completeness of the base and the fibers. However, we do not have
a similar result if the metric is not definite. Therefore, a systematic analysis of
complete multiply warped products in higher signature appears to be an interesting
line of investigation. Moreover, in Lorentzian signature this should provide a better
understanding of cosmological models.
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Part 111

Commutativity of operators
associated to the curvature tensor:
Tsankov manifolds
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During last years, there has been a tendency to classify certain manifolds by means of
properties of operators associated to the curvature tensor. Among the different projects
following this line, Osserman-like problems received special attention. While Osserman
conditions mainly concern the eigenvalue structure of curvature operators, not much at-
tention has been paid to the investigation of commutativity properties of such operators.
There are, however, some exceptions, for example the Ricci-semi-symmetric condition
(R(z,y) - p = 0, where R acts as a derivation) is equivalent to the commutativity of the
skew-symmetric curvature and the Ricci operator. Even more, some commuting prop-
erties of geometrical operators have been investigated in connection with submanifolds
theory. For instance, submanifolds with flat normal bundle are those with commuting
shape operators and curvature-adapted hypersurfaces are those whose normal Jacobi op-
erator commutes with the shape operator. Umbilic hypersurfaces and all hypersurfaces
in real space forms are automatically curvature-adapted. For complex and quaternionic
space forms, curvature-adapted hypersurfaces are, respectively, Hopf hypersurfaces and
hypersurfaces for which the quaternionic distribution is invariant under the action of the
shape operator [11].

There are also previous works which are closely related with this part of the memory,
such as [143], where the problem of classifying Riemannian manifolds whose Jacobi op-
erators commute has been posted. We use the word ‘T'sankov’ in this context owing to
the seminal paper of Y. Tsankov [167] where hypersurfaces with these sort of properties
are studied. Let L denote the second fundamental form of a hypersurface M in R"+!
and let {\1, ..., A\, } be the eigenvalues of the associated shape operator. The following two
theorems inspired many of the results in the following chapters [167]:

A hypersurface M C R"1 n > 3, satisfies the relation
T(@) T (y) = T (y)J ()

for all orthonormal x,y € T,M and for all p € M if and only if either \y =
o= Ap0or A =...= X1 =0.

A similar result also relates commutativity properties of the skew-symmetric curvature
operator to the underlying geometry of the hypersurfaces [167].

A hypersurface in M C R satisfies the relation
R(z,y)R(z,w) = R(z,w)R(z,y)

for all orthonormal vectors x,y,z,w € T,M and for all p € M if and only if
Al=..= M, orMi=..=X _1=0and A\, #0, or \y = ... = A\y_2 =0,
and Ap—1 # 0 and A, # 0.

Thus, motivated by this paper we began a systematic study of manifolds whose Jacobi
operators commute (Jacobi Tsankov) and of manifolds whose skew-symmetric curvature
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operators commute (skew-Tsankov). This study is far from being complete; indeed, there
are many open questions and more progress is being done at the present. Moreover, new
questions emerge and the commutativity of different operators is under the consideration
of several authors interested on the field (see, for example [88], [103], [161]).

We devote the first chapter of this part to give a complete characterization of Jacobi
Tsankov and orthogonally Jacobi Tsankov manifolds in Riemannian signature. More
precisely, we show that a Riemannian manifold is Jacobi Tsankov if and only if it is flat
and it is orthogonally Jacobi Tsankov if and only if it has constant sectional curvature,
thus solving the problem stated in [143].

Chapter 10 deals with Jacobi Tsankov manifolds in higher signature. A complete
classification is obtained in Lorentzian signature, showing that Lorentzian Jacobi Tsankov
manifolds are necessarily flat. However, the situation is much more complicated in higher
signature and, although a classification is far from an end, we present some interesting
results. Some of them deal with the strongest condition J (z)J (y) = 0 for all x,y which is
equivalent, as we will show, to the Jacobi Tsankov one in dimension lower than 14. In this
chapter we will construct a 14-dimensional counterexample and study some geometrical
realizations with different properties.

Then we turn our attention to skew Tsankov manifolds. In Chapter 11 we identify
algebraic curvature tensors which are skew Tsankov in the Riemannian setting. In the
remaining of the chapter we give a wide variety of examples of skew Tsankov manifolds,
thus suggesting that, even if we have a complete classification at the algebraic level, a
classification at the differentiable level is broadly open.



Chapter 9

Riemannian Jacobi Tsankov
manifolds

In this chapter we concentrate on the study of commutativity properties for the Jacobi
operator in the Riemannian setting. This chapter is based on the results in [35].

Recall that an algebraic model V = (V,(-,), A) is said to have constant sectional
curvature  if and only if A = KAy where Ag(z,y, z,w) = (z, 2)(y,w) — (y, 2)(z,w). Let J
be a Hermitian almost complex structure on V; note that J exists if and only if dim V is
even. Now define an algebraic curvature tensor Ay in the following way:

(9.1) Aj(z,y, z,w) = (Jz, 2)(Jy,w) — (Jy, 2)(Jz,w) + 2(Jx,y){Jz,w) .

These two algebraic curvature tensors will play an important role along the study devel-
oped in this Chapter. Let z € S(V). One computes the Jacobi operator in the direction
of x for these algebraic curvature tensors to obtain:

y ify L «x,

Tao(x)y = { 0 ify € Span{x},

9.2)
Ta,(@)y =3y, Jx)Jx.

As a matter of notation, we adopt the conventions established in Section 1.4.6. Recall
that J, := J(z) and Jpyz := 3(A(z, 2)y + A(y, 2)z).
9.1 Riemannian Jacobi Tsankov algebraic models

As a first step on the classification of Tsankov manifolds, the following result shows that
a Riemannian Jacobi Tsankov model has zero curvature. Although this result is a conse-
quence of a more general result we show in Chapter 10 for arbitrary signature, here we
present a specific proof for the Riemannian case.
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Theorem 9.1.1 Let V = (V,(-,-), A) be a Riemannian model. Then V is Jacobi Tsankov
if and only if A= 0.

Proof. Let V = (V,(-,-),A) be a Riemannian Jacobi Tsankov model. The Jacobi oper-
ators {J; }zey form a commuting family of self-adjoint operators. Such a family can be
simultaneously diagonalized; there is an orthogonal direct sum decomposition:

V=®)\E\ where T, {=Az){VE{EE)\, VaxeV.

Fix a unit vector ny € Ex. Then \(x) = (Jzna, n)). Consequently the functions z — \(x)
are continuous functions of x.
Choose £ € V and decompose & =), &) for £, € Ey. Let

O:={{cV:E#A0V A}

Then O is the complement of a finite number of hyperplanes and hence it is a dense open
subset of V. Let & € O. One then has:

0=Te8 =) M-
A

Since the {&£,} are linearly independent, this implies A(§) = 0 for all A. As A(-) vanishes
on O which is an open dense subset of V', A(-) vanishes identically. Thus J, = 0 for all
x €V and A=0. ]

9.2 Orthogonally Jacobi Tsankov algebraic models

We devote this section to the classification of orthogonally Jacobi Tsankov algebraic mod-
els. As we have seen in the previous section, Jacobi Tsankov models are necessarily of
zero curvature; however, note that the orthogonally Jacobi Tsankov condition is weaker
and a deeper analysis is needed.

The following remark gives a couple of examples of orthogonally Jacobi Tsankov mod-
els.

Remark 9.2.1 Let V = (V, (-,-), A) be a Riemannian model. Consider the algebraic cur-
vature tensors of constant sectional curvature +1, that is, A = Ag. Then apply Equation
(9.2) for z,y € S(V) with L y to obtain

_ z if z 1L Y,
ToTyz = jw{ 0 if =ze Span{y}, }

- z if zluzvy,
N 0 if ze& Span{z,y}.
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This is symmetric in the roles of z and y and thus J,J, = JyJz, so Ag is orthogonally
Jacobi T'sankov.

Consider now A = Aj; for some Hermitian almost complex structure J on V. Then
(Jx, Jy) = (x,y) = 0 so

TeTyz = 3T{{Jy, 2)Jy} = Sy, 2){Jy, J)Jo = 0.
Again, this is symmetric in the roles of x and y so A is orthogonally Jacobi Tsankov.

The remainder of Section 9.2 is devoted to the proof of the following Theorem, which
shows that examples given in Remark 9.2.1 are the only models which are orthogonally
Jacobi Tsankov. Thus we have the following result:

Theorem 9.2.2 Let V = (V,(-,:),A) be a Riemannian model. Then V is orthogonally
Jacobi Tsankov if and only if either V has constant sectional curvature or there is a
Hermitian almost complex structure J so that A is a multiple of Aj.

In order to prove such a result we need several technical lemmas which classify models
depending on the rank of the Jacobi operators.
Let
r(z) := Rank {J,}.

Since Jyz =0, r(z) <n—1for any z € V.

Lemma 9.2.3 Let V = (V,(-,-), A) be a Riemannian orthogonally Jacobi Tsankov model
of dimension n. If there exists x € V with r(x) = n — 1, then A has constant sectional
curvature.

Proof. Let O :={z €V :r(z) =n —1}. We suppose O is non-empty. We wish to show
O is an open and dense subset of V. Let x € O. Let B := {ey, ..., e5,—1} be an orthonormal
basis for 2+ = Range (J,). Let Ji;(2) := (Jzei, €;). Set

p5(2) = det(Ji;)(2) -

Then pg is polynomial in z and by hypothesis pp(z) # 0. Thus
Op :={z:pp(z) #0}

is a non-empty open dense subset of V which contains z. If y € Op, then necessarily
r(y) > n — 1. Since r(y) < n —1, r(y) = n — 1. This shows that O C O and Og is a
neighborhood of z; since x was arbitrary, O is open. Since O contains a dense subset, this
shows, as desired, that O is an open dense subset of V.

Since V has constant sectional curvature if n = 2, we suppose n > 3. Let x € O and
let y € x. Then

ToTyx = TyTwx =0 so (Jyx,Jzz) =0 forall z.



138 9 Riemannian Jacobi Tsankov manifolds

As Range (J;) = x*, we have (J,,2) = 0 if z L x. Thus
(9.3) Aly,z,y,2) =0 if z€0,zLlz, ylzx.

Since O is dense, Equation (9.3) holds for all # € V. Thus if {e;} is an orthonormal basis
for V and if {i, 7, k} are distinct indices,

Alej,ei,ej,ep) =0 for 1,7,k distinct.

Suppose that ¢ is a fourth distinct index; this can not happen, of course, if n = 3.
Polarization yields

Alej, e, eper) + Alep, ei,ej,ep) =0 for 4,5, k,¢ distinct .

The previous relation together with the first Bianchi identity and the other curvature
identities show that:
0 = Aleiej,er er) + Ales,ep,er, e5) + Ales, ep, €5, ex)
= Alei,ej, e, eq) — Alei,ej,ep,er) — Ales, ep, ex, €5)
= Alei,ej, e, eq) + Alei,ej,ep,er) + Ales, e, ex, ep)
= 3A(ei,ej,ex,eq) for 1,5,k ¢ distinct.

Thus the only non-zero curvatures are A(e;, ej,e;,e;) = ¢ for i # j. Consider the new
basis
cosfe; +sinfle; if v =1,
ey (0) ;= —sinfe; +cosfe; if v=yj,
e, if v#ij.

If ¢, j and k are distinct indices, then:
0= A(GZ(Q), €L, ej(e), ek) = cos 0 sin 9{_Cik + Cjk} .

It now follows that c;;, = c;i, for ¢, j, k distinct and, consequently, A has constant sectional
curvature. (I

In light of Lemma 9.2.3, we may suppose that r(z) < n — 1 for all  henceforth. Thus,
in particular, given x, we can always choose y so x | y and J,y = 0.
Recall from Section 1.4.6 the following notation:

1
Toye = T(w,0)= = 5 {Al, 2y + Aly, ).
Lemma 9.2.4 Let V = (V,(-,-), A) be a Riemannian orthogonally Jacobi Tsankov alge-

braic model of dimension n. Assume r(x) <n—1 forallz € V. Let x € S(V). Choose
ye S(V) soy L a and so Jyy=0. Then:
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(1) Jyx =0 and JJy =0.
(2) 0= ‘-71/2 + jﬁ - 4jx2y7 jxyja: = jijy and jzjxy = jxyjy-

(3) Let{x,z1, 22} be an orthonormal set. Suppose that Jyz1 = A1z1 and that Jpzo = Aazo
where A\ # Xa. Then J,,z2 = 0.

(4) Let E = diag(\1, ..., \,) where \; are the non-zero eigenvalues of J,, repeated ac-
cording to multiplicity. We can choose an orthonormal basis for V' so that

=200 0 0 0 1 0 =2 0
J=|00O0]), =02 0], jxy:i = 0 0
0 0 O 0 0 0 0 0 0

Proof. Suppose that J,y = 0. By Equation (1.7),

{jcos Oz+sin Gyj— sin Oz+cos Oy }y =
= Jeos fz-+sin (,)y{sin2 0T — 2sin 6 cos 0T,y + cos? 0Ty }y

©-4) = {cos? 0F, + 2sin 6 cos 0T, + sin? 0.7, }{sin 0 cos 0 T, x }
= 2sin? 6 cos? 0T wy Ty + sin® @ cos 0Ty Tyx ,
and
{T= sin 02+cos by Teos a+sin 0y Y =
(9.5) = J-sin0z-+cos 0y {€08” 0Ty + 2 cos Osin 0T, +sin? 0.7, }y

= {Sin2 0T — 2cos0sin 0Ty + cos? 0Fy}{— cosOsin 0T, x}
= 2 cos? f sin? 0 T wy Ty — cos® 6 sin 0Ty Tyx.

Subtracting Equation (9.5) from Equation (9.4) yields sin 6 cos ijQx = 0, which shows
Jny = 0. Since J is self-adjoint and the metric is definite, J,x = 0.

We have J,Jyy = 0 and Jp,Jyx = 0. Let z L {x,y}. To complete the proof of
Assertion (1), we must show J,J,z = 0. We compute:

0 = Jeostz+sin0:TyT = TyTcos hz+sin 6T
= jy{cos2 0T, + 2 cos 0 sin 0T, + sin’ 0.}z
= —costOsin0JyJrz + sin? 0T.Tyx
= —costsin0JyJ:z.

We now prove Assertion (2). Since Toy® = —%jxy =0 and Jpyy = —%jyx =0, we
have
Twy{—sinfz + cos by} =0,
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SO
\7COS Oz+sin Oy{_ sin Oz 4+ cos Qy} =0.

Thus applying Assertion (1) to the pair {cosfz + sin 0y, — sin 6z + cos 0y} permits us to
derive Assertion (2) from the following identity:

0 = JecosbatsinyJ— sinaz-+cos by
= {(3052 0T: + 2sinf cos 0T,y + sin® N {sin2 0T — 2sinf cos 0Ty + cos? 0Ty}
= cos*Osin® 0{T; + T — AT2,} + 2sin® 0 cos { Toy To — Ty Ty }
+25in 60 cos® 0{ Ty Ty — Tu Ty} -

Let {x, 21,22} be an orthonormal set with J,z; = \;z; where A\; # Xy. To prove
Assertion (3), we compute

Tz Tcos fz1+sinfz9R1 = jx{2 cos 6 sin 0\72122 + sin? 9&722 }Zl
= Ju{—cosOsindJ,, 2 +sin®07,,21}
= —X2cosfsinfJ,, 22+ M\ sin? 07,71,

Teos0z14sinbzTezt = A{2c0s0sin07.,., +sin®0.7.,}z1
= —AicosfsinfJ,, 22 + M\ sin? 0T 1.
Assertion (3) now follows since we have
ANoTe 22 = MTz 22 -
To prove Assertion (4), choose an orthonormal basis {ey, ..., e,} for Range (J) so
Jz€;i = Aie; for A\ #£0.
We then have Jye; = 0 and thus 4j§yei = )\?ei. Define:
fi =20 Ty -
The collection { f1, ..., fr} is an orthonormal set since:
(fis £3) = 4NN N Tayen, Tayej) = 4NN (T2 eireg) = b
Furthermore, f; € ker(J,) = Range (J;)" because:
Tofi = 20 ToTayei = 20 Tay Tyei = 0.
This shows {ey,..., e, f1,..., fr} is an orthonormal set. We set

= =diag(M,..., \r).
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Since JyTwy = JTay Tz, we have J, fi = A fi. Note that
Tuyei = 3Aifi and - Ty fi = 2071 T2 ei = $hiei .

On the subspace Span{ei,...,e,, fi1,..., fr} one has that

=0 0 0

On the other hand, it is clear that J, = J, = 0 on {Range (J,) ® Range (J,)}+. Now, if
¢ € {Range (J,;) ® Range (J,)}*, then J,& = J,€ = 0 so Assertion (2) yields

<u7xy£7 jxy£> = <t7z2y£7£> = %«'-7332 +‘7y2)£7£> =0.

o
(1]

[1]
OM\»—A

This shows J,,§ = 0 as well and gives the desired decomposition. O

We continue our study. Let
R(z) := Span {z} ® Range (J;) .

Lemma 9.2.5 Let V = (V,(-,-), A) be a Riemannian orthogonally Jacobi Tsankov model
of dimension n. Assume that r(z) <n—1 for allxz. Letx € S(V). If w € S(R(x)), then:

1. Range (J,) C R(x) and J,, vanishes on R(x)™*.
2. Jw s similar to Jy.
3. Jr has at most one non-zero eigenvalue.

Proof. Fix w € S(R(z)). Expand w = apz + ) a;w; where we have J,w; = A\jw; for
A\ #0. Let y € R(z)* N S(V). We apply Lemma 9.2.4. As y | Range (J,), Joy = 0 so
Jyx = 0. Furthermore since J,y = 0, since J,w; = A;w;, and since \; # 0, Jyw; = 0.
Thus J,w = 0 and consequently 7,y = 0 for all y € R(z)*. Thus

Range (J,) C R(z) and J,=0 on R(z):.

This proves Assertion (1). Furthermore 7,y = 0 and 7,y = 0 implies 7, is similar to Ty
and J,, is similar to J,,. This establishes Assertion (2).
To show that Assertion (3) is true, we apply Assertion (2) to see

Rank (Jw) = Rank (Ju|p(y)) = dim(R(z)) — 1 =r(z).

Suppose J; has two distinct non-zero eigenvalues A\; # A; for some ¢ < j. Then J,,,w; = 0.
Since Jy,w; = 0, we would have Rank {7y, } < r(z) —1 which is false. Thus J, = A Id on
Range (7). O
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Lemma 9.2.6 Let V = (V,(-,-), A) be a Riemannian orthogonally Jacobi Tsankov model
of dimension n where A # 0. Assume that r(x) < n — 1 for all x. Then J has only one
non-zero eigenvalue X on S(V'), that A has multiplicity 1 and, moreover, ¥V is Osserman.

Proof. Choose y € S(z') with J,y = 0. Let eg = x and fy = y. Let A be the
non-zero eigenvalue for 7, and let » = r(z). Complete {eg, fo} to an orthonormal basis
{€0, -y €ry f0y s fry g1, -, go} for V so that

Teej = A1 = doj)e;, Teo fj =0, Teogt = 0,
Trfi =ML =0b0j)f5,  Tpe; =0, Tgk =0,
jeOfOe.] )\< 50])f]7 jeofof] % (1 - (50])€j7 jeofogk =0.

As J., preserves Span{eo,...,e;} = R(ep), as A is an eigenvalue of multiplicity r for J,
on R(eg), that J., vanishes on R(eg)*, and as J.,e1 = 0,

Jerej = M1 =d15)e5, Terfj =0, Teygp =0.
Let £ = (eo + fo). Then Jz = 3{Jey + T, + 2T s} We show r = 1 by deriving the
followmg contradmtlon:
Jees = sM(ea + f2), Tefo = % (62+f2)7
jgjele =0, Ter Tefa = 52 %€s.
Fix e € S(V). Consider the 2-plane
7 := Span {e, Range (7¢)} .

Decompose z € S(V) in the form = = cosfe; + sinfdf; for 6 € [0,5], ey € S(w) and
fi € S(7t); €1 is not unique if = Z and f; is not unique if § = 0. As ey € m,
Range (J,) C 7 so

m = Span {ej, Range (J¢,)} .
Since fi L m, Lemma 9.2.4 pertains. As Jy, is similar to J., and also to [J., we have
Ae1) = A(f1) = A(e). By Lemma 9.2.4, we can extend {eq, f1} to an orthonormal set
{e1, €2, f1, f2} so that

Tei€2 = Ae)ea, JTpea =0, Terfr62 = 2M(€) fo,
Ter f2 =0, Tnfa=Xe)fa, Teipifo=3M(e)es
We may now compute
Tu(cosOes +sinffy) = {cos?0Te, +2cosOsin07,, s, +sin? 07y, }

{cosfes +sinffo}
= A(e)(cos® fe + cos? 0sin 6 fo + cos 0 sin? fey + sin® 0 f»)
= A(e)(cosbey + sinffs) .
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This implies that A(z) = A(e) and, hence, V is Osserman. O

Now we are ready to prove the complete classification in the algebraic setting.

Proof of Theorem 9.2.2. Suppose V = (V,(-,-), A) is an orthogonally Jacobi Tsankov
Riemannian model. Suppose that A # 0. If r(x) = n — 1 for any vector z € S(V), then
A has constant sectional curvature by Lemma 9.2.3. On the other hand, if r(z) <n —1
for every point z € S(V), then A is Osserman and Rank {7,} = 1 for every z € S(V)
by Lemma 9.2.6. Now, from [51] there exists some Hermitian almost complex structure .J
such that A = %A 7, where X is the only nonzero eigenvalue. O

9.3 Riemannian Jacobi Tsankov manifolds

As we have done before, when studying a geometric problem, we first study the corre-
sponding algebraic condition and then solve the geometric problem. Here we use the
results in previous sections to derive the geometric classification of Riemannian Jacobi
Tsankov manifolds.

Theorem 9.3.1 Let M be a connected Riemannian manifold of dimension n. The fol-
lowing assertions hold:

1. M is Jacobi Tsankov if and only if M is flat.

2. Let n > 3. M 1is orthogonally Jacobi Tsankov if and only if M has constant sectional
curvature.

Proof. Let M = (M, g) be a connected Riemannian manifold. We shall apply Theorem
9.1.1 to prove Theorem 9.3.1. Suppose first that M is Jacobi Tsankov. Then R = 0 so
M is flat.

Suppose M is orthogonally Jacobi Tsankov and n > 3. Let O be the open subset of
points p € M so that there exists a unit tangent vector z(p) with r(z(p)) = n — 1. Then
glo has constant sectional curvature. Thus Rp = kpRp on O. Since n > 3, the multiple
kp is locally constant. Thus R = KRy on the closure of O. Therefore O is an open and
closed subset of M and hence all of M.

If M does not have constant sectional curvature, r(z) < n — 1 for all z € S(M).
Hence r(z) =1 for all z € S(M). Furthermore n is even and there is an almost complex
structure J(q) defined on T for every ¢ € M so that R = AR;. In addition, the almost
complex structure is uniquely determined up to sign. After a bit of technical fuss, one can
see that J can be chosen to vary smoothly with ¢, at least locally; global questions are
irrelevant to our argument. The metric in question is Einstein and thus p(z, x) = 3\(x) is
constant. Thus M is globally Osserman. This possibility is ruled out by work of Chi [51]
(one may also use work of Tricerri and Vanhecke [166] to conclude this cannot happen).J]



144 9 Riemannian Jacobi Tsankov manifolds

9.4 Conformal aspect of Tsankov theory

Most of the conditions studied for the Jacobi operator automatically translate to the
conformal Jacobi operator. Thus, in the Tsankov context one says that a manifold M of
dimension n > 4 is conformal Jacobi Tsankowv if the conformal Jacobi operators commute,
this is,

Iw (@) Iw (y) = Iw (y)Jw (z) for all z,y,

or orthogonally conformal Jacobi Tsankov if

TJw (@) Iw (y) = TJw (y)Iw (x) for all x Ly.

One may consider the model (7,M, g,, W},), where W is the Weyl tensor, and use Theo-
rem 9.1.1 to show that a Riemannian manifold is conformal Jacobi Tsankov if and only if
W = 0, this is, it is locally conformally flat. What is somewhat surprising is the fact that
the same classification result holds for orthogonally conformal Jacobi T'sankov Riemannian
manifolds, as next theorem shows.

Theorem 9.4.1 Let M be a connected Riemannian manifold of dimension n. Let n > 4.
M is orthogonally conformal Jacobi Tsankov if and only if M is locally conformally flat.

Proof. If M is locally conformally flat, then W = 0 and M is orthogonally Jacobi
Tsankov. To prove the converse implication choose a point p € M. Consider the algebraic
model (T, M, gp, W) and apply Theorem 9.2.2 to obtain that W), = kAy or W), = AA for
a Hermitian almost complex structure J on T,M. In both cases, since Jy is trace free,
we obtain J = 0 in p, and then W), = 0. Since this holds for every p € M, we conclude
W =0 and hence M is locally conformally flat. O



Chapter 10

Tsankov models in the
pseudo-Riemannian setting

In the previous chapter we studied Jacobi Tsankov and orthogonally Jacobi Tsankov
models and manifolds in the Riemannian setting. All the results there, strongly depended
on the fact that the metric was definite. When passing to indefinite signature, the situation
is much more complicated. Due to this complexity we are going to concentrate on the study
of the Jacobi Tsankov condition, which is more restrictive than the orthogonally Jacobi
Tsankov one. Although we showed that in Riemannian signature Jacobi Tsankov models
have zero curvature, this is not the case in higher signature and, except for Lorentzian
signature where this result also holds, the problem is more difficult to handle and more
possibilities exist. We present here results in [36] and [38].

10.1 Jacobi Tsankov models and manifolds

We begin this section by studying Jacobi Tsankov algebraic models. Although we have
already classified Riemannian models being Jacobi Tsankov, we overlap those results with
the following as the new approach provides a different treatment that we consider of
interest.

Theorem 10.1.1 Let V = (V,(-,-), A) be a Jacobi Tsankov algebraic model. Then:
1. jz?:Oforalll‘GV.
2.V is Osserman.
3. IfV is Riemannian or Lorentzian, then A = 0.

Proof. Equations (1.7) are the key in our discussion. Suppose V is a Jacobi Tsankov
model of signature (p,q). Recall the notation J,y2 := ${A(z,2)y + A(y,z)z} that we

145
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introduced in Section 1.4.6. Polarizing the identity J,J, = J,J: yields:
jxlxgjx3x4 = jx3x4jx1x2 for all T1,%2,%3,T4 € V.

We have Jyz = 0. Equation (1.7) yields Assertion (1) of Theorem 10.1.1 since
0= jacijxqf = jzxj:pyx = _%jxjmy

Since the Jacobi operator is nilpotent, {0} is the only eigenvalue of 7. This shows that A
is Osserman, so Assertion (2) holds.

If p = 0, then J, is diagonalizable. Consequently, J2 = 0 implies J, = 0 for all z and
hence A = 0. If p =1, then A is Osserman implies A has constant sectional curvature k
[16, 75]. Since J2 = 0, k = 0 which again implies A = 0. This shows Assertion (3). O

In fact, it is possible to work in a slightly more general setting. Following [21], one
says that C is a generalized curvature operator if it has the symmetries of the curvature
operator which is defined by a torsion free connection. This means that one imposes the
symmetries:

C(l‘, y)z = _C(y7 .T)Z,
C(z,y)z+C(y,z)x +C(z,x)y = 0.

The proof given above then generalizes immediately to yield:

Corollary 10.1.2 IfC is a generalized curvature operator on V which is Jacobi Tsankov,
then Jo is Osserman and Jc(ﬂs)2 =0 forallxeV.

It has been recently shown in [87] that the Jacobi Tsankov condition is equivalent
to the socalled mixed Tsankov condition (i.e. J(z1)A(x2,z3) = A(ze,x3)J (x1) for all
X1, X2, x3).

Theorem 10.1.1 also has the following geometrical consequence:

Corollary 10.1.3 Let M be a Jacobi T'sankov pseudo-Riemannian manifold of signature
(p,q). Then M is nilpotent Osserman. If p=0 or if p =1, then M is flat.

10.1.1 Models with two-step nilpotent Jacobi operators which are not
Jacobi Tsankov

In view of Theorem 10.1.1, one might conjecture that the condition 72 = 0 for all z € V
is sufficient to imply V is Jacobi Tsankov. Actually, next result shows this is not the case.

Theorem 10.1.4 There exists a model V = (V, (-,-), A) which is not Jacobi Tsankov but
which has J2 =0 for allx € V.



10.1.1 Two-step nilpotent Jacobi operators which are not Jacobi Tsankov 147

Let ¢ be a skew-symmetric endomorphism of V. We generalize the construction given
in (9.1) by defining the following algebraic curvature tensor:

A¢(xay7sz) = (¢x,z><¢y,w> - <¢y,z><¢)x,w> + 2<¢xay><¢sz>

Recall from Equation (9.2) that the associated Jacobi operator J; is given by:

Tp(w)y = 3oz, y)dx .

Let R4 denote the Euclidean space with a metric of signature (p, q). Theorem 10.1.4
is a consequence of the following result:

Lemma 10.1.5 There exist skew-symmetric endomorphisms {®, ¥} of RED for some ¢
so that @ = W2 = 0, @V 4+ Ud = 0 and ®¥ # 0. Set V := (RGO (...}, A) where
A= 1{As + Ay}. Then Ja(z)? =0 for all x and V is not Jacobi Tsankov.

Proof. There exists (see [84, 85]) a collection of skew-symmetric endomorphisms of R(4¢)
so that

o =5 =1Id, ¢3=0¢5=—Id, ¢ip;+djp;i=01fori#j.

One may then set ® = ¢1 + ¢3 and ¥ = ¢3 + ¢4 to construct skew-adjoint endomorphisms
SO
P2 =02=0, QU +UP=0.

Suppose that @¥ = 0. We argue for a contradiction. Conjugating the identity
(¢1 + ¢3)(d2 + ¢4) =0

by ¢1 yields
0= (—¢1+ ¢3)(dh2 + ¢a) .

Adding these two equations yields ¢3(¢2+ ¢4) = 0. Multiplying by ¢3 implies ¢o+ ¢4 = 0.
Conjugating this identity by ¢o yields ¢2 — ¢4 = 0 and thus ¢o = 0. This is not possible.
Thus ®¥ # 0. Consider the algebraic curvature tensor A. One computes:

jmy = <yv q)iL'>‘I).’E + <ya \II$>\I}$7

TuToy = (y, ®v){Pv, Pu)Pu + (y, Pv)(Pv, Yu)Pu
+(y, Vo) (Yo, du)Pu + (y, Yu) (Yo, Vu)Vu
= (y, Pv)(Pv, Yu)Vu + (y, Yv)(Pv, Pu)du.

Since (®z, Vz) = —(V®z,z) = (PVx,x) = — (Y, Pz), we have, as desired,



148 10 Tsankov models in the pseudo-Riemannian setting

Choose u so WPu # 0. Set y = Pu. Choose v so (Pu, Vv) # 0. Then:

TJuTvy = (Pu, Pv)(Pv, Vu)Pu + (Pu, Vo) (Vv, Pu)Pu
du, Uv)2du # 0,

(Pu, Pu)(Pu, Vo) Vv + (Pu, Vu) (Vu, Pv)dv
= 0.

ToTuy

Then J,J,y # 0 while J,J,y = 0. Consequently V is not a Jacobi Tsankov model. O

10.2 Models with 7,7, =0V z,y €V

It is obvious that if J,J, = 0 for all x,y € V, then necessarily V is Jacobi Tsankov.
However, what is somehow surprising is that the converse holds in low dimensions, as next
result shows.

Theorem 10.2.1 Let V = (V,(-,-), A) be a Jacobi Tsankov model of dimension n. If
n <13, then J:Jy =0 for all z,y € V.

Theorem 10.2.1 will follow as an immediate consequence of the following lemma which
also motivates the example we are going to study in Section 10.3.

Lemma 10.2.2 Let V := (V,(-,-), A) be a Jacobi Tsankov model. Suppose that there exist
xz,y €V so that Jp.Jy # 0.

1. There exists w € V such that (T, Jyw, w) = (TyJwx, ) = (JwTzy,y) # 0.
2. Set

€1 ‘== w, €2 1= jxjy/wv €3 1= jxwv €4 1= ij7 €5 1= jxywa
fl =, f2 = jijI, f3 = jyxa f4 = ij) f5 = ijxa
n=y  92:=Tuly, g3 =70y, 9a4: =Y, 95:= TuwaV,

then S :={e1,...,e5, f1,.--, f5,91,-..,94} 1S a linearly independent set.
3. es+ fs+95=0.
4. dim(V) > 14.
Proof. Choose w and f so (J.Jyw, f) # 0. Set w(e) := w +ef. Then

p(e) == (w(e), TxJyw(e))
= (w, o Jyw) + 2e(TueTyw, f) + XTIy f, f) -
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As (T TJyw, f) # 0, p(e) is a non-trivial polynomial in e. Thus it is non-zero for a suitable
choice of . Thus after replacing w by w(e) for suitably chosen e, we see that there is
w €V with (w, 7 Jyw) # 0. Applying Equation (1.7) yields:
<\7y\.7’wxax> = _2<\.7y\7w1‘w7x> = _2<x7ywn.7w:c33>
= <ij, jxw> = <\73:ij7 'l,U> .

Similarly, (Jw 72y, y) = (JeJyw, w) and Assertion (1) follows.
Because JyteyJr4ey = 0 for every e € R and because V is Jacobi Tsankov, we have
the following relations:

\712 = 07 jy2 = 07 jxjy - jija
jmjzy = jzyj:c = 0, jyj:ny = j:cyjy = 07 ja,?y = _%jzjy-

We have J,Jyx # 0 and J,,J»y # 0 by Assertion (1). To prove Assertion (2), suppose
there is a non-trivial dependence relation among the elements of the set S

5

0 = Z{aiei+bifi+cigi}

i=1

(10.1) = aw+ aJJyw + a3Jpw + as Jyw + a5 Tpyw
—|—b1.7? + bgjijl‘ + bgjy.’lf + b4jw.’11 + b5ij$
+ay + 2JwTwy + c3Twy + cadzy + s Twzy

where, since g5 ¢ S, we suppose c; = 0.
We can apply J,J, to Equation (10.1) to see a1 JpJyw = 0. Since, by Assertion (1),
TeTyw # 0, a1 = 0. Similarly by = ¢; = 0. If we now apply J, to Equation (10.1), we see

as T Tyw + 3T Twy = 0

SO

0 = (T Tyw + 3T Ty, w) = as(ToTyw, w) .

By Assertion (1), ag = 0. Similarly, ag = bs = by = c3 = ¢4 = 0. Thus Equation (10.1)
simplifies to become

0 = al:Tyw + asTryw + bo Ty Twx + bs Tyw® + c2Tw T2y + c5TwzY -
Applying J, then yields
0 = asjfyw + b5 Ty Tyw + 5Ty Twa¥
= (%jﬁy + i(bs + c5) TaTy)w
= (a5 —1(b5+ ¢5)) Ty -
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This shows a5 = %(bg, + ¢5); since as, bs, and c5 play symmetric roles, we obtain that
as = bs = ¢5. Since ¢5 = 0, we have a5 = b5 = 0. Taking the inner product with x, vy,
and w then yields, respectively by = 0, co = 0, and as = 0, which completes the proof of
Assertion (2).

To prove Assertion (3), we use the curvature symmetries to compute:

es + f5 +g5 = jxyw + ijx + Jwzy

1
= 0.

Assertion (4) is immediate from Assertion (2). O

10.2.1 Classification theorem

If V=V, & Vs is a non-trivial orthogonal direct sum decomposition of V' with respect
to (-, ), which moreover induces a decomposition A = A; & A, then V = (V, (-,-), A) is
said to be decomposable and we write V = Vi @ Va, where V; := (V;, (-, -)|v;, 4i); V is said
to be indecomposable otherwise. A pseudo-Riemannian manifold M = (M, g) is said to
be reducible at a point p € M if there is a neighborhood O of p in M and a Cartesian
product O = O; x Oz which induces an orthogonal decomposition go = go, ® go,; M
is locally irreducible at p if M is not reducible at p. Also recall that we say an algebraic
model V = (V, (-,-), A) is skew Tsankov if

A(z,y)A(z,w) = A(z,w)A(z,y) forall =z, y,z w.

The following result is a useful classification result which relates a condition on the
Jacobi operator with the skew Tsankov one, that we will study later in Chapter 11.

Theorem 10.2.3 Let V = (V,(-,-), A) be a model. The following statements are equiva-
lent:

1.V is indecomposable and J.Jy = 0 for all z,y € V.
2.V is indecomposable and Ay, zyAzsz, =0 for all z; € V.

3. We can decompose V=W & W and A = Ay © 0 where (W, Ay) is irreducible and
where W and W are totally isotropic subspaces of V.

We first give a series of technical lemmas we will use to complete the proof of Theo-
rem 10.2.3.

Lemma 10.2.4 Let V := (V,(-,-),A). If Az 20 Az, =0 for all x; € V, then T, Jy, =0
forallz,y e V.
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Proof. Suppose Ay, z,Az,z, = 0 for all z; € V. Then compute

0 = —(AwepAzses3,71)
= (Awszs73, Azy2,T1)
= (Ju3Ta, Tz, 72)
= (JTz, TzsT4,T2).

This shows Jy, Jzy = 0 for all z1,23 € V. O

Lemma 10.2.5 Let V be as in Theorem 10.2.3 (8). Then V is indecomposable and the
curvature operator satisfies Ay zoAgsz, =0 for all x; € V.

Proof. Let V= (V. (), A) be as in Theorem 10.2.3 (3). This means that V =W & W,
that A = Ay @ 0, that W and W are totally isotropic, and that (W, Ay) is irreducible.
Suppose there is a non-trivial decomposition

V=V,®Vy, where V;= (V, <-, '>i,Ai> .

This would then induce a non-trivial decomposition of (W, Ay). Since (W, Ay ) is assumed
indecomposable, either W C Vi or W C Va; we suppose without loss of generality that
W C Vi. Since W and W are totally isotropic and since V.= W @ W, W+ = W. Since
Vo L W, we have Vo C W. Since Vo N'V; = {0}, this implies Vo = {0} which is false.
Consequently V is indecomposable.

Choose a basis {e;} for W and choose a basis {&;} for W so that the only non-zero
components of the inner product are (e;, €;) = 1. The only non-zero components of A are

Aleisej)er =Y Aw(eirej, ex, e)e .
I

This shows Ay, 20 Agsz, = 0. O

Lemma 10.2.6 Let V = (V,{-,-), A) and suppose that T,y = 0 for all x € V. Then
A(xy,29,23,y) =0 for all x; € V.

Proof. We compute:

A(xlax27:c3ay) +A($3;$2,$17Z/) = 2(\7x1$3x2ay>
2<x27 j$1$3y>
= 0.
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Consequently A(xy,x9,x3,y) = —A(xs,z2,x1,y) for all z; € V. Thus

0 = A(z1,z2,23,9) + A(w2,23,21,y) + A(x3, 71, 72,Y)
= A(w1,29,73,y) — A(x3, 22, 71,y) — A(22,21,73,9)
= A(x1,72,73,y) + A(z1, 72,73, 9) + A(71, 72, 73, 9)
= 3A(x1,x2,73,9) for all z; € V.

O

Proof of Theorem 10.2.3. Lemma 10.2.4 shows Assertion (2) implies Assertion (1),
Lemma 10.2.5 shows Assertion (3) implies Assertion (2). Therefore, we complete the
proof by showing that Assertion (1) implies Assertion (3).

Suppose that V is indecomposable and that J,J, = 0 for all z,y € V. Set

W* = Span vl,vQEV{jMUQ}’
U={veV:J,v=0%v € V}.

Then by assumption, W* C U. Furthermore, by Lemma 10.2.6, A(v1, v, vs,v4) = 0 if any
of the v; € U. Choose a complementary subspace Wi so that V = U & Wj.
If w* € W*, then w* = Zj Jz;y5- Thus if u € U,

(10.2) (W u) = O Teyyisu) = _(yj, Tayu) =0.
J

J

As (-, -) is non-degenerate, there must exist w € Wy so (w, w*) # 0. Fix a basis {wf], ..., w}}
for W*. The argument given above shows we can find corresponding elements {wy, ..., W }
in Wi so

<U~}Z‘, w;) = (5@‘ .

If {1, ..., W} does not span Wi, choose 0 # w € Wy so that w L W*. Since w ¢ U,
there exists y so that J,w # 0. Choose z € V so
0 # (Jyw, z) = (0, Jyz) -

This contradicts the fact that @ L W*. Thus {wi,...,w;} is a basis for W;. We set
w; = W; — %Ejm,wjm;. We then have

W = Span{w;}, (w;,w;) =0,

W* = Span {w }, <w,§",w;> =0,

V:W@U, <wl,w3‘>:(5m

Let {w7,...,w}, 1, ...,%} be a basis for U. Set

U; = ﬂ,z‘ — Z(uﬁ,&ﬁu}? .

J
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By Equation (10.2), (w;,%;) = 0. Consequently (u;, wj) = (u;,w;) =0 for 1 <7 <[ and
1<j<k. Let T :=Span{u;}. Then

(V, <'7'>7A) = (W®W*v<'7'>‘W@W*7A|W@O) ® (T7 <'7'>’T70)'

Since (V, (-,), A) is indecomposable, T'= {0}. Since W and W* are totally isotropic, the
implication follows and completes the proof of the Theorem. Il

10.3 A Jacobi Tsankov model with 7,7, # 0

Theorem 10.2.1 shows that the Jacobi Tsankov condition is equivalent to J,J, = 0 for
all x,y for n < 13. In this section we show that n < 13 is a sharp assumption by
giving a 14-dimensional example at the algebraic level. We study some properties of
such model, which is Jacobi Tsankov, indecomposable and does not have the form given
in Theorem 10.2.3. Furthermore, we show that this model is geometrically realizable in
manifolds with different interesting features.

10.3.1 The algebraic model V4

First of all, we define the algebraic model as follows.

Definition 10.3.1 Let {a;, o, Bi1,Bi2, 041,842} be a basis for R where we shall let
the index i range from 1 through 3. Let Vi4 := (R (...}, A) be the model where the
non-zero components of (-,-) and of A are given, up to the usual symmetries, by:

ai,of) = (Bi1, Big) =1,
4

(
(Ba,1, Pan) = (Baz2, Bag

A

3, (B11,Ba2) = 1,

)=
a1, g, a1, Ba1) = Ao, az, o1, B31) = 1,
g, 03,02, 032) = A(ag, a1, a2, f12) = 1,
(
(
(

(
(10.3) ( ) =
(as, 01,03, 01,1) = Alag, az, a3, f22) = 1,
( )=
( )=

N

N

ay,az,a3,011) = Ao, a3, 00, 841) =
Alag, a1, a3, B42) =

)

1
2
Alag, ag, a1, Ba :
Note that the model is well defined and the signature of the metric is (8, 6).

Let S14(3) be the group of all 3 x 3 matrices of determinant +1 and let G(V14) be the
group of isomorphisms of Vi4. The following result describes the basic properties of the
model V4.

Theorem 10.3.1 Let V14 be the model of Definition 10.5.1.

1. V14 s Jacobi Tsankov.
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2. There exist x; € V 50 Ay goAsszy 7 Awvszs Az oo Thus Vig is not skew Tsankov.
Furthermore, there exist x,y € V so J.Jy # 0.

3. There is a short exact sequence 1 — R?! — G(V14) — SIL(3) — 1.
4. One has Ay 2y Ty = Tz Agyzy, for all x; € V.

Proof. Let us begin by establishing the following notational conventions. The following
spaces are invariantly defined:

(10.4) Voar = SpangieRM{j&&} = Span 1§i§3,1§j§2{5i,j>54,j, Oé}k},
Va* = Span &ERM{jfl ‘75253} = Span 1SZS3{OZ:<} .
Define
Bi1 =561 — 3612, Bio=—30u1— b2

One then has that
(Bii> Paj) = dij -
Since the proof of each assertion is a little bit long, we label each of them inside the

complete proof of the theorem.
Proof of Assertion (1). If ¢ € R, then

Jeay CVgor, Jefij C Vo, and Jeaj =0.
Thus to show J,Jy = J,J; for all z,y, it suffices to show
T Ty = TyTrovi
for all z,y,i. Since JpJya; € Vi, this can be done by establishing:
(Twais Tyaj) = (Tyui, Tuctj)

for all ,y,4,7. Since Jy 2,0 € Vo if either xq1 or 29 € Vj o+, we may take x1 = o; and
zy = aj. Let Jijk = Ja,a; 0. We must show:

<~7i1i2i37 ~7j1j2j3> - <n7i1i2j3’ L7]’1]'21'3> Vi1i2137172J3 -

The non-zero components of J;;r = Jji, are:

Jiiz = P22, Jus = B2, Jo221 = P11,
Jo23 = 31, J331 = B2, T332 = a1,
Jiot = —sBo2, Jizz = —3Bi1, Jimn = —3 032,
Jiss = —3Bi2, Jose = —2Bs1, Jozz = —3 B,
Jiz2 = %ﬁil - %512 = P42,

Tzt = —3Bi1+ 1 8is=Ba1

Jizs = 10i1+108i2=—Pa1— Pz
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The non-zero inner products are given by:

(T2, Jsz2) = 1,  (Juz, Josz) = —5, (Jio, Tsz2) = —3,
(Tio1, Joss) = %, (JussJos) = 1, (Jus, Jes2) = 6— 3,
(Ti31, Jozs) = —2, (Jos2, i) = 5. (Jo21, Tss1) = 1,
(Jao1, Tizs) = —3%, (Jioes Tan1) = —3, (Ji2, Jhss) = 1+,
(Jios, Ji2s) = *,  (Jies, Jiz2) = 1, (Jies, Jes1) = 1,
(Jis2, Jis2) = *,  (Jise, Jos1) = 1, (Jost,Jos1) = .

The desired symmetries are now immediate:

(J112, J233)
(J121, T332)
(Ji31, Jo23) =

(J113, J232),  (Ji23, J132)
(J122, T331),  (Jh23, J231) =
= (Ji33, J221), (Ji32,J231) =

(J122, J133),
= (J21, J233),
= (Ji31, J232) -

N[— D[ D=
B Ll el

This completes the proof of Assertion (1).
Proof of Assertion (2). It is immediate from the definition that

TasTas1 = Jas11 =

so there exist z,y € V so J,J, # 0. Let A;; := A(oy,a;). One shows Vi is not skew
Tsankov by computing:

ApAizas = —A12f12 = —as,
A1z Aipas = %Am{ﬁil - 6172} = AIS{_%@LJ + %54,2} = %043 :

This establishes Assertion (2).

Proof of Assertion (3). Let G = G(V14) be the group of symmetries of the model V4. Note
that the spaces Vj3 o+ and V,,« defined in Equation (10.4) are preserved by G. Consequently
one has that

(10.5) TVas CVor and TVga- CVioe if TEG.

Let 7 : G — GI(3) be the restriction of T' to V,+ = R3. We will prove Assertion (3) by
showing:
Sl+(3) =7(G) and ker(r) = R?!.
We argue as follows to show Si+(3) C 7(G). Let By 3 := —fB41 — Ba,2. Define a linear
map T of R which interchanges the first 2 coordinates of R3 by setting

T:ap < as, T:as <« as, T:a] < a3, T : o5 < oF,
T:p1y < Pog, T:P12 PBoy, T:0831 P32, T:011 Baz-
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It is then immediate by inspection that T preserves the relations of Definition 10.3.1
and hence T' € G. One may define a map T € G which interchanges the first and third
coordinates by setting:

T: a1 < as, T: ag > as, T:of < o3, T:ab < o3,
T:B1 P31, T:012 B32, T:021 P22, T:Bs1 Pag,
T: P42« Pag2.

To define a map T' € G which induces a rotation in the first two coordinates, we set

Ty : o — cosbaq + sinfao, Ty : as — —sinfay + cosBas,

Ty : of — cosbfaj + sinfasj, Ty : oy — —sinfaj + cos fas,

Ty : ag — ag, Ty : a3 — o3,

Ty : p1,1 — cosOB1,1 +sin B2 2, Ty : P12 — cosBfB12 +sinbdfBa 1,
Ty : P21 — —sin0B12 + cos 021, Ty : Poo — —sindfB1 1 + cos 032,

Ty : B31 — sin? 08332 — 2sin 6 cos 04 3 + cos® 0331,
Ty : P32 — cos® 0339 + 2cosOsin 0By 3 + sin? 0331,
Ty : Pa1 — % sin 6 cos 0332 — % sin 0 cos 0331 — sin? 0842 + cos? 0841,
Ty : a2 — % sin 6 cos 0332 — % sin 0 cos 0331 + cos? 0B42 — sin? 0B4,1.

Finally, we show that the dilatations of determinant 1 belong to Range {7}. Suppose
ajasasz = 1. We may define T' € G by setting:

Tay = ajoq, Tas = asas, Tas = asas, Tajy ia’{,
* 1 * * 1 x __ ag — as
Tay = oz, Toz = o3, Thy = Zbiy, The = 2,
a; a a a
Thry = G021, Th2 = 22, Thsn = 3031, Th2 = 2032,

TBin = Paa, TBi2 = Pag2-
Since these elements acting on V,,« generate Sl (3),
Sl+(3) C 7(G).

Conversely, let T' € G. We must show 7(T") € Si.(3). Since Si+(3) C Range (7), there
exists S € G so that 7(7'S) is diagonal. Thus without loss of generality, we may assume
7(T') is diagonal and hence:

To; = aiai‘FZb?/Bu‘i‘ZCZa;,
v J

T8, = bfB,+ Y do,
[

*x —1
Ta; = a; «.
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We have the relations
= A(Ton,Tas,Tas, TBs;) = 2arazasbay,
= (TB1,TBan) = —3ba1bay .

These relations show that bil = 1 and thus ajasa3 = £1. Consequently, one has that
Range (1) = S1+(3).
We complete the proof of Assertion (3) by studying 7' € ker(7). One has

To;i = a;+Y B+ caj,
v J

[ ST T

T8, = B+Y diaj,

* *
Toa; = «o.

Using the relations A(oy, o, ag, o) = 0 then leads to the following 6 linear equations the
coefficients bY must satisfy:

0 = A(Tay,Tasg,Tay, Tas) = 2A(a, as, a1, b5 Ba1) + 2A(as, a1, aa, by B 2)
= 25" +2b77,

0 = A(Tay,Tas,Tay, Taz) = 2A(a1, as,a1,bs" Bs1) + 2A(as, a1, 3,07 61.1)
= 265" 4 2b7",

0 = A(Tay, Tas, Tag, Tas) = 2A(a, as, a2, by>B32) + 2A (a3, ag, az, by F2.2)
= 2b3° 4 2657,

0 = ATy, Tas, Taj, Tas)
= Ao, b¥' 831, a1,03) + Alar, ag, a1, b5 B2.1)

+A(bil’1ﬁ4,1 + bzll’234,2, ag, a1, a3) + Aag, as, bf’lﬁm + bi’2ﬁ4,2, az)
1 1 1
31, .21 41 41 42
= by +b3 _§b1 _§b1 +§b1 )
0 = ATa9,Tay, Tas, Tas)
= A(ag, b2 B39, as, a3) + Az, ay, ag, by b1 2)
+A(b3’1ﬁ4,1 + b§’254,2, ay, oo, a3) + Alae, aq, 53’154,1 + b§’254,2, az)

1 1 1
32, ;172 4,2 4,1 4,2
= b+ by7 — 5 by + —2b2 — —2b2 ,
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0 = ATaz,Tay,Tas, Tasz)
= Az, b7?Ban, az, 0) + Alas, a1, a3, by B1.1)

+A(b§71ﬂ4,1 + b§’2ﬂ4,2, at, a3, az) + A(as, a1, b§’1ﬁ471 + b§’254,2, az)
1 1
= b2 byt + §b§’2 + ibg’l.

These equations are linearly independent so there are 18 degrees of freedom in choosing
the b’s. Once the b’s are known, the coefficients d!, are determined;

n

The relation (T'a;, T'oj) = 6;; implies cf + cé- = 0; this creates an additional 3 degrees of
freedom. Thus ker(7) is isomorphic to the additive group R?!. This completes the proof
of Assertion (3).

Proof of Assertion (4) Let & € V. We wish to show
AeieyJey = JesAge, forall eV,

Since Ag ¢, Jey = Je3 Agie, = 0 if any of the & € V3 o+, we may work modulo Vg o+ and
suppose that & € Span {«;}. Since Ag ¢, = 0 if the & are linearly dependent, we suppose
& and & are linearly independent.

There are 2 cases to be considered. We first suppose {3 € Span {1, £2}. The argument
given above shows that a subgroup of G isomorphic to Si4(3) acts on Span{«;}. After
reparametrizing by this action, we may suppose

Span {¢1,&} = Span{ai, a2} and & =a;.
Furthermore, because Ag ¢, = cAq,a,, We may also assume §; = a1 and & = az. We set
Aij = .Aaiaj and Jj, := Ja,. The desired result is obtained by computing:
ApJiar = 0, JiApar = Jife2 =0,
AppJias = A2 =0, JiApay = —J111 =0,
ApJiag = Apfz2 =0, TiApas = §T1(B5, — Bia) = 0.

On the other hand, if {&;,&2,&3} are linearly independent, we can apply a symmetry in G
and rescale to assume §; = «;. We compute:

ApJsar = Aafie = ad, J3Appar = J3f22 = as,
ApJzas = Aaf21 = —aj, J3Apae = —TJ3611 = —af,
ApJzaz = 0, JsAnas = 373(8i, — Bia) =0.

Assertion (4) follows and therefore, the proof is complete. O
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10.3.2 Some geometric realizations of V4

In this section we show V)4 is geometrically realizable by considering the following family
of examples:

Definition 10.3.2 Let {z;, T3, Y1, Yi 2 Y41, Ya,2} be coordinates on R where the index i
ranges from 1 through 3. Suppose given a collection of functions ® := {¢; 1, ¢ 2} € C*(R)
with ¢§,1¢;’2 = 1. Let Mg := (R, go) where the non-zero components of ge are, up to
the usual Zo symmetry, given by:
gé(axm axj) = g@(ayi,uaym) =1,

ay4,1’8y4,1) = g<1>(8y4,2’ a3/4,2) = _%a g<1>(8y4,1vay4,2) = i’
811,8301) = —2¢2,1(22)y2,1 — 2¢3,1(23)Y3,1,

21 0ny) = —2¢32(23)y3,2 — 2¢1,2(21)y1,2,
3z3, Ozs) = —2011(x1)y1,1 — 2¢2,2(22) Y22,
®(0py,0r3) = T2Ya2, G (0zy, Ors) = T1Ya1-

/\/‘\/\/\/‘\
Q

Theorem 10.3.2 Let Mg := (R, g3) be as in Definition 10.3.2.
1. Mg 1is geodesically complete.
2. For all P € R, expp is a diffeomorphism from Tp(R') to R,

3. Mg realizes the model V4.

In order to proof Assertions (1) and (2) of Theorem 10.3.2, we introduce the following
more general construction:

Definition 10.3.3 Let {x;,z},y,} be coordinates on R?¢™ where 1 <i < aand 1 <p < b.
Given a non-degenerate symmetric matrix C),, and smooth functions 1, = 1;;,(Z) with
Yiju = Vjiu, define the following pseudo-Riemannian manifold

Moy = (R** goy),
where
90 (02,5 0;) = 23 3 Yutijus 9o (O Onr) =1, goyp(0y,, Oy,) = Cpu .
Next lemma describes some aspects of the geometry of manifolds in Definition 10.3.3.
Lemma 10.3.3 Let Mcy = (R¥F g0 ) be as in Definition 10.5.3. Then

1. Mc,y is geodesically complete.

2. For all P € R?***Y expp is a diffeomorphism from Tp(R?%+b) to R2e+0,
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3. The possibly non-zero components of the curvature tensor are, up to the usual Zs
symmetries given by:

R(axla axj ; axk ) 8y1/) = a:rlqj}]ku - axj ¢ik‘u7
R(az” arj ) azka aa:l) = Z crr {wiluwjk‘u - djikuwjlu}

vp

+ U {00,00, Pk + Oy Oy Vit
) — 0, O ity — O, Oy Vit | -
Proof. The non-zero Christoffel symbols of the first kind are given by:
9(Vo,, 00, 0,) = Y {0uWikp + O Vit — O Pijua} s
1

g(vazI aﬂfj ’ ayu) = —Tbiju,
g<vazi 8yu7 817k) = g(vﬁyu a:cia 8:vk) = wikm

and the non-zero Christoffel symbols of the second kind are given by:

Vazi 813' - Z yﬂ{amzz/}jk,u, + aiﬂjw’ik,u - aku/}Zj#}ax;; —_ Z CVﬂwijyay”7
Ju o
vaﬂ% ayv = vayu O, = Z@bzlwazz .
k

This shows that M is a generalized plane wave manifold; Assertions (1) and (2) then
follow from results in [86]. Assertion (3) now follows by a direct calculation. O

Now, we are ready to give the proof of the Theorem.

Proof of Theorem 10.3.2. Assertions (1) and (2) of Theorem 10.3.2 follow by specializ-
ing the corresponding results of Lemma 10.3.3. We use Assertion (3) of Lemma 10.3.3 to

see that the possibly non-zero components of the curvature tensor defined by the metric
of Definition 10.3.2 are:

R(Dar,,Onny Or Os,) = %

R(0zy, 00y, 001,0y,,) = Or21, R(Ozy,015,01,,0y5,) = Ouz031,
R(Ory, Org, 019, 0ys ) = OuzP32, R(01y,01,015,0y,,) = Oz 012,
R(Ozy, 001, 05,0y,,) = O 11, R(Ozy, 00y, Ors,0yp ) = Oryh22,
R(0zy, 02y 02s,0y,,) = R(Ops,0p,,025,0y,,) = —%,

R(0zy, 00y, 02s,0y,,) = R(Orsy01y,0z,,0y,,) = —%.
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We introduce the following basis as a first step in the proof of Assertion (3). Let the
index ¢ range from 1 to 3 and the index j run from 1 to 2. Set:

(10.6) ;= 81,2., Oz: = 81:, 64’3' = 8y47j7 B’i,j = {¢;,j}_1ayi,j .

Since ¢z 1 (ZS,L 5 = 1, the relations of (10.3) are satisfied. However, we still have the following
poten‘mally non-zero terms to deal with:

g(di,&j):* and R(@i,d]’,@k,@l}:*

To deal with the extra curvature terms, we introduce a modified basis setting:

&1 = a1+ R(en,a2,01,03)B11 — 3R(a1, Ao, a1, a2) P12,
Gy = Qs+ R(@o, a1, as,a3)Ba2 — s R(a2, &3, o, 3)Pa,2,
&3 = as—2R(as,a1,a3,00)011 — sR(a1, s, a1, a3) 851,
Bi1 = Pi1+ sR(an,a0,01,a80)a], Bio = [Pia,
(10.7) Boq = [a1 + 3R(A2,a3,00,d03)03, Boo = [ao,
Bs2 = [32+ 3R(an,as,01,03)03, Bs1 = fs1,
Bu1 = a1+ sR(a1, a0, a1, a3)af — TR(A0, a1, a0, a3) 0

—R(Oé3, ala 053, 052)C¥3,

Bua = Pag— tR(a1, a0, a1, 03)af + FR(A0, &, a2, d3)a}
+%R(5[3, aq, a3, @2)a§ .

All the normalizations of Equation (10.3) are satisfied except for the unwanted metric
terms g(d;, &;). To eliminate these terms and to exhibit a basis with the required normal-
izations, we set:

(10.8) @i = — 5 >, 9(, @j)a)

This completes the proof of the Theorem. O

Isometry invariants

An important task, when one studies geometric realizations of algebraic models is to find
isometry invariants as a useful tool to understand the geometry of the built manifold.
That is our purpose here and the goal of the following theorem, which specializes a bit
examples of Definition 10.3.2 to show that those manifolds are not locally homogeneous.

Theorem 10.3.4 Adopt notation of Definition 10.3.2. Let ¢o.1(x2) = ¢pa22(x2) = x2 and
=1

¢31(x3) = ¢32(xs) = x3. Let {p11,P12} be real analytic with ¢} 1qb and with
1; #0. Then
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1. 2= {1 = ¢ 101" (¢ 1)} is a local isometry invariant of Mg.

2. If gb’m(z:l) % be®1, then = is not locally constant and hence Mg is not locally
homogeneous.

Before we proceed with the proof of the theorem, we need some analysis on the curva-
ture of the manifolds under consideration.

Lemma 10.3.5 Adopt the assumptions of Theorem 10.3.4. Let {cy, By, } be defined by
Equations (10.6), (10.7) and (10.8). Set ¢1 := ¢, and ¢ := ¢ 5. Then:

1. VR(v1,v2,v3,v4;05) = 0 if at least one of the v; € V.

2. VR(v1,v2,v3,v4;05) = 0 if at least two of the v; € Vg o=.
1 ,(k
3. V¥R(ag, a1, 09, Bro; 1, oy 1) = b3 05

. VER(az, a1, a3, B1 15 01, s 1) = 676,

5. VR(o, o, o, B oy, ..., oq,) = 0 in cases other than those given in (3) and (4) up
to the usual Zo symmetry in the first 2 entries.

Proof. Let v; be coordinate vector fields. To prove Assertion (1), we suppose some
v; € V. We use the second Bianchi identity and the other curvature symmetries to as-
sume, without loss of generality, that v; € V. Assertion (1) follows since V,,v1 = 0 and
R(v1,-,+,-) = 0. The proof of Assertion (2) is similar and uses the fact that R(-,-,,-) = 0 if
2-entries belong to Vj o+. The proof of the remaining assertions is similar and uses the par-
ticular form of the warping functions ¢; ;; the factor of qbl_Jl arising from the normalization
in Equation (10.6). O

Definition 10.3.4 We say that a basis B := {di,ﬁy,d;‘} is 0-normalized if the normal-
izations of Equation (10.3) are satisfied and 1-normalized if it is 0-normalized and if
additionally B
VR(as, 1,03, f11;01) # 0,
VR(ag,d1,a0,P12;:01) # 0,
VR(di,dj,dk,B,,;dl) = 0 otherwise.
Lemma 10.3.6 Adopt the assumptions of Theorem 10.5.4. Then:

1. There exists a 1-normalized basis.

2. If B is a 1-normalized basis, then there exist constants a; so ajagas = ¢ for e = +1
and so that exactly one of the following conditions holds:

(a) &1 = a1, g = azag, Gz = azas, P11 = 2P, Prg = g2



10.3.2 Some geometric realizations of V4 163

(b) &1 =aray, Gz = agagz, a3 = agoe, b1 =€gi P2, brp =2 P

Proof. We use Equation (10.6), Equation (10.7), and Equation (10.8) to construct a
0O-normalized basis and then apply Lemma 10.3.5 to see this basis is 1-normalized. On the
other hand, if B is a 1-normalized basis, we may expand:

a1 = anoq + appog + aizas + ...,
Qo = ag101 + a0 + azos + ..., Biz = babii+babia+ ..,
a3 = agial +azee +agzaz+ ..., B = bnfig+biefig+ ...
Because
N —1
0 # VR(ag,d1, a2, 12;01) = a1 {(a11a22 — a12a1)a22bn)d; " ¢

+ (a11a33 — aizas)assba) ¢y ' 1},

we have a1 # 0. Because
0 = VR(Gg,d1,ds, f12;42) = ALV R(ag, , az, Br2; 1),
we have ag; = 0; similarly az; = 0. Since Span {«;} = Span {&;} mod Vg 4,
a asz — aggagz # 0.

By hypothesis we have that R(d1,as,ds, 3;&1) = 0 for any @ which belongs to the
subspace Span {3, &} = Vj o+, 50
0 = R(&,ds,as,B19;01) = —al, ax azdy ¢,
0 = R(&1,a9,d3 011;61) = —aly ass assey ' ¢} -
Suppose that ase # 0. Since a%l asoaze = 0 and ay; # 0, asy = 0. Since a9 ass —

ag3asz # 0, azs # 0. Since a%1a23 asz = 0, we also have ass = 0. Since the basis is also
0-normalized,

diag(ai}, asy ,az3) € Sl (3)

from the discussion in Subsection 10.3.1. Thus

._ _ _ a3 _ axm
€:=anapay =+1, by =eg, bp=c2.

These are the relations of Assertion (2a). The argument is similar if age # 0; we simply
reverse the roles of ag and as to establish the relations of Assertion (2b). O

We are now ready to give the proof of the main theorem in this subsection.
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Proof of Theorem 10.3.4. Let

[1]

_ _ 2
(B) = 1 V2R(ag, a1, a2, B1,2; 01, a1) B V2R(as, 1, a3, B1,1; 41, @1)
4| {VR(ag,a1,az, f12; 1)} {VR(as, a1, a3, 1,1;01)}2

We apply Lemma 10.3.6. Suppose the conditions of Assertion (2a) hold. Then:

VR(ag,d1,a2, f12;01) = a1dy dh,
V2R(Go, a1, 00, B12;01,081) = aigy b,
VR(a3, 01,03, 11;61) = ai¢; ¢,
V2R(&s, a1, 63, 01,1561, 01) = aig; ¢l

Consequently one has that

=(8) = {¢2¢g - ¢1<z>a'}2
4 1 ohehy o
The roles of ¢; and ¢9 are reversed if Assertion (2b) holds. It now follows that Z is a local
isometry invariant. Since

b2 =1 dh= -0k, ¢ =207°¢h¢h — ¢y 7,
we may establish Assertion (1) of Theorem 10.3.4 by computing

a0y _ 91 (201°$161 — b "01) _,  dndi
Pyl A &L
Hence )
- 1 <Z51¢>/1/}
==—-<2-2 .
2255

If Mg is locally homogeneous, then = must be constant. Conversely, if Z is constant,
then ¢1¢! = k¢! ¢ for some k € R. The solutions to this ordinary differential equation
take the form ¢1(t) = a(t + b)¢ if k # 1 and ¢1(t) = ae® if k = 1 for suitably chosen
constants a and b and for ¢ = ¢(k). The first family is ruled out as ¢; and ¢} must be
invertible for all . Thus ¢1(¢) is a pure exponential; Assertion (2) of Theorem 10.3.4
follows. (|

10.3.3 A symmetric space with model V4

In the following result we show that there are symmetric spaces which have model V4.
Thus, this shows that model V14, which was found as an algebraic counterexample, is
realized geometrically by a great variety of manifolds with interesting properties such as
being symmetric.
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Definition 10.3.5 Let {zj, x},yi1,%i2,y4,1,y42} for 1 < i < 3 be coordinates on R4,
Let A := {a;;} be a collection of real constants. Let M4 := (R4, g4) where the non-zero

components of g4 are given, up to the usual Z, symmetry, by:

gA (8?;4,1 ) ay4,2)

=

9A( Oz, aa:;*) = 94(0y,1,0y,2) =1,
QA(ay4,17ay4,1) = QA(8y4,27 ay4,2) = _% )
9A(Ozy,0zy) = —2a217T2y21 — 2a3173Y3,1,
9A(Ory, 0ry) = —2a3273Y3.2 — 20127112,
9A(0zy,0z;) = —2a1121Y1,1 — 20227222,
9A(0zy,0z,) = 2(1 —ag1)z1y2,1 + 2(1 — a1,2)T291 2,
9A(0py, 0zy) = x1ya1 +2(1 —ag2)zayz 2 + 2(1 — az2)r3y2.2,
9A(Ozy s Ouy)

The following theorem describes the geometry of these examples.

= moys2 +2(1 —az1)r1ys + 2(1 — a1,1)23y1,1.

Theorem 10.3.7 Let M 4 be described by Definition 10.3.5. Then M4 is a generalized
plane wave manifold with model Vi4. Furthermore M 4 is locally symmetric if and only if

the following equations are satisfied:

a1,1 + a2 + as 1032
3az,1 + 3as;1 + 3ai2a1,1

3a1,2 + 3(1372 + 3a2,1a272

Proof. Let M4 be as described in Definition 10.3.5.

R(a’cuawzv 8x17ay2,1) = R<aﬂv1 ’ 8z37
R(aﬂﬁz ) 8:1:37 6362’ ays,z) = R(azz ) O
R(89337 a161 ) 8$37 a2,11,1) = R<aﬂﬂ37 O
R(aﬂcpamv 89637 ay4,1) = R(a:m , Oz
R(azwaw:w aﬂ61 ) ay4,2) = R(aﬂfwaﬂc

NI= NI

The same argument constructing a O-normalized basis which was given in the proof of
Theorem 10.3.1 can then be used to construct a 0-normalized basis in this setting and

establish that M 4 has algebraic model V4.
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We can also apply Lemma 10.3.3 to see:

R(Oy, Oz, s Oy, Oy ) = —ag a3 273,
R(Opy, 02y 5 O3, Ory) =

R(Ozy; Ouy, Oy Ory) =

R(8y,, 0y, Oy Oy) =

R(Ory, Oy Oy, Ony) =

R(Ouy, 0., Oy, 0ny) = (2 + a11—

—1(2+ 3ag1a2,2)73,
% (2 + 3a171a172)m1,
(1—-a11—ai2+aar 2+ az1— az1az2+ az 1 — az1a32) 23,
(14 a12—ag1— a11a12— az2+ az 1622+ az2— a3,1a32) T123,

aijai2+az2— az1022— a3 1— az2+ a3,1a3,2) T122.

The Christoffel symbols describing Vp, 0;; are given by:

Vo, 0y, = (2—a21)y210z5 + (2 — a3,1)y3,100; + a21720y, , + a3,1730y, ,,
Vo,, 0, = (2—0a12)y1,20z: + (2 — a32)y3205; + a12210y, ; + a32730y, ,,
Vo, 005 = (2—0a1,1)y1,10:1 + (2 — a2,2)y2,2025 + a2,2220y, , + a1,1210y, ,,
Vo, 0, = —a21Y210:1 — a12y120:5 + wa@g

+(a1,2 — 1)x20y, , + (a2 — 1)210,, ,,
Vo, Oss = —a31y310:; + %3 s —a11Y1,10xz

Hans — sy + (051~ Didygs + 220y, + 220,
Vo,, 0oy = w@q — a3,2y3,20z5 — 2,292,207

Hans — sy, + (a2 — Da2dy, + o0y, + 20y,

It is now easy to show that the non-zero components of VR are:

R(a’lil s 69627 82131 s axz; 813)

VR(a:Jcl s axga 811 s 8:1:3; azg) =

VR(arrza aﬁt37 812, 8x3; aml) =

VR(al'l ) 8127 am P 83037 axg) -

—2(=2+a11 + a2 +azas2)7s,

2
—g(—4 + 3&172 + 3(13,2 + 3027102,2)352,

2
—g(—4 + 3a2,1 + 3a3,1 + 30171611,2)331,

(2—a1g—ai2+az1 —ag2+as; —aso

+a1a1,2 — az1a22 — A3,1032)T3,
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VR(Opy 009, 001,02330z,) = (2—a11 —a12+ a1 —ag2 +az1 —az?
+ay1a12 — az1022 — 03,1032)T2,

VR(Opy; 013 0psy 02y 02,) = (2—a11+a12— a1 —ag2 —as1 + as?
—ai,101,2 + a2,1022 — a3,1032)%3,

VR(BCCQa axl ) a:l?za 8I3, axg) = (2 - al,l + CL]_72 - a2,l - CL272 - a3,1 + a3,2

—a1,101,2 + G2,1022 — A3,1032)%1,

VR(0zy, 0015005, 00:00,) = (§ +a11—a12 —az1+az2 —as1 —ase
—a1,1a1,2 — G2,1022 + (3,103 2)T2,
2
VR(01y,01,, 005,003 Ony) = (§ +a11 —ay2 —as1+azz —asyl —aspe

—ai1a12 — a21022 + G3,1032)T].

We set VR = 0 to obtain the desired equations of Theorem 10.3.7; note that the first 3
equations generate the last 6. (I
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Chapter 11

Skew Tsankov manifolds

In this chapter we study manifolds whose Riemann curvature operators commute, i.e.
which satisfy R(x1, x2)R(x3,x4) = R(xs, z4)R(x1, x2) for all tangent vectors x;. As usual,
we begin by analyzing the skew Tsankov condition at the algebraic level for metrics of
positive definite signature before giving examples at the differentiable level.

There are many examples of skew Tsankov manifolds in the higher signature context;
these examples indicate that, even in the algebraic setting, the classification is likely to be
far more complicated and that this is a fruitful subject for further inquiry.

The results of this chapter are collected in [37].

11.1 Classification of Riemannian skew Tsankov models

We concentrate on the Riemannian case and use the fact that the metric is positive definite
to obtain the following classification result.

Theorem 11.1.1 Let V := (V,(-,-), A) be a Riemannian algebraic model.

1. V is skew Tsankov if and only if there exists an orthogonal direct sum decomposition
V=V®d.eoV,eW decomposing A= A1 ® ... D A ®0 where dim V; = 2 for all i.

2.V is skew Tsankov and indecomposable if and only if dimV =2 and A # 0.

Proof. Suppose given an orthogonal direct sum decomposition V=V, & ... &V ® W so
A=A @ .0 A, ®0 where dimV; = 2 for 1 <i < k. Let {el,e?} be an orthonormal

1771

basis for V;. Given z,y € V, there exist coefficients ¢;(x,y) € R with

—[—:i<1‘,y)622 if € = ezlv
1

(11.1) A, y)é =3 eilz,yel if =
0 if & 1 Span{e},e?

(R

169
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We may then show V is skew Tsankov by computing

_€i(x7y)€i(i'ag)ezl if § = ez'l’

.A(JZ‘, y)A(£> g)§ = —61'(33‘, y)si(ja y)e? if &= 6121
0 if g 1 Span 1S2§k{el 62} .

17

Conversely, suppose that V is skew Tsankov. One may simultaneously skew-diagonalize
the collection {A(x,y)}syev of commuting skew-adjoint linear operators to find an or-
thonormal set {e}, 2} and functions ¢;(x,y) where 1 < i < k so that Equation (11.1) holds.

1771

Extend this to a full orthonormal basis B := {e}l,e?,...,et, €2, f1,..., fi} for V. Then the

only non-zero entries in the curvature tensor relative to this base are A(-, -, ezl, e?) modulo

the usual Zs symmetry. Interchanging the first 2 entries with the last 2 entries shows the

only non-zero curvatures are
1 2 .1 2
A(ei,ei,ej,ej) .

On the other hand, if i # j, we can use the Bianchi identity to express

A(eila 622, ejl'v 6]2) = _A(ezla 6}, e?? 612) - A(ezla 6?, 6127 e;) =0
and hence the only non-zero curvatures are a; := A(ezl, e?, ezl, e?). Thus, the desired
decomposition A = A1 @ ... ® Ax ® 0 yields just setting V; := Span {e}, e?}. Assertions (1)
and (2) now follow. O

11.2 Examples of Riemannian manifolds

In this section we illustrate, by means of geometric examples, that the skew Tsankov
condition is much more complicated when we pass from the algebraic to the differentiable
setting. As we did in Part II, we take advantage of the tractable geometry of warped
products to build examples of skew Tsankov manifolds in low dimensions.

11.2.1 Irreducible skew Tsankov manifolds of dimension 3

We begin by constructing irreducible 3-dimensional examples by taking a product of the
interval (0, 00) with a Riemann surface.

Theorem 11.2.1 Let N := (N, gn) be a Riemann surface which does not have constant
sectional curvature +1. Endow M := (M = (0,00) X N, gyr) with the warped product
metric gy = dt? +t2gn fort € (0,00). Then M is an irreducible skew Tsankov manifold
with scalar curvature T = t~2{Tn — 2}.

Proof. Choose isothermal coordinates to locally express ds3, = e?¥(dx? + dx3). Let
01 := O0y,, Op := Oy, and 03 := 0. Let o := 0;(a) and a5 := 0;0;(c). We have

gM(al,al) = gM(82,82> = t2€2a and gM(83,63) =1.
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The non-zero Christoffel symbols of the first kind must have at least one repeated index
different from 3:

M = agt?e®®, Tip = —apt?e®, Tz = —te?e,
Tigr = Do = aot?e®, Tig = Dgpn = te?,

Too1 = —aqt?e?, Togp = aot?e®®, Tz = —te’®,
Tigo = Do = agt?e®,  Tapp = Tagp = te**.

Since the metric is diagonal, we can raise indices to see that

Vo, 01 = a0 — a0z — te?*0s,
Vo, 02 = Vp,01 = 01+ a0y,
Vo 03 = Vp,01 = =10y,

Vo,02 = —a101 + 02 — te2®0s,

Vo, 03 = Vp, 02 = 710y
One determines the curvature operator to obtain

Rm(01,2)01 = —(ai1 + age + €2¥)ds,
R(89,01)8 = —(a1; + ag + )0y,
Ron(93,01)05 = Rou(ds,02)95 =0.

As the only non-zero curvature is Raq(01, 0o, 01, 02) = —t2€2*(a11 + ag + €2*), Theorem
11.1.1 implies that M is skew Tsankov. This calculation also yields

TMm =t —2e7**(aq1 + aga) — 2}

An analogous computation on A yields

_ 2 2 _ 2.2 _ _ 2 2
N'un = agt?e”?, 2 = —aot®e*®, o1 = Ton = agt“e™,

Poo1 = —ant?e®*, T = aat?e, Tip = Top = ait?e®,
so the Christoffel symbols of the second kind and the curvature are given by

Vo, 01 = a101 — a0a, V,02 = —a101 + a0,
V9,02 = Vp,01 = 2201 + @102, Rpr(01,02)01 = —(a11 + a2)0s .

M is indecomposable because Range {R} = Span {91, 92} and 7 = t~2(7x — 2) exhibits
non-trivial dependence on t¢; hence the result follows. O

Remark 11.2.2 Let f(x1,x2) be an isometric embedding of a Riemann surface N in
S3  R*. Define an embedding of (0,00) x N in R?* by setting F(t,z) := tf(z). Theorem
11.2.1 may then be used to see the resulting hypersurface in R?* is skew Tsankov; such
hypersurfaces appear in Tsankov [167].
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Remark 11.2.3 Choose a point © € N where 7y/(z) # 2 and let v, (t) :=t x x. Then v,
is a unit speed geodesic and limy_g [TaA((72(t))] = co. Thus M exhibits scalar curvature
blowup at finite time. This shows M is geodesically incomplete and can not be embedded
isometrically in a geodesically complete manifold.

11.2.2 Irreducible skew Tsankov manifolds of dimension 4

We take a warped product metric with a flat base and a flat fiber. Denote the usual
coordinates on R* by (x1, 2,73, 74). Let 0; := 0, and let

0 := {($1,$2,$3,$4) S ]R4 cx3 > 0,24 > O}.
Theorem 11.2.4 For 3 >0, let Mg := (O, gg) where

93(01,01) = 23, gp(02,02) = (w3+ PBaa)?,
98(03,03) = 1, g3(0s,04) = 1.

1. Mg is an indecomposable skew Tsankov manifold.
2. The scalar curvature Trp, = —2x5 M (23 + Bra) L.

3. Mg, is not isometric to Mg, for B # 2.

Proof. The non-zero Christoffel symbols are given by:

iz = —xg, I's1r = I'su = a3,
Ios = —(z3+ Bxs), Iyzo = Tz = w3+ Py,
Foos = —p(z3+ Pra), Fogg = Tuoe = [az+ Bxa).

Since the metric is diagonal, we may raise indices to compute:

Vo0 = —x30s,
Vo 03 = Vg1 = x3_181,
Vo,00 = —(x3+ fra)03 — [B(x3+ Baa)04,

Vo, 03 = Vodo = (34 Prs)" 00,
V8284 = v<9482 = ﬂ(x3+/8x4)7182'

The curvature operator can now be determined after a straightforward computation:

R(O1, )01 = —wx3(x3+ Bra) 0o,
R(02,01)00 = —x3 (v3+ Bra)0s .

The remaining curvatures vanish so the only non-zero curvature is

R(01,02,01,02) = —x3(x3 + [ra),
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and hence M is skew Tsankov by Theorem 11.1.1. This establishes Assertion (1); Assertion
(2) follows from the computations performed above.

Let £ := Range {R} = Span {01, 02} and let F := £+ = Span {03,0,}. These spaces
are invariantly defined. We have

In|r| = In(2) —In(z3) — In(xs + Bzy),

2 _ w3” + (w3 + Bra) ™2 Blas + Pag) 2,
VAnlrite = < ﬁ?xrs + Bag) 2 B2 (x5 + Brsa) > >

det(V*{In|7[}|7r) = B%z3%(zs+ Bra) > = %57%46 :

This shows that (3 is an isometry invariant of Mg. Furthermore since H |z has rank 2, M
is irreducible. O

Remark 11.2.5 Asin the example described in Section 11.2.1, the scalar curvature blows
up at finite time along the geodesic y(t) = (1,1,¢,1); thus Mg can not be isometrically
embedded as an open subset of a complete manifold.

11.3 Higher signature examples

Although we have been able to give an algebraic classification of the skew Tsankov con-
dition for Riemannian models, we have seen in the previous section that it looks far more
complicated at the differentiable level. The situation presents itself as a difficult task in
the higher signature setting too. In order to justify such a claim we devote the remaining
of this chapter to exhibit several geometric examples.

11.3.1 Strict Walker manifolds

It turns out that many manifolds which appeared in other different contexts are also skew
Tsankov. In Section 3.2.4 we introduced strict Walker manifolds in dimension 4. These
are similarly defined in dimension 2p as manifolds with a strictly parallel null p-plane and
in appropriate coordinates {z1,...,Zp,y1,...,yp} they have the form

0| I
I| B
where B depends only on y1,...,y, [169].
The next theorem shows that strict Walker manifolds are also skew Tsankov with

nilpotent skew-symmetric curvature operators of order 2, this is, R(z1,z2)R(x3,z4) = 0
for all T1,X2,T3,T4.
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Theorem 11.3.1 Let (x4, ..., Zp, Y1, ..., Yp) be coordinates on R?P. Let 1;; be given func-
tions such that 1;j(x) = ji(x). Let M := (R?!,g) be the manifold of neutral signature

(p,p) where
9(8:13”81]') =vij(z) and g(0;,0y) =1.

Then M is skew Tsankov and R is nilpotent of order 2.

Proof. We use notation 9;;/;, := 0z, %i; to express the non-zero Christoffel symbols as
follows:

1
9(Vo, 0;, O,) = §(¢ik/j+¢jk/i—¢ij/k),

1
Vo, 0r; = 3 Z(¢ik/j + Yinsi — Vi) Oy, -
k
From this it follows that the possibly non-zero entries in curvature tensor R are:
1
Rijr = 3 Z(%l/]‘k + Ykt — Yiksji — Vi) -
l

Consequently R (0, , Oz, )0z, = Dy Rijri0y,. This shows that

Range (R) C Span{d,,} and Span{9d,,} C ker(R).
Thus R(&1,&2)R(€3,84) = 0 for all &1, &2, &3,&4 so M is skew Tsankov. O

Remark 11.3.2 These manifolds have been studied extensively (see [63]). They are gen-
eralized plane wave manifolds so, in particular, they are all geodesically complete and
the exponential map is a global diffeomorphism. If ¢;; = 0., 0y, f for some function f,
then M is realizable as a hypersurface in R®?+1)_ Certain manifolds in this family are
curvature homogeneous but not homogeneous. We shall emphasize that, in contrast to
the examples we showed in the Riemannian setting, these are geodesically complete.

11.3.2 Fiedler manifolds

Certain Fiedler manifolds have been shown to be nilpotent Osserman of arbitrarily high
order [71]. The next result shows that Fiedler manifolds are also skew Tsankov and that
their skew-symmetric curvature operator is nilpotent of order 3.

Theorem 11.3.3 Let (z,uq,...,u,,y) be coordinates on RV*2. Let f € C*®(RY) and let
= =Eu be an invertible symmetric v X v matriz of signature (r,s). Define a metric g of
signature (r + 1,5 + 1) on RY*2 by setting:

9(0z,05) = —2f (1), g(amaay) =1, and  G(Ou,, Ouy) = Eab-

Then M is skew Tsankov and R is nilpotent of order 3.
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Proof. Since d= = 0, the potentially non-zero Christoffel symbols are:

Q(Vamaxﬁua) = 8ua(f)v
Q(Vauaax,ax) = g(vazauaaaﬂc) = —0u,(f) -

Let 2% be the inverse matrix. Then

Vf’z Op = Z Eab&m (f)autn
ab

Vo,0u, = Vo, 00 =—=0u,(f)0y.

The quadratic terms in the Christoffel symbols play no role in the calculation of R. Let
fab = Oy, Oy, f. The possibly non-zero components of R and of R are given by

R(a-T? 8’“(17 a-I? 8’!%) = fab7
and

R(axyaua)aub = _fzzbaya
R(axaaua)ax = Ebcfacaub-

Thus the only potentially non-zero quadratic terms in the curvature are
R(amy aud)R(ax, 8ua)az - _Ebcfacfdbay .

It now follows that R(0yz, Oy, )R(0z, Ou, )0z = R(0z, Ou, ) R(Dz, Ou,)Ox. This shows that M
is skew T'sankov and that R is nilpotent of order 3. U

Remark 11.3.4 These manifolds are irreducible for generic f. They are complete for
certain choices of the warping function but they are not geodesically complete in general.
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Open problems

It has been mentioned in the introduction of this part that Tsankov theory is a rather new
field. This is one of the reasons why one can set many different open problems. Since there
are a lot of operators associated to the curvature tensor, one may study the implications
of commutativity properties of such operators. As we have said, the references in the
literature about this subject are growing fast. Therefore, we present here some open
problems intimately related to Jacobi Tsankov and skew Tsankov manifolds, avoiding
question related to commutativity properties of other different operators.

e Although we have characterized Jacobi Tsankov models in Riemannian and Lorentzian
signature, a complete understanding of the higher signature case is still in search.

e We have seen that the Jacobi Tsankov condition is a strong one. Thus, by weaken-
ing this condition to the orthogonally Jacobi Tsankov, we may get more interesting
classifications, as that given for the Riemannian setting in Chapter 9. Therefore, it
would be interesting to understand orthogonally Jacobi Tsankov manifolds in indef-
inite signature; especially in Lorentzian signature, where Jacobi Tsankov manifolds
are classified.

e Skew Tsankov irreducible models are well-understood, however this situation does
not correspond with our knowledge about skew Tsankov manifolds, even for definite
signature.

e Although we have mentioned orthogonally skew Tsankov manifolds, we have not
included any result dealing with this concept. Also, this appears in [167] in the
context of hypersurfaces. A classification of these manifolds is open even in the
Riemannian setting and it looks like an interesting task.

177
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Part 1V

Complex Osserman manifolds

179
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Recall from Section 1.4.4 that the higher order Jacobi operator of a k-plane II is defined
in the Riemannian setting as

k
JAN) =" T(ei);
=1

where {e1, ..., e;} is an orthonormal basis of II. Thus, an algebraic model V = (V, (-, ), A) is
said to be k-Osserman if the eigenvalues of J(II) are constant on the Grassmannian
Gri(V) of k-planes.

The geometry of k-Osserman manifolds is very rigid, since only spaces of constant
curvature may occur. Therefore, as a part of a general program to understand the rank-
one symmetric spaces, we consider a different condition aimed to characterized complex
space forms.

This part is devoted to the study of the complex Jacobi operator in Riemannian signa-
ture. Let J denote a Hermitian almost complex structure on (V, (-,-)) with (-,-) positive
definite; this means that J is an isometry of (V, (-,-)) with J? = —Id. A 2-plane is said
to be holomorphic if it is J-invariant and a real linear transformation 7" of V is said to
be complex linear if T'J = JT. We let CP(V, J) be the set of all holomorphic 2 planes. If
z € S(V,(-,-)) is a unit vector, let 7, := Span {x, Jr}. The natural map x — m, defines
the Hopf fibration from S(V, (-,-)) to CP(V,J). Let

JI(mz) =T (@) + T (Jx)

be the complex Jacobi operator; this is the restriction of the higher order Jacobi operator
to the set of complex 2-planes.

The complex Osserman condition is defined by the complex Jacobi operator; thus,
we say a model V is complex Osserman if the eigenvalues of J () are constant on S(7).
Similarly, an almost Hermitian manifold (M, g, J) is said to be complex Osserman if [J ()
is constant on Sy (7) for all p € M.

In order to study complex Osserman manifolds, we first examine if the complex Jacobi
operator completely determines the curvature tensor. In other words, to face the complex
Osserman problem, first we shall establish which is the appropriate framework to study
this condition. This is the purpose of Chapter 12, where we show that the complex Jacobi
operator completely determines the curvature tensor if either (M, g, J) is Hermitian or
nearly Kéhler. We shall point out that this result fails in general for almost Hermitian
manifolds as we will see in Theorem 12.1.2.

Afterwards, we move on to study some preliminary aspects of the complex Osserman
problem in Chapter 13. Thus, we concentrate in studying some general properties of com-
plex Osserman algebraic models and characterize complex Osserman algebraic curvature
tensors which are given by a Clifford family. Here we act motivated by the historic way
which led to the final proof of Osserman conjecture in Riemannian signature. Firstly we ob-
tain all possible eigenvalue structures for the complex Jacobi operators (Theorem 13.1.7)
and classify essentially all complex models which are given by a Clifford family (Theo-
rems 13.3.1 and 13.4.1).
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In Chapter 14 we restrict to a specific natural framework, namely Kéahler geometry, to
study the complex Osserman condition. We prove that a four-dimensional Kahler manifold
is complex Osserman if and only if it is a complex space form.



Chapter 12

The complex Jacobi operator

In this chapter we recall some basic facts on complex geometry and we derive some in-
teresting properties of the complex Jacobi operator. We will develop our analysis in two
steps; as usual we begin our study in a purely algebraic context, using Gray’s decompo-
sition of the space of curvature tensors in the almost Hermitian setting. Afterwards, we
translate those results to the geometric context, thus obtaining results which concern some
of the most important families of almost Hermitian manifolds: Hermitian, nearly Kdhler
or almost Kdihler. Results in this chapter are collected in [41].

12.1 Introduction

As a matter of motivation, note that the usual Jacobi operator determines the full curva-
ture tensor. The following theorem is well known; Assertion (2) in the geometric setting
is an immediate consequence of the corresponding Assertion (1) in the algebraic setting.

Theorem 12.1.1

1. Let Vi = (Vi, (-, )i, Ai) be algebraic models for i = 1,2. Suppose there exists an
isometry 6 : (Vi,(-,-)1) — (Va,(-,")2) so that Jy,(0x)0 = 0Ty, (x) for all x € V;.
Then 9*A2 = Al.

2. Let M; = (M;, g;) be Riemannian manifolds fori =1,2. Suppose there is an isometry
0 : (TpyMi, g1) — (TgMa, g2) so that Ta, q(02)0 = 0Tpm, p(x) for allz € T,M;. Then
0" Ry(q) = Ri(p)-

Similarly, the higher order Jacobi operator also determines the full curvature tensor.
To see that this is true, one may argue as follows. Let 2 < p < n — 1. Assume that
Jr(0) = 0 for every p-plane 0. Let x and y be unit vectors in V. Choose additional unit
vectors {eg,...,e,} so that {z,eg,...,ep} is an orthonormal basis for a p-plane o, and so
that {y, e, ...,ep} is an orthonormal basis for a p-plane o,. Then

Jr(®)y = (Tr(z) — Tr(Y))y = (Tr(02) — TR(0y))y = 0.

183
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This shows that Jz = 0 and hence R = 0 by Theorem 12.1.1.

In view of these considerations, it arises as a natural question under which conditions
the complex Jacobi operator determines the curvature tensor in the complex setting. The
main purpose of this chapter is to answer this question. We will see that in a Hermitian or a
nearly Kéahler manifold the complex Jacobi operator completely determines the curvature
tensor. However, this is not true in general for an almost Hermitian manifold, as we show
in the following example.

Let C = (M,g,J) be an almost Hermitian manifold. We let Uz be the bundle of
complex isometries of T'M; the fibers of this bundle are the associated unitary group of
the fibers. If © € C*{U} and if p € M, then 6, := O(p) is a complex isometry of
(TyM, gy, Jp,) for any p € M.

Theorem 12.1.2 Let n = 0 mod 4. There exists an almost Hermitian manifold C and
there exists © € C*{Uc} so that for any point p in M we have:

1. 0p,Tc(m) = Je(0pm)0, for all m € CP(T,M, J).
2. 0pRe(m) = Re(0pm)0), for all m e CP(T,M, J).
5. 03R, # R,.

12.1.1 Basic notation and terminology

V= (V,{(,),A,J)is said to be a complex model if J is a unitary complex structure and if A
is an algebraic curvature tensor. Any point p of an almost Hermitian manifold C determines
a corresponding complex model &(C,p) := (T,M, gp, Rp, Jp) in a natural fashion. We say
a 2-dimensional subspace 7 of V' is a complex line if Jm = m. We denote by CP(V, J) the
complex projective space of complex lines in V.

Let V be a complex model. We recall the definition of the Ricci tensor p and intro-
duce the *-Ricci tensor p*; both are defined by contracting indices. If {ey,...,e,} is an
orthonormal basis for V', then

p(xay) = ZR(xaeivya 67;) and p*(x7y) = ZR(xaeia Jy? Jel) .
i=1 1=1

Note that p* is not in general a symmetric 2-tensor; however one does have that p*(z,y) =
p*(y,x) if the compatibility condition given in Lemma 12.2.1 is satisfied. The scalar
curvature 7 and the x-scalar curvature 7* are defined by a final contraction:

n n
7= plene) and 7= p*(ee).
=1 =1

Let = be a unit vector and 7, := Span {z, Jz} be the corresponding complex line. We
recall the definitions for the holomorphic sectional curvature Q(m,), the complex Jacobi
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operator J(7m;), and the complex skew-symmetric curvature operator R(mw,) for m, €
CP(V, J):

Q(ry) = Az, Jx,x, Jx), J(mg) =T (z)+ T (Jx),

R(mz) == R(x, Jx) for any z € S(V).

There are several important families of almost Hermitian manifolds; a complete clas-
sification can be found in [92]. The following are some of the most important and will be
studied along this chapter.

(12.1)

e C is called Kdhler if the complex structure is parallel, i.e. VJ = 0.
e C is said to be Hermitian if the Nijenhuis tensor vanishes, i.e. if
(X, Y|+ JJX,) Y]+ J[X,JY] - [JX,JY]=0 foral X,Y.

Equivalently, see [133], this means that we can find local holomorphic coordinates
zy =x,+v—1y, for 1 <v < %n so that JO,, = 0y, and JO,, = —0,,; the transition
functions relating two such coordinate systems are then complex analytic.

e One says that C is nearly Kdhlerif (VzJ)x = 0 for all tangent vectors x; we refer to
[132] for further information concerning this class of manifolds.

o We say that C is almost Kdhler if the two form Q(z,y) := (Jx,y) is closed; we refer
to [5] for a survey and to [4], [110] and [141] for some recent results concerning this
class of manifolds.

12.1.2 Main result

The following result, which generalizes Theorem 12.1.1 to the complex setting, is central
in this chapter and motivates subsequent work. It shows that the full curvature tensor is
determined either by the complex Jacobi operator or by the complex curvature operator
in certain natural geometric contexts.

Theorem 12.1.3 Let My = (M, g1,J1) and Ma = (Ma, g2, J2) be either Hermitian or
nearly Kdhler manifolds (not necessarily both of the same class). Let 8 : (T,M, g1,J1) —
(TyMs, g2, J2) be a complex isometry. The following assertions are equivalent:

1. 0TpM, p(T) = Ty q(07)0 for all m € CP(T, My, J1p).
2. ORM, p(T) = Ry q(0m)0 for all m € CP(T,My, J1,p).
3. O Rpy,qg = Rty p -

Part of the interest of this result relies on the fact that geometric conditions, such as
being Hermitian or nearly Kahler, imply desirable properties at the algebraic level.

We do not have an analogous of Theorem 12.1.3 for almost Kéhler manifolds, but a
bit weaker result:
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Theorem 12.1.4 Let C = (M, g,J) be an almost Kihler manifold. Assume either that
J(m) =0 for all m € CP(TM,J) or that R(w) = 0 for all # € CP(TM,J). Then M is
flat.

12.2 Algebraic curvature tensors in Hermitian vector spaces

We devote this section to recall some known facts about curvature tensors in complex
geometry and introduce the appropriate framework we will work in.

Let (V) be the vector space of all algebraic curvature tensors on V. We use (-,-) to
define a natural inner product on (V') by setting:

<A17A2> = Z Al(eivej)ekuel)AQ(eivej)ekael);
i7j7k7l

this is independent of the particular orthonormal basis {e;} chosen. The following sub-
spaces are invariant under the action of the unitary group U(n) [91]:

WV, J) = {AeA(V): A(z,y,z,w) = A(Jzx, Jy, z,w)},
W(V,J) = {AeUd(V): Alx,y,z,w) = A(Jz, Jy, z,w)

+A(Jz,y, Jz,w) + A(Jzx,y, z, Jw)},
As(V,J) = {AeA(V): Alz,y,z,w) = A(Jx, Jy, Jz, Jw)} .

Moreover, we have

A (V, J) C Ao(V, ) C As(V,J) C AV, J).

Note that 20 (V, J) is the space of algebraic curvature tensors which verify Kéahler identity.
Denote

21 (V, J) = orthogonal complement of 2 (V, J) in Aa(V, J),

25 (V, J) = orthogonal complement of Az(V, J) in A3(V, J),

23 (V, J) = orthogonal complement of A3(V, J) in 2A(V, J).

The next lemma characterizes curvature tensors in 203(V,J) by means of the com-
mutativity of the complex structure with the complex Jacobi operator or the complex
skew-symmetric curvature operator. For a complex model V = (V, (-,-), A, J), we say V is
compatible if A € A3(V, J) or, equivalently, any of the conditions below holds. Generally,
a manifold satisfying this condition at every point is known in the literature as a RK-

manifold. The equivalence between 1. and 3. in the following Lemma can be found in [84]
as well as other equivalent conditions.

Lemma 12.2.1 LetV = (V,(-,-), A, J) be a complex model. The following conditions are
equivalent:

1. JJA=A, ie. A(z,y,2,t) = A(Jz,Jy,Jz, Jt) for all z,y,z,t € V.
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2. J(m)J = JJ(w) for all m € CP(V,J).
3. A(m)J = JA(m) for all m € CP(V, J).

Proof. Suppose first that Assertion (1) holds, i.e. A(z,y,z,t) = A(Jx, Jy, Jz, Jt) for all
x, Yy, z, t. Then

(12.2)  A(z,y,z,Jz)+ A(Jx,y, Jx, Jz) = —A(x, Jy,x,z) — A(Jx, Jy, Jz, z)

which implies (J(7z)y, Jz) = —(J(7z)Jy, z) and, hence, J(7;)J = JJ(mz). Assume
conversely that J(m;)J = JJ(7;) or, equivalently, that Equation (12.2) holds for all x.
Polarizing this identity and replacing z by —Jz yields

(123 Az, y,w, z) + A(w,y,x,2) + A(Jz,y, Jw, z) + A(Jw,y, Jz, 2)

= Az, Jy,w, Jz) + A(w, Jy,x, Jz) + A(Jx, Jy, Jw, Jz) + A(Jw, Jy, Jx, Jz) .
Interchanging arguments 1 < 2 and 3 < 4 in the curvature tensors then yields:

Aly,z, z,w) + Ay, w, z,z) + Ay, Jz, z, Jw) + Ay, Jw, z, Jx)

=A(Jy,x, Jz,w) + A(Jy,w, Jz,2) + A(Jy, Jx, Jz, Jw) + A(Jy, Jw, Jz, Jx) .
If we interchange x and y and we interchange z and w in this identity, we get
(120 Az, y,w, z) + Az, z,w,y) + A(z, Jy,w, Jz) + A(z, Jz,w, Jy)

=A(Jz,y, Jw,z) + A(Jz, z, Jw,y) + A(Jzx, Jy, Jw, Jz) + A(Jx, Jz, Jw, Jy) .
Adding (12.3) and (12.4) and simplifying yields:
(12.5)  A(z,y,w,2) + A(w,y,z,2) = A(Jz, Jy, Jw, Jz) + A(Jw, Jy, Jx, Jz).
We permute the indices in Equation (12.5) to change y —  — w — y. This yields:
(12.6)  A(w,z,y,2) + Ay, z,w,2) = A(Jw, Jx, Jy, Jz) + A(Jy, Jx, Jw, Jz) .
We add 2(12.5) and (12.6) and use the Bianchi identity to see

B3A(w,y,x,z) = Alx,y,w,z)+24(w,y,z,2) + A(w, z,y, 2)
= A(Jz,Jy, Jw,Jz) + 2A(Jw, Jy, Jx, Jz) + A(Jw, Jx, Jy, Jz)
= 3A(Jw,Jy,Jz,Jz).

The desired identity now follows.
We now prove that Assertion (1) implies Assertion (3). We have:

<JA(7T$)y7 Z) = _<A(7T$)y7 JZ> = _A(I.? J%’,y, JZ)
=—A(Jx,JJx,Jy,JJz) = Az, Jx, Jy, z) = (A7) Jy, 2) .
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Thus JA(my) = A(mz)J as desired.
We finally show that Assertion (3) implies Assertion (1). We have

JA(x, Jx) = Az, Jx)J,
= (JA(z, Jz)z,w) — (A(x, Jx)Jz,w) = 0,
= Az, Jx,z, Jw) + Az, Jx, Jz,w) = 0.

Polarizing yields an identity for all x,y, z, w:
0= Ay, Jz, 2z, Jw) + A(x, Jy, z, Jw) + Ay, Jx, Jz,w) + A(z, Jy, Jz,w) .

Interchange the first two arguments in the first and third term to see:

0=—-A(Jz,y,z,Jw) + Az, Jy, 2, Jw) — A(Jx,y, Jz,w) + A(z, Jy, Jz,w) .
Replace (z,w) by (Jz, Jw) to show:
(12.7) 0=—-A(z,y,z,w) — A(Jz, Jy, z,w) + A(z,y, Jz, Jw) + A(Jz, Jy, Jz, Jw) .
Interchange the first two arguments with the final two arguments:

0=—-A(z,w,z,y) — A(z,w, Jz, Jy) + A(Jz, Jw,z,y) + A(J z, Jw, Jx, Jy) .
Change notation to interchange x and z, and y and w, to see:
(12.8) 0=—-A(z,y,z,w) — A(z,y, Jz, Jw) + A(Jx, Jy, z,w) + A(Jz, Jy, Jz, Jw) .
We add Equations (12.7) and (12.8) to conclude

—A(z,y,z,w) + A(Jz, Jy, Jz, Jw) =0

and complete the proof that Assertion (3) implies Assertion (1). O

Remark 12.2.2 We note (see Lemma 12.4.1) that if C = (M, g,J) is a nearly Kéahler
manifold, then V(C,p) = (T, M, gp, Rp, Jp) is a compatible complex model for any point
p € M. Thus, this is a rather natural condition.

The following result, which is due to Vanhecke [168], was originally stated in a purely
geometrical setting. It expresses A(x,y,z,y) for a compatible complex model in terms of
the holomorphic sectional curvature ) and in terms of an additional tensor A defined as
follows
(12.9) AMz,y) = R(z,y,z,y) — R(x,y, Jx, Jy) .
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Lemma 12.2.3 Let V = (V,(-,-), A, J) be a compatible complex model. Then

2A(x,y,z,y) = 3Q(x+Jy) +3Q(x — Jy) — Q(z +y) — Q(z —y)
—4Q(z) — 4Q(y) + 4{5X\(z,y) + A(z, Jy)} .

Proof. First note that

Qlx+y) = Alx+y,Je+ Jy,z+vy,Jor+ Jy)
= A(z,Jzx,z,Jz)+ Az, Jy, x, Jy)
+A(y, Jz,y, Jz) + Ay, Jy, y, Jy)
2A(z, Jx,y, Jx) + 2A(x, Jy,y, Jy) + 2A(x, Jx, z, Jy)
Ay, Jz,y, Jy) + 2A(z, Jz,y, Jy) + 2A(z, Jy, y, Jx).

Hence

3Q(z + Jy) +3Q(x — Jy) - Qz +y) — Qz —y) — 4Q(z) — 4Q(y)
=3{A(x, Jz, Jz,z) + Az, y,y,z) + A(Jy, Jx, Jz, Jy) + A(Jy,y,y, Jy)
+2A(x, Jx, Jx, Jy) + 2A(z,y,y, Jy) — 2A(x, Jx,y, x)
—2A(Jy, Jz,y, Jy) — 2A(z, Jz,y, Jy) — 2A(x,y, Jx, Jy)}
+3{A(z, Jz, Jz,z) + A(z,y,y, ) + A(Jy, Jz, Jz, Jy) + A(Jy,vy,y, Jy)
—2A(x, Jx, Jx, Jy) — 2A(x,y,y, Jy) + 2A(x, Jx,y, x)
+2A(Jy, Jx,y, Jy) — 2A(x, Jx,y, Jy) — 2A(x,y, Jz, Jy)}
—{A(x, Jz, Jz,x) + Az, Jy, Jy, x) + Ay, Jx, Jx,y) + Ay, Jy, Jy,y)
+2A(x, Jx, Jz,y) + 2A(x, Jy, Jy,y) + 2A(x, Jx, Jy, x)
+2A(y, Jz, Jy,y) + 2A(z, Jz, Jy,y) + 2A(x, Jy, Jx,y)}
{A(z, Jx, Jz,x) + Az, Jy, Jy, ) + Ay, Jz, Jz,y) + Ay, Jy, Jy,y)
2A(x, Jx, Jx,y) — 2A(x, Jy, Jy,y) — 2A(x, Jx, Jy, x)
—2A(y, Jx, Jy,y) + 2A(x, Jz, Jy,y) + 2A(x, Jy, Jx,y)}
—4{ Az, Jz, Jz,z) + Ay, Jy, Jy,y)}

=6A(z,y,y,x) + 6A(Jx, Jy, Jy, Jz) — 2A(x, Jy, Jy, x) — 2A(y, Jz, Jx,y)
_12A(‘T7 Y, Jx) Jy) - ].214((17, J$7 Y, Jy) - 4A(I1§‘, JfL’, J% y) - 4A(x7 Jy7 J{L’, y)
= 1214(:(}7 Y, Y, [IJ) - 414(1.7 Jy7 ']ya .’IJ)
—12A(z,y, Jz, Jy) — 8A(z, Jx,y, Jy) — 4A(x, Jy, Jz,y).
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We may now compute:
3Q(z + Jy) +3Q(x — Jy) — Q(z +y) — Q(z — y)
—4Q(x) — 4Q(y) + 4{5A(z,y) + Az, Jy)}
= 1214(:1,‘, Yy, x, y) - 414(:1}, Jya z, Jy)
—12A(IE, Y, Jya JCE) - 8A(l’, J'T’ Jya y) - 4A('I7 ‘]yv Y, Jﬂ?)
+20(A(z,y, 2, y) — A(z,y, Jz, Jy))
+4(A(z, Jy, x, Jy) + Az, Jy, Jz,y))
= 32A(x,y,z,y) — 8A(z,y, Jx, Jy) — 8A(x, Jx, Jy,y) — 8A(x, Jy,y, Jx).
The desired identity now follows from the First Bianchi identity. ]

The following result is due to Sato [154]; again, it was stated in a geometrical context
but may be translated to a purely algebraic one.

Lemma 12.2.4 Let V = (V,(-,-), A, J) be a compatible complex model.
1. If V has constant holomorphic sectional curvature c, then
A(xayvzaw) = %{AO(m7y727w)+AJ<$7yvz7w)}

—|—%{5A(x, Y, z,w) — 3A(x,y, Jz, Jw) + A(z, z, Jw, Jy)
—Alz,w, Jz,Jy) — Az, Jz,w, Jy) + A(z, Jw, z, Jy) }.

2. If V has constant zero holomorphic sectional curvature, then
3A(x,y, z,w) + 3A(x,y, Jz, Jw) = A(x,w,Jy,Jz) — A(z, 2, Jy, Jw)
+A(x, Jz, Jy,w) — Az, Jw, Jy, z) .

Proof. As the holomorphic sectional curvature is constant, Q(z) = c(z, x)2. We use the
identity of Lemma 12.2.3 to see:
24z, y,7y) = 3c{(z,2) +(yy) + 22, Jy)}* + 3c{(z,2) + (y,9) — 2(z, Jy)}?
—c{{z,2) + {y.y) + 22, 9)}* — c{{z,2) + (g, ) — 2z, y)}
—delz, ) — dely, y)? + 45\ (x,y) + Az, Jy)}
= 8c{(z,2)(y,y) — (,9)* + 3(z, Jy)*} + {5A(w, ) + M=, Jy)}-

We now polarize this identity to see:

8(A(z,y, z,w) + Az, z,y,w))
= 2¢{2(z, w)(y, 2) — (z,y)(z,w) — (z,2){w,y)
(12.10) +3(z, Jy)(w, Jz) + 3(x, Jz)(w, Jy) }
+5{A(z,y, z,w) + Az, z,y,w) — Az, y, Jz, Jw) — A(x, z, Jy, Jw)}
+A(x, Jy, z, Jw) + Az, Jz,y, Jw) + A(z, Jy, Jz,w) + A(z, Jz, Jy,w) .
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Interchanging x and y in Equation (12.10) yields:

8(A(y,x, z,w) + Ay, z, z,w))
= 2¢{2(y, w)(z,2) — (y,2)(z,0) — (y, 2)(w, x)
(12.11) +3(y, Jx)(w, Jz) + 3(y, Jz)(w, Jz)}
+5{A(y, z, z,w) + Ay, z, z,w) — Ay, x, Jz, Jw) — A(y, z, Jx, Jw)}
+A(y, Jx, z, Jw) + Ay, Jz, z, Jw) + A(y, Jx, Jz,w) + Ay, Jz, Jx,w) .

We now subtract Equation (12.11) from Equation (12.10) and simplify to obtain:
8(A(z,y, z,w) + Az, z,y,w) — Ay, x, z,w) — Ay, z,x,w))

= 24A(z,y,z,w)

= 2c{3(z, w)(y, 2) — 3(z, 2){(w, y)
+3(x, Jw){y, Jz) — 3(z, Jz)({y, Jw) — 6{x, Jy)(z, Jw)}
+10A(z,y, z,w) + 5A(x,w, z,y) — bA(z, 2z, w,y)
—10A(z,y, Jz, Jw) + Az, Jw, Jz,y) — Az, Jz, Jw, y)
—5A(x,w, Jz, Jy) + Az, Jy, Jz,w) — Az, Jz,w, Jy) + A(x, Jy, Jz,w)
+5A(x, z, Jw, Jy) + Az, Jy, z, Jw) + Az, Jw, z, Jy) + A(z, Jy, z, Jw)

= 2c¢{34¢(z,y,z,w) + 3A;(z,y, z,w)} + 15A(x,y, z, w) — 9A(x,y, Jz, Jw)
—3A(z,w, Jz,Jy) — 3A(x, Jz,w, Jy) + 3A(x, Jw, z, Jy) + 3A(x, z, Jw, Jy).

Now Assertion (1) follows. It may be specialized to derive Assertion (2). O

12.3 Algebraic results

Since our goal is to analyze whether the complex Jacobi operator determines the curvature
tensor, as a first approach we concentrate in examining the condition J(-) = 0.

Lemma 12.3.1 LetV = (V,(-,-), A, J) be a complex model. The following conditions are
equivalent:

1. J(m) =0 for all m € CP(V, J).
2. Alx,y) = —A(Jx, Jy) for all z,y.
3. A(m) =0 for all m € CP(V, J).

4. A(Jz,y)z = Az, Jy)z = Az, y)Jz for all x,y, z.
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Proof. Suppose Condition (1) holds. Then V is compatible. Furthermore,
Qx) = Az, Jr,x,Jx) = Az, Je,x, Jx) + Az, x,z,x) = (T (7z)x,z) =0,

so V has constant holomorphic sectional curvature 0. Thus Lemma 12.2.4 (2) applies and
we show that Condition (2) holds by computing:

3A(z,y, z,w) + 3A(z,y, Jz, Jw)
Az, w, Jy, Jz) — A(z, z, Jy, Jw) + A(z, Jz, Jy,w) — A(z, Jw, Jy, )
= ({J(m) + T (mw) = T (7o gw)tz, Jy) = 0.

Suppose Condition (2) holds. We establish Condition (3) by computing:
A(my) = Az, Jz) = —A(Jz, JJz) = A(Jz, ) = —A(z, Jx) = —A(my) .

Suppose Condition (3) holds. Then V is compatible. Again Lemma 12.2.4 is applicable.
We set w = Jz in Lemma 12.2.4 (2) to show Condition (1) holds by computing:

0 = 6(A(m:)z,y) = 6A(2,y,2,J2)
= 2A(x,z,Jy,2) + 2A(x, Jz, Jy, Jz) = 2({T (7,)x, Jy) .

We have shown that Conditions (1), (2) and (3) are equivalent. Suppose that Condition
(4) holds. We show that Condition (3) holds by computing;:

A(ry) = Az, Jz) = A(Jz,z) = —A(z, Jr) = —A(ry) .

Finally suppose that Condition (1) holds. We must show Condition (4) holds. Since
Condition (1) implies Condition (2), we have A(z,y) = —A(Jzx, Jy). Thus

A(Jz,y)z = —A(JJz, Jy)z = Az, Jy)z .
Since J(my) = 0 and since V is compatible,
0=A(y,z,y,w) + A(Jy,z, Jy,w) = Ay, z,y,w) + Ay, Jz,y, Jw) .
Polarize this identity to see
(12.12) 0= A(y,z,z,w) + A(z,z,y,w) + Ay, Jx, z, Jw) + A(z, Jz,y, Jw) .

Since A(z,w) = —A(Jz, Jw), A(Jzx, Jw,y, z) = —A(z,w,y, z). We may therefore use the
First Bianchi identity to see:
0 = A(Jz,y,z Jw)+ A(Jz, Jw,y, z) + A(Jz, z, Jw,y)
(12.13) A,y % w) + Az, w,, 2) + Az, % w,3)
= A(Jz,y,z,Jw) — A(Jx, z,y, Jw) + A(z,y, z,w) — A(z, 2, y,w) .
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Subtract (12.12) to (12.13), then we get
0=2A(z,y, z,w) + 2A(Jx,y, z, Jw) .

Replacing w by Jw and changing the order of the arguments then shows Condition (1)
implies Condition (4) since:

Az, y, Jw, z) = A(Jz,y,w, 2) .
This completes the proof of the Lemma. O

A result in [166] shows that an algebraic curvature tensor satisfies Assertion (4) in
Lemma 12.3.1 if and only if it belongs to the invariant subspace 25 (V,J). Although it
is equivalent to the result in [166], we use projection P to show in the next lemma that
QlQL(V, J) is exactly the space of curvature tensors with vanishing complex Jacobi operator.

Lemma 12.3.2 Let V = (V, (-,-), A, J) be a complex model. The following assertions are
equivalent:

1. J(m) =0 for all m € CP(V, J).
2. AeAL(V, ).
Proof. Let P : A(V,J) — A(V,J) be defined by

P(A)(z,y,z,w) = {A(z,y,2,w)+ A(Jz, Jy, Jz, Jw)
—A(Jz, Jy, z,w) — A(Jz,y, Jz,w) — A(Jz,y, z, Jw)
_A($7y7 Jz, Jw) - A(xa Jy727 Jw) - A(l’, Jy7 JZ,U])} :

Note that P(A) = 0 for all A € A5(V,J). Also note that P(A) € A3(V, J) since
P(A)(x,y, z,w) = P(A)(Jx, Jy, Jz, Jw) .

Moreover, P? = P, so P is the projection on 25 (V, J).
Since P is the projection on Ql%(V, J), we can express

AL (V,J) = {A AV, J): P(A) = A}.

Thus, if J(7) = 0 for all # € CP(V,J), we may use equivalences of Lemma 12.3.1 to see
P(A) = A and hence A € 25 (V, J).
Now, if A € A5 (V,J), for any vectors x,y, z,w we have

Az, y, z,w) + A(Jz, Jy, z,w) = P(A) (2, y, 2,w) + P(A)(Jz, Jy, z,w) = 0.

Therefore A(x,y) = —A(Jx, Jy) and, by Lemma 12.3.1, we obtain that J(7) = 0 for all
m € CP(V, J). O
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Remark 12.3.3 Algebraic curvature tensors in 912L(V, J) have several useful properties.
Let V = (V,(-,-), A, J) be a complex model with A € 5 (V,.J), then:

e V is compatible. This is a direct consequence of the definition of 3 (V, J).

e We have that

2p(x,y) = Z{A($7 €i; Y, 61') + A($7 Jei,y, Jel)} = Z<j(7r€i)l‘7y>) =0,
=1 =1

and
pr(xy) =Y Alw,ei, Jy, Je)) = =Y Alw,ei,y,e) = —pla,y) =0,
i=1 i=1
where {e1,...,e,} forms an orthonormal basis. This shows V is Ricci flat and *-Ricci
flat.

e A3 (V,J) is one of the 10 invariant subspaces of A(V, J) (see [166] for the complete
decomposition and other interesting properties). Moreover, 2l2l(V, J) is conformally
invariant.

The next example shows that Theorem 12.1.3 does not have a purely algebraic analogue
even if we impose the compatibility condition of Lemma 12.2.1. Note that the domain of
the usual Jacobi operator is V' which is n-dimensional. The domain of the higher order
Jacobi operator is the dimension of the p-dimensional Grassmannian which has dimension
greater than n for 2 < p < n — 2. However, the domain of the complex Jacobi operator
is CP(V, (-,-),J) which is n — 2 dimensional. This permits constructing a model with
vanishing complex Jacobi operator, but with curvature tensor different from zero.

Theorem 12.3.4 If n = 0 mod 4, there exists a complex model V = (V,(-,-), A, J) with
A #0 so that J(m) =0 and so that A(w) =0 for every m € CP(V, J).

Proof. Since the dimension of V' is a multiple of 4, we may choose almost complex
structures J, K such that JK + KJ = 0. Now consider the algebraic curvature tensor
A= Ag — Ay where Ax and Aj are given by expression (9.1). Note that the Jacobi
operator is given by

J(@)y =3(Kz,y) Kz — 3(JKz,y)JKzx,

and, since J(z)Kx = Kz for any unit vector x, A # 0. However, the complex Jacobi
operator vanishes identically:
J(rz) = 3(Kzx,y)Kz —3(JKzx,y)JKx
+3(KJz,y) K Jx — 3(JKJx,y)JK Jx
= 0.
We may now apply Lemma 12.3.1 to see that A(m) vanishes identically as well. O

This shows that the complex Jacobi operator has a different behavior at the algebraic
level than the Jacobi operator.
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12.4 Geometrical results

We begin our study of the geometrical context by recalling several well known results. We
refer to Gray [91] for the proof of Assertions (1) and (2) (see also [90]) in the following
Lemma:

Lemma 12.4.1 Let C = (M,g,J) be a Hermitian manifold and let V = V(C,p) be the
almost complex model determined by C at a point p € M. Then:

1. If C is Hermitian, then P(R) = 0.
2. If C is nearly Kahler, then R € Ao(M, J). Thus, in particular, P(R) = 0.

3. IfC=(M,gqg,J) is an almost Kihler manifold, then the following identity from [91]
holds

—2((Vad)y — (Vy)z, (Vo J)w — (VyJ)z) =
(1214‘) R(.’L’, Y, =, w) + R(J.CU, Jy7 Jz, Jw) - R(J‘Ta Jy7 z, w) - R(.I, Y, Jz, Jw)
+R(Jz,y,Jz,w) + R(z, Jy, z, Jw) + R(Jx,y, z, Jw) + R(x, Jy, Jz,w).

Also, from Yano [174] we have

(12.15) VJ|? =2(7* — 7).
Next we proceed to prove Theorem 12.1.3. It will follow from the following Lemma:

Lemma 12.4.2 Let C; be almost Hermitian manifolds. Suppose given a complex isometry
0: (TyMy, g1, J1) — (TgM2, g2, J2).
LetV =T,My, (-,-) =1, J = Ji, and A:= Ry — 6*Ry. Let
V=VY(C1,p,C2,q,0) := (V. {-,-), A, J).

Assume that C; are Hermitian or nearly Kdhler manifolds. Then the following assertions
are equivalent:

1. J(m) =0 for all m € CP(V, J).
2. R(mw) =0 for all m € CP(V, J).

3. R=0.
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Proof. Assume that either Condition (1) or Condition (2) holds; these are equivalent by
Lemma 12.3.1. Since the curvature tensors R, satisfy P(R¢,) = 0 by Lemma 12.4.1, so
does their difference at any point. We use the relations provided by Lemma 12.3.1 to show
that R = 0 by computing:

1
0=P(R) = 3 {R(z,y,z,w) + R(Jx, Jy, Jz, Jw) — R(Jz, Jy, z,w) — R(x,y, Jz, Jw)
—R(JZU,:I/, Jz,w) - R(ﬂf, Jya Zs Jw) - R(J%?/,Za JQU) - R(.%', Jy7 JZ,’LU)}
1
= é {R(xayvsz) + R(.ﬁ,y, Z,UJ) - R(JJx,y,z,w) - R(JJZL‘,:[/,Z,IU)

—R(JJZL‘,y, va) - R(']‘]x’ya 2, w) - R(JJ$7ya Z7w) - R(JJ1:7y7 Z,’UJ)}
= R(z,y,z,w).

Conversely, of course, if R =0, then J(7) = R(m) = 0 for all 7 € CP(V, J). O

Proof of Theorem 12.1.4. We use Lemma 12.3.1 to see that M is both Ricci flat and
*-Ricci flat. Hence 7 = 7% = 0. Therefore, by Lemma 12.4.1 (3), ||VJ|| = 0, hence V.J =0
and the manifold is K&hler. This implies the almost complex structure is in fact integrable
so C is Hermitian. The desired conclusion now follows from Theorem 12.1.3. O

Remark 12.4.3 These previous result holds in the Riemannian setting and fails in higher
signature. The proof relies on the fact that the metric is positive definite to obtain that
the complex structure is parallel.

Remark 12.4.4 As we have previously mentioned, Theorem 12.1.4 is not as strong as
Theorem 12.1.3. One may impose P(R) = 0 in expression (12.14) to obtain necessary and
sufficient conditions for an almost Kahler manifold to satisfy the thesis of Theorem 12.1.3.
Thus, one gets that the complex Jacobi operator (or the complex skew-symmetric curva-
ture operator) determines the curvature tensor in an almost Kahler manifold if and only
if the following identity is satisfied:

R(Jz,y,Jz,w) + R(Jz,y, z, Jw) + R(z, Jy, z, Jw) + R(x, Jy, Jz, w)
= —((Vad)y = (VyJ)z, (V.D)w — (Vu)z2).

This identity establishes a non-trivial relation between the curvature tensor and the co-
variant derivative of the complex structure, which has no meaning on a purely algebraic
level.

We show that Theorem 12.1.3 fails in the almost Hermitian context with the following
proof.
Proof of Theorem 12.1.2. Our construction is motivated by the construction of Theo-
rem 12.3.4 and is based on work of Sato [155]. Let n = 4m. Let (CP?>™, g, .J) be complex
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projective space with the Fubini-Study metric ¢ and usual complex structure J; this is
a Kihler manifold. The canonical embedding of C?>™ C C?™*+! defines an isometric em-
bedding of CP*"~! in CP?™. Let M := CP*™ — CP?>"!. Let H be the fiber bundle of
all unitary quaternion structures {.Ji, J2, J3} on the tangent bundle of M which satisfy
J1 = J. Since M is contractable, H is a trivial fiber bundle so we can define a global
quaternion structure {Jy, Ja, J3} on T M so that J = J;. This is, of course, just the usual
twistor construction.
Let C := (M, g, J2). Let

This defines an isometry of T, M with ©.J; = J20. Furthermore
@Jl = —J3@ and @J3 = J1@.

The curvature tensor of the Fubini-Study metric is given by Ry + Rj,. Let x be a unit
tangent vector. Then

0 if ye Span{zx},
Jr(z)y =< 4y if y € Span{Jiz},
y if y L Span{x,Jiz}.

As ©*R = Ry + Ry, and as Jiz L Jsz, ©*R # R. Since Jr(nz) = Jr(x) + Jr(J2z),

y if y € Span{z, oz},
Jr(me)y =1 by if y € Span{Jiz, JiJox = J3x},
2y if y L Span{z, Jix, Jox, Jsx} .

Since J; and J3 play symmetric roles in this identity, Jo+«r(m:) = Jr(7:) as desired.
Lemma 12.3.1 now shows Re=g(7;) = Rr(7z) as well. O

12.4.1 Conformal and almost Kahler geometry

There are many examples in the literature of almost Kéahler manifolds which are not Kéahler
[1, 54, 170]. Also, a great interest has been shown in finding conditions for an almost Kéhler
manifold to be Kahler. For example, the Goldberg conjecture states: A compact Einstein
almost Kdhler manifold is Kdahler. This conjecture has generated extensive literature, see
for example [158, 159]. Many other conditions have been studied which might imply that
an almost Kéhler manifold is Kéhler, see [4, 8] for example. The following result follows
that line.

Theorem 12.4.5 Let C = (M, g,J) be an almost Kihler manifold such that there exists
a Kdhler metric g on (M,J) with R(m) = R(w) for all m € CP(TM,J) (equivalently,
Jr(m) = Tg(m) for all m € CP(T'M,J)). Then C is Kihler and R = R.
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Proof. Suppose R(z,Jz) = R(x,Jz). Set R := R — R. Then R(n) = 0 for all 7. Since
7* = 7 for any Kihler manifold and R is Ricci flat and *-Ricci flat by Lemma 12.3.1 (2),
one has ||VJ||? = 0 by Lemma 12.4.1 (3); hence VJ = 0 and the original manifold C is
indeed Kéhler. That the curvature tensors are equal follows from Theorem 12.1.3. [l

We conclude this chapter showing that for almost Hermitian manifolds in the same
conformal class, to have equal complex Jacobi operators means to have the same curvature
tensor.

Theorem 12.4.6 Let C := (M,g,J) and C* := (M,e%g,J) be conformally equivalent
almost Hermitian manifolds. If Jo(my) = Jee(w) for all m € CP(T'M, J), then R = R*.

Proof. A priori projection P on Ql%‘(g, J) depends on the choice of g. It is, however
conformally invariant, i.e. A3 (g, J) = Ay (e%g, J) and P(g, J) = P(e%g, J). For notational
simplicity set o := P(g,J). Note that, see [166], 0(R) = o(R?*); thus o(R—R*) = 0. Since
by hypothesis (Je — Jca)(7g) = 0 for all z, we use the argument given in Lemma 12.4.2
to conclude as desired that R = R®. ]



Chapter 13

Clifford families and Complex
Osserman models

Recall that an almost Hermitian manifold is said to be complex Osserman if the complex
Jacobi operator J () has constant eigenvalues and if J(7) is complex linear which forces
compatibility. In this chapter we work at the purely algebraic level to determine the
eigenvalue structure of complex Osserman models. In Section 13.1 we show some basic
important properties, we give necessary and sufficient conditions so that a complex model
V= (V,(,),A,J)is complex Osserman and we show that V is necessarily Einstein if it is
complex Osserman. In Theorem 13.1.7 we make use of algebraic topology techniques to
control the eigenvalue structure of 7 () if V is complex Osserman.

Work of Nikolayevsky shows that any Osserman model (V (-, -), A) is given by a Clifford
family except in dimension 16. This motivates our study of complex Osserman algebraic
curvature tensors given by a Clifford family. We divide our study into two cases depending
on the rank k of the structure in question. In Section 13.2, we recall results of Adams on the
existence of Clifford families and discuss some reparametrization results. We essentially
classify complex Osserman algebraic curvature tensors given by a Clifford family, thus we
take advantage of those results to show Theorem 13.1.7 is sharp.

Finally we point out two basic differences between the Osserman and the complex
Osserman conditions. While the eigenvalue structure of an Osserman algebraic curvature
tensor is very rich, it is very restrictive for the complex Osserman case (Theorem 13.1.7).
Moreover, any Osserman algebraic curvature tensor is given by a Clifford family (except
for dimension 16), but this is not true in the complex Osserman setting (Theorem 13.2.7).

This chapter is based on results in [39]. We refer to [85] for a broader exposition.

13.1 Algebraic preliminaries

In this section we present some foundational results. Let Spec{J(m;)} be the spectrum
of J(m;) and let E)\(m,) be the eigenspace associated to the eigenvalue A of J (7). Since
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J () is self-adjoint,

(T (ma)y,z) = Alz,y,z,z2)+ A(Jz,y, Jz, 2)
= Az, z,z,y)+ A(Jx, 2z, Jx,y)
= (J(m)z,y),

J(mz) is diagonalizable with real eigenvalues. Thus we have an orthogonal direct sum
decomposition
V = @)\Ex(my)

for any x € S(V,(-,-)). The following lemma provides a criterion for complex Osserman
curvature tensors:

Lemma 13.1.1 V = (V,(-,-), A, J) is complex Osserman if and only if
1. JE\(mg) = E\(mz) for all my € CP(V,J) and X € Spec{J (73)}.
2. Spec{J (1)} = Spec{T (ny)} for all 7y, 7, € CP(V,J).

Proof. If V = (V,(-,-),A,J)is complex Osserman then J and A are compatible, so
J preserves the eigenspaces of J(m,) and Condition 1. holds. Moreover, the eigenvalue
structure does not depend on 7, so Condition 2. holds. On the other hand, if Condition 1.
holds then J and J(7,;) commute and, by Lemma 12.2.1, J and R are compatible. This,
together with Condition 2. implies V = (V, (-,-), A, J) is complex Osserman. O

A model (V, (-,-), A) is said to be Einstein if the Ricci tensor is a multiple of the metric
tensor, i.e. p(-,-) = c¢(-,-) for a constant c¢. In general, p-Osserman models are Einstein.
This result generalizes to become:

Lemma 13.1.2 LetV = (V,(-,-), A, J) be complex Osserman. Then V is Einstein.

Proof. Assume that V is complex Osserman. Let x € S(V, (-,)). As A is compatible, by
Lemma 12.2.1 we have that A(Jx,y, Jz, z) = A(x, Jy,z, Jz) and thus J (Jz) = —JJ (z)J.
Consequently

p(z,2) = tr{J ()} = tr{T (Ja)} = 3tr{T (m)} = 5 2\ Adim{Ex(mz)}
is independent of z € S(V, (-,-)). Thus p(-,-) = ¢(-,-) so V is Einstein. O

Recall from [150] the Rakié¢ duality principle. It states that in an Osserman Riemannian
model J(z)y = Ay if and only if J(y)z = Az for any z,y € S(V,(-,-)). We begin the
proper study of complex Osserman models by giving a complex version of Rakié¢ duality
(see [84] and [150] for more information on Raki¢ duality).

In the following Lemma we prove this duality for extremal eigenvalues.
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Lemma 13.1.3 Let V = (V, (-,-), A, J) be a complex Osserman model. Suppose A is the
minimum or the maximum eigenvalue and J(my)y = Ay for x,y € S(V,(-,-)). Then
J(my)x = Ae.

Proof. Assume V is complex Osserman and J(7;)y = Ay. Assume A is the maximum
eigenvalue. Then

A =maz s, )T (T2)z, 2),
and if z realizes the maximum then z is an eigenvector. Hence the result follows from the
following sequence of equalities:

A=(T(m)y,y) = Alx,y,z,y)+ A(Jz,y, Jo,y)
= A(z,y,z,y) + Az, Jy,z, Jy)
= (J(my)z,x).

If A is the minimum eigenvalue, the same argument applies. U

Let p; denote orthogonal projection on 7. In order to give the general complex Rakic
duality principle we need the following technical results.

Lemma 13.1.4 Let V = (V,(-,-), A, J) be a complex algebraic model. Let S be a complex
self-adjoint linear map with eigenvalues A\ = Ao < A3 = M < ... < A1 = M. Set
Ap == M+ ...+ Xk, Then Ay = min cqr, cov)IT{p-S}. Moreover, Ay, = Tr{p.S} if
and only if S preserves T and if the eigenvalues of S restricted to 7 are A1 < ... < Agg.

Proof. Recall from [84] that Ay = minycay,, (v)IT{psS} and Ay = Tr{p,S} if and only
if S preserves o and the eigenvalues of S restricted to o are \; < ... < Agr. Hence we
shall show that there exists 7 € Gri(CPV') which minimizes Tr{o,S}. Since S is complex,
each eigenvalue has even multiplicity and Sv = A\jv & SJv = AjJv. Therefore we can
construct an adapted basis {vy, Jvi, ..., vk, Juk} such that 7 = Span {vy, Jvy, ..., vk, Juk}
minimizes Tr{p,S} and then the result follows. O

The following is a particular case of Lemma 3.4.1 in [84].

Lemma 13.1.5 Let V = (V,(-,-), A, J) be a complex model. Let 7 and o be complex
subspaces of V' (i.e. J(T) C 7 and J(o) C o). Then Tr{p:Tr(c)} = Tr{psTr(T)}.

Proof. Let {vi,v,...,v,} and {wy,ws,...,ws} be orthonormal bases of 7 and . Then
we have:

Trip-J(0)} = Yi_(Tr(o)vi,vi) = 3021 35— R(wj, vi, wj, v;)
= Y1 2o Rlvi,wy, v wy) =370 (Tr(T)wj, wy) = Tr{psJ ()} O

The following Theorem establishes the complex Rakié¢ duality. The proof we give here
is essentially adapted from the proof given in [84] for the Raki¢ duality principle.
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Theorem 13.1.6 Let V = (V,(-,-), A, J) be a complex Osserman model. Let \ be an
eigenvalue of J(m). Then J(mg)y = Ay if and only if J(my)x = Ax.

Proof. Assume J (7, )y = Ay. Let A\j(z) = Aa(z) < A3(x) = Mq(x) < ... < Ap(x) be the
eigenvalues of J(m;). If A is a minimal or a maximal eigenvalue then the result follows
from Lemma 13.1.3. Let A = A\g;_1 = Ag;.

We define A;(o) for any subspace o C V' as

Ai(o) :== pa(o) + ... + pailo),

where the p;’s are the ordered eigenvalues of J (o). Thus, note that A;(m;) is the sum of
the first 2i eigenvalues of J(7m;) and it is constant since V is complex Osserman. Now,
let the set of vectors {v1,ve = Ju1,...,y = v2i—1,Jy = v24,...,Up—1,0y = Jup_1} be an
adapted basis of orthonormal eigenvectors such that

J(mp)vaj—1 = Ajugj—1 and T (mg)vaj = Ajvo;.
Let 7; := Span{v1,...,v}. We apply Lemma 13.1.5 to get that for any complex line 7
Ai(me) = Ai(m) < Tr{pr, T (m)} = Tr{p=T (i)}
Since 7 is arbitrary we use Lemma 13.1.4 to obtain:
Ai(mz) < mingecpv Tr{p=Tr(7i)} = Aa(7i) = 211(7;)
where (17 is the minimal eigenvalue of Jg(7;). On the other hand we have
2p1(7i) = mingecev Tr{p=Ir(1))} < Tr{pr, Tr(7i)} = Tr{pr Tr(72)} = Ni(m2).
Hence we conclude the equality
2p1(7i) = Tr{pr, Tr(7i)}
and, by Lemma 13.1.4, Jr(7;)z = piz. Therefore, x is an eigenvector of [J (), since
J(my)x =T (m)x — T (Ti—1)x = ve
for a certain v. Now note that
v=(J(my)r,x) = (T (7)y, y) = A,
so J(my)x = Az, which completes the proof. O

Methods of algebraic topology can be used to control the eigenvalue structure of a
complex Osserman model. In particular, no more than 3 distinct eigenvalues may occur.
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Theorem 13.1.7 Let V = (V, (-,-), A, J) be complex Osserman. If J(m) is not a multiple
of the identity (i.e. if J(w) has at least 2 distinct eigenvalues), then:

1. If n =2 (mod 4), there are 2 eigenvalues with multiplicities (n — 2,2).
2. If n =0 (mod 4), then one of the following holds:

(a) There are 2 eigenvalues with multiplicities (n — 2,2).
(b) There are 2 eigenvalues with multiplicities (n — 4,4).

(¢) There are 3 eigenvalues with multiplicities (n — 4,2, 2).

Proof. Let V := CP(V,(-,-),J) x V be the trivial bundle over projective space. Lemma
13.1.1 shows that the eigenspaces

E\,(m) ={veV :J(r)v=\v}

have constant rank and patch together to define smooth vector bundles Ej, (m) over
CP(V, (-, ), J) where {\, ..., A\ } denote the distinct eigenvalues of J (7) for any, and hence
for all, # € CP(V, (-,-), J). This gives the following direct sum decomposition

V:EAOEB...EBE)%.

This decomposition is in the category of complex vector bundles since the eigenbundles
are invariant under J.

A sub-bundle E of V is said to be a geometrically symmetric vector bundle if for
all complex lines o,7 in CP(V, (-,-),J), 7 C E(0) implies 0 C E(7). Note that Theo-
rem 13.1.6 implies that the bundle F) is geometrically symmetric for any eigenvalue A.
Hence, following results in [83], the theorem is obtained. O

We shall show that this result is sharp in Remark 13.2.6 by giving an example for each
possibility.
13.2 Clifford families and associated curvature tensors

We say that a set F = {Ji,...,J;} of Hermitian almost complex structures on (V, (-, -))
is a Clifford family of rank k if they are subject to the commutation rules

JZ‘J]‘ + JjJi = —2(51']'Id.

Recall the definition of the following algebraic curvature tensors, where J is an arbitrary
almost complex structure:

Ao(:ﬁ,y,z,w) = <$7Z><y7w>_<y’z><x’w>7
Aj(z,y,z,w) = (Jx,2)(Jy,w) — (Jy, z){(Jx,w) + 2(Jz,y)(Jz, w).
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We say that a model (V, (-,-), A) is given by a Clifford family F of rank  if there exist
constants ¢; with ¢; # 0 for 1 < i < k so that

(13.1) A= COAO+01AJ1 +...+CKAJH .

We shall also sometimes simply say that A is given by a Clifford family in this setting.
Note that

(13.2) Ja @)y =y — (y,x)r and  Ja,(r)y = 3y, Ja)Jx.
This relations yield:

(13.3) J(x)y = co{y — (y,x)x} + 31y, Jiz) iz + ... + 3¢ (y, Juz) Jox .
From this it follows immediately that

T(me)y = co{2y — (y,x)x — (y, Ja)Jx}
(13.4) +§:30i{(y,Jix>Jix+ (y, JiJx)J;Jx} .
i=1

A Clifford family F = {Ji, Ja, J3} of rank 3 is called a quaternion structureif JyJo = Js.
Note that V' admits a quaternion structure if and only if dim V' is divisible by 4. One
defines the Adams number v(n) by setting v(1) = 0, v(2) = 1, v(4) = 3, v(8) = T,
v(16r) = v(r) + 8 and v(n2°) = v(2°) for n odd. One then has the following well known
result of Atiyah, Bott and Shapiro [7] which is closely related to work of Adams [2]
concerning vector fields on spheres:

Lemma 13.2.1 There exists a Clifford family of rank k on V if and only if k < v(n).

Remark 13.2.2 Notice that Theorem 13.1.7 points out a big difference between the Os-
serman and the complex Osserman problems. While the possible eigenvalue structure for
Riemannian complex Osserman models is restricted to 4 different possibilities, one may
use Clifford families to construct Osserman models with a wide range of possible eigenval-

ues and multiplicities. Indeed, from expression (13.3) one gets that the Jacobi operator

of

Cc1 —(C Cx — Cp

A:COA0+ 3

AJ1+...+

Ay,
has eigenvalues (0, cy, . .., ¢y, co, "757 1 cp).
We now present a useful technical result:

Lemma 13.2.3 Let V and W be vector spaces and let T = {T,..., T} be a family of
linear maps T; : V. — W. Assume there is an integer u so that for any set of constants
a;, not all of which are zero, one has Rank {a1Th + ...+ a,T} > pu. Then the following
assertions hold:
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1. If p > K, there exists x € V' so that {Thx,...,Txx} is a set of linearly independent
vectors.

2. If uw > 2k, there exists v,y € V so that {Tiz,..., Twx,T1y,...,Txy} is a set of
linearly independent vectors.

3. Let T : V. — W be a linear map so that Tz € Span{Thz,...,Tyx} for allz € V.
If p > 2k, then T € Span {T1,...,T}.

Proof. In order to prove Assertion (1), suppose p > k. For a given & € V, choose r(x)
maximal so that {Thx,...,T,x} is a linearly independent set of r vectors. Take z € V so
that r(z) is maximal. If r(x) = &, then clearly Assertion (1) holds. Suppose 7(z) < k.
We argue for a contradiction. Choose (a1, ...,a,) so that a;Tix+...+a,Trx+Trp12 =0
and let

S = aTh+ ...+ a1+ Ty

As Rank{S} > u > &, there is y € V so that {Thz,...,T,z,Sy} is a set of r + 1
linearly independent vectors. Hence, by continuity, there exists € > 0 such that {7} (z +
€y), ..., T (z+ey), Sy} is a set of r+1 linearly independent vectors. Consequently {77 (x+
€y), ..., Tr(z+ey), Tr+1(z+ey)} also is a set of r+1 linearly independent vectors. Therefore
r(z+ey) > r+1 which contradicts the choice of . This contradiction establishes Assertion
(1).

Now suppose i > 2k. Using Assertion (1) we may choose x € V in such a way
that {T1x,...,Txx} is a linearly independent set of k vectors. Consider the vector space
Wy := Span{Tiz,...,Txx} and let w : W — W/Wj be the natural projection. We apply
Assertion (1) to the linear maps T; := 7T; : V. — W/W, with ji = u — k > k to complete
the proof of Assertion (2).

We complete the proof by establishing Assertion (3). By assumption, for every z € V,
there exist coefficients a;(z) so that Tz = a1(2)T1z+ ... + ax(2)Txz . In order to show that
T € Span{T,..., Ty}, we must show that the coefficients can be chosen to be independent
of z.

There are vectors z,y € S(V,(-,-)) so {Tiz,..., Tyx,T1y,...,Txy} is a collection of 2k
linearly independent vectors by Assertion (2). Then, by continuity, this remains true on
some open neighborhoods O, and O, of x and y, respectively. Let z € O, and let t € O,.
We may then express:

T(z+t) = iai(z+t)ﬂ(z+t):iai(z—i-t)(Tiz—i-Tit)
i=1 i=1

= Tz+Tt=)Y {ai(2)Tiz+a;(t)T;t}.
=1

Since the vectors {T1z,...,Txz,Tit,...,T,;t} are linearly independent, this implies that
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a;(z) = ai(z +t) = ai(t) for z € O, and t € O,. Thus, for a; := a;(t),

K
Tz = ZaiTiz forall ze€ O,.
i=1

This polynomial identity holds on a non-empty open set and thus holds on all V. This
establishes Assertion (3). O

We specialize this result for Clifford families.

Corollary 13.2.4 Let F := {Ji,...,J,} be a Clifford family of rank x on a vector space
of dimension n.

1. Suppose that n > k. Then there exists = in V so that the set {J;z}1<i<, consists of
k linearly independent vectors.

2. Suppose that n > 2k. Then there exist « and y in V such that the set {J;z, Jiy }1<i<w
consists of 2« linearly independent vectors. Furthermore, if T2 € Span ;<. {Jiz}
for all z in V, then T' € Span ;<. {Ji}.

3. Suppose that n > k(k—1). Then there exists « in V such that the set {J;Jyz}1<jcr<k
consists of %/{(/{ — 1) linearly independent vectors.

4. Suppose that n > 2k(k — 1). Then there exist z and y in V so that the set
{Jj ik, JjJky}i<j<k<s consists of k(k — 1) linearly independent vectors. Moreover,
if Tz € Span < p<,{JjJex} for all z in V, then T' € Span | <; <. {JjJi}-

Proof. One verifies that (a1 J1 + ... + axJx)? = —(a? + ... + a2)Id and thus one has that
Rank (a1J1 + ... + axJ,) = n if any coefficient is non-zero. Assertions (1) and (2) now
follow from Lemma 13.2.3. If not all the coefficients vanish, one shows similarly that:

k=1 &
Rank ; g;lajkjjjk > g .
The remaining assertions of the Lemma now follow. (Il
Let A = (A;j) € O(k) be an orthogonal matrix. Set
Fo={Ji=AnJi +...+ ApJs}.

This new Clifford family is said to be a reparametrization of F; this defines an equivalence
relation on the collection of Clifford families.

We now describe some general properties of models given by Clifford families.
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Lemma 13.2.5

1. Suppose that J is a Hermitian almost complex structure on (V,(-,-)) (i.e. for all
x,y € V we have (Jx, Jy) = (x,y)). ThenV := (V,(-,-),coAo + c1Ay, J) is complex
Osserman.

2. Suppose that {Ji, Ja, J3} is a Hermitian quaternion structure on (V,(-,-)). Then
V= (V,(-,"),c0do+ c1Ay, + c2Ay, +c3Ay, J1) is complex Osserman.

3. Let F :={Ji,...,J.} be a Clifford family and let F := {Jy,...,J.} be a reparame-
trization of F. Then Ay +...+ A, =A; +...+ A5 .

Proof. Let V be as in Assertion (1). We use Equation (13.4) to see that:

_ | (co+3c1)y ify € Span{z, Ju},
T (72)y = { 2¢y if yL Span{z, Ja}.

Hence J and J(m) commute and the eigenvalues are constant. Thus V is complex Osser-
man by Lemma 13.1.1; the proof of Assertion (2) is similar and follows from a calculation
in this instance that:

(co+ 3c1)y ify € Span {x, Jyz},
Ta,(m2)y = ¢ (2¢0 + 3c2 + 3c3)y if y € Span {Joz, J3z},
2¢o if yL Span{z, Jiz, Jox, J3x}.

We complete the proof by verifying that Assertion (3) holds. If z € S(V), then the
vectors {Jyz, ..., Jox} form an orthonormal set. Let prz be orthogonal projection on the

subspace
ST (x) := Span {1z, ..., Jox} .

We then have > (z, Jiz)Jix = prr. Let A = Ay + ..+ Ay,. By Equation (13.3),
J(x) = 3px(x). If Fis a reparametrization of F, then ST (x) = S{ (x). Consequently
J(x) = J;(x) so by Theorem 12.1.1, A = A. O

Remark 13.2.6 Theorem 13.1.7 places restrictions on the possible eigenvalue multiplic-
ities of the complex Jacobi operator defined by a complex Osserman model. We may use
Lemma 13.2.5 to show that in fact all these possibilities occur, hence Theorem 13.1.7 is
sharp. Suppose first that the dimension n of V is even. Let J be a Hermitian almost
complex structure on (V, (-, -)).

1. If A=3A40+ Ay, then Ja(m) = 61d.

2. If A= Ay + Ay, then the eigenvalues of J(m) are (2,4) and the eigenvalue multi-
plicities are (n — 2, 2).
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If n is divisible by 4, there are additional eigenvalue multiplicities which can be realized.
Let {J1, Ja, J3} be a quaternion structure on (V, (-,-)) and let J = J;.

1. If A=3A0+3A; + Ay, + Ay, then the eigenvalues of J4(m) are (6,12) and the
eigenvalue multiplicities are (n — 4,4).

2. If A= Ao+ Ay, + Ay, + Ay, then the eigenvalues of Ja(m) are (2,4,8) and the
eigenvalue multiplicities are (n — 4,2, 2).

Recall here that any Osserman algebraic curvature tensor in dimension different from
16 is given by a Clifford family [135, 136]. The following result shows this does not hold
for the complex Osserman condition and also extends Theorem 12.3.4.

Theorem 13.2.7 Let V' be a vector space of dimension n. Assume n is divisible by 4
and that n is at least 8. Then there exists a model V = (V,(-,-), A, J) which is complex
Osserman, which is not Osserman, which is not given by a Clifford family, and which has
J(mg) =0 for all z.

Proof. Since the dimension of V' is divisible by 4, we can find a quaternion structure
{K1,K3,K3} on V. Since n > 8, we may take a non-trivial decomposition of V' as a
quaternion module in the form V =V & V_. Define a new Clifford family on V' which is
not a quaternion structure by setting J; := K1, Jo := Ky, and J3 := FJ1Jo on VL. We
then have JyJoJsxr = +x for x € V. Define

A::AJ2 —AJ1J2 —AJ3+AJ1J3.
Let x4+ € S(V4). Equation (13.2) yields that:

6y if y e Span{Jox;} = Span{JiJsxy},

J(x4)y = { —6y if y € Span{Jsx;} = Span {JyJow}.

On the other hand, if we take g = (x4 + z_)/v/2, then

if y € Span{Jaxg, J1J3xo} = Span{Jaz, Jox_},

Ty =14
0y = -3y if y € Span{JiJowo, J3x0} = Span {Jzzy, J3x_}.

This shows that V is not Osserman. As any model given by a Clifford family is necessarily
Osserman, V is not given by a Clifford family. On the other hand, the complex Jacobi
operator with respect to J = Jj is given by
J(me)y = 3y, Jax)Jax + 3y, o 1x) Johx — 3{y, J1Jax) J1 Jox
—3(y, J1J2J1x>J1J2J1£U — 3<y, J3£L'>J3x — S(y, J3J1.7}>J3J1£L’
+3<y, J1J3l‘>J1J3$ + 3<y, J1J3J11‘>J1J3J1.7}
= 0.

This shows J(m;) = 0 for all z as desired. Thus V is complex Osserman. O
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13.3 Curvature and higher order Clifford families
In this section, we study models with
A = coAy + ClAJl + ...+ C,{AJH

where {J1, ..., J. } is a Clifford family of rank x > 4 on (V, (-, -)). We remark that the work
of [51, 135, 136] shows that tensors of this kind do not arise in the geometric context. In
Section 13.3.1 we study the case cg = 0 and in Section 13.3.2 we study the case co # 0.
We shall always assume that the constants cq, ..., ¢x are non-zero.

The remaining of this section is devoted to give a proof of the following theorem, which
summarizes the study of higher order Clifford families.

Theorem 13.3.1 Let V = (V, (-,-), A, J) where A = coAp + c1Ay, + ... + cxAy, is given
by a Clifford family of rank k > 4 on a vector space V of dimension n. The following
assertions hold:

1. Let co = 0. If k = 4,5, assume n > 2% and, if K > 6, assume n > k(k —1). Then V
is not complex Osserman.

2. Letcg #0. If Kk =4 assume n > 32, if Kk = 5,6,7 assume n > 2%, if kK > 8 assume
n > k(k —1). Then V is not complex Osserman.

Note that, as a consequence of Lemma 13.2.1 in the previous section, the hypothesis
n > k(k — 1) in Theorem 13.3.1 is not a restriction when x > 16. Consequently, there are
only a finite number of possibly exceptional dimensions and ranks when x > 4.

13.3.1 Curvature given by a Clifford family with ¢y = 0.

Throughout this section we assume that
A= ClAJl + ... +CHAJH

where c1, ..., ¢; are non-zero constants and where {.Ji, ..., J,.} is a Clifford family of rank
k on a vector space V of dimension n. Let V := (V,(,-), A, J). We suppose that V is
complex Osserman. We first show that this implies that .J has the form J =}, _ j Cijdidj.
We then derive a contradiction by studying the eigenvalue structure and by studying the
coefficients ¢;;. The eigenvalue multiplicity estimated in Theorem 13.1.7 will play a crucial
role in our analysis.

We shall have to impose certain conditions on n; these conditions are automatic for x
large. We begin with a technical result:

Lemma 13.3.2 Let V := (V,(-,-),A = c1Aj, + ... + cxAs.,J) be a complex Osserman
model where {J1, ..., Jx} is a Clifford family of rank k on a vector space of dimension n.
Assume that k > 4 and that n > 2k +5. If x € S(V, (-,-)), then
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1. Rank{J(m)} < 4.
2. Jx € Spani§4,¢¢j{JiJJ’l‘}'

Proof. Equation (13.4) shows Rank {7 (m)} < 2k. Consequently 0 is an eigenvalue of
multiplicity at least n — 2k > 5. Theorem 13.1.7 then shows that 0 is an eigenvalue of
multiplicity at least n — 4. Consequently, as desired, Rank {7 (7)} < 4.

The vectors {Jiz, ..., Jyx} form an orthonormal set for any x € S(V,{(:,-)), so let
a;(z) := (Jiz, J1Jx) be the Fourier coefficients of JyJx. Let

Ul(x)
Vi(x)
W(z) =

Note that Range {J (7))} C W (x).

Span{Jix, ..., Jyz, J1Jzx},
Span{JoJz, ..., J.Jx},
U(z) + V(x).

If dim{U(z)} < K, then JyJz € Span,{J;x}. Since

JiJz L Jyz, we have that Jz € Span ;- {Ji1J;z} and Assertion (2) follows.
Suppose on the other hand that dim{U(x)} = k + 1 or equivalently that

(13.5) of +...+aZ<1.

Let p be the projection on W(z)/V (z). Then

pJ (my)Jix = p{3c;Jix + 3cia;J1Jx},
pJ (mp)iJx = p{3ciJJix 4+ 3ciar iz + ... + 3ca Tz}

Hence pJ (7;) = pM on U(z), where

C1 0 0 C101
0 Co 0 Co02
M:=3 .. ..
0 0 Ck  CrOi
cClxp C1(xg C10 C1

We compute det(M) = 35Tlciey...cx(l — oF
det(M) # 0 so M is invertible. Consequently,

. —a2). Thus by Equation (13.5),

K

dim{pU(z)} = dim{pMU(x)} = dim{pT (7,)U(z)} < Rank {J (7))} < 4.

The short exact sequence

0— V(z) = W(z) — W(a)/V(z) = pUx) — 0

shows that dim{W (z)} = dim{V(z)} + dim{pU(x)} < (k — 1) + 4. Therefore

dim{Span ;,{J;z} N Span ;{J;Jz}}

>

4 — (dim{W(z)} — k)
4+k—(k+3)>0.
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Hence, there exist non-zero constants a; and b; so that
ar1J1x + asJox + agJ3x + agsJyxr = biJ1Jxr + ...+ b JJx.

We now multiply by b1J; + ... + bsJx to invert this relation and conclude thereby that
Jx € Span{z,{J;Jjr}icaizj}. Since Jr L x, we conclude Jx € Span, .y, {JiJjx} as
desired. 0

We continue our study by reducing to the cases k = 4 and kK = 5:

Lemma 13.3.3 Let V := (V,(-,-),A = c1Aj, + ... + cxAy.,J) be a complex Osserman
model where {J1, ..., Jx} is a Clifford family of rank k on a vector space of dimension n.
Assume that V is complex Osserman, that n > k(k — 1), and that k > 4. Then k < 5.

Proof. Suppose £ > 6. By Corollary 13.2.4 we know that there exists x € V so {J;Jjz}i<;
is a linearly independent set of %Ii(ﬁ, — 1) vectors. By Lemma 13.3.2,

Jr = Z (ZZ](:L‘)JZJ]JZ

1<i<6,i<j

Moreover, the sum may be restricted to ¢ < 4 and, since the coefficients a;; are uniquely
determined, we get asg(z) = 0. By permuting the role of the indices we may conclude
that all the coefficients vanish. As this is not possible, V can not be a complex Osserman
model. O

The analysis of the cases kK = 4 and k = 5 to complete the proof of Theorem 13.3.1 (1)
is a bit technical. We shall outline the proof but omit details in the interests of brevity
(we refer to [85] for a complete proof). We assume dim (V') > 16 throughout.

Lemma 13.3.4 Let V = (V,(-,"),A = a1l + ...+ cxAy.,J) where {J1,...,J s} is a
Clifford family of rank k on a vector space of dimension n. Assume that n > 2" and that
k=4,5. Then:

1. Suppose that V is complex Osserman. Then there exists a reparametrization F =
{J1, ..., I} of the family F = {Jy, ..., Jx} so that J = J1J2 and so that A = aAy +
R EKAjH'

2. If k=05, then V is not complex Osserman.

3. If k =4, then V s not complex Osserman.

Proof. Since Kk = 4 or Kk = 5 we have 2k + 5 < 16 < n. Thus Lemma 13.3.2 implies
Jr € Span,{JiJjx} for all z € S(V,(-,-)). One can show there exist x,y € V so
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{JjJkx, J;Jky}j<k is an orthonormal set of x(x — 1) linearly independent vectors. Thus
the argument used to establish Lemma 13.2.3 proves that

k—1 K
J = Z Z aijJiJj.

i=1 j=i+1

One can now show that there exists a suitable reparametrization; as the argument is
straightforward, if a bit lengthy, we shall omit the details.

Suppose that k = 5. By Assertion (1), we may suppose that J = J;Jo. As noted
above, there exists € S(V, (-, -)) such that {J;J;x}i<; is an orthonormal set and, thus,
{hz, Jox, Jsx, Jyx, Jsx, J1JoJsz, JiJoJyx, Ji JoJsx} is also an orthonormal set. Therefore

3(c1 +co)y ify € Span {Jyz, Jox},

3c3y if y € Span {Jsz, J; JoJsx},

J(me)y = 3cay if y € Span {Jyz, J1 JoJsx},
3csy if y € Span {Jsx, J1JoJsx},
0 otherwise.

Note that Rank {J(m;)y} > 4. Hence, by Lemma 13.1.7, A is not complex Osserman.
Assertion (2) now follows.

Finally suppose £ = 4. Again, we may suppose J = JyJo. As (J1J2J3)? = Id, there
exists z € S(V, (-,-)) such that J; JoJ3z = £z, and hence
{x, Jlﬂj, JQ?L‘, J3£L‘, J4a?, J1J2J4SC}

is an orthonormal set. Note that

3csy if y € Span {x, Jsx},
T(ma)y = 3(c1 +c2)y ify € Span{Jyz, Jox},
r 3cay if y € Span {Jyz, J1 JoJyz},
0 if y 1 Span {x, Jsz, Jiz, Jox, Jyx, J1 JoJyz}.

Because (J1J2.J3.J4)? = Id, there exists y € S(V, (-,-)) such that .J;JoJ3.Jyy = £y and
3(c1 + o)y ify € Span {Jiz, Joz},
J(me)y =< 3(es+cq)y ify € Span {Jsx, Jyx},
0 if y L Span {Jix, Jox, J3z, Jyx}.

Since the eigenvalues are different, A is not complex Osserman. [l
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13.3.2 Curvature given by a Clifford family with ¢, # 0.

This section is devoted to the proof of Assertion (2) of Theorem 13.3.1. Although there is
some parallelism between cases ¢g = 0 and ¢y # 0, the approach we follow now is slightly
different. However, in the interests of brevity, we will refer to arguments in Section 13.3.1
whenever possible. We begin by studying a reduced complex Jacobi operator where the
effect of ¢p has been normalized.

Lemma 13.3.5 Let V := (V,(-,),A = codo + c1dy, + ...+ c.Aj.,J) be a complex
Osserman model where {J1,...,Jx} is a Clifford family of rank k on a vector space of
dimension n. Assume that Kk > 4. If 4 < k < 7, assume that n > 2. If kK > 8, assume
that n > k(k —1). Let J(m) = J(m) — 2cold. Then:

1. Rank {7 (m)} < 4.
2. Jx € Span{Jyx, JjJpx}ij<i for allz € V.
3. If kK > 6, then Jx € Span{J;Jjx}i<¢ for all z € V.
4. kK < 5.
Proof. We use Equation (13.4) to see that:

I (me)y = —coly, ©)x — coly, Jz)Jx + 3201'((% Jix)Jix + (y, JiJz)J;iJx) .

Consequently Rank {7 (m,)} < 2k 4 2 and 0 is an eigenvalue with multiplicity at least
n—2k—2. Since n—2k—2 > 4 and as we have simply shifted the spectrum, Theorem 13.1.7
may be used to derive Assertion (1).

To prove Assertion (2), we compute that:

J (1)t = —cox + 2, 3eilx, JiJx) J; Jx,
(13.6) j(wx)Ja; = —coJz + ), 3¢ci(Jx, Jix)Jix,

J (m2)Jix = —co(Jiw, Ja)Jx + 3eiJiw + 3 ; 3¢ (Jiw, JjJw) Iy Jx
Define:

M := diag(—cy, 3c1, ..., 3¢s),
) := Span{z, Jiz, ..., Jox},
) :=Span{Jzx, 1Jx,..., J.Jx},
W(x):=U(z)+ V(z).

Let p denote projection on W(z)/V (x). We then have that pJ(m;) = pM on U(x). As
M is invertible, the following inequalities hold:

dim{pU ()} = dim{p.J (m,)U (2)} < 4,

dim{W(z)} <4+r+1,

dim{U(x)NV(z)} >k+14+Kk+1—-k—-5=k—-3>0.

Ul(x
Vix
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Therefore, there exists a non-trivial relationship
(CL() +a1J1+ ...+ GHJH)JQS‘ = (b() +b1Jy+ ...+ bHJH)$ .

We invert this relationship by multiplying by (ag — a1Ji — ... — axJy). Since Jx L x, one
has that Jz € Span{J;x, J;Jiz} which establishes Assertion (2).
If K > 6, then we can derive a stronger result. We estimate that:

dim {{Span {Jix, ..., Jex} N Span {1 Jz, ..., Ju Jx}}
>6+kxk—dim(W)>6+k—Kr—5>0.

Assertion (3) now follows using a similar argument to that used to establish Assertion (2).

To establish Assertion (4), we assume to the contrary that x > 6 and argue for a
contradiction. By Assertion (3), we have that Jx € Span{J;J;x}i<¢ j=i. The argument
used to establish Lemma 13.3.3 shows that k < 7. Thus we have that Kk = 6 or Kk = 7.
Since n > 2k(k — 1), Corollary 13.2.4 and Assertion (3) show that J € Span{J;J;}.
One may show there exists x € V such that x1J;J;Jyx for any i,j,k and such that
JiJox L Span {J;Jjw}; jy(1,2)- Thus, since JxLJ;z for this specific x, Equation (13.6)
yields:

J(mp)x = —coz, J(my)Jx = —coJx,

j(TI‘x)Jil‘ = 3¢; Jix + Z 3ci(Jix, JjJx)JjJx .
j=1

Hence the subspace Span {x, Jx} is invariant under J (). We clear the previous notation.
By applying the argument used to prove Assertion (2) to the sets

U(z) := Span{Jiz, ..., Jux},
V(z) := Span{J1Jx, ..., JoJx},
W(z) :=U(z) + V(z),

we obtain Jxr = Zi<3 i<j a;jJiJjx. Thus in particular ass = 0. Since the coefficients a;;
were universal and independent of x, we can permute the indices to see that a;; = 0 for
all 4 < j, which is impossible. (I

It remains to show that a Clifford family of rank Kk = 4 or kK = 5 can not give a complex
Osserman model. As in the case cg = 0 these ranks are treated independently. However,
the present situation is a bit more difficult. We present sketch of proofs describing the
main ideas involved; full details are available in [85] but are omitted here in the interests
of brevity.

Lemma 13.3.6 Let V := (V,(,"),A = coAo + 14y, + ... + cxAy.,J) be a complex
Osserman model where {Jy, ..., J} is a Clifford family of rank Kk =4 or k =5 on a vector
space of dimension n > 32.
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1. If k =5, then V is not complex Osserman.

2. If k =4, then V is not complex Osserman.

Proof. Suppose that x = 5, that n > 32, and that V is complex Osserman. We argue
for a contradiction. Using similar techniques to those which were used to prove Lemma
13.3.5, one shows that J ¢ Span {J;J;};+;. Consider the set

C:={zxeV:JxeSpan{Jiz}}.

One shows that C is a closed nowhere dense set. So, working in the complementary set
C*° and using similar arguments to those which were used to prove Lemma 13.3.2 applied
to the sets

U(zx) := Span{Jiz, ..., Jsx, Jr},
V(z) := Span{J1Jzx, ..., JsJz},
W(z):=U(z)+ V(z),

one shows that Jx € Span{J;J;x},2; and, therefore, J € Span {J;J;};+;, which is false.
This proves Assertion (1).

Suppose that x = 4. By Lemma 13.3.5 we know that Jz € Span{Jz, J;Jyx} <k
for all z € V. Since n > 32, one can show that there exist z,y € S(V,(-,-)) so
that {Jix, Jjxx, Jiy, Jjky}j<k is an orthonormal set. The argument given to establish
Lemma 13.2.3 (3) then shows there exist constants a; and a;j so that

4
J = ZaiJi + Zaijij .
i=1 j<k

The compatibility between J and A shows that the constants a; vanish so

J = ZaijJZJj .
1<j

In this situation one may reparametrize the Clifford family so J = JiJo. A straightforward
calculation now shows Rank{7} > 6, which contradicts Theorem 13.1.7. g

13.4 Classification for Clifford families of lower rank

In this section we study complex Osserman models which are given by Clifford families of
rank x for 0 < k < 3. The following theorem gives a characterization depending on such
a rank.
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Theorem 13.4.1 Let V = (V,(-,-),A,J). Let F = {J;} be a Clifford family on V,
n=dimV. Let ¢; # 0 be given for 1 <i < k where k < 3.

1. Rank x =0. Let A= coAg. Then V is complexr Osserman.
2. Rank Kk =1. Let A = cyAy+ ClAJl.

(a) If co = 0, then V is complex Osserman if and only if JJ1 = +£J1J.
(b) If co # 0, then V is complex Osserman if and only if either J = +£J1 or
JJ1 = —J1J.

3. Rank Kk =2. Let A = copAop + 1Ay, + c2Ay,. Then V is complex Osserman if
and only if there exists a reparametrization {Jl,Jz} of F so that one has A =
coAo + c1Aj + é2Aj, and so that one of the following holds:

(a) co=0, JJ = J1J and JJy = —JoJ.
(b) Either J = Jy or J = J1Js.

4. Rank x =3. Let A = coAg + ClAJl + CQAJ2 + C3AJ3.

(a) Assume n > 12. If ¢y = 0, then V is complex Osserman if and only if there
exists a reparametrization {Jl, Jo, Jg} of F so that one has that A = ¢1Aj; L+

C2Aj +03AJ, and that J = Jy or J = JoJs.

(b) Assume n > 16. If co # 0, then V is complex Osserman if and only if there
exists a reparametrization {Jl, Jo, J3} of F so that one has that A = cogAg +
ClA —|— CQA + CgAJ , that J = Jl, and that J1J2J3 = Id.

Section 13.4.1 deals with the case k = 0, Section 13.4.2 deals with x = 1, and Section
13.4.3 deals with kK = 2. We shall omit much of the analysis when discussing the case k = 3
in Section 13.4.4 in the interests of brevity as it is similar to the other cases, details can
be seen in [85]. Throughout Section 13.4, we suppose that A = coAg+c1Ay + ...+ Ay,
13.4.1 Clifford families of rank 0

Let V = (V,(-,-), A = c9Aop, J). Then we have
JI(me)y = co(2y — (y, x)x — (y, Jx) J),

Hence we have that JJ(7;) = J(m;)J and that the eigenvalues are (cg, 2cg) with multi-
plicities (2,n — 2) for any = € S(V, (-,-)). Consequently, A is complex Osserman.
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13.4.2 Clifford families of rank 1

We summarize the complete analysis in the following lemma:

Lemma 13.4.2 Let J and Jy be Hermitian almost complex structures on (V, (-,-)).

1. Let V := (V,(-,), A= c1Ay,,J) where c; # 0. The following assertions are equiva-
lent:

(a) A and J are compatible.
(b) JJ1 = J1J or JJl = —J1J.

(c) V is complex Osserman.

2. LetV = (V,(-,-), A= coAo+c14,,,J) where coci # 0. ThenV is complex Osserman
if and only if J = +J1 or JJ1 = —J1J.

Proof. Suppose that V := (V,(-,-),A = c1Ay,,J) and that J and A are compatible. By
Equation (13.4),
I (me)y = 3{y, Jiz) iz + 3(y, JiJz) h Jx .

Hence Range {J(7;)} = Span {Jiz,JiJJz} and, since J and A are compatible, we have
J(Span {1z, 1Jx}) C Span{Jiz, JiJz}. Since JJixzLlJiz, we have JJix = ey J1Jx,
where ¢, = +1. By continuity, since S(V,(:,-)) is connected, €, is constant. Hence
JJ1 = JiJ or JJ; = —JiJ. If this condition holds, then it is easily verified that V is
complex Osserman. Finally, if V is complex Osserman, then A and J are compatible by
definition. Assertion (1) now follows.

Next suppose that V := (V, (-,), A = coAo + c14,,J) is a complex Osserman model
where ¢g # 0 and ¢; # 0. Since A and J are compatible and since Ay and J are compatible,
Ay, and J are compatible as well. Thus by Assertion (1), JJ; = Ji1J or JJ; = —J1J. We
now show that JJ; = JyJ implies J = +J;. We suppose to the contrary that J # +J;
and argue for a contradiction. Because (J.J;)? = Id, JJ; may be used to define a Zs
grading on V by decomposing V =V, & V_ where J = +J; on V..

Let x4 € S(V4) and let mg = (24 + _)/v/2. Then one has that:

(co+3c1)y ify e Span{zy, Joy},
2coy ifyl Span{zy, Jzy},

j(ﬂ-x+)y = {

coy ify € Span{zy, Jxp},
T (Tay)y = (2co + 3c1)y ify € Span {Jixo, J1Jxo},
2¢oy if yL Span{xg, Jxo, J1z0, JJ120}.

Thus the eigenvalues of J (7., ) are (co + 3c1,2co) with multiplicities (2,7 — 2) ( except
if 3c; = ¢p that 2¢p has multiplicity n). Furthermore, the eigenvalues of J(m,,) are
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(co,2co + 3c1, 2¢p) with multiplicities (2,2,n —4). So the eigenvalues are different in both
cases. This contradiction shows that if JJ; = JyJ, then J = +.J;.

Conversely, if JJ; = —J1J or if J = +J;, then a straightforward calculation shows V
is complex Osserman. O

13.4.3 Clifford families of rank 2

As we have done for higher rank Clifford families, we divide our present analysis in two
cases; namely, when ¢y = 0 and when ¢y # 0. We first assume ¢g = 0.

Lemma 13.4.3 Let J be a Hermitian almost complex structure and let {Ji, J2} be a
Clifford family on (V, (-,-)). LetV := (V,(-,-), A= c1Aj, +c2Ay,,J) be complex Osserman.
If x is a unit vector, set a(x) := (J1Jox, Jx). Then:

1. «o(x) is constant on S(V,(-,-)).

2. Fithera =0, ora=1, ora=—1.

3. Suppose that o = £1. Then J = £J1Jo and Rank {J (7;)} = 2.
4. Suppose that oo = 0. Then Rank {7 (7;)} = 4. Furthermore:

(a) if c1 # co then JJy = J1J and JJo = —JoJ or otherwise JJ, = —J1J and
JJy = JoJ.

(b) if c1 = co then there exists a reparametrization {J1, J2} of {J1,J2} so that
A= ClAjl +02Aj2, JJ1=J and JJy = —JoJ.

Proof. Since V is complex Osserman, Equation (13.4) shows that
Range {J (7;)} C Span{Jiz, 1Jz, Jox, JoJz} .
Consequently,

J(mz) iz = 3ciJiz + 3a(x)eaJoJx,
J(mz)JoJz = 3a(x)ey iz + 3cadaJz,
J(mz)hJz = 3ciJiJx — 3a(x)ceJox,

J(mz)Jox = —3a(x)erJiJx + 3cadoz.

Thus Vi(z) := Span{Jiz, JoJz} and Va(x) := Span {.ox, J1Jx} are J(m;) invariant sub-
spaces. Note that J(Vi(z)) = Va(x), that Vi(x)LVa(z), and that

Range (7 (m2)) = Vi(z) & Va(x).
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If a(z) = £1 for some z € S(V, (-,-)), then Rank {7 (7z)} = 2. Since A is complex
Osserman, J (7) has constant rank. In such a case we get a(x) = £1 forallz € S(V, (-, -)).
On the other hand if a(x) # %1, then

T (M) vi(@) = ( sl Sa(z)er ), and

3a(x)ca  3co

3c1 —3a(z)c

T () vy (z) = ( —3a(x)c 3co >
Consequently, det{J (72)|v; (2)+va ()} = (9c1¢2(1 — a(x)?))?. Since the eigenvalues of J (-)
are constant, the determinant of () is constant and consequently a(z) does not depend
on z. This establishes Assertion (1). The proof of Assertion (2) is a bit technical and is
omitted in the interests of brevity. It relies on the fact that J preserves the eigenspaces
of J(m).

The possible values of Rank {J(m)} are 2 and 4, which correspond to @ = £1 or
«a # +1, respectively. If a = +1, then J = +J1J5 since Jz and JyJox are unit vectors.
Assertion (3) now follows.

On the other hand, if @ = 0 then polarizing the identity (J;Joz, Jx) = 0 yields

0 Jljzl’,Jy> -+ (Jngy,Ja:)

(
= (z,(Jo1J — JJ1J2)y)
= —(x,(NiJad + JJ1J2)y),

so JiJoJ 4+ JJ1J2 = 0. Furthermore, {Jiz, J1Jx, Jox, JoJx} is an orthonormal set for any
z e SV, (,)).

Suppose that ¢; # co and that J has three different eigenvalues (0, 3¢, 3¢2). Since J
preserves the eigenspaces of J(m;), we conclude that J preserves Span {Jix, J1Jz} and
Span {Jox, JoJx}. Consequently, JJ; = +£J1J and JJy = +JoJ. Since one has that
JJ1Jo + J1JoJ = 0, the only possibilities are JJ; = J1J and JJy = —JoJ or JJ| = —J1J
and JJQ = JQJ.

Suppose that ¢; = ¢2. In such a case there are only two distinct eigenvalues for J ()
and Range {J ()} = Span {Jix, Jox, J1Jx, JoJx} is a 4-dimensional eigenspace. Since J
preserves this eigenspace and JyJx L Jyx, Jox, we have

J.]lIL‘ = <JJ1{L‘, J1J1L'>J1Jl' + <JJ1$, J2J(L‘>J2Jl‘ .
Set ©1 = JJ; and Oy = JJa, then (022, 7)% + (02012,2)? = 1. Also note that

@1@1k =JJ1J1J = Id, @2@5 = JJoJoJ = Id,
@163 + @2@1< = JJiJod + JJsJ1J =0,
©109 = JNJJy = J NI J I JoJ1 = —JJ1J1JoJ I = 6901 .
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Consequently, ©1 and Oy are commuting orthogonal maps. Let
V=VieV_aoVid...0V,

be a skew-diagonalization of ©1, such that ©1 = +Id on V4 and ©; is a rotation through
an angle 6;, 0 < 0; < m, on V;. After some technical fuss, one may show that there is a
reparametrization {.J;, Jo} such that the previous decomposition is reduced to V = V, @ V_
and hence le = le. Also, since JJyJo = —J1J2J as noted above, Jjg = —ng. O

We complete the proof of Theorem 13.4.1 (3) by studying models with ¢y # 0. First
we establish the following consequence of the compatibility between J and A for a Clifford
family of rank at most 3.

Lemma 13.4.4 Let A = c1 Ay, + c2Ay, + c3Ay, be an algebraic curvature tensor given
by a Clifford family of rank 3. Suppose A is compatible with a Hermitian almost complex
structure J. If Jo = (a1J1 + asJa + asJ3)x for all x € V, then (¢; — ¢j)aja; =0 fori # j.

Proof. Compute
JA(z,Jx)x = coxr — 3cra1J 1z — 3cgagJ Jox — 3czasd Jax,
Az, Jx)Jz = cox — 3cia1J1Jx — 3eganJaJx — 3czazJsJx.
Now, since A and J are compatible, JA(z, Jx)xr = A(x, Jx)Jx so
(c1 — e2)arag 1 Jox + (c1 — ¢3)ajasJiJsx + (ca — c3)agasJaJsx = 0.

Since {J1Jox, J1J3x, JoJsx} is an orthogonal set, the desired equalities follow. O

Now, we show that the complex structure is closely related to the complex structures
of the Clifford family.

Lemma 13.4.5 Let V = (V,(-,), A = codo + 1Ay, + c2Ay,, J) be complex Osserman.
If dim{V'} > 12, then there exists a reparametrization {J1, Jo} of {J1,J2} such that A =
C()A() + 51Aj1 + 52Aj2 and either J = Jl or J = J1J2.

Proof. Let J(w) = J(m) — 2cold be the reduced complex Jacobi operator. Because
J(m) is complex Osserman, the rank of J(m) is at most 4. Let a(x) := (Ji1Jox, Jx),
aq(z) == (Jiz, Jz) and aa(x) := (Jox, Jz). Then

J(mz)xr = —cox — 3craq(z)1Jz — 3coan(x)JoJx,
j(m)Jm = —coJz + 3cia1(x) 1z + 3eaan(x) Jox,
J(m) e = —coar(x)Jz + 311z + 3caa(x) o T,
T (1) Jox = —coao(z)Jx — 3cra(z)J1Jz + 3eaJo,

J(mo)hJz = coan(z)x + 3eriJa — 3eaa(x) o,
j(ﬂx)JgJ:n = cpaz(x)x + 3cra(x)Jix + 3caJaJ .
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Consider the subspace W(z) := Span{z, iz, Jox, Jz, J1Jx, JoJx}. Then notice that
Range {J (7,)} € W (z). We wish to show that dim W (z) < 6. On the contrary, sup-
pose dim{W(z)} = 6. From the previous calculations we get the matrix associated to
j(m)w(x) and compute:

det(J (ma)jw(a) = 3'cieics (1 + a(2)? + ar(2)? + az(2)?)’.

Since dim{V'} > 12 we apply Theorem 13.1.7 to get det(J (7 )w()) = 0 and hence
a?+a3+a3 = 1. Since a(z), a1 (z) and az(z) are the Fourier coefficients of Jx with respect
to {J1Jox, Jiz, Jox}, we get Jx = a(x)JiJox + a1(z)Jiz + ao(x)Jox which contradicts
the assumption that dim{W(z)} = 6.

Hence dim{W(x)} < 5 and Span{z, Jiz, Jox} N Span {Jz, JiJz, JoJx} is non-trivial.
Moreover, there exists a unit vector (pg, p1, p2) € A3 such that

(po + p1J1 + p2J2)Jx € Span {z, J1x, Jox} .
Let {J1, J2, J1J2} give V' a quaternion structure H. As Jx € Hz,
Jx = ai(x) 1z + az(x) Jox + az(x)J3z.

The following argument shows that a;(-) are constant functions in S(V, (-,-)). Let z,y €
S(V,{-,+)). Since dim{Hxz + Hy} < 8, there exists z € S(V,(-,-)) such that z|Hzx, Hy.

Then Hz LHz and for w := %(a: + z) we have:

J(w) = ;5 > astw) e+ 2) = % 3 (ai(e) @) + ai(2) ().

which implies that a;(z) = a;(w) = a;(z). Similarly, a;(y) = a;(z).
Therefore J = a1J1 + asJs + azJ1Jo. By Lemma 13.4.4 with ¢3 = 0, we have:

(Cl — 62)a1a2 = C2a203 = C1a1a3 = 0.

Then either J = £J3 or J = a1J1 + azJ> and we may reparametrize {J1,J2} by {jl, jg}
so that J = J7. O

13.4.4 Clifford families of rank 3

Let {J1, J2, J3} be a Clifford family on V. The dual structure, which is always a quaternion
structure, is given by
{J{ = Jods, J5 = JsJ1, J5 := J1Ja} .

We use this structure to establish Assertion (4) of Theorem 13.4.1; in the interest
of brevity we shall simply outline the proof rather than giving full details. Let V =
(V,(-,), A=coAo+ 1Ay, +c2Ay, +c3Ay,, J) be complex Osserman, where ¢y may be 0.
Then one has the following:
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L. If J = a1J1 + a2J2 + a3 Js, then there exists a reparametrization {jl, Jo, jg} so that
A = cgAp + élAjl + 52AJ~2 + 53AJ~3 and J = Jj.

2. Suppose J1Jo # Js.

(a) Then J # J;. Furthermore, if ¢y # 0, then J # JoJ3.

(b) Suppose that Jx € Span {J 1z, Jox, J3z, J{x, J5x, J5x} for some element z € V
with z = (z4 + x—)Z\@ where JiJory = Jyry. Then ¢y = 0, and there is a
reparametrization {.Ji, Jo, J3} so that A = 51AJ~1 +52Aj2 +53Aj3 and J = JoJs.

The classification in Theorem 13.4.1 (4) follows from these observations and from a
careful analysis of the rank of the matrix associated to J (7). The technique is similar to
that developed in Lemma 13.4.5.

13.4.5 Conclusions

We finish this chapter with the following geometric conclusions we obtain from Theo-
rem 13.4.1:

1. Let (M, g) be a manifold of constant sectional curvature. Then (M, g) is complex
Osserman with respect to any Hermitian almost complex structure J.

2. Let (M, g,J) be a Kéhler manifold which has constant holomorphic sectional curva-
ture. Then (M, g, J) is complex Osserman with respect to J.

3. Let (M, g,{J1, J2, J3}) be a quaternionic K&hler manifold which has constant quater-
nionic sectional curvature, where {.Ji, Ja, J3} forms a locally defined quaternionic
structure. Then, for any J € Span {Jy, J2, J3}, (M, g, J) is complex Osserman.

Note that if (M,g) is Osserman of dimension different from 16, then it is isometric to
one of the three examples above [51, 135, 136]. Thus, except for dimension 16, we have
that this is the complete classification of manifolds which are both Osserman and complex
Osserman.



Chapter 14

Complex Osserman Kahler
manifolds

In the previous chapter we have studied the complex Osserman condition on an algebraic
model V = (V, (-,-), A, J)with A € 23(V). In order to give some partial results on the
classification of complex Osserman models and manifolds, which is the purpose of this
chapter, we impose some stronger assumptions: we assume that the algebraic curvature
tensor verifies the Kéhler identity, i.e., A € 2;(V). Thus, in particular, R € 23 and the
algebraic results in the previous chapter apply. Moreover, the Kahler identity allows us to
relate the complex and the Ivanov-Petrova conditions. A complete description of complex
Osserman Kahler algebraic models is obtained in dimension 4 in Theorem 14.2.8 and a
complete geometric classification is then derived in Theorem 14.2.9. Results in higher
dimensions are not so conclusive (see Section 14.3).
Let V = (V,(-,-), A, J). Henceforth we assume A € 2;(V'). This is,

(14.1) A(Jz, Jy) = Az, y).
Under this assumption we refer to V as a complex Kahler model.

Remark 14.0.1 We use Kéhler identity (14.1) and First Bianchi Identity to express the
complex Jacobi operator in the following way:

J(me)y = J(@)y+T(Jz)y

Az, y)z + A(Jz,y)Jx
(

(

A(Jz, Jy)x + A(Jy,x)Jx
= A(Jz,x)Jy

so we obtain J(m,) = A(Jx,z)J. This shows that the complex Osserman problem is
closely related to the complex Ivanov-Petrova one.

223
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14.1 General lemmas

In this section we give a couple of general technical lemmas which will be useful afterwards.
First we recall a well known result of Nomizu [140], originally stated in the geometrical
setting, that we translate to our context:

Lemma 14.1.1 Let V = (V,{-,-), A, J) be a complex Kdihler model. Then V has constant
holomorphic sectional curvature ¢ if and only if

Az, Jx)r =cJx for all x € S(V).

Remark 14.1.2 Note from Remark 14.0.1 and Lemma 13.1.3 that if a model V is complex
Osserman then
A(Jz,x)Jy =y < A(Jy,y)Jz = Az.

We have seen previously (Theorem 13.1.7) that there are only four cases as concerns
the eigenvalue structure of the complex Jacobi operator in a complex Osserman model.
Here we assume the complex model has two distinct eigenvalues (p, A) with multiplicities
(2,n — 2), which is necessarily the case if dimV = 2(mod4).

Lemma 14.1.3 Let V = (V,(-,-), A, J) be a complex Osserman model such that the com-
plex Jacobi operator has two distinct eigenvalues (u, \) with multiplicities (2,n — 2). As-
sume there exist orthonormal vectors x,y satisfying

A(Jz,z, Jr,x) =pn, A(Jy,y,Jy,y)=pn, A(Jz,z,Jy,y)=\.
Then the following assertions hold:
1. J(y)(Span{x, Jx}) C Span{x, Jx},
2. J(z)(Span{y, Jy}) C Span{y, Jy},
3. NT(y)z|| = ‘/\%"‘ for any z € Span{zx, Jz}.

Proof. Let D := Span{z,y,Jz,Jy}. Let 2 € D and w € D+ be unit vectors, then w
is an eigenvector associated to A for the complex Jacobi operators J(m;) and J(m,), or
equivalently, for A(Jz,x)J and A(Jy,y)J. Now, Remark 14.1.2 implies A(Jz, z)Jw = Aw.
Hence, since w was chosen arbitrarily, there must exist v € D with [|v|| = 1 such that
A(Jz,z)Jv = pv. Without loss of generality we may write z = ax + by and v = viz +
vy + v3Jx + vgJy.

A preliminary calculation shows

A(Jz,2)d = A(aJx +bJy,ax + by)J
a’?A(Jz,x)J + 2abA(Jx,y)J + b2 A(Jy,y)J .
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For w € D+, we have

Aw = A(aJz +bJy,ax + by)Jw
= a?A(Jz,x)Jw + 2abA(Jx,y)Jw + b2 A(Jy,y) Jw
= Aw+2abA(Jz,y)Jw.

Hence A(Jz,y)Jw = 0 for all w € D%; therefore, since D' is a complex subspace,
A(Jz,y,y,w) = 0 for all w € D+. Then A(Jz,y)y € D. Since A(Jx,y,y,Jy) = 0
and A(Jz,y,y,y) = 0, we conclude A(Jx,y)y € Span {x, Jx}. This proves Assertion (1).
Assertion (2) is similar.

In order to prove Assertion (3), consider the vector v and compute

puv = Az, Jz)Jv

= A(aJx + bJy,ax + by)J(niz + voy + v3Jx + vaJy)

= a*vA(Jx,z)Jx + 2uiabA(Jxz, y)Jx + b2  A(Jy,y)Jx
+a’vo A(Jz,x)Jy + 2ueabA(Jx, y)Jy + bPva A(Jy, y)Jy
+a’vsA(Jz,x)JJz + 2v3abA(Jz,y)J Jx + bPus A(Jy, y)J Jx
+a?v  A(Jz, x)J Jy + 2u4abA(Jx, y)J Jy + o A(Jy, y)J Jy

= a®vipuxr + 2uiabA(Jz,y)Jx + b2ui \x
+a’vody + 2ueabA(Jx,y)Jy + bPvauy
+a’vspJz + 2uzabA(Jz,y)J Jx + bPvsAJx
+a’v\Jy + 2v4abA(Jx,y)J Jy + bPoguJy .

Taking the inner product with z, y, Jx and Jy we obtain the following system of linear
equations in vy, vo, vs and vy:

vip = (a®u+ 2Ny + 2abA(z, Jy, z, Jy)ve + 2abA(Jz,y, z,y)v4
vop = 2abA(Jx,y, Jz,y)v1 + (a®X + b2p)ve — 2abA(Jz,y, z,y)v3,
vsp = —2abA(Jx,y, z,y)ve + (a®p + b2\)vs + 2abA(z, Jy, z, Jy)vy,
vap = 2abA(Jz,y,m,y)v1 + 2abA(z, Jy, x, Jy)vs + (a®X + b2 p)vy .

Let S := A(Jz,y,Jz,y) and let T := A(Jx,y,z,y). Then

= b*(\ — p)vy + 2abSvy + 2abTvy ,
= 2abSvy + a?(\ — p)vy — 2abT s,
= —2abTwvy + b*(\ — p)vs + 2abSvy,
= 2abTv + 2abSvs + a*(\ — p)vy .

(14.2)

o O o O
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The matrix L of this homogeneous linear system is given by

VA—p)  2abS 0 2abT
I 2abS  a?(\—p)  —2abT 0
N 0 —2abT  b*(\—p)  2abS
2abT 0 2abS  a*(\ —p)

Now, compute det(L) = a*b*(—45? —4T? 4 (X — p)?)?. Since we know the system has non
trivial solution, necessarily det(L) = 0, from where

S*+ 17 = (/\_“>2
) -

Note that previous arguments can be done for any ¢ € Span {z, Jx} just taking z = at+by.
Hence last equation holds for any ¢ € Span {z, Jz} changing S by S(t) = A(t, Jy, Jy,t)
and T by T(t) = A(Jt,y,y,t).

Now, from Assertion (1), we have A(Jt,y)y = A(Jt,y,y,t)t + A(Jt,y,y, Jt)Jt for all
t € Span {z, Jz}, hence

A\ —
4G = AT 07+ AT T = 252

Assertion (3) now follows. O

14.2 Four-dimensional complex Osserman manifolds

We begin by studying complex Osserman models and manifolds in dimension 4. As a
preliminary approach to the problem, we build new algebraic examples which are complex
Osserman. First note that the algebraic curvature tensors Ag and A are not Kahler with
respect to J. However, the sum of them, Ag + A, is complex Osserman with respect to
J, as we have seen in Theorem 13.4.1.

14.2.1 Exotic example in dimension 4

Consider an algebraic curvature tensor of the following form:
A =coAo+c1Ay + AL,

where J and L are arbitrary complex structures on V satisfying JL = LJ. We look for
a model satisfying our conditions, this is, it has to be Kéahler and complex Osserman.
We do a two step analysis, first we fix coefficients ¢y, ¢; and ¢y so that A verifies the
Kahler identity and then we find conditions on the same coefficients so that A is complex
Osserman.
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Lemma 14.2.1 Let V = (V, (-,-), A, J) be a complex model with dimV = 4. Then
1. Ay is not a Kéhler algebraic curvature tensor with respect to J.
Ag + Ay is a Kdhler algebraic curvature tensor with respect to J.

Aj+ Ap is a Kdhler algebraic curvature tensor with respect to J.

e e

coAo + c1Ay + oAy is a Kdhler algebraic curvature temsor with respect to J if and
only if c1 = co + c2.

Proof. Assertions (1) and (2) are well known. We study Assertion (3). We decompose
V =V, & V_ where
Vi={veV:Jv==Lv}.

Since n = 4, we may write V = Span{x,Jry,z_,Jr_}. We study condition (14.1),
ie., A(z,y) = A(Jx, Jy); we suppose without loss of generality that x = z; the cases
x=Jry, x =2_,and x = Jx_ being similar. Since A(z,z) = 0 and since A(Jz, JJz) =
A(Jx,—z) = A(z,Jz), we suppose without loss of generality that y = x_; the case
y = Jx_ being similar. Let A = Aj+ Ar. We use the fact that JrL = + Lz to compute:

Alzy,z_,z,w) = (Jag, z)(Je_,w) + (Lay, z)(Lx_,w)
—(Jry,wy(Jr_,z) — (Ley,w)(Lx_, z)
+2(Jry,x_)(Jz,w) + 2(Lxy,x_)(Lz, w)
= 2(Jry,z_)((J+ L)z, w).

Since (JJx4, Jo_) = (Jry,x_), Assertion (3) follows. Now, decompose
A= Co(Ao + AJ) + CQ(AJ + AL) + (Cl —co — CZ)AJ,
and use Assertions (1), (2) and (3) to derive Assertion (4). O

Now we study when these models are complex Osserman. Although we will only use
the following result in dimension 4, we give it in general.

Lemma 14.2.2 Let J and L be two commuting complex structures on V. Let A be an
algebraic curvature tensor as follows:

A =coly+ c1Aj+ cAfL.
ThenV = (V,(-,-), A, J) is complex Osserman if and only if either co =0 or cog = 3cy.
Proof. We decompose V =V, & V_ where

Vi={veV:Jv==xLv};
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by hypothesis Vi # 0. Let 2 € S(V — V4 — V_) and let W := Span {z, Jx, Lz, LJz}; this
is 4-dimensional and J(z) = 2co on W+. Let ¢ := (Lz, Jx) € (—1,1). We compute

jaAO (Ww)x = CoZ,
Teodo(Tz)Jx = coJu,
Teodo(mz) L = TepaleJx + (Lx —eJz)} = ecoJx + 2¢o(Lx — eJx)

—coeJx + 2¢p L,
Teodo(Tz)JLx = coex + 2¢oJ L .

It is now easy to compute:

J(mz)x = (co+ 3c1)x — 3caed L,
J(mz)Jx = (co+3c1)Jx + 3eaeLe,
J(mz)Le = e(—co+3c1)Jx + 3(co + c2) L,

J(mg)JLx = e(co—3c1)x + 3(co + c2)J L.

This shows that W := Span{z, JLz} and Wy := Span {Jz, Lz} are invariant under the
action of J(m,;) and that the matrices of the action of J () are given by:

o co+3c1 e(co—3c1) .
My = ( —3ecy 3¢ in W,

My ( co+3c1 e(—co + 3cy) >

3e C9 362 ln W2 )

The matrices M; and My are similar and have the same eigenvalues. Their trace is
independent of . We have

det(A1) = (co + 3c1)(3¢2) + 35262(60 —3c1) .

Thus, V is complex Osserman on S(V — V4 — V_) if and only if det(M;) is independent
of € or, equivalently, if and only if co = 0 or ¢g — 3c; = 0. Under these conditions, the
eigenvalue structure is constant on S(V — V, — V_) and hence, by continuity, on S(V).00

As a direct consequence of Lemmas 14.2.1 and 14.2.2 we obtain the following charac-
terization.

Theorem 14.2.3 Let V = (V,(-,-), A, J) be a complex model with dimV = 4 and
A=Ay + 1Ay + A7,

where J and L are commuting complex structures on V. Then V is a Kdahler complex
Osserman model if and only if one of the following holds:
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1. there exists pu such that

po,o p
14.3 A==A —A;—=A
( ) 2 0o+ 6 J 3 L,or

2. there exists A such that
A=Ay + Ay).

Definition 14.2.1 Let €&4 be the model
664 = (‘/’ <'7 '>a A7 ‘])a

where dimV =4 and A = §Ao+5A;—5Ag for J and L satisfying J # L and JL = LJ.
EE4 is complex Osserman with eigenvalues (1, 0) of multiplicities (2,2).

Remark 14.2.4 Let &4 be the model defined in Definition 14.2.1. Let x4,2_ € V be
unit vectors such that JLzy = x4 and JLz_ = —x_. Define x = (v, +x_)/+/2. Hence

{z,Jz,y = Lz, Jy = JLx} is an orthonormal basis and the components of A are given
by:

Alz, Jz,z,Jz) = n, Aly, Jy,y. Jy) = n, Az, Jz,y,Jy) =0,
A,y e,y) = 2, A, Jy,x,Jy) = &

A(Jz,y, Jz,y) = %, A(Jz, Jy, Jx, Jy) = —T“’

A,y Jz, Jy) = 5, Al JyJey) = S

Let v be a unit vector and write v = (vy, ve, v3,v4) with respect to the basis {x, Jx,y, Jy}.
Then the eigenvalues of the Jacobi operator J(v) are

(053 vu § (1+vE) ).

where € = 9((v? + v3)? + (v2 + v3)?) + 64v1v9v3v4 — 203 (T3 — Yv3) + 202 (903 — Tv?).
Next, we compute the Ricci tensor, the scalar curvature and the self-dual and anti-
self-dual Weyl operators for ¢&4:

w0 0 0
0 0 0
pees = | g 00 » o Tees =4p,
00 0 pu
-2 0 0 ~% 0 0
Wee: = 0 5 0], Weu= 0 5 0
0 0 & 0o 0 -
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Note that for Ay we have

3 00
PAy = 030 ) TA0:12’
0 0 3
0 0 0 0 0 0
WXO— 0 0 0 , WXO— 000
0 00 0 0 0
For A; we have:
3 00
pa,=1| 0 3 0 . TA,; =12,
0 0 3
-4 0 0 0 00
Wi=(020], Wy ,=(000
0 0 2 0 00
And for Ay, we have:
3 00
pa, =1 0 3 0 , TA, =12,
0 0 3
0 00 2 0 0
Wi =1000], Wy=[0 —-40
000 0 0 2

These calculations lead again to expression (14.3).

14.2.2 Classification of 4-dimensional complex Osserman models

In this subsection we give a complete classification of 4-dimensional complex Osserman
models which is of inherent interest; it is also the key for the subsequent geometric classi-
fication. First of all note that in 4-dimensional complex Osserman models, there are only
two possibilities for the eigenvalues of the complex Jacobi operators, namely there is only
one eigenvalue with multiplicity 4 or there are two distinct eigenvalues of multiplicities
(2,2). We begin by analyzing the case of two eigenvalues in the following lemma.

Lemma 14.2.5 Let V = (V,(-,-),A,J) be a complex Osserman algebraic model with
dimV =4 and (u, \) eigenvalues for the complex Jacobi operator (1 # X). Suppose there
exist orthonormal vectors x,y satisfying

A(J'rJ x? Jx? x) = l’l’7 A(Jy7 y7 Jy? y) = M? A(J‘,'r7 x? Jy? y) = A'

Then one of the following holds:
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1. p=2X and A= 4(Ao+ Ay).

2. u#0and A=0, or u=0 and A # 0, and V is isomorphic to EE4,

Proof. Lemma 14.1.3 shows J(y)(Span {z, Jz}) C Span {x, Jx}. Since the Jacobi oper-
ator is self-adjoint it is diagonalizable and, by Assertion (3) of Lemma 14.1.3 the possible
eigenvalues are: —’\_T“,—A%“}, {)‘_7“, —’\;“} and {>‘_7“, ’\g—“ .

Change notation if necessary, so that x and Jx are the corresponding eigenvectors.

Hence T' = 0 and the linear system in (14.2) reduces to:

= b*(\— p)vy + 2abSva,

2abSvy + a?(\ — p)va,
= b*(\ — p)vs + 2abSvy,
= 2abSvs + a?(\ — p)vy.

(14.4)

o O O O

We analyze the three cases separately:

Case 1: eigenvalues {—’\%“, —%} )
Note that
A= J(ny)x
= Az, y,z,y) + Az, Jy,z, Jy)
= A(%y,xyy)‘i‘A(J%y, Jmay)
— _Ap_ A-p
= 2 2
= K= )‘7

hence p = 2\. The linear system (14.4) simplifies to the following two equations

0 = bvy—avy,

0 = bvy—avy.

Hence the set of solutions of the linear system is given by Span {(a,b,0,0), (0,0, a,b)}. We
conclude that A(Jz, z,Jz,z) = u for all unit z € Span {z,y}, i.e., all z € Span{z,y} are
eigenvectors for A(Jz, z)J. After a bit of technical fuss this can be extended to the whole
unitary sphere, this is,

A(Jz,2,Jz,2) = p for all z € S(V).

Lemma 14.1.1 shows this is equivalent to the holomorphic sectional curvature to be con-
stant. This completes case 1.

Case 2: eigenvalues {/\g—“, —% .
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Suppose that J(y)x = ’\%“ and J(y)Jx = —’\%“, otherwise one simply changes nota-

tion by Jx. Then compute:

A= Alz,y,y,x)+ Az, Jy, Jy,x)
= A(r,y,y,7) + A(Jz,y,y, Jx)
— Ap_ Ap
2 2
= 0.

The linear system (14.4) simplifies to the following pair of equations:

bvi + avs

= bug+avy.

Hence solutions are given by Span {(—b, a,0,0), (0,0, —b,a)}. For the basis {z,y, Jz, Jy},
the curvature tensor is given, up to the usual symmetries, by

ATz, z, Jz,x) = A(Jy,y, Jy,y) = p, A(Jx, 2, Ty, y) = A,
Alz,y,z,y) = 5, Az, Jy, =, Jy) = 5,

A(JJ:?y) ‘]l‘;y) = % ,A(J(L‘, Jy7 J:E, Jy) = _TM ,

Aoy, 2, 39) = o Ae. Iy T ) = 2.

From Remark 14.2.4, V is isomorphic to &4,

Case 3: eigenvalues {/\2;“, Auy,

2
First observe that

hence pr = 0. Then the linear system (14.4) simplifies to

0 = bvy+ave,
= bug+ avy.

Hence the solutions are given by Span {(—a, b, 0,0), (0,0, —a,b)}. Now, for the particular
choice a = 1/v/2,b = 1/1/2, we have

A(Jx—i—Jy r+y —Jr+Jy —:U+y>_0
V2 V2T Ve T Ve )
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—z+y
V2

Hence, since (%, ) =0, we have

A(Jm+Jy x4y Jr+Jy x—l—y)_)\

V2 V2T V2 V2 ’

A(—Jx—i—Jy —x+y —Jr+Jy —x—i—y)_)\
N V) '

On the other hand compute

A<x+y -4y v+y —w—i—y)_A(xyxy)_/\
Set notationz:% and v = 7\”759 to see

Az, Jz,Jz,2) = A(v, Ju, Ju,v) = X\, A(z, Jz, Ju,v) = X,
A(z,v,v,2) = _7’\ JA(z, Ju, Ju, z) = %,

A(Jz,v,v,Jz) = %,A(JZ,J’U,JU,JZ) = _T)‘,
A(z,v,Jv, Jz) = %A JA(z, Ju, Jz,v) = %

By Remark 14.2.4, these relations show that our model is in this case again isomorphic to
EEa, O

In previous lemmas we have classified complex Osserman models with x,y vectors
satisfying a suitably chosen condition with respect to the complex Jacobi operator. Our
next objective is to show that we can always find x,y which satisfy those conditions.

As we have done before, consider an orthonormal basis {x,y, Jz, Jy}. Henceforth let
A(my,my) i= Az, Jz, Ju,v), for any z,v € V, and let P(V) := {m, : z € V} be the set
of complex lines. We say 7, L, if and only if (z,v) = (2, Jv) = 0. Thus, ;- is the only
my € P(V) such that 7, L7,,.

In a complex Osserman model with eigenvalues {u, A}, for any z € V there exist
v,w € V such that A(m,,m,) = p and A(m,, m,) = \. Therefore, we have two maps

T,A:P(V) = P(V)

defined by
A(ﬂ'zar(ﬂ'z)) = U, A(ﬂ-ZaA(ﬂ-Z)) =A.

The following Lemma follows directly from Lemma 13.1.3.
Lemma 14.2.6 Adopt the notation established above. We have:

1. T2 =A% = Id,

2. Al (m,) = 7 = TA(m,).
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We use the Hopf fibration to identify P(V) =2 S2. With this identification, we have

1

T, = —T,.

Lemma 14.2.7 The following assertions hold in S?:
1. AT () =TA(m,) = —7,
2. AM(—m) = —=A(m2), [(-7.) = —T'(m2),
3. mylmy = A(my) LA(my), T(m,) LT (7).
Proof. Assertion (1) is Assertion (2) in Lemma 14.2.6. To proof Assertion (2), note that
['(—m.) = T(AT)(7.) = (PA)P(7) = —I'(72) ,

and analogously for A.
For Assertion (3), m,.lm, implies m, = —m,. Hence I'(7,) LI'(—=,) is equivalent to
['(m,)+ = —T'(n,) which is clearly true. O

Now we are ready to give the complete classification of 4-dimensional complex Osser-
man models.

Theorem 14.2.8 Let V = (V,(-,-), A, J) be a 4-dimensional complex Kdhler model. If V
is complex Osserman, then one of the following holds:

1.V has constant holomorphic sectional curvature c (i.e., A= §(Ag+ Ay)).
2.V is isomorphic to €E4,

Proof. Since the dimension of the model is 4, the complex Jacobi operator may have one
eigenvalue of multiplicity 4 or two distinct eigenvalues of multiplicities (2,2). We study
the two cases separately.

Suppose the complex Jacobi operator has one eigenvalue A. Then

Mz =T (rg)Jx = Az, Jzx)z.

Lemma 14.1.1 shows V has constant holomorphic sectional curvature. This is a contra-
diction, since the complex Jacobi operator associated to these manifolds have two distinct
eigenvalues.

Now, assume there are two eigenvalues (i, A). By Lemma 14.2.7, TA = —Id. Therefore,
either I preserves the orientation on the sphere and A reverses it, or A preserves the
orientation on the sphere and I' reverses it. Since the roles of I' and A are symmetric,
we suppose without loss of generality that I preserves orientation. Since I'? = Id, as a
consequence of the Lefschetz fixed point formula, I'" has at least two fixed points, say x
and y (see, for instance, [53]). This shows

A(Jz,x, Ju,x) = A(Jy,y, Jy,y) =p and  A(Jz,z,Jy,y) = X
Now Lemma 14.2.5 applies and gives the desired classification. Il
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14.2.3 4-dimensional complex Osserman manifolds

Once we have completed the classification of complex Osserman models, the next step
is to investigate if they are geometrically realizable. In other words, our aim here is to
classify complex Osserman manifolds. Since we know that one of the possible algebraic
models corresponds to constant holomorphic sectional curvature, we know that manifolds
of constant holomorphic sectional curvature are taking part in such classification. Next
result shows even more, they are the only possibility.

Theorem 14.2.9 Let M = (M, g,J) be a 4-dimensional Kdihler manifold. Then M is
pointwise complex Osserman if and only if it is of constant holomorphic sectional curva-
ture.

Proof. From Theorem 14.2.8 we have two possibilities at each point. Adopt notation in
previous section. Since p = 2\ # 0 or A = 0 at each point, we have that at every point
= 2X # 0 and M has constant holomorphic sectional curvature, or at every point M
realizes the model €E4. We are going to show that last option can not happen.

Suppose M realizes the model &4 at every point. Since M is Einstein, the scalar
curvature (7 = 4u) is constant, so p is also constant. Recall that the self-dual and the
anti-self-dual Weyl components are given by

_%u 0 0 -2 0 0
wrt=|( o & o], w=( 0o % o0
0 o0 & 0o o0 -

This shows that both the self-dual and the anti-self-dual components have exactly two
eigenvalues. Therefore, one applies results in [56], to obtain that (M, g, J) is globally con-
formally equivalent to a Kahler metric g, g = €%g, where €7 is a multiple of g(W ™, W+)1/ 3,
Since g(W™,W™) is constant in our context, we conclude (M,g) is indeed Kahler, so
VJ =0.

Consider now the almost complex structure L given by the 2-form associated to the
eigenvalue %“ in W~. We apply the previous argument again to show VL = 0. The
fact that there are two complex structures which induce opposite orientations shows the
manifold is a product [22], but this is obviously not true, so we conclude €&* is not

geometrically realizable. [l

14.3 Complex Osserman models in higher dimension

In dimension four there are only two possible eigenvalue structures for the complex Jacobi
operator, namely only one eigenvalue or two eigenvalues of multiplicity (2,2). However,
there are in principle four different possibilities in higher dimension, as we have seen in
Theorem 13.1.7, and all of them are realized by complex models, as we have seen in
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Remark 13.2.6. In this section we concentrate on those complex Osserman models with
two eigenvalues (i, A) of multiplicities (2, u — 2).

Suppose A(z, Jx, Jx,r) = \. If n = dim V > 6, then there exists y € m- such that
A(z,Jx,Jy,y) = A. Under these conditions next lemma implies A = 0.

Lemma 14.3.1 Let V = (V,(-,-), A, J) be a complex model with n > 6. Suppose there
exists x € V' such that A(z, Jx)Jx = Az, then A = 0.

Proof. Let E\(z) = {y € V : J(m)y = Ay}. Since dim Ex(z) > 4 we may choose
y € E)(x) such that y L Span{z, Jr}. We use Lemma 13.1.3 to obtain

Ar = A(cos@Jx +sinfJy, cosbx + sinby)Jx
= cos?OA(Jz,x)Jx + 2cosOsinOA(Jz,y)Jx + sin? 0A(Jy,y)Jx
= A +2cosfsinfQA(Jx,y)Jx

from where A(Jx,Jy)Jx = 0. We repeat the argument for Jz instead of z to obtain
A(z,y)x = 0. Hence \y = A(Jz,x)Jy = T (mz)y = 0. O

The following theorem describes the possibilities for a complex Osserman model of the
kind under consideration.

Theorem 14.3.2 Let V = (V,(-,-), A, J) be a complex Kdhler model. Assume V is com-
plex Osserman with two distinct eigenvalues (p, A) of multiplicities (2,n — 2). Then one
of the following holds:

1. = 2X and V has constant holomorphic sectional curvature p (i.e. A is given by
A=H4(Ag+ Ay)).

2. A=0 and p is arbitrary.

Proof. If V' has dimension 2, then the holomorphic sectional curvature is constant. If V'
has dimension 4, Theorem 14.2.8 shows V has constant holomorphic sectional curvature
or is isomorphic to €&, So, in both cases Assertion (1) or (2) holds.

Henceforth we assume n > 6. If A(Jz,z,Jx,z) = u for all z € V, then the model has
constant holomorphic sectional curvature by Lemma 14.1.1. Suppose on the contrary that
there exist x,y such that A(z, Jzx, Jy,y) = p. Consider the subspace D := {z,y, Jx, Jy}.
Due to Lemma 13.1.3 the complex Jacobi operator preserves the subspaces D and D-.
Hence, we restrict the curvature tensor to D and apply Theorem 14.2.8 to see that the
restriction of V to D is isomorphic to €&*. Thus, in particular, one has = 0 or A = 0.
If 11 = 0, since in €& there exist z such that A(z,Jz,Jz,z) = A, we apply Lemma 14.3.1
to show A = 0 and hence A = 0. Therefore, we conclude A = 0. [l

The following example shows that there exist algebraic models satisfying Assertion (2)
in Theorem 14.3.2.
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Example 14.3.3 Let V = (V,(-,-),A,J) be a 2n-dimensional complex model and let
{zi, Jz;} be an orthonormal basis. Define A, up to the usual symmetries, by:

A(JI’i,SCi,J-’L'Z’,.Ii) =K,

A( A(.I'z’,JJ}j,JJi, ij) = %,
(J:Ui,xj,in,acj) ,A(in,ij,in,JJ:j = %“,
( 124

A xi,xj,in,Jacj) = 5 ,A(mi,Jl'j,Jl‘i,JJj) = %,u .

Tiy Tj, Tiy Tj) =

8N
!
[t
|l -

Then it is straightforward to compute the complex Jacobi operator and to see that the model
ee” = (V,(-,-),J,A) is complex Osserman with two eigenvalues (u,0) of multiplicities
(2,n —2). We omit the details in the interest of brevity.

Since the possible eigenvalue structure depends on the dimension of the model, we
obtain the following consequence of Theorem 14.3.2.

Corollary 14.3.4 Let V = (V, (-,-), A, J) be a complex Osserman Kdihler model with n =
2(mod4). Then V has two distinct eigenvalues (p, \) with multiplicities (2,n — 2) and,
moreover, ;i = 2\ and V has constant holomorphic sectional curvature p (in this case
A=E5(Ag+ Ay)) or, otherwise, A = 0.

Proof. Since n = 2(mod4) we have, from Theorem 13.1.7 that V has one eigenvalue
or two distinct eigenvalues (u, A) with multiplicities (2,7 — 2). The result follows from
Theorem 14.3.2 as soon as we show )V can not have only one eigenvalue. Assume on the
contrary V has one eigenvalue A. Then A(z, Jz)z = AJz and by Lemma 14.1.1 the model
has constant holomorphic sectional curvature. This is a contradiction and completes the
proof. O
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Open problems

In Chapter 12 we characterized the space of algebraic curvature tensors where the complex
Jacobi operator determines the curvature tensor. Hence it looks natural to study the
complex Osserman problem from an algebraic point of view in that space. At the geometric
level, Kéahler, Nearly Kéhler or Hermitian manifolds are some of the possible settings where
that condition is guaranteed.

Also, the compatibility condition we imposed in Chapter 13 appears to be very natural
and many classes of manifolds, for example Nearly Kéhler manifolds, satisfy that condition.
However, in Chapter 14 we have restricted to Kéhler manifolds. Thus, one may aboard the
complex Osserman problem in a more general class such as Hermitian or Nearly Kahler
manifolds. Here we consider the following more specific open problems:

e We have shown in Chapter 12 that almost K&hler Hermitian manifolds with vanishing
complex Jacobi operator are necessarily flat. However, we still do not know if the
complex Jacobi operator fully determines the curvature tensor in an arbitrary almost
Kahler manifold.

e In Chapter 14 we classify complex Osserman Kéhler manifolds in dimension 4. More-
over, it looks natural to generalize this result to higher dimension but restricted to
the case of 2 eigenvalues with multiplicities (2,n — 2). We have obtain some partial
results in this line; more specifically, we have shown that the Kéhler manifold has
constant holomorphic sectional curvature or, otherwise, the eigenvalue of multiplicity
n — 2 is zero. Furthermore, we have given exotic algebraic models realizing this last
possibility. We still do not know if those models are unique (up to isomorphism) as
it happens in dimension 4. Even more, we also do not know if they are geometrically
realizable.

e Of course, a complete classification of complex Osserman Kéhler manifolds is desir-
able and it is the final goal.

e It would be interesting to know to what extent is the Kéhler condition essential in
the 4-dimensional classification of complex Osserman manifolds. We may rephrase
the question in the following way: is the same classification of Theorem 14.2.9 true
if we remove the Kéhler condition? A natural option would be to substitute Kahler
by Hermitian.

239
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Resumo en galego
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Consecuencias xeométricas de condiciéns alxébricas en ope-
radores asociados a curvatura

O papel que desempena a curvatura en Xeometria riemanniana ainda non se alcanza a
entender na sia totalidade. Como invariante riemanniano, a curvatura e as stuas derivadas
son os invariantes alxébricos mais naturais de entre os que se obtenien a partir da conexion.
Este feito suxire que o tensor curvatura encerra gran informacién sobre a xeometria dunha
variedade riemanniana. Por estes motivos podemos dicir que a curvatura é un concepto
central en Xeometria diferencial.

O principal obxectivo desta tese é obter consecuencias xeométricas de condicidns
alxébricas impostas 6 tensor de curvatura. Por mor da complexidade que encerra o manexo
deste, normalmente imponemos estas condicions en operadores asociados e non no tensor
curvatura directamente. Como norma xeral traballamos no amplo campo das variedades
semi-riemannianas; porén, en algins capitulos ou seccidns restrinximos a nosa andlise a
métricas definidas positivas. Se ben tratamos de desenvolver o noso estudio na xenerali-
dade que proporcionan as métricas non dexeneradas, o campo da xeometria riemanniana
estd moito mais desenvolvido que o da estrictamente semi-riemanniana, o cal posibilitara
que en certos casos sexamos quen de afondar mais se a métrica é definida positiva. A
pesar disto, tamén cobra unha salientable importancia o caso lorentziano, que ademais de
atopar unha grande inspiracién na Fisica, presenta en moitas ocasions propiedades que
fan a sta xeometria mais tanxible que o caso semi-riemanniano de signatura superior.

O tratamento que facemos & hora de encarar os problemas plantexados nesta tese
estard, en moitos casos, motivado polo papel que desempeniou nos ultimos anos a conxetura
de Osserman e os traballos que dela se derivan. Asi, parte deste traballo consiste no
estudio do problema de Osserman en signatura superior ou na andlise de problemas tipo
Osserman, é dicir, problemas que xorden de xeneralizar o problema de Osserman a un
contexto diferente. En ambos casos, achamos unha parte importante da nosa inspiracion
no problema de Osserman riemanniano, empregando en ocasions técnicas similares as xa
conecidas por medio de adaptaciéns especificas 6 contexto baixo consideracién. Noutros
casos, o tratamento que facemos do problema é novedoso e vén perfilado polas stas carac-
teristicas concretas.
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Sen restrinxirmonos exclusivamente a problemas de tipo Osserman, cémpre salientar
que parte deste traballo (fundamentalmente a Parte II) estd4 motivado tamén por elementos
que aparecen na Fisica e, mdéis concretamente, na Cosmoloxia. Se ben é certo que o
tratamento que facemos aqui ten un caracter meramente tedérico, tamén debemos salientar
que o estudio levado a cabo se aplica, como se fai patente nesta memoria, a modelos
cosmoléxicos explicitos, contribuindo asi a clarificar a sia xeometria.

O esquema que segue esta memoria é o seguinte. Un capitulo preliminar establece
as principais definiciéns e alguns resultados basicos no campo, que seran de utilidade
no desenvolvemento posterior; estamos a falar do Capitulo 1. A continuacién, o que
podemos denominar corpo da tese dividese en catro partes diferenciadas. A pesar de
estar relacionadas entre si, pois todas elas perseguen describir a xeometria de variedades
sobre as que se impdén unha condicién alxébrica sobre a curvatura, estas catro partes son
esencialmente independentes. Se ben esta independencia permite unha lectura individual,
a orde na que se presentan aqui é natural e atoparemos como algunha parte motiva & que
precede, sendo este o principal motivo da nosa escolla.

I Variedades conformemente Osserman

A primeira parte desta memoria trata certos aspectos do problema de Osserman. Dende
que a conxetura de Osserman foi formulada en [145] para variedades riemannianas, tanto
a propia conxetura (excepto en dimensién 16) como moitos problemas relacionados foron
resoltos [51, 52, 135, 136]. Un claro exemplo deste feito é a clasificacién das variedades
Osserman en signatura lorentziana, a cal mostra que son necesariamente de curvatura sec-
cional constante [16, 75]. Motivados por esta conxetura xurdiron interesantes problemas
que ainda hoxe permanecen sen resposta. As variedades de dimensién catro e signatura
neutra preséntanse como o caso mais sinxelo sen resolver. E por isto que nos Capitulos 2,
3 e 4 nos centramos no estudio de variedades Osserman en signatura (2,2). En primeiro
lugar, relacionamos a estructura de autovalores do operador de Jacobi dun tensor de cur-
vatura alxébrico Osserman coa estructura de autovalores do operador de Weyl autodual
(anti-autodual). Asi, mdéstrase que as catro posibilidades (dependendo dos autovalores e
a forma de Jordan) estdn en correspondencia univoca entre os dous operadores. A con-
tinuacién empregamos métricas de Walker para proporcionar exemplos que realizan estes
catro tipos para o operador de Jacobi conforme; é dicir, modstrase a existencia de variedades
conformemente Osserman que realizan tédalas posibilidades alxébricas do espectro. Escol-
lendo unha ampla familia de métricas de Walker, obtense unha caracterizaciéon de cando
esas métricas son Osserman. O seguinte resultado, xa conecido no caso riemanniano,
ciumprese tamén en signatura neutra:

Teorema 3.1.2. Sexa (M,g) unha variedade semi-riemanniana de dimension catro.
Enton (M, g) € conformemente Osserman se e so se é autodual ou anti-autodual.

A continuacién, empregando esta equivalencia entre autodualidade (anti-autoduali-
dade) e conformalidade Osserman, analizamos unha gran variedade de exemplos con-
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formemente Osserman desa familia, mostrando que as catro posibilidades descritas ante-
riormente son realizadas por variedades da dita familia. Ademais, entre os exemplos que
presentamos, cobran especial importancia aqueles que non estan na clase conforme dunha
variedade Osserman.

A pesar de que a propiedade de Osserman conforme é local, tamén interesan as
propiedades globais como a completitude ou a homoxeneidade. Por este motivo, estudia-
mos a completitude xeodésica en diversos exemplos de variedades Osserman e conforme-
mente Osserman, sendo todos eles variedades de Walker. Ademais veremos que os méis
dos exemplos dados non son curvatura homoxéneos e, polo tanto, non son homoxéneos.

Outra condicién topoldxica global como a compacidade permitenos esclarecer a condi-
cién Jordan Osserman en signatura (2,2). Isto queda reflexado no seguinte resultado:

Teorema 4.1.3. Sexa (M, g) unha variedade Jordan Osserman compacta con métrica de
signatura (2,2). Enton (M, g) ten curvatura seccional constante ou operadores de Jacobi
nilpotentes.

No ultimo capitulo desta parte estudiamos a condiciéon de Osserman conforme e a
propia condicién de Osserman en variedades cunha estructura prefixada, mais concre-
tamente coa estructura de produto deformado (warped). Dun xeito méais pormenorizado,
vemos que a estructura de produto deformado é suficientemente rixida para que a condiciéon
de Osserman conforme sexa equivalente & conformalidade cha local para produtos defor-
mados riemannianos. Estas consideracions, xunto co feito de que a condiciéon de Osserman
é equivalente 4 de Osserman conforme e o caracter einstein, facilitan a comprension das
variedades Osserman que tenien como estructura subxacente a dun produto deformado.
En particular concliiese o seguinte:

Corolario 5.3.3. Nin CP"™ nin o seu dual de curvatura negativa poden ser descompostos
como produto twisted.

O feito de existiren exemplos de produtos deformados conformemente Osserman que
non son localmente conformemente chans, pon de manifesto unha vez mais o distinto com-
portamento que presenta o problema de Osserman segundo sexa a signatura da variedade.
Ademais, e a pesar de que o estudio realizado sup6én un novo chanzo na comprensién da
xeometria dos produtos deformados, existen estructuras, como a dos produtos twisted,
cunha maior xeneralidade que fai dificil o seu tratemento en signatura superior. Por estes
motivos, atopamos multitude de problemas abertos, que xorden do estudio aqui realizado.

II Variedades localmente conformemente chas con estructura de pro-
duto deformado

Motivados polos resultados do Capitulo 5, desenvolvemos na Parte II unha exhaustiva
andlise das variedades localmente conformemente chés con estructura de produto defor-
mado. Facendo uso do feito de que todo produto deformado estd na clase conforme dun
produto directo, no Capitulo 6 caracterizamos a conformalidade ché local como segue:
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Teorema 6.1.2. Sexa (M, g) = B x; F' un produto deformado semi-riemanniano. Enton
tense:

(i) Sedim B =1, entdn (M, g) € localmente conformemente chd se e sé se (F,gr) € un
espacio de curvatura constante.

(ii) SedimB >1 edimF > 1, enton (M, g) € localmente conformemente chd se e s se

(il.a) (F,gr) € un espacio de curvatura constante Kp.

(ii.b) A funcién f: B — RT define unha deformacion conforme global en B tal que
B, %gB € un espacio de curvatura constante K = —Kp.
f

(iii) Se dim F =1, enton (M, g) € localmente conformemente chd se e sé se a funcion
f: B — RT define unha deformacion conforme en B tal que (B, #93) € un espacto
de curvatura constante.

Debido a que o dominio dunha funciéon de deformacién f é o factor base B, as sdas
propiedades xeométricas inflien fortemente na xeometria de toda a variedade B x y F'. Asi,
préstase especial atencién és produtos deformados con base un espacio modelo (euclideo,
hiperbdlico e esférico). Ademais, méstrase que propiedades globais na base, como a com-
pacidade ou a completitude xeodésica, tenen interesantes consecuencias na variedade pro-
duto. Un exemplo disto é o seguinte resultado:

Teorema 6.2.3. Sexa B x ¢ F' un produto deformado localmente conformemente chan con
(B, #93) unha variedade riemanniana completa. Se existe unha funcion de deformacion

f # cf en B tal que B X f F € tamén localmente conformemente chd, enton tense unha
das posibilidades sequintes:

1. (B, %93) € un espacio completo e simplemente conexo de curvatura seccional con-

stante e a funcion de deformacion f/f queda determinada polo Teorema 6.1.7, ou

2. (B, %gB) € un produto deformado R X o exp(at+g) IV, onde (N, gn) € unha variedade
riemanniana completa e chd; ademais as funcions de deformacion satisfdn

f/f=exp(at+p)+k

. B
para certas constantes reais a > 0, B, k > 0, onde a? = —n(:hl) e 78 denotan a

curvatura escalar de (B, f%gB).

Existen diversos xeitos de xeneralizar a estructura de deformacion dunha variedade
produto deformado. Unha consiste en aumentar o dominio da funcién de deformacién;
obténense asi os chamados produtos twisted. En [68] probouse que un produto twisted
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einstein é en realidade un produto deformado (excepto se a fibra ten dimensién un). De
modo similar mostramos que un produto twisted localmente conformemente chan é tamén
un produto deformado se a dimensién dos seus factores é estrictamente maior que un.
Polo tanto, pédese aplicar o estudio feito previamente a esta clase de variedades.

Outro xeito de xeneralizar a estructura de produto deformado é engadindo novas fi-
bras coas correspondentes funciéns de deformacion; obtendo deste modo os denominados
produtos deformados miltiples. No Capitulo 7 estudiamos a conformalidade ché local en
variedades con esta estructura. Distinguimos dous casos dependendo de se a dimension
da base é un ou superior. Dos Teoremas 7.2.6 e 7.3.1 e da Observacién 7.3.4 obtemos as
seguintes conclusiéns:

Sexa B x ¢ Fy X ... X g, F} un produto deformado maltiple localmente conforme-
mente chan. Enton:

e o0 numero de fibras € menor ou igual que dim B + 2,
e todalas fibras tenen curvatura seccional constante,

e 0 signo da curvatura das fibras depende da signatura da base; por exem-
plo, para signatura riemanniana, hai como moito unha fibra de curvatura
negativa.

Analogamente, acddanse alguns resultados interesantes en variedades con esta estruc-
tura de produto deformado multiple que tefien curvatura seccional constante.

As variedades localmente conformemente chés estdn lonxe de ser completamente clasi-
ficadas. Non obstante, coniécense alguns resultados se a curvatura de Ricci é positiva. Por
exemplo, unha variedade completa, simplemente conexa e localmente conformemente ché
con curvatura de Ricci non negativa estd na clase conforme de S, R” ou R x S*"~!. No
Capitulo 8 aplicamos os resultados dos Capitulos 6 e 7 para construir novos exemplos de
variedades completas localmente conformemente chds con curvatura (de Ricci) negativa.
A diversidade de exemplos que se mostra e a sinxeleza do método de construccién suxiren
que unha clasificacién similar para este conxunto de variedades non é posible.

Posto que moitos dos modelos cosmoléxicos empregados para describir a xeometria do
Universo, tanto isétropos como anisétropos, son produtos deformados multiples, empré-
ganse as caracterizaciéns dadas previamente para acadar unha mellor comprension da
xeometria de tales modelos. Estas aplicacions expoénense no Capitulo 8. En vista das
caracteristicas mostradas polos modelos cosmoldxicos conecidos como Robertson-Walker,
parece natural buscar unha xeneralizacién destes en espacios deformados multiples que
presentan a caracteristica de conformalidade cha local. Posto que a estructura subxacente
dos espacios Robertson-Walker é a dun produto deformado con base de dimensién 1, é unha
consecuencia inmediata do Teorema 6.1.2 que son localmente conformemente chés. Os re-
sultados obtidos no Capitulo 7 suxiren como xeneralizar os espacios Robertson-Walker a
espacios deformados multiples conservando, entre outras, a propiedade de conformalidade
ché local. Dende un punto de vista cosmoléxico, un posible modo de describir a xeometria

247



do Universo é aumentando a dimensién do modelo, que postie un espacio observable (espa-
cio externo) de signatura lorentziana e diversos espacios internos compactos e de tamafio
moi reducido. O estudio realizado no Capitulo 7 e os exemplos dados na Seccién 8.3.2
mostran que é posible construir modelos multidimensionais con fibras (espacios internos)
compactas e que sexan localmente conformemente chans.

IIT Conmutatividade de operadores asociados 6 tensor curvatura: va-
riedades de Tsankov

Recordemos que o principal obxectivo 6 estudiarmos problemas de tipo Osserman é obter
consecuencias xeométricas da constancia dos autovalores de certos operadores que estan
intimamente ligados 6 tensor de curvatura. Na Parte III tomamos como obxectivo o
clasificar variedades con operadores curvatura que conmutan. Asi, a base do noso estudio
aqui non é os autovalores dun operador curvatura, senén os correspondentes autoespacios,
que analizamos por medio de propiedades de conmutacién. Por exemplo, o obxectivo do
Capitulo 9 é probar o Teorema 9.3.1, que se traduce no seguinte:

Sexa (M, g) unha variedade riemanniana de dimensién n. Entdn os operadores
de Jacobi conmutan para direccions arbitrarias, i.e.

T(x)T(y) =T ()T (z) para calesquera  x,v,

se e s6 se (M,g) € cha; e se n > 3, os operadores de Jacobi conmutan para
direccions ortogonais, i.e.

TJ(x)T(y) =T ()T (x) para Ly,
se e 50 se (M, g) ten curvatura seccional constante.

No Capitulo 10 obtemos algins resultados parciais nesta direccion para variedades
de signatura superior, onde este resultado non é certo. Tales resultados resimense no
Teorema 10.1.1:

Sexa (M, g) unha variedade semi-riemanniana tal que os operadores de Jacobi
commutan, i.e. J(x)T(y) = J(y)T(x) para calesquera x,y. Entén

e J(2)? =0 para todo x, e

e se a signatura € lorentziana enton a variedade € chd.

Por exemplo, méstrase que para dimensién estrictamente menor que 14, a condicién
J(@)T(y) = J(y)J(z) é equivalente a J(x)J(y) = 0 para calesquera z,y. A menor
dimensién onde non se verifica esta equivalencia é en dimensién 14, o cal se pon en evidencia
coa construccion dun exemplo a nivel alxébrico e co posterior estudio das propiedades
xeométricas de diversas realizaciéns a nivel diferenciable.
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A maioria das condiciéns que se poden estudiar sobre o operador de Jacobi pddense
trasladar 6 operador curvatura antisimétrico. De feito, unha vez que o problema de Osser-
man chamou a atencién 4 comunidade matematica, xurdiron as variedades Ivanov-Petrova
como un problema paralelo motivado polo de Osserman e o comportamento do tensor
curvatura 6 longo de circulos unitarios. Polo tanto, no Capitulo 11 estidianse modelos
alxébricos con operadores curvatura que conmutan e dase a seguinte clasificacién alxébrica
de modelos indescomponibles para signatura definida positiva.

Teorema 11.1.1. Seza (V,(-,-), A) un modelo alzébrico riemanniano.

1. Cumprese que A(x1,x2)A(xs,x4) = A(xs, x4)A(z1,22) Se e s6 se existe unha suma
directa ortogonal V=V @ ... ® Vi ® W descomporiendo A = A1 ® ... » A 0 onde
dimV; = 2 para todo 1.

2. Ademais o modelo € indescomponible se e s6 se dimV =2 e A # 0.

Neste mesmo capitulo danse exemplos xeométricos que suxiren que unha clasificacion
a nivel diferenciable é moito mais complicada. Este comentario presenta o problema de
conmutacién de operadores curvatura como unha lina de investigacion por explorar na que
a clasificacion a nivel alxébrico non é mais ca un primeiro paso.

Cémpre mencionar que, se ben a conmutaciéon de operadores asociados & curvatura
foi historicamente estudiada ligada 6 campo de subvariedades, actualmente existe unha
bibliografia crecente que trata o problema de clasificacion de variedades semi-riemannianas

por medio de propiedades de commutacion de operadores como o operador de Ricci, Jacobi,
Szabd,. ...

IV Variedades complexas Osserman

Sexa m un k-plano no espacio tanxente 6 punto p. Para unha base {ej,...,ex} de m,
definese o operador de Jacobi de orde k£ como

k

J(m) = Zj(ei).

=1

Como problema de tipo Osserman, Gilkey [82] caracterizou as variedades riemannianas
tales que o seu operador de Jacobi de orde k ten autovalores constantes, mostrando que,
para 2 < k < n—2, estas son as variedades de curvatura seccional constante. Sexa (M, g, J)
unha variedade case hermitica. Unha xeneralizaciéon natural do operador de Jacobi é o
operador de Jacobi complexo, que vén dado por

J(me) = I (x) + T (Jx),

onde 7, = Span{z, Jz}. Unha das propiedades que fai do operador de Jacobi usual un
obxecto tan especial é o feito de que determina o tensor curvatura. Asi, parece natural
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preguntarse se isto mesmo é certo para o operador de Jacobi complexo que vimos de
definir. A primeira tarefa a afrontar na Parte IV é o dar resposta a esta pregunta e o
entendermos cando o operador de Jacobi complexo determina o tensor de curvatura para
unha variedade case hermitica. Isto lévase a cabo no Capitulo 12, onde amosaremos no
Teorema 12.1.3 que:

Para (M, g, J) unha variedade hermitica ou nearly Kahler, o operador de Jacobi
complexo determina completamente o tensor curvatura.

Este feito non se pode extender 6 contexto mais xeral de variedades case hermiticas
(véxase o Teorema 12.1.2 para un exemplo explicito). Tamén se obtenen resultados refe-
rentes a variedades almost Kéhler ou variedades conformemente equivalentes.

Posteriormente comézase o estudio das variedades complexas Osserman, definidas de
maneira natural como as variedades case hermiticas con operadores de Jacobi complexos
que tefien autovalores constantes. No Capitulo 13 obtemos algins resultados xerais,
mostrando que este tipo de variedades son einstein e, ademais, que a estructura de auto-
valores do operador de Jacobi complexo vén controlada do seguinte xeito:

Sexa (M,g,J) unha variedade case hermitica de dimension n que verifica a
condicion de compatibilidade J*R = R e tal que o operador de Jacobi determina
o tensor curvatura (i.e. R € Ra). Enton, se os autovalores do operador de
Jacobi complexo son constantes, verificase:

1. Sen =2 (mod4), hai 2 autovalores con multiplicidades (n — 2,2).
2. Sen =0 (mod 4), enton cimprese unha das sequintes posibilidades:

(a) Hai 2 autovalores con multiplicidades (n — 2,2).
(b) Hai 2 autovalores con multiplicidades (n — 4,4).
(¢) Hai 3 autovalores con multiplicidades (n — 4,2,2).

Ademais empréganse as estructuras de familia de Clifford para construir exemplos,
principalmente a nivel alxébrico, e mostrar que todas estas posibilidades realmente oco-
rren. Ainda mais, profundizase na estructura dos tensores curvatura alxébricos que venien
dados por familias de Clifford para analizar cales son Osserman complexos.

No derradeiro capitulo concentrdmonos nas variedades Kéhler. Asi, o feito de que
a estructura complexa é paralela ten consecuencias xeométricas que nos permiten obter
algtins resultados parciais cando o operador de Jacobi complexo ten 2 autovalores de
multiplicidades (2,n—2). Mais concretamente, neste caso se a variedade non é de curvatura
seccional holomorfa constante entén o autovalor de maior multiplicidade é 0. O principal
resultado do capitulo é a completa clasificacion das variedades Kahler complexas Osserman
en dimension 4:

Teorema 14.2.9. Seza (M, g, J) unha variedade Kihler de dimension 4. Enton (M, g,J)
€ Osserman complexa se e so se € de curvatura seccional holomorfa constante.
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A pesar de que estes resultados suponen os primeiros avances no problema de carac-
terizar as variedades complexas Osserman, unha caracterizacién completa segue aberta
incluso no caso en que a variedade sexa Kéhler. Os anteriores resultados suxiren un
achegamento 6 problema consistente en analizar, un a un, os distintos casos de posibles
autovalores e multiplicidades. Posto que estas variedades non poden ter un tnico auto-
valor para o operador de Jacobi complexo, haberia que analizar os casos de dous e tres
autovalores. Ademais, parece natural que un amplie o dominio de variedades Kéahler a
variedades, cando menos, Hermiticas. Neste contexto as variedades complexas Osserman
preséntanse coma un reto natural de gran interese.
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