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Introduction

Nowadays, the concept of homogeneity is one of the fundamental notions in
geometry although its meaning must be always specified for the concrete situations.

In this thesis, we consider the homogeneity of Riemannian manifolds and the
homogeneity of manifolds equipped with affine connections. The first kind of ho-
mogeneity means that, for every smooth Riemannian manifold (M, g), its group of
isometries I(M) is acting transitively on M. Part I of this thesis fits into this philos-
ophy. Afterwards in Part II, we treat the homogeneity concept of affine connections.
This homogeneity means that, for every two points of a manifold, there is an affine
diffeomorphism which sends one point into another. In particular, we consider a
local version of the homogeneity, that is, we accept that the affine diffeomorphisms
are given only locally, i.e., from a neighborhood onto a neighborhood.

More specifically, we devote Part I to solve the problem of checking if the three-
parameter families of six and twelve-dimensional flag manifolds, (M° = SU(3)/SU(1)
xSU(1) x SU(1)79(01,02,C3)>7 <M12 = Sp(3)/5U(2) x SU(2) x SU(2)79(01,62,03)>7 con-
structed by N.R. Wallach in [W] are D’Atri spaces. Thus, we improve the results
given in [AM-N]. Moreover, we obtain the complete 4-dimensional classification
of homogeneous spaces of type A. This allows us to prove correctly that every
4-dimensional homogeneous D’Atri space is naturally reductive. Furthermore, we
prove that the curvature operator has constant osculating rank over g.o. spaces.
As a consequence, we also present a method valid on every g.o. space to solve the
Jacobi equation. This method extend the method given by A. M. Naveira and A.
Tarrio in [N-T] for naturally reductive spaces. In Part II, we classify (locally) all
locally homogeneous affine connections with arbitrary torsion on two-dimensional
manifolds. Therefore, we generalize the result given by B. Opozda for torsion-less
case in [Op.3]. Moreover, we obtain interesting consequences about flat connections
with torsion.

In general, the study of these problems sometimes require a big number of
straightforward symbolic computations. In such cases, it is a quite difficult task
and a lot of time consuming, try to make correctly this kind of computations by
hand. Thus, we try to organize our computations in (possibly) most systematic way
so that the whole procedure is not excessively long. Also, because these topics are
an ideal subject for a computer-aided research, we are using the software MATHE-
MATICAQ, throughout this work. But we put stress on the full transparency of this
procedure.



2 Introduction

More exactly, we devote Chapter 1 to make a brief overview of some special
kinds of homogeneous Riemannian manifolds which will be of special relevance in
Part I of this thesis. Furthermore, we recall the relevant material without proofs,
to understand the following diagram:

/ Curvature Homogeneous Riemannian manlmb
2
e

‘Homogene

. 0.

Naturally reductive

Section 1.4 is the last of this chapter and it is intended to show how the software
MATHEMATICA 5.2 becomes useful. For that, we finish the study made by J.
E. D’Atri and H. K. Nickerson in [D’A-N.2] of the three-parameter family of six-
dimensional flag manifolds in the complex plane (M, gi, cp.cs)). (Now, it can be
done in a quite short period of time). Also, we study a three-parameter family
of twelve-dimensional flag manifolds in the quaternionic plane, (M'2, g, cy.c5))- In
particular, we conclude

“the three-parameter families of flag manifolds (M®, g, cp.c5)) and (M2, giey c.cs))
are D’Atri spaces if and only if they are naturally reductive spaces”.

Recall that the property of being a D’Atri space (i.e., a space with volume-
preserving symmetries) is equivalent to the infinite number of curvature identities
called the odd Ledger conditions. Moreover, a Riemannian manifold (M, g) sat-
isfying the first odd Ledger condition is said to be of type A. In addition, the
classification of all 3-dimensional D’Atri spaces is well-known (see [K]). All of them
are locally naturally reductive.

However, the first attempts to classify all 4-dimensional homogeneous D’Atri
spaces were done by F. Podesta, A. Spiro, P. Bueken and L. Vanhecke in the papers
[Po-Sp] and [Bu-V] (which are mutually complementary). The previous authors
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started with the corresponding classification of all spaces of type A, but the clas-
sification in [Po-Sp| was incomplete, as we claim in [AM]. Now, in Chapter 2, we
accomplish the complete classification of all 4-dimensional homogeneous spaces of
type A in a simple and explicit form (see Theorem 2.1.2) and, as a consequence, we
prove correctly that

“all 4-dimensional homogeneous D’Atri spaces are locally naturally reductive.”

Moreover, Section 2.3 is devoted to correct Podesta and Spiro’s Classification Theo-
rem given in [Po-Sp].

On the other hand, note that in this first studies of Part I, we obtain geometric
properties of a manifold from the curvature operator and its derivatives. However
in the last chapter of Part I, we shall study just the opposite situation, i.e., we
shall obtain properties of the curvature operator and its derivatives from geometric
properties of a manifold.

A Riemannian g.o. manifold is a homogeneous Riemannian manifold (M, g) on
which every geodesic is an orbit of a one-parameter group of isometries. It is known
that every simply connected Riemannian g.o. manifold of dimension<5 is naturally
reductive. The first counter-example of a Riemannian g.o. manifold which is not
naturally reductive is Kaplan’s six-dimensional example that we shall denote it by
N. On the other hand, A. M. Naveira and A. Tarrio in [N-T] have developed a
method for solving the Jacobi equation in the manifold Sp(2)/SU(2). This method
is based on the fact that the Jacobi operator has constant osculating rank r over
naturally reductive spaces, i.e., under some assumptions, its higher order derivatives
from 1 to r are linear independent and from 1 to r + 1 are linear dependent. In
Chapter 3, we prove that

“the Jacobi operator has constant osculating rank over g.o. spaces”

and, as a consequence, we solve the Jacobi equation in the Kaplan example V. For
that, we calculate that the constant osculating rank of the Jacobi operator J on
N is 4. More concretely, we have obtained that the basic relation satisfied between
the n'* covariant derivatives for n = 1,...,5 of the (0,4) - Jacobi operator along the
arbitrary geodesic v with initial vector x at the origin p = 7 of N is

iHol' % + §HolP T + 7 =0
and the Jacobi operator can be written as
Ji = co + ¢ cos(t) + easin(t) + ¢z cos(t/2) + ey sin(t/2),
where

‘o :%+5%2) +4%4)7 ¢ = %(\7()2)+4j04)), Cy = _?1(%1) +4%3))7
=T +J) =5+ ).
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Moreover, we compare and present the main differences between this new method
and the well-known method used by I. Chavel in [Ch.1], [Ch.2], W. Ziller in [Z] and
J. Berndt, F. Tricerri, L. Vanhecke in [B-Tr-V, p. 51] to solve the Jacobi equation
along a geodesic.

Finally, we devote Part II of this thesis to the area of affine differential geome-
try which is well-established and still in rapid development (see e.g. [N-S]). Also,
many basic facts about affine transformation groups and affine Killing vector fields
are known from the literature (see [Ko-N, vol.I] and [Ko]). Yet, it is remarkable
that a seemingly easy problem to classify all locally homogeneous torsion-less con-
nections in the plane domains was solved only recently by B. Opozda in [Op.3]
(direct method) and by O. Kowalski, B. Opozda, Z. Vlasek in [K-Op-V1.4] (group-
theoretical method). Unfortunately, no relation between both classifications was
given. See also the previous partial results in [K-Op-VI1.1] and [K-Op-V1.2]. For
dimension three, to make a classification seems to be a hard problem.

In Chapter 4 we classify all locally homogeneous affine connections with arbi-
trary torsion in the plane domains from the group-theoretical point of view and we
obtain interesting consequences about flat connections with torsion. The stronger
Classification Theorem for connections with torsion is the following:

Classification Theorem. Let V be a locally homogeneous affine connection with
arbitrary torsion on a 2-dimensional manifold M. Then, either V is locally a Levi-
Cita connection of the unit sphere or, in a neighborhood U of each point m € M,
there is a system (u,v) of local coordinates and constants p,q,c,d, e, f,r, s such that
V is expressed in U by one of the following formulas:

Type A
Vo,0u = Oy + q0y, Vg,0, = Oy + dO,,

Vo,04 =10y + 50y, Vo,0, = €0y + fO,.

Type B
v dutads Oy +ddy
8uau = £ 1 ’ (9uav = Lt ’

u u
Vav au — raui—sav ’ Vav av _ eau:;fav 7

where not all p,q,c,d,e, f,r,s are zero.

Moreover, based on our computations, we illustrate the essential relationship be-
tween the classifications given in [K-Op-V1.4] and [Op.3]. In addition, we prove
that, for some Lie algebras g, all connections corresponding to such a g are simul-
taneously of type A and of type B. These facts can be easily checked in the table of
Section 4.1 that we use to summarize our results.

Finally, it is worthwhile to mention that our Classification Theorem has been just
used by O. Kowalski and Z. V1asek to solve the main existence problems concerning
affine homogeneous geodesics in dimension two. See [K-VIJ.
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Chapter 1

Preliminaries

In this chapter, we shall make a brief overview of some special kinds of Rie-
mannian manifolds. In particular, we shall recall the relevant material without
proofs, to understand the following diagram:

/ Curvature Homogeneous Riemannian manifeb

Homogeneous

4. 0.

Naturally reductive

This material is basic to facilitate access to the individual topics of the second
and third Chapter. Besides, we shall show how the software MATHEMATICA 5.2
becomes useful. For that, we shall finish the study made by J. E. D’Atri and H. K.
Nickerson in [D’A-N.2] of a three-parameter family of six-dimensional flag manifolds
in the complex plane. (Now, it can be done in a quite short period of time). Also,
we shall study a three-parameter family of twelve-dimensional flag manifolds in the
quaternionic plane. In particular, for both families we shall prove that every flag
manifold is a D’Atri space if and only if it is naturally reductive. These results will
be published in [AM.2].



8 1.1. THE CONCEPT OF HOMOGENEITY ON RIEMANNIAN MANIFOLDS

1.1 The concept of homogeneity on Riemannian
manifolds

Let (M, g) be a smooth Riemannian manifold. (M, g) is said to be homogeneous
if its group of isometries I(M) is acting transitively on M.

Moreover, let G C I(M) be a connected Lie group which acts transitively on a
Riemannian manifold M and let p € M be a fixed point. If we denote by H the
isotropy group at p, then M can be identified with the homogeneous manifold G/ H.
In general, there may be more than one such group G C I(M). If, for example,
we take a connected Lie group G’ such that G # G’ C I(M) and G’ also acts
transitively on M, then there is another expression of M as G'/H' (where H' is the
new isotropy group).

For any fixed choice M = G/H, G acts effectively on G/H from the left. The
Riemannian metric g on M can be considered as a G-invariant metric on G/H. The
pair (G/H, g) is then called a Riemannian homogeneous space.

In [Be], L. Bérard Bergery published the 4-dimensional classification of Rie-
mannian homogeneous spaces. In particular, he obtained the following

Proposition 1.1.1.  In dimension 4, each simply connected homogeneous Rie-
mannian manifold M is either symmetric or isometric to a Lie group with a left-
imvariant metric. In the second case, either M is a solvable group or it is one of the

—_~—

groups SU(2) x R, SI(2,R) x R.

On the other hand, I. M. Singer in [Si] introduced the following condition and
proved the following Theorem which provides a new characterization for the concept
of locally homogeneity on Riemannian manifolds.

Definition 1.1.2. (M, g) satisfies the condition P(k) if, for any p,q € M, there is
a linear isometry F : T,M — T,M such that F*(V'R,) = V'R, fori=0,1,..., k.
Here R denotes the curvature Riemannian tensor and V'R = R.

It is obvious that a homogeneous Riemannian manifold satisfies the condition
P(k) for all k > 0.

Theorem 1.1.3. Let (M, g) be a connected, simply connected and complete Rie-
mannian manifold. If (M,g) satisfies the condition P(k) for a sufficiently large k
(depending only on the dimension of M), then it is a homogeneous Riemannian
manifold.

To obtain more details about the Singer number ky; = k — 1 see [Bo-K-V], [Si]
and [Gro, p.165].

Some years later, K. Sekigawa in [Se|] gave the first examples of 3-dimensional
Riemannian manifolds which satisfy the condition P(0) but they are not (locally)
homogeneous. This result gave sense to the concept of curvature homogeneous space
introduced in [Si].
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Definition 1.1.4. A smooth Riemannian manifold M is called curvature homoge-
neous if, for any two points p,q € M, there exists a linear isometry F': T,M — T, M
such that F*R, =R, i.e. the condition P(0) is satisfied.

This is also equivalent to saying that, locally, there always exists a smooth field
of orthonormal frames with respect to which the components of the curvature ten-
sor R are constant functions (see, for instance, I. M. Singer [Si], or the monograph
[Bo-K-V]). Hence it is obvious that all principal Ricci curvatures are constant.
Clearly any homogeneous manifold is curvature homogeneous. On the other hand,
the locally homogeneous Riemannian manifolds in dimensions > 3 form a “negligi-
ble” subclass of all curvature homogeneous spaces (see a survey in [Bo-K-V]).

1.2 Reductive spaces, naturally reductive spaces
and g.o. spaces

A Riemannian homogeneous space (G/H,g) with its origin p = {H} is always
a reductive homogeneous space in the following sense (cf. [Ko-N, vol.II, p.190]): we
denote by g and b the Lie algebras of G and H respectively and consider the adjoint
representation Ad : H x g — g of H on g. There is a direct sum decomposition
(reductive decomposition) of the form g = m + h where m C g is a vector subspace
such that Ad(H)(m) C m. For a fixed reductive decomposition g = m+ b, there is a
natural identification of m C g = T.G with the tangent space T}, M via the projection
m:G — G/H = M. Using this natural identification and the scalar product g, on
T,M, we obtain a scalar product (, ) on m which is obviously Ad(H )-invariant.

Furthermore, note that if (M = G/H, g) is a homogeneous space, for each Z € g,
the mapping (t,q) € Rx M — 7(exp(tZ))(q) is a one-parameter group of isometries.
Consequently, it induces a Killing vector field Z*, called the fundamental vector field
on M, given by ;

Zy = %O(T(exp(tz))(q», qe M.

The following definition is well known from [Ko-N, chapter X, sections 2, 3]:

Definition 1.2.1. A Riemannian homogeneous space (G/H,g) is said to be natu-
rally reductive if there exists a reductive decomposition g = m~+h of g satisfying the
condition

(X, Z]m, Y) + (X, [Z,Y]m) =0  forall X,Y,Z€m. (1.1)
Here the subscript m indicates the projection of an element of g into m.

It is also well-known that the condition (1.1) is equivalent to the following more
geometrical property:
For any vector X € m\{0}, the curve v(t) = 7(exp tX)(p)

1.2
is a geodesic with respect to the Riemannian connection. (12)
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Here exp and 7(h) denote the Lie exponential map of G and the left transformation of
G/H induced by h € G respectively. Thus, for a naturally reductive homogeneous
space every geodesic on (G/H,g) is an orbit of a one-parameter subgroup of the
group of isometries.

The following concept was introduced for the first time in [Go.1] and nicely

defined in [Du-K-Ni]. This concept became necessary after the special study made
by A. Kaplan in [Ka.2]|.

Definition 1.2.2. Let (M, g) be a homogeneous Riemannian manifold. Then (M, g)
1s said to be naturally reductive if there is a transitive group G of isometries for
which the corresponding Riemannian homogeneous space (G/H,g) is naturally re-
ductive in the sense of Definition 1.2.1

Let us denote by Io(M) the maximal connected group of isometries on (M, g).
Examples are known such that M = G/H is not naturally reductive for some small
group G' C Iy(M) but it becomes naturally reductive if we write M = G'/H’ for a
bigger group of isometries G' C Io(M).

Moreover, the naturally reductive manifolds have been studied by a number of
authors as a natural generalization of Riemannian symmetric spaces, which may
be characterized by the property that all geodesic symmetries are globally defined
and they are isometries. See [D’A-Z], [Tr-V], [Tr-V.2], [Go-Z], [K-V.1], [K-V.3] and
[K-P-V] for more advanced results on naturally reductive spaces.

Now, natural reductivity is still a special case of a more general property, which
follows easily from (1.2):

Definition 1.2.3. A Riemannian homogeneous space (G/H, g) is called a g.o. space
if each geodesic of (G/H,g) (with respect to the Riemannian connection) is an orbit
of a one-parameter subgroup {exp(tZ)}, Z € g, of the group of isometries G.

A homogeneous Riemannian manifold (M, g) is called a Riemannian g.o. mani-
fold if each geodesic of (M, g) is an orbit of a one-parameter group of isometries.

The extensive study of g.o. spaces only started with A. Kaplan’s paper [Ka.2| in
1983, because he gave the first counter-example of a Riemannian g.o. manifold which
is not naturally reductive. This is a six-dimensional Riemannian nilmanifold with a
two-dimensional center, one of the so-called “generalized Heisenberg groups” or “H-
type groups”. Subsequently, the class of generalized Heisenberg groups has provided
a large number of further counter-examples. (See [R], [B-Tr-V]). A classification
of all g.o. spaces in dimension less or equal to six is given by O. Kowalski and L.
Vanhecke in [K-V.5]. All Riemannian g.o. manifolds of dimension < 5 are proved to
be naturally reductive. In dimension 6, new examples of g.o. spaces are given which
are in no way naturally reductive. Moreover, in 2004, the first known 7-dimensional
compact examples of Riemannian g.o. manifolds which are not naturally reductive
were found by Z. Dusek, O. Kowalski, and S.Z. Nikéevi¢ in [Du-K-Ni].

For more information on the relation between naturally reductive spaces and
g.0. spaces, and also for the references to related topics, see [Al-Ar.1], [Al-Ar.2],
[Du-K-Ni], [Go.2], [K-P-V] and [K-V.5].



D’Atri spaces 11

1.3 D’Atri spaces

D’Atri spaces have been a topic of interest in Riemannian geometry since they
were introduced by J. E. D’Atri and H. K. Nickerson [D’A-N.1], [D’A-N.2] and
studied extensively by J. E. D’Atri in [D’A]. We may call them D’Atri spaces,
following L. Vanhecke and T. J. Willmore in [V-Wi.1] and [V-Wi.2], where further
interesting properties can be found. Some years later, they were reviewed by O.
Kowalski, F. Priifer, L. Vanhecke in [K-P-V] and also discussed in the book of T. J.
Willmore [Wi].

Let (M,g) be a Riemannian manifold. (M, g) is called a D’Atri space (cf.
[V-Wi.2]) if the local geodesic symmetries are volume-preserving. The local geodesic
symmetry s, at p € M is defined as follows: for all X in a normal neighbourhood
of the origin in the tangent space T,M we put s,(exp,(X)) = exp,(=X). (An
equivalent definition in [D’A-N.1] says that each local geodesic symmetry should be
divergence-preserving).

If all the geodesic symmetries are isometries, then M is said to be locally sym-
metric and this is equivalent to the curvature condition VR = 0. Thus it is clear
that all Riemannian symmetric spaces, i.e. spaces with metric-preserving geodesic
symmetries, are D’Atri spaces.

In [D’A-N.1], [D’A-N.2] it was proved that all naturally reductive spaces are
D’Atri spaces, and another more simple proof was provided in [D’A]. The first proof
of the fact that all g.o. spaces are D’Atri spaces was given in [K-V.2]. See also
[K-V.4]. Tt is worthwhile to mention that an example of a non-homogeneous D’Atri
space is not known. See [K-P-V] for a survey about the whole topic.

Let us note that the Jacobi vector fields play an important role in the work on
D’Atri spaces. Recall (see [Ko-N, vol. 2, p. 63]) that a vector field Y along a geodesic
~ of a manifold M is said to be a Jacobi vector field if and only if it satisfies the
following second order differential equation, called Jacobi equation: Y"+R.(Y') = 0,
where the operator R., = R(-,7')7" is called Jacobi operator. Using the calculation
with the Jacobi operator, one can derive so-called “Ledger’s recurrence formula”
(see [Ru-Wa-Wi, p.62] or [K-P-V]). This recursion formula yields an infinite series
of curvature conditions, known as Ledger’s conditions L,, ¢ > 2. It was proved by
L. Vanhecke in [V] that the “odd” Ledger conditions are already consequences of
the “even” ones. Anyway, these inductively defined conditions soon become very
complicated. Thus, the explicit form of L, is known only for small values of ¢. In
particular, the two first non-trivial odd Ledger conditions are

Ly : (pr)(X, X) =0, (13)
Ly : Z RXEGXE;,(VXR)XEGXE;, =0, (1-4)
a,b=1

where X is any tangent vector at any point m € M and {F, ..., E,} is any ortho-
normal basis of T,,M. Here R denotes the curvature tensor and p the Ricci tensor
of (M, g), respectively, and n = dimM.
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Finally, let us recall the following well-known result [D’A-N.1]:

Theorem 1.3.1. An analytic Riemannian manifold is a D’Atri space if, and only
if, it satisfies the series of all Ledger conditions of odd order Loy, 1, k > 1.

On the other hand, if all Ledger’s condition L, are satisfied, we obtain a char-
acterization of so-called harmonic spaces.

The first odd Ledger condition L3 is very important. Firstly, because it im-
plies that M is analytic [Sz]. Hence Theorem 1.3.1 holds also in the case that a
Riemannian manifold is only smooth. Secondly, because it also implies that the
scalar curvature is constant [D’A-N.1]. Finally, because it defines a new kind of
Riemannian manifolds.

Definition 1.3.2.  Riemannian manifold M is said to belong to class A, or to be
of type A, if its Ricci curvature tensor p is cyclic-parallel that is, if (Vxp)(X, X) =0
for all vector field X tangent to M or, equivalently, if

(Vxp)(Y. Z) + (Vyp)(Z,X) + (Vzp)(X,Y) =0
for all vector fields X,Y ,Z tangent to M.

These Riemannian manifolds were introduced by A. Gray in [G] as a special
subclass of (connected) Riemannian manifolds (M, g), called Einstein-like spaces,
all of which have constant scalar curvature. See [Bu-V] for more references and
details.

1.4 An example where Mathematica® is useful

In [W], N. R. Wallach constructed a family of Riemannian flag manifolds in
the complex plane, (M, g, cs.es)), In the quaternionic plane, (M, g(c; cp.e4)), and
also in the octonionic plane (M?*, G(cr,00,05)) s examples of reductive homogeneous
spaces. Here, ¢y, cs and c3 are positive real constants.

As concerns the first one, M° D’Atri and Nickerson in [D’A-N.2| proved that if
two of the parameters ¢y, co, c3 are equal, the corresponding Riemannian space is of
type A. Moreover, for the case ¢; = co = 1, cg = 2 they affirmed (without explicit
argument) that the second odd Ledger condition Lj is not satisfied.

Now, we shall finish their study of the Ls condition over the manifold M®. Of
course, with all the relevant arguments. Further, we shall extend the study of the
two-first odd Ledger conditions Ls, Ls to the other Wallach’s flag manifold M2,
Moreover, we shall correct the result given in [AM-N] where this problem over the
manifold M'? was studied for the first time. In both cases, we shall conclude that
every member of both families of Riemannian flag manifolds is a D’Atri space if and
only if it is naturally reductive.
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Many symbolic computations are required to make this study. Thus, to orga-
nize them in the most systematic way, we use the software MATHEMATICA 5.2
throughout this work. We put stress on the full transparency of this procedure.

However, we shall not treat along this section the 24-dimensional family of flag
manifolds (Fy/Spin(8), g(c1,ca,cs))-

1.4.1 Preliminaries

Let (M = G/H,g) a reductive Riemannian homogeneous space. In agreement
with the notation of section 1.2 let us recall, following [Ko-N, vol.2,p.201], that the
Riemannian connection for g is given by

ViV = 1X, Y]n + U(X,Y), (1.5)
where U(X,Y") is the symmetric bilinear mapping of m x m into m defined by
2U(X,Y), Z) = (X, [Z,Y]w) + ([Z, X],Y), (1.6)

forall X, Y, Z €m.
Note that the space M becomes naturally reductive if and only if U = 0.

Let R denote the curvature tensor of the Riemannian connection V. Following
[D’A-N.2] we have

R(X.Y)Z =~ [[X.V].2] - |
1Y, Zlala X UV, 2)]u+ U(X,U(Y, 2)

HX7 Y]n’n Z]m - U([Xv Y]ma Z)

i 1 1 (1.7)
—+ §U(X, [K Z]m) — ZL[Y7 [X7 Z]m]m - é[y’ U(X7 Z)]m

-UY,U(X,2)) — U, X, Z]w),

1
2
forall X, Y, Z €m.

In addition, in [D’A-N.2] the authors showed how the Ledger conditions can
be reformulated on reductive homogeneous spaces without explicit use of covariant
derivatives. Their theorem below covers only the two first non-trivial odd conditions
(1.3) and (1.4), but it is useful for checking concrete examples as in the next section.

Theorem 1.4.1. Let M" = G/H be a reductive Riemannian homogeneous space.
Let {E, ..., E,} be an orthonormal basis of m and let p denote the Ricci curvature
tensor of the Riemannian connection. Then, the first two odd Ledger’s conditions
can be reformulated in the following way:

Ly = p(X,U(X,X)):Zn:<R(Ea,X)U(X,X),Ea>:0, (1.8)

a=1
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Ly = zn:(R(R(EG,X)X,X)U(X,X),EG):0 (1.9)

a=1
for all X € m. Or, equivalently

Ly = p(X,UY,2)+p(Y,U(Z, X))+ p(Z,U(X,Y)) =0, (1.10)
Ly = En: (R(R(Ea, X)Y, Z)U( Z R(E.,Y)Z,VYUW, X), E,)
+Z R(E,, Z)V,W)U( Z R(E., V)W, X)U(Y, Z), E,)
+Z R(E., W)X, Y)U(Z,V),E,) =0
(1.11)

forall XY, Z, V.W € m.

In order to obtain examples using Theorem 1.4.1, we compute U from (1.6) and
the curvature tensor R at the point p from (1.7).

1.4.2 Two families of flag manifolds

Let SU(n) be the special unitary group and Sp(n) be the symplectic group.

In the natural way, both M% = SU(3)/SU(1) x SU(1) x SU(1) and M'? =
Sp(3)/SU(2)x SU(2)x SU(2) admit a reductive homogeneous decomposition [Wo-G].

Moreover, N. R. Wallach constructs an infinite number of metrics with strictly
positive sectional curvature over the previous spaces [W].

Let G = SU(3) or Sp(3), and let H = (SU(1) x SU(1) x SU(1)) or (Sp(1) x
Sp(1) x Sp(1) = SU(2) x SU(2) x SU(2)). In agreement with the notation before,
the Lie algebra g = su(3) or sp(3) and b is the subalgebra of diagonal matrices. To
simplify notation, we use the same letter K for the complex plane C and for the
quaternionic plane H. Let us define g=m & § by

where

o O

,2EK

o O O
S O n

|
N

and

=}

Z2EK

o~
I
o O
|

N © 9O
SO ©
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Let (, ) be the inner product on m given by

0 it XeV,YeV,i#j,

(X Y) = { —c;TraceXY it XY eV,i1=1,2,3. (1.12)

where c1, ¢ and c3 are positive real parameters.
These spaces were introduced by N. R. Wallach in [W] where he also calculated
from the formulas (1.6) and (1.12) that

0 XY eV, i=123,
U<X’Y>:{ —enXY] X €V, Y eV, it Ak (1.13)

Obviously, the decomposition is naturally reductive if and only if ¢y = ¢y = c3.

Case K =C

For this case, the corresponding flag manifold is M® = SU(3)/SU(1) x SU(1) x
SU(1). Further, we know that J. E. D’Atri and H. K. Nickerson in [D’A-N.2]
proved that if at least two of the parameters ¢y, ¢o, c3 are equal, the corresponding
Riemannian space is of type A. Moreover, for the case ¢; = ¢o = 1, ¢35 = 2 they
affirmed (without giving any argument) that the second odd Ledger condition Ls
is not satisfied. Now, we shall finish the study of the Ls condition over the man-
ifold M®. For the convenience of the reader we repeat the relevant material from
[D’A-N.2], thus making our exposition self-contained.

First, we define a basis {Ey, JE1, Ey, JEy, E3, JE3} for m taking z = 1,7 in V3,
z=1,—iin V5 and z = —1,—7 in V3, respectively. Note that implicitly we have
defined the invariant almost complex structure J : m — m by

0 a2 a3 0 ta;2 —ta3
J —a12 0 as3 = iaig 0 iagg
—a13 — 03 0 —iaig z'a§3 0

i.e. for all X € m and Y € b, it satisfies
X =-X, JY, X]|u=1[Y,JX]m

Afterwards, we define a basis { K7, Ko, K3} for b taking

¢t 0 0 - 0 0 00 0
Ki=|0 —i 0], Ky= 00O0]),Ks=|0 12 O
0 00 0 0 2 0 0 —2

Then, we get that the multiplication table for m is given by
By, JE)] =2K;, [=1,23.

[Ey, Em] = —[JEi, JER] = En, By, By = —[JE, JE,| = E,,
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where (I, m,n) is a cyclic permutation of (1,2,3). Moreover, we get
K, B =2JE, [K,JE]=—2E, [=1,23,

Ky, By = —2JE,, [K,JE, =E,, |#m,l,me{l,2,3}.

The curvature tensor can be computed from (1.7) with respect to this basis. The
non-trivial cases are the following formulas (1.14) and the formulas obtained from
(1.14) by using the operator J:

R(E), JE)E, = —4JE,,
R(Ey, JE)Ey, = 2R(Ey, Ey)JEy = —2R(JEy, B,) By = Zeenel 1 - 1)

2CmCn

R(Eh Em)El = R(JE[, Em)JEl — <(cnfcz) _ (crcmft:n)z) B,

Cm 4emen

for I, m,n distinct and [, m,n € {1,2,3}.
Further, we obtain easily from (1.14) that the only non-trivial terms of the Ricci
tensor are

p(Ey, Ey) = p(JEy, JE;) = Semente —cncy) (1.15)

CmCn

for I, m,n distinct and I, m,n € {1,2,3}.

Now, we shall use (1.13) and (1.15) to compute the Ledger condition Lg, (1.10).
The equation (1.10) has a purely algebraic character because the family of metrics
9(cr,e2,c5) 18 left-invariant. Hence, we can substitute for X, Y, Z every triplet chosen
from the basis of m (with possible repetition). Thus, the condition (1.10) is equiv-
alent to a system of algebraic equations. Finally, we have obtained, after a lengthy
by routine calculation, that the only non-trivial equation appears when

(X,Y,2) e {(E), Em, En), (B, JE,, JE,) | ,m,n € {1,2,3},1 # m,l #n,m # n}.
To be precise, the L3 condition is equivalent to

(c1 —ca)(er — c3)(ca — c3)
C1C2C3

=0. (1.16)

We conclude that every member of the family of Riemannian flag manifolds
(M6, Gler,earcs)) 05 of type A if and only if at least two of the parameters ¢y, ca, cs, are
equal.

To finish, we shall prove that the Ledger condition Ls is satisfied if and only if
C1 = Cy = C3.

Case cy = ¢, 1 =2,3.

Let us put X = Ey,Y = E3,Z =V =W = FEj in (1.11). Thus, for [ = 2 we
obtain using (1.12), (1.13) and (1.14) that (1.11) can be written in the form

(x —1)(92° + 247 +80) =0, for z =% (1.17)

c1’
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Analogously for | = 3, we obtain that (1.11) can be written in the form

(z —1)(32% + 82 +96) =0, for z=2. (1.18)
In both equations (1.17), (1.18), the second order equation has negative discriminant.
Then, if ¢; = ¢;, [ = 2,3, the only possible real solution is ¢; = ¢3 = 3.
Case ¢y = c3.
Let us put in (1.11) first X = FEy,Y = JE3, Z = W = E;,V = JE; and later
X =FE)Y =JFE3;,Z =JFE,,V =W = F;. Thus, we obtain a system of equations
of the form

2
(x 1)(352 4)(z°+22x+4) =0, (1.19)
(x —1)(z* — 42 —2) =0,
respectively, where z = g—; Here, the only solution of the system is x = 1. Then, if
¢y = c3, the only possible solution is ¢; = ¢ = c3.
As a conclusion, every member of the family of Riemannian flag manifolds
(M, g1 earcs)) 15 a D’Atri space if and only if it is naturally reductive.

Case K = H

In this case, we shall make the study of the two-first odd Ledger conditions
L3, Ls on the other Wallach’s flag manifold, i.e. the twelve dimensional manifold
M = Sp(3)/SU(2) x SU(2) x SU(2). Moreover, we correct the result given in
[AM-N] where this problem was studied for the first time.

From now on, we will denote by j;, [ = 1,2, 3 the three quaternionic imaginary
units ¢, 7, k, respectively.

First, we shall define a basis for m. Let us introduce three invariants almost-
complex structures J; :m — m, [ =1,2,3, by

0 a2 a 0 ga2 —Ja13
Ji | —an 0 a3 | = J1a12 0  Jiaos
—a;3 —dyz 0 —J1G13  J1G23 0
for [ =1,2 and
0 a2 a3 0 Jsae Jsas
Js | —anz 0 a3 | = | Jsai2 0 Jsaos |,
—a;3 —apz 0 J3d13  J30a3 0

i.e. for all X € m and Y € b, they satisfy
X =-X, JY,X|m=[V, 1 X]m for [=1,23,

S I X = —Jn ;X = J,X where (I,m,n)is a cyclic permutation of (1,2, 3).
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On the other hand, it is easy to prove that the structures J;, [ = 1,2 are nearly-
Kéhler (i.e. they satisty (VxJ;)X =0 for X € m) and the structure J3 is Hermitian
(16 (VXJ;J,)Y — (VJ3XJ3)J3Y =0for X,Y € m), [G—He]

Finally, we define the adapted basis

{Ela J1E17 J2E17 J3Ela E27 JlEQa J2E27 J3E27 E37 J1E37 J2E3a J3E3}

for m =V, @ V5, @ V5. In particular, we take for generating V; the elements

010 0 7 0
Ev=-100]|, 2B.=|45 00]|,i1=123,
00 0 000

for generating V5 the elements

001 00 —J
Ey = 000 ), JE= 0 0 01],1=1,2,
-1 0 0 -5 0 0
0 0 js
J3E2 - 0 0 0 y
J3 00
and for generating V3 the elements
0 00 0 0 O
Es=(10 01|, JEs=100y35 |,l=123.
0 -1 0 0 51 O

Thus, we get an adapted basis for m such that
By, B = =B, JyEy] = —E., [El, J,E.] = [J,E, Ey] = J,E,,
where p=1,2 and ([,m,n)is a cyclic permutation of (1,2, 3),
(J3Ey, J3Es] = —FE3,  [J3Ea,Jsbs) = —Ey,  [J3E3, JsE)| = B,
By, JsBy) = —[JsEy, By) = —JsEs,  |Ba, JyBs] = —[JsBs, By] = Jy i,
(B3, J3E1] =[J3E3, Ei] = —J3Es,

[JpEs, J B = —[J,Es, J,Er| = J.Ey for (p,q,r)€{(1,2,3),(1,3,2),(3,2,1)},
(LW Ey, JoEy)| = =B, J By = —J3E, for (I,m,n) € {(1,2,3),(2,3,1)},
[WEy, JsEy| = [J3E, W Ey) = JoE, for (I,m,n) € {(2,1,3),(2,3,1)},
(LB, JsEy] = [Js3E), Jo B, = LW E, for (I,m,n) € {(1,2,3),(3,2,1)}.
Now we introduce a basis {Kj, : [,p = 1,2, 3} for h. More explicitly, we take

j, 00 0 0 0 00 0
Ku=| 000 ]|, Ku=]03j 0|, Ky=[00 0],1=1,23.
000 0 0 0 00 j
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Then, we get

[El, JpEl] :2(K1p — Kgp) fOl" P = ]_, 2, 3,
[‘]PE17 Jqu] ZQ(KIT - KZT) for (p7 q, 7”) S {(17 27 3)7 (27 37 1)7 (37 17 2)}7

[Ey, JyEs] =2(— K1y + K3,) for p=1,2,
[E, JsEs] =2(K13 — K33),
[JpEQ? JqE2] 2(K17‘ + K57“) for (p7 g, T) € {(17 2a 3)7 (17 37 2)7 (Sa 27 1)}7

[Eg, JpEg] 2(K2p — Kgp) for P = 1, 2, 3,
By, JyEs] =2(F, — Kay) for (p,q,r) € {(1,2,3),(2,3,1),(3,1,2)},

[ElaKlp] = —[El,Kgp] = —Jth [E17K3p] = 0 fOI' D = 1,2,3,

[Ey, K1p) = —[Ea, K3p) =JpEs, [Ea, Kop] =0 for p=1,2,
[E27K13] = _[E27K33] = - J3E27 [E27K23] = 07

(B3, Koy = —[Ey, Ksp) = —J,Fs, [E3, K1) =0 for p=1,2,3,
[J, By, K1, = —[J, By, Kop] = By, [J,Ey, K3)] =0 for p=1,2,3,
[J, By, K1y = —[JpEs, Ksp] = —Es, [J,Es, Kop) =0 for p=1,2,3,
[J,Es, Ky, = —[J,Bs, K3y = Es, [J,Es, K1,] =0 for p=1,2,3,

(B, Kyl = —[Jo By, Kip) = LBy, 1 =1,2, [J,Ey, Ksg) = [JgEr, Ksp) =0,
for (p,q,7) €{(1,2,3),(2,3,1),(3,1,2)},

[JpEz, qu] = [JQE27 KQP] = O’ for (pv Q) < {(L 2)7 (17 3)7 (2a 3)}a
[JoEy, Kiy| = —[J1 B, Kip] = J3E,, 1 =1, 3,
[J2Es, Ki3] = [J3En, Kip] = J1Es, 1= 1,3,
[J1Ey, Ki3] = [J3E2, Kn| = —JoEs, 1 = 1,3,
[JpE37 Klq] = _[JqE37Klp] = ‘]TE37 [ = 2737 [JIJE37 Klq] — [Jqu, Klp] = 07
for (p,q,7) € {(1,2,3),(2,3,1),(3,1,2)}.
The curvature tensor can be computed from (1.7) with respect to this basis. Let

us denote by Jy the identity and let us put A = ¢ + (¢ — ¢3)> — 2¢1(ca + ¢3). The
non-trivial cases are the following formulas

R(J E1, Jp ) Jp By =40, By, p # q,
R(Jy B JyE) Jy By === 2enletken) J

dcien

for distinct [,m,n € {1,2,3}, p,q € {0,1,2,3},
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R(Ey, E)JyEm = — R(Ey, J,Ep)Ep = —J (R(J Ey, En)JpEm)
=J(R(J,E, JpEm, )E )= A S, p=1,2,
R(E), Ep)J3Ep = — R(E), JsEn) Ep = —J5(R(J3Ey, Ep) J3Ep)

_1\l+m
=J5(R(J:E1, JsB) En) = S A B,
for distinct I, m,n €{1,2, 3},

o (71)(p+r+n!+1),4

R(E, JyBn) Ty B = — R(E, J,Ep) Jy By = S 0A 1
(Lm,n) € {(1,2,3),(2,1,3),(2,3,1), (3,2, 1)},
R(Et, JyEn) JyE = = R(Ey, J,Ep) Jy By = S A ) By, (1.20)

(l,m,n) € {(1,3,2),(3,1,2)},
for (p,q,7r) €{(1,2,3),(2,3,1),(3,1,2)},

—1)(gtr+n!)
R(JyEp, Ep)JyB = — R(J,B1, J,B) By = S 24 B,
R(J,Et, En) B = — R(JEy, JyB) By = S 24 1y,

(I,m,n) € {(1,2,3),(2,1,3),(2,3,1), (3,2, 1)},
R(J,Ep, Ep)JyEm = — R(J,Ey, JyEr) By = S04 1 By

dcien

R(J,Ep, Ep)JyEm = — R(J,Ey, JyE) B = S04 1 B

(I,m,n) € {(1,3,2), (3, 1,;)6},
for (p,q,7) €{(1,2,3),(2,3,1),(3,1,2)},

R(JyEr, JyE)JyEr = — R(J By, JpE) Jy B = S22 0, B,

(I,m,n) € {(1,2, ),(2,1,3) (2,3,1),(3,2,1)},
R(JpEr, JyEm) JyEm = = R(J,E1, J,E) JyEm = 12T, E,

(I,m,n) € {(1,3,2),(3,1,2)},
for distinct p,q € {1,2,3},

R(Jy B, JyEn) I B = = R, By, Jy En) Jy B = 42

dcien, )
(I,m,n) € {(1,2,3),(2,1,3),(2,3,1), (3,2, 1)},
1!
R(J,Ey, JyEp) By = — R(J,Ey, J.Ep) J By = (4@)0 Ap

(I,m,n) € {(1,3,2),(3,1,2)},
for (p,q,7r) € {(1,2,3),(2,3,1),(3,1,2)},
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R(Ey, JyE)J Ey =32 ) B,
R(Ey, J,E;)J,En, —%Jql@m,
(l7 m7 n) E {(17 27 3)7 (27 17 3)7 (27 37 1)’ (37 27 1)}7
R(Ep, JyE) J B =S4 ) B,
R(El’ JpEl)JrEm :%Jqua
(I,m,n) € {(1,3,2),(3,1,2)},
for (p,q,r) € {(1,2,3),(2,3,1), (3,1,2)},

R(Et, Jy ) B = — Jy(R(Et, JyE) JyEr) = 52 0y By, p = 1,2,
R(Ey, s E) Ep = — Jy(R(Ey, LE)JyE) = S5 A LE,,,
for distinct I,m,n € {1, 2,3},
(q n!)
R(JpEt, JyB) By = — Jo(R(JpEr, JuB) Jo B) = S5, B,
(I,m,n) € {(1,2,3),(2,1,3),(2 3,1),(3,2,1)},
R(JyEi, JuE) E = — J(R(J,Er, JuB) T Bn) = G2 LB,
(l,m,n) € {(1,3,2),(3,1,2)},
for (p,q,7r) € {(1,2,3),(2,3,1),(3,1,2)},

R(Jp B, JyEy) Jy By =522 J, By, 7 = max({p, q}),
(Lm,n) € {(1,2,3),(2,1,3),(2,3,1), (3,2, 1)},
R(JyEi, JyE) Ty =52 J, En,
(I,m,n) € {(1,3,2),(3,1,2)},
for distinct p,q € {1,2,3},

Further, we obtain easily from (1.20) that the only non-trivial terms of the Ricci
tensor are

Cmen+c2—c2, —c2
(B, Ey) = p(JyEy, J,Ey) = 2Eometa : (1.21)

CmCn

for [, m,n distinct and p,l,m,n € {1,2,3}.

Now, we shall use (1.13) and (1.21) to compute the Ledger condition L3, (1.10).
The equation (1.10) has a purely algebraic character because the family of metrics
G(cr,e0,c5) 18 left-invariant. Hence, we can substitute for X,Y, Z every triplet chosen
from the basis of m (with possible repetition). Thus, the condition (1.10) is equiv-
alent to a system of algebraic equations. Finally, we have obtained after a lengthy
by routine calculation, that the only non-trivial equation appears when

(X, K Z) € {(Ela Ema En)7 (Eh JpErm JpEn)> (JlEb JmEma JnEn)a (JZEZ, JnErm JmEn)a
(JoEy, LB, JnEy) | p,l,myn € {1,231 # m,l #n,m # n}.
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To be precise, the L3 condition is equivalent to

(01 - 02)(01 - 03)(02 - 03)
C1C2C3

— 0. (1.22)

We conclude that every member of the family of Riemannian flag manifolds
(M, g(er.e0e)) 1 Of type A if and only if at least two of the parameters cy, ¢z, c3,
are equal.

To finish, we shall prove that the Ls Ledger condition is satisfied if and only if
C1 = Cy = C3.

Case cy = ¢, 1 =2,3.

Let us put X = EyY = E3,Z =V =W = E; in (1.11). Thus, for [ = 2 we
obtain using (1.12), (1.13) and (1.20) that (1.11) can be written in the form

(x —1)(92® + 48z + 112) =0, for x =%, (1.23)

Cc1

Analogously for [ = 3, we obtain that (1.11) can be written in the form
(x—1)(2* + 32 +36) =0, for z=2. (1.24)

In both equations (1.23), (1.24), the second order equation has negative discriminant.
Then, if ¢; = ¢, | = 2,3, the only possible real solution is ¢; = ¢ = c3.

Case ¢y = c3.

Let us put in (1.11) first X = FEy, Y = J1E3, Z =W = E,V = J1F; and later
X =FE)Y =FE3, Z =V =W = FE,. Thus, we obtain a system of equations of the
form

(x —1)(z —4)(32* — 62 +4) =0,

(z — 1)(T2? — 462 + 48) = 0, (1.25)

respectively, where z = E—; Here, the only solution of the system is x = 1. Then, if
¢y = c3, the only possible solution is ¢; = ¢ = 3.

As a conclusion, every member of the family of Riemannian flag manifolds
(M, g(e1.e0.)) 15 a D’Atri space if and only if it is naturally reductive.



Chapter 2

Classification of 4-dimensional
D’Atri spaces

The classification of all 3-dimensional D’Atri spaces is well-known (see [K]). All of
them are locally naturally reductive. The first attempts to classify all 4-dimensional
homogeneous D’Atri spaces were done in the papers [Po-Sp] and [Bu-V] (which are
mutually complementary). The previous authors started with the corresponding
classification of all spaces of type A, but the classification in [Po-Sp] was incomplete,
as we claim in [AM].

In this Chapter we shall present the complete classification of all 4-dimensional
homogeneous spaces of type A in a simple and explicit form and, as a consequence,
we prove correctly that all 4-dimensional homogeneous D’Atri spaces are locally
naturally reductive. Moreover, Section 2.3 is devoted to correct Podesta and Spiro’s
Classification Theorem given in [Po-Sp].

To facilitate access to the individual topics, this chapter is rendered as self-
contained as possible. Anyway, see Chapter 1 for more details and the basic refer-

ences about the main topics.
The results of this chapter will be published in [AM-K].

2.1 Preliminaries and Classification Theorem

A D’Atri space is defined as a Riemannian manifold (M, g) whose local geo-
desic symmetries are volume-preserving. D’Atri and Nickerson proved that every
naturally reductive Riemannian manifold has this property. However, it is still an
open problem whether all D’Atri spaces are locally homogeneous, even in the four-
dimensional case.

Let us recall that the property of being a D’ Atri space is equivalent to the infinite
number of curvature identities called the odd Ledger conditions Logyq, kK > 1. In
particular, the two first non-trivial odd Ledger conditions are

Ly - (Vxp)(X, X) =0,

23
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Ls : Z RXEGXEb(VXR)XEaXEb =0,

a,b=1

where X is any tangent vector at any point m € M and {F, ..., E,} is any ortho-
normal basis of T}, M. Here R denotes the curvature tensor and p the Ricci tensor
of (M, g), respectively, and n = dimM.

Thus, it is natural to start with the investigation of all homogeneous Riemannian
4-manifolds satisfying the simplest Ledger condition Lj3, which is the first approx-
imation of the D’Atri property. This condition is called in [Po-Sp] the “class A
condition”.

Likewise, from the L3 condition and the contracted Bianchi identity in [D’A-N.1]
has been proved that D’Atri spaces have constant scalar curvature. Hence in dimen-
sion 2, L3z alone forces M to be a space of constant curvature and therefore locally
symmetric (and thus, in particular, a D’Atri space). In dimension 3, O. Kowalski
[K] found explicitly all the 3-dimensional D’Atri spaces using both Ledger conditions
L3, Ly and the real analyticity condition. Some years later, H. Pedersen and P. Tod
([P-T]) eliminated Lj from the argument with the following result:

Theorem 2.1.1. All three-dimensional smooth Riemannian manifolds belonging to
class A are locally homogeneous, and they are either locally symmetric or locally
1sometric to a naturally reductive spaces.

Sketch of the proof: First by differentiations and other manipulations with the
condition Lz it is showed that all scalar invariants of the Ricci tensor are constant.
By a result of [Pr-Tr-V] this implies that (M, g) is locally homogeneous. Local
homogeneity and Lz imply that (M, g) is naturally reductive and therefore a D’Atri
space by a result of [Ab-Ga-V].

Therefore, Theorem 2.1.1 shows that L3 alone is enough to force both homogene-
ity and the D’Atri property in dimension 3. Moreover in [P-T], the authors have
also proved that in dimension 5 and higher, the condition L3 alone forces neither
homogeneity nor the D’Atri property. For dimension 4, we refer to [T] where K.
P. Tod has proved by the spinor calculus that the condition L3 alone forces neither
homogeneity nor the D’Atri property, except in some particular cases. We shall
devote this Chapter to classification of 4-dimensional homogeneous D’Atri spaces
(not using the spinor calculus). In fact, we shall rectify the incomplete procedure
made in [Po-Sp] and [Bu-V].

As the first and most extensive step of our classification procedure, we shall
look for all 4-dimensional homogeneous spaces of class A. In this direction, F.
Podesta and A. Spiro ([Po-Sp]) published a classification theorem assuming that
at most three of the constant Ricci eigenvalues are distinct. In their paper, (M, g)
was not necessarily homogeneous but only curvature homogeneous, which is a more
general situation. (See Section 1.1). Yet, there was a gap in their main Theorem,
which we explain later. (See Section 2.3). They also pose the question if there
are, in dimension four, spaces of class A with four distinct Ricci eigenvalues. Some
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years later, P. Bueken and L. Vanhecke ([Bu-V]) found a two-parameter family of
such spaces. Yet, their presentation of this family was not explicit and without
geometrical interpretation (they refer only to the computer results, which were not
accessible). They also concluded in [Bu-V] that all simply connected homogeneous
D’Atri spaces in dimension 4 are naturally reductive. Yet this final result was also
not completely satisfactory just because of the gap in [Po-Sp], and because the new
family of spaces in [Bu-V] was not described explicitly.

In this chapter, we derive the correct and complete local classification of all
4-dimensional homogeneous spaces of type A in a simple and explicit form. Our
method is based on the classification of Riemannian homogeneous 4-spaces by L.
Bérard Bergery ([Be]) and on the computer support, using the program MATHE-
MATICA 5.0.

We shall now formulate our fundamental result, which will be proved in the next
section.

Theorem 2.1.2 (Classification Theorem). Let (M, g) be a four-dimensional homo-
geneous Riemannian manifold of type A. Then just the following five cases occur:

i) M is locally symmetric;

ii) (M, q) is locally isometric to a Riemannian product M3 x R, where M3 is
a 3-dimensional Riemannian naturally reductive space with two distinct Ricci
curvatures (p1, pa = p1,p3), p3 7 p1- Thus M is locally isometric to a naturally
reductive homogeneous space.

iii) (M, g) is locally isometric to a simply connected Lie group (G, g,), whose Lie
algebra g s described by

ea, e1] = ea, [e1,e3] = €3, [e2, €3] = ey,

[61764] = [62764] = [63764] =0,

and which is endowed with the left-invariant metric
4
Gy = ?wl @ w' + w? @ w? + w @ w + Y @ w?,

where v € RY and {w'} is the dual basis of {e;}. The metrics g, have Ricci

eigenvalues p1 = ps = p3 = 7772, Py = % and are not isometric to each other
for different values of . Moreover, the Riemannian manifolds (G,g,) are

irreducible and not locally symmetric. They are not D’Atri spaces.

i) (M, g) is locally isometric to a simply connected Lie group (G, g(ck)), whose
Lie algebra g is described by

[61762] = €3, [63761] = %62, [62763] = %617
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[617 64] = 07 [627 64] = 07 [637 64] = 07

where Ay = 3 —3k* £ V14 2k> =3k > 0, k €]0,1[\{/2}, and which is

endowed with the left-invariant metric
1
9(ek) = 2 (w Q@ w' +w? @ w? + w? @ w? + kw® @ w* + w' ®w)

where {w'} is the dual basis of {e;} and ¢ € RT is another parameter. The
metrics g have four distinct Ricci eigenvalues

pr=5(2 -6k — V1 +2k2 = 3k%),  pp=S(2 - 6K> + V1 + 2k% — 3k%),

2

p3s =% (3 — 3k* — V9 — 2k2 + 57kY),  py = (3 —3k* + V9 — 2k2 + 5TkY).

1

M

1

Moreover, the Riemannian manifolds (G, gr)) are irreducible and not locally
symmetric. They are not D’Atri spaces.

v) (M, g) is locally isometric to a simply connected Lie group (G, g.), whose Lie
algebra g s described by

le1,e0] = €3, [es,e1] = 3627 [e2, €3] = %el’

le1,e4) =0, [ea,eq) =0, [es,eq] =0,

and which is endowed with the left-invariant metric
1
Ge = C—2(w1®w1+w2®w2+w3®w3+\/%w3®w4+w4®w4),

where ¢ € RT and {w’ } zs the dual basis of gel} The metrics g. have Ricci

eigenvalues py = p3 = 55, p2 = 3104, pa = < and are not isometric to each

14
other for different values of c. Moreover, the Riemannian manifolds (G, g.)

are 1rreducible and not locally symmetric. They are not D’Atri spaces.

It is well-known that every locally symmetric space is a D’Atri space and that,
moreover, it is locally isometric to a naturally reductive homogeneous space. In
addition, the Riemannian product spaces M3 xR described in iz) of the Classification
Theorem 2.1.2 are locally isometric to naturally reductive homogeneous spaces and
hence they are D’Atri spaces. On the other hand, we show that the spaces described
in i11), iv) and v) do not satisfy the Ledger condition L5 and thus, they cannot be
D’Atri spaces. Combining these results with our Classification Theorem 2.1.2, we
conclude with the following

Theorem 2.1.3 (Main Theorem). In dimension 4, all simply connected homoge-
neous D’Atri spaces are naturally reductive spaces (including symmetric spaces as
special cases).
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2.2 Proof of the Classification Theorem

In [Be], L. Bérard Bergery published the classification of Riemannian homoge-
neous 4-spaces. In particular, he obtained the following

Proposition 2.2.1. In dimension 4, each simply connected Riemannian homoge-
neous space M 1is either symmetric or isometric to a Lie group with a left-invariant
metric. In the second case, either M is a solvable group or it is one of the groups

—_——

SU(2) x R, SI(2,R) x R.

Now, the main part of our computations is to check which of these spaces are
of type A. We shall work at the Lie algebra level and use MATHEMATICA 5.0 for
the computation. Let us start with the non-solvable group case and later we shall
continue with the solvable case.

—_—

2.2.1 Non-Solvable Case (Study of SU(2) xR and S{(2,R) xR)

Let g3 be a unimodular Lie algebra with a scalar product (, ),. According to
[M], p. 305, there is an orthonormal basis { f1, f2, f3} of g3 such that

Lfo, f3] = afy, [fs, fil = bf2, [f1, fo] = cfs, (2.1)

where a, b, ¢ are real numbers. In the following, we shall study the cases g3 = su(2)
and g3 = sl(2,R), which are characterized by the inequality abc # 0.

Let now g = g3 @ R be a direct sum, and (, ) a scalar product on g defined
as follows: we choose a basis {fi, fo, f3, fa} of unit vectors such that {f1, f2, f3} is
an orthonormal basis of gz satisfying (2.1) and f; spans R. Here R need not be
orthogonal to gs. In particular, we assume

fi, fal =0, (fi, fa) = ks, i =1,2,3. (2.2)

3

Here a, b, ¢, ki, ko, k3 are arbitrary parameters where Y k? < 1 due to the positivity
i=1

of the scalar product. Choosing a convenient orientation of f4, we can always assume

that kg > 0.

Now we replace the basis {f;} by the new basis {¢;}, (i = 1,2, 3,4), putting

3
) 1
e =fi, 1=1,2,3, e = }—%(fzx - Zzlkfzfz) (2.3)

/ 3
where R =4/1— Y k? > 0. Then we get an orthonormal basis for which
i=1

[627 63] = aeq, [63a 61] - 6627 [ela 62] = ceg3,
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le1, e4] = % (ksbey — kaces), [ea,eq] = % (kices — ksaey) (2.4)
[63, 64] = % (kg(l@l — klbeg) .

Next, we shall consider the simply connected Lie group G with a left invariant
Riemannian metric g corresponding to the Lie algebra g and the scalar product ( , )
on it. Here the vectors e; determine some left-invariant vector fields on G.

According to our (})ll_siruction, the underlying group G is the direct product of
the group SU(2) or Si(2,R) and the multiplicative group R*.

Now we are going to calculate the expression for the Levi-Civita connection, the
curvature tensor, the Ricci matrix, and the condition for the Ricci tensor to be cyclic
parallel.

We know that

20(VxZ2,Y)=Zg(X,Y)+ Xg(Y,Z)-Yg(Z, X)

—g([2.X],Y) = g([X,Y], Z) + g([Y, Z], X) (2.5)

for every triplet (X,Y,Z) of vectors fields. Then using this formula we obtain by
easy calculation

Lemma 2.2.2.
Veei=0,1=1,23,4,

o (c+bfa) (a—b)ks _ (b—a— c) (a—b)ks
veleQ - €3 + °R €4, v6261 2 €3 + 2R €4,

V6163 _ (a— b C) ey + (c— a)k264, V€3€1 o (a+b c) ey + (6_2(;2)1@647

v6164 ® 2(11%)]%6 + (az C)kzeg, V6461 (b+a) €2+ (a+c)k2€3’ (26)

Ve €3 = (M;b)el + “52 €1, Vegeo = e ; De €1+ (bECR) “ey,

Veyeq = 0Dksp o (e g o, = (atbhs (b+c)k1

2R 2R 2R €17 T3r ©3
o a—c)k’g c— b k1 _ —(a+c)ka (b+c)k1
V6364 = { >R €1 + ( ) €2, V6463 - QR) e+ or_ €2

Now, we denote by A;; the elementary skew-symmetric operators whose corre-
sponding action is given by the formulas A;;(e;) = dye; — d;ie;. Then, by a lengthy
but elementary calculation we get

Lemma 2.2.3. The components of the curvature operator are

R(e1, e2) = oAz + a1213A413 + o154 A1y + 1223 Aos + 1924 Aoy,

R(e1, e3) = aizinAiz + aiz13A13 + auz14 A1y + uzasAog + aissaAsy,

R(e1, eq4) = ana12A12 + 1413413 + 1414414 + 1494 Ass + 1434 A3, (2.7)
R(ea, e3) = aazrn Az + 313413 + Q2323 Ag3 + Qozaa Aoy + Qo334 Azs, .
R(ea, e4) = a1z + aq14A14 + Q2493 A23 + Qoang Aoy + o434 Aza,

Res,eq) =

asa13A13 + asa1a A + a3 Aas + aga2a Ao + 3434 Az,
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where the coeficients vjim = g(R(ei, €;)er, en) satisfy the standard symmetries with
respect to their indices and

Q1212 = 432 ((8¢% = (a — 1)* = 2¢(a + b)) R* — (a — b)*k3),
Q1213 = 432 (a —b)(a — c)kaks),
a—c)(a—b+3c)ks),

Q1214 =

~
- ::1|H

19223 = 7Rz

I
=

(a—b)(b— c)klkg)
b—c)(a—b—3c)k),
(36" — (a — ) —2b(a+c))R* — (a — 0)*ky),

Sl
—~

Q1224 =

|H

1313 = 7Rz

o~
=y

o314 = 75((a — b)(a — ¢ + 3b)ks),
1323 = ﬁ (@ —c)(b—c)kika),
1
(1334 = ﬂf( c—b)(c—a+3b)ky), 2.8)
iR
Q1424 = ﬁ (c(a+b—3c)+ ab)kiks),
31 = 73 ((b(a + ¢ — 3b) + ac)kiks),

|H

(3a* = (b—¢)® = 2a(b + ¢))R* — (b — ¢)*k?),
b—a)(3a+b—c)ks),
a— )(3&—6—1—0) ks),

2323

IS
%

Q2324

S5l

—~~

9334 =

|H

(4e® = (b + ¢)*)k7 + (4a® — (a + 0)*)k3),
(a(=3a+ b+ c) + bc)kaks),
(46% = (b + ¢)*)k7 + (4a® — (a + ©)*)k3).

Q2424 = 753

|~5‘5

(2434 = 7p3

~
=y

(
(
(
(
(
(
(
(
s = 72 ((46% = (a + )3 + (46° — (a + b)*)k3),
(
(
(
(
(
(
(
(

|H

3434 = 71z

S~
=)

Further, we obtain easily

Lemma 2.2.4. The matriz of the Ricci tensor of type (1,1) expressed with respect
to the basis {e1, ea, €3,€e4} is of the form

6 (c2—ab)ki ko (b®>—ac)ki ks (b—c)?ky
11 2R? 2R? 2R
(c2—ab)kika 5 (a®—bc)kaks (a—c)2ks

2R2 22 2R2 2R

(2.9)

(b2 —ac)k1ks  (a®?—bc)kaks 3 (a—b)2k3

2R2 2R2 33 2R

(b—c)?ky (a—c)?ko (a—b)?ks 5
2R 2R 2R 44

where

a?—(b—c)? (a®—b?)k3+(a®—c?)k2 b2 —(a—c)? (b2 —a?)k2+(b%—c?)k?
ﬁll = 2 + 2R2 27 ﬁ?? = 2 + SRZ 17

?—(a— c—a (b— 02k2 a—c)?k2—(a—b)%k2
By = EoV? | (EAHETNE g (0o
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Next, the condition for the metric g on G to be cyclic parallel (i.e. of type A) is
(Vxp)(Y, Z) + (Vy p)(Z, X) + (V2p) (X,Y) = 0 (2.10)

for every triplet (X, Y, Z) of vectors fields, where p is the Ricci tensor of type (0, 2).
This equation has a purely algebraic character because the metric g is left-invariant.
Hence, we can substitute for X, Y, Z every triplet chosen from the basis {ej, 9, €3, €4}
(with possible repetition).

Here we obtain, by a lengthy but routine calculation

Lemma 2.2.5. The condition (2.10) for the Ricci tensor of type (0,2) is equivalent
to the system of algebraic equations

1,1,2) —kiks3(b—a)(a —2b+c) =0,
1,1,3) —kika(a —c¢)(a+b—2c¢) =0,
2,2,1) —koks(a—b)(2a—b—c) =

7

( (

(1,1,3) (

(2,2,1) (

(2,2,3) —kika(c —b)(a+b—2¢c) =0,

(3 3,1) —koks(c —a)(2a —b—c) =0,

(3,3,2) —kiks(b—c)(2b —a —c¢) =0,

(4 4 1) —koks(2a —b—c)(b—c) =0,

(4,4,2) —kiks(a —2b+c)(a —c¢) =0,

(4,4,3) —kika(a+b—2c)(b—a) =

(1,2,3) —=2R*(a — b)(a — ¢)(b — ¢) + k?(c — b)(a(b + c) — 2bc)

+ k3(a — ¢)(b(a + ¢) — 2ac) + kg(b — a)(c(a+b) — 2ab) = 0, (2.11)

(1,2,4) —ks(R*(b — a)(2a — ¢)(2b — ¢) + kib(2ab — 3ac + 2bc — ¢*)
+ k3a(3bc + ¢* — 2ab — 2ac) + kidab(b — a)) = 0,
(1,3,4) —ko(R*(c — a)(2a — b)(b — 2¢) + kic(3ab — 2ac — 2bc + b?)
+ k34ac(a — ¢) + k3a(2ab — b* + 2ac — 3bc)) = 0,
(2,3,4) —ki(R*(b— ¢)(2b — a)(a — 2¢) + ki4bc(c — b)
+ k3c(2ac + 2be — a® — 3ab) + k3b(a® — 2ab + 3ac — 2bc)) = 0,
(1,1,4) —=kikoks(a +b+c)(c—b) =
(2,2,4) —=kiksks(a+b+c)(a—c) =
(3,3,4) —=kikoks(a+b+c)(b—a) =

Here the symbol "(cv, B,v) —” marks the substitution of (en,eg,e,) for (X,Y,Z)
respectively.

Now, the goal is to find the values of a, b, ¢, ki, ks and k3 which satisfy the system
of equations (2.11) and to study each of these cases.

Proposition 2.2.6. The only possible solutions of the system of algebraic equations
(2.11) are, up to a re-numeration of the triplet {e1, ea, e3} the following ones:
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1.a=b=c#0, ki, ko, ks arbitrary.
Here, three of the four Ricci eigenvalues are equal and VR = 0. Hence, the
corresponding spaces belong to the case i) of the Classification Theorem 2.1.2.

2.a=0#0, a#c#0, ky =k, =0, k3 arbitrary.
In this situation, the corresponding spaces are Riemannian direct products
M3 x R, not locally symmetric, with the Ricci eigenvalues py = py = %(2@0 —
A, p3 = %, ps = 0. Hence, they give the case ii) of the Classification Theorem
2.1.2.

9. a=9=b="Lt c#£0, ki =k =0, k3 €]0,1[\ {2, 2}, and
Ay =3 —3k3+ /1+2k2—3k3 > 0.
For this situation, (V. R)(eq,e3)eq # 0 and all Ricci eigenvalues are distinct.
The corresponding spaces belong to the case iv) of the Classification Theorem

2.1.2. Moreover, the Ls condition is not satisfied here.

T T
The corresponding spaces give the case v) of the Classification Theorem 2.1.2.
Moreover, the Ls condition is not satisfied here.

4' a:2c b:fic 67507 k1:k2:0, /{23:1/%.

Proof. Because we can re-numerate the basis {eq, es, €3} in arbitrary way (which
implies corresponding permutation of the symbols a, b, ¢ and the corresponding
re-numeration of the parameters ki, ko, k3), the system (2.11) is symmetric with
respect to all such permutations and re-numerations. Then, in order to solve this
system of equations, we can just consider the following cases:

A kikoks # 0.
B. ky = ky = 0, kg arbitrary.
C. k’l =0 and kgkg # 0.

Case A. k?lkgkfg 7é 0.

We first divide the formulas (1,1,2) and (2,2,1) by their nonzero coefficients
kiks, koks and then subtract them. We obtain the necessary condition b — a = 0.
Because the system (2.11) is symmetric with respect to all permutations, we get
also b — ¢ = 0. Hence the only possible solution under the condition kikoks # 0 is
a=b=c#0.

Now, we can extend this solution also to the case of arbitrary ky, ko, k3. The
system (2.11) is still satisfied and we obtain the case 1 of Proposition 2.2.6.

In particular, in this case we have the Ricci eigenvalues p; = ps = p3 = “2—2,
ps = 0 and the curvature tensor (2.7) takes on the form

R(e1,e2) = —%21412, R(e1,e3) = —%21413, Rlez, e3) = —§A23>
R(e1,es) = Rlea, e4) = Rles, eq) = 0.



32 Classification of D’Atri spaces

Moreover, from (2.6) we get V..e, =0 for i = 1,...,4 and e4 is a (globally) parallel
vector field.

Now, the following Lemma is an immediate consequence of the well-known
Ambrose-Singer Theorem.

Lemma 2.2.7. On a Riemannian manifold (M, g), the Lie algebra 1(x) of the
holonomy group W(x) with the reference point x € M (”the holonomy algebra”)

contains the Lie algebra generated by all curvature operators R(X,Y"), where X, Y €
T.M.

Using this lemma we see that the holonomy algebra 1 (e) contains span(A;s,
A3, Asz). On the other hand, the holonomy group ¥(e) acts trivially on span(ey).
By the de Rham decomposition Theorem (see sections 5, 6 of Chapter IV in [Ko-NJ),
the corresponding Riemannian manifolds are (locally) direct products of a 3-dimensional
Lie group and a real line. They are locally symmetric because the 3-dimensional
factor is a space of constant curvature.

In conclusion, the corresponding spaces belong to the case i) of our Classification
Theorem 2.1.2.

Case B. k1 = ky = 0, k3 arbitrary.

In this case, we have the following system of independent equations:

(1,2,3) —(a—b)(2(a —c)(b—c) + cla+b—2c)k*) =0,

(1,2,4) —k(a - D)((2a— (2 — ) +c(2a+ 2 — k) =0, 12

where we put k = k3. We suppose first that a —b = 0. If a = ¢ also holds, we obtain
a subcase of the case 1 of Proposition 2.2.6. Hence, we can assume a = b # 0,
a# c#0, ky = ks =0 and we obtain the case 2 of Proposition 2.2.6.

We want to show the remaining properties. MATHEMATICA 5.0 shows that this
solution has the Ricci eigenvalues p; = py = %(Qac—CQ), pP3 = %CQ, ps = 0. Moreover,
the basic curvature operators have the following expression:

Re1,es) = }1(30 —4a)cArs, Rle,e3) =— }LCQAlg, R(e1,eq) =0,
R(eg, 63) = _%02A237 R(GQ, 64) :O, R(@g, 64) = O

Then the Lie algebra generated by curvature operators is just span(Ais, Aiz, Ass3).
Analogously to Case A, we conclude that our spaces are direct products of 3-
dimensional Lie group of nonconstant curvature and a real line. Hence they are
not locally symmetric. The cyclic parallel condition for the whole space implies
the cyclic parallel condition for the 3-dimensional factor. According to Theorem
2.1.1, the corresponding spaces must be naturally reductive. We obviously obtain
the family from the case i) of our Classification Theorem 2.1.2.

Assume now that a # b. Then we are left with the equations

(1,2,3) =(2(a — ¢)(b—¢) + cla+ b —2c)k?) = 0,

(1,2,4) —k((2a — ¢)(2b — ¢) + c(2a + 2b — ¢)k?) = 0. (2.13)
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Here we can suppose k # 0 because otherwise we get a = ¢ or b = ¢, which is, up to
a permutation, the case 2 of Proposition 2.2.6.

Now, due to ¢ # 0, MATHEMATICA 5.0 gives, up to a permutation of the basis,
the unique solution depending on two parameters ¢ and k

= 2(3 —3k2— VI1+2k2 —3kY), b= 2(3 — 3K+ VI 2k — 3kY). (2.14)

Here we have the standard inequality k* < 1 (see the line below the formula (2.2))
and, due to k # 0 and ab # 0, we get the range k* €]0,1[\ {2}. The corresponding
Ricci eigenvalues are

pr =% (2 — 6k — V1 + 2k2 — 3k4),

=< (2 — 6k + V1 + 2k2 — 3k*),
ps =5 (3 — 3k% — V9 — 2k2 + 57kY),

g
= £(3 - 3k* + VO — 2k% + 57kY).
(2.15)

It is clear that these are functions of two independent variables ¢, k. Now, MATH-
EMATICA 5.0 gives that, due to the assumption k* €]0,1[\ {2}, we always have
P # P2, P2 F P3, P1 F Pa, P2 F pa, p3 # pa. But p1 = ps can still occur, namely
in the case when k? = % Then, we obtain the cases 3 and 4 of Proposition 2.2.6.
Now, using (2.7) and (2.8) we obtain, for all values of k, that the space of the curva-
ture operators is span(Ais, As, A14, Aoz, Aog). Hence the Lie algebra generated by
these operators is s0(4). Using Lemma 2.2.7 we see that the action of the holonomy
algebra on the tangent space T,.G is irreducible and hence the corresponding man-
ifolds are irreducible. Moreover we can see easily that (V. ,R)(es,e2)es # 0 (for
all values of k) and hence the spaces are not locally symmetric. Further, if we put
X = e1 + ey + vey, where v is a nonzero parameter, MATHEMATICA 5.0 shows that
the Ledger condition Ls(X) = 0 can be written in the form ¢1(c, k) + ¢2(c, k)v* = 0
and, because v is a free parameter, this implies

¢1(c, k) =59 4+ 11c* — 6¢* + (250 — 22¢* + 12¢*)k? + (11¢* — 6¢°)k* =0, (2.16)

¢2(c, k) = (=262 + 39¢)k* — (260 + 39¢)k* = 0. (2.17)
If 260 + 39¢ = 0, the formula (2.17) leads to a contradiction. Hence 260 4 39¢ # 0
and k? can be expressed from (2.17) in the form k? = 1’32(62%1?,3;. Substituting this

into (2.16), we obtain a cubic equation
4347200 — 392340c — 1155771c% + 544968¢° = 0. (2.18)

MATHEMATICA 5.0 says that (2.18) has only one real solution, namely ¢ = —1.57074...
But this gives a negative value for k2, a contradiction. As conclusion, we always
have Ls(e; + ex + vey) # 0 for some v # 0, and the corresponding spaces do not
satisfy the Ledger condition Ls.

Note that the case 3 of Proposition 2.2.6 is a family with four distinct Ricci
eigenvalues and this is an explicit presentation of the family of spaces described by
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P. Bueken and L. Vanhecke only implicitly in [Bu-V]. We conclude that our spaces
belong to the case iv) of the Classification Theorem 2.1.2 as a generic subfamily.
(The exceptional case k* = 2 will be added later).

The case 4 of Proposition 2.2.6 with two equal Ricci eigenvalues has been pre-
sented in [AM] as the only missing family in the classification Theorem of [Po-Sp]-
see Section 2.3 for more details. In particular, from this solution we obtain the
spaces which give the case v) of our Classification Theorem 2.1.2.

Case C. k1 = 0 and kgks # 0.

First, we suppose that 2a —b—c¢ # 0. Then from the simplified equations (2,2, 1)
and (3,3,1) of (2.11) we obtain that a = b = ¢. Hence, the corresponding solution
is a particular subcase of the case 1 of Proposition 2.2.6. Supposing 2a —b —c =10
we obtain the following more simple system of equations:

(1,2,3) — (a — b)(—4(a — b) — 3bkZ + 3(2a — b)k3) = 0,
(1,2,4) — (a — b)(—4a + 3b — 3bk3 + 3(2a — b)k3) = 0,
(1,3,4) — (a — b)(—2a + 3b — 3bk + 3(2a — b)k3) = 0.

If a —b = 0, we conclude immediately that a = b = ¢. Thus we assume that
a — b # 0. Dividing the equations (1,2,4) and (1,3,4) by the factor (a — b) and
subtracting both remaining equations we obtain the necessary condition a = 0 which
is a contradiction to abc # 0. This concludes the proof of Proposition 2.2.6.

2.2.2 Solvable Case

We are going to analyze this case using the following result given by L. Bérard
Bergery in [Be]:

Theorem 2.2.8. In dimension 4, the solvable and simply connected Lie groups are:
a) The non-trivial semi-direct products E(2) xR and E(1,1) x R.
b) The non-nilpotent semi-direct products H x R, where H is the Heisenberg
group.
c) All semi-direct products R® x R.

As concern the semidirect products of the form G = G5 xR in the above Theorem
and all possible left-invariant metrics on them, we can construct all of them on
the level of Lie algebras as follows: we consider the Lie algebra g; and the vector
space g = g3 + R. Let {f1,..., fa} be any basis of g such that g; =span{fi, fo, f3},
R =span{ fy}. Let D be an arbitrary derivation of the algebra gz and let us define

[fa, fil=Df; for i=1,23. (2.19)

(This completes the multiplication table of the algebra g3 to the multiplication table
of g). Then we choose any scalar product ( ,) on g for which {f1, f2, f3} forms an
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orthonormal triplet but f; is just a unit vector which need not be orthonormal to g3.
Thus we have, as in the formula (2.2), (f;, fa) = ki, i = 1,2,3. Now, all semi-direct
products Gz x R with left-invariant metrics correspond to various choices of the
derivations D of g3 and to all scalar products given by the above rule. The algebra
of all derivations D of g3 will be usually represented in the corresponding matrix
form.

Now, we shall study each of the cases from Theorem 2.2.8 separately following
the construction indicated above and preserving the style of the Section 2.2.1.

Non-trivial semi-direct products E(2) x R

Let ¢(2) be the Lie algebra of E(2) with a scalar product (, );. Then, there is
an orthonormal basis { f1, f2, f3} of ¢(2) such that

o, fa] = f1, [fs, il = =fas [f1 fo] =0 (2.20)

where v # 0 is a real number. The algebra of all derivations D of ¢(2) is

a b 0
—b a 0 |:a,bc,deR,
c d 0

when represented in the matrix form.

According to the general scheme, we consider the algebra g = ¢(2)+R, where the
multiplication table is given by (2.20) and, according to the general formula (2.19),
also by

[fa, fil = afi + bfa, [fa, fo] = =bf1 +afa, [fa, f3] = cfi + dfa,

(fis fa) = kiy i =1,2,3. (2.21)

3
Here v # 0,a,b, ¢, d, ky, ko, k3 are arbitrary parameters where > k? < 1 due to the
positivity of the scalar product. We exclude the case a = b = é =d =0, ie. the
direct product E(2) x R.

This gives rise to a simply connected group space (G = FE(2) X R, g).

Now we replace the basis {f;} by the new basis {e;}, as in the formula (2.3).
Then we get an orthonormal basis for which

e, €3] = yeq, [es, e1] = —ves, [e1,e2] =0,
[64, 61] = % (a61 + (b + kg’)/)eQ) s [64, 62] = % (—(b + kg’)/)el + aeg) s (222)
leases] = & (e + ke + (d — kip)es).

Next we are going to calculate, in the new basis, the expression for the Levi-
Civita connection, the curvature tensor, the Ricci matrix, and the condition for the
Ricci tensor to be cyclic parallel.

By an easy calculation we get
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Lemma 2.2.9.
Veei = ges, 1 =12, Ve, =0,1i=3,4, Ve =0= Ve,

Ve €3 = %647 Vese1 = —vea + (“”’“2)64,
V61€4 = —}%61 - %637 V€4€1 = —(c—;zzkﬁeg + (b—&—}'y%kg) €9, (223)
Ve,€3 = (d 212]“)64, Ves€2 = v€1 + (d— 7’“)@4,
V€4 = —fe2 — %63, Ve = Jfl) e3 — (b+;k3)el,
V64 = _(d—ﬁ%kl) ey — (CZ’;%/CQ) e1, Vees= (d 2;%1@1)6 1 (c+‘yk2)

Similarly to Lemma 2.2.3 we can now derive
Lemma 2.2.10. The components of the curvature operator are
(e1,€2) = 1212412 + Q1213413 + 1923403,
(e1,e3) = 1312412 + 1313413 + 1323493 + 1334 Ass,
(e1,e4) = 1414414 + Qa4 Aos + 1431 A3y,
( ) = Qo312 A03 + aa313 413 + 2303493 + Qragzg Asy,
(€2, e4)

(2.24)
€9, €3
€2,€4) = a2414A14 + 042424A24 + 0424341434,

JdANANANAA

(€3,€4) = azq13A13 + 3014 A14 + Q3493423 + Q3420 Aog + 3431 A34,

where the coefficients a;jim = g(R(e;, €j)er, em) satisfy the standard symmetries with
respect to their indices and

a2 _a(d—~k1) —a(ctvke) o (cHk2)?
Q1212 = Rz, (1213 = —oRpz o, (12238 = —~oRpz o, Q1313 = T yp2 s
_ _ (d=vk1)(ct+rko) _ y(=d+k1) _ 4a®—(ctryko)?
Q1323 = — AR2 ) (1334 = 2R ) 1414 = AR2 )
__ (d=vk1)(ctvk2) __ 2a(ctvk2)+(d—k1)(b+ks)
Q424 = ——— 4pz 5 (1434 = 2 , (2-25)
4R 2R
_ _ ([d—k)? _ (ctvke) _ 4a*—(d—k1)?
(2323 = — Rz, Q2334 = — o, (2424 = 1R2 )
__ 2a(d—k1)—(ct+vka)(b+vks) 3((d—7k1)2+(c+vk2)?)

Q2434 = 2R2 y (3434 = iR2
Further, we obtain easily

Lemma 2.2.11. The matriz of the Ricci tensor of type (1,1) expressed with respect
to the basis {e1, ea, €3,€e4} is of the form

—4a’ 4 (ctvyka)? (d—~k1)(c+vk2) ﬁ y(—d+~k1)
2R? 2R2 13 ——Sr
— c _ a2 _ 2 c
(d ’Yk;£2+'yk2) 4 —‘,—2(52 vk1) 523 7( ;*;kg)
(2.26)
B3 P23 _(CJ“V’“?);R_Q(d—V’Cl)Z 0
g A 0 B
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where
5 _ —3alct+vyka)+(—d+vk1)(b+~ks) ﬁ _ 3a(—d+vk1)+(ct+vka) (b+~vks)
13 — 2R2 ) 23 — 2R2 )
_ —4a?—(d—yk1)?—(ctrko)?
544 - 2R2 .

Now we obtain the following analogue of Lemma 2.2.5:

Lemma 2.2.12. The condition (2.10) for the Ricci tensor of type (0,2) is equivalent
to the system of algebraic equations

(1,1,1) —a(d — vk1) = 0,
(1,1,2) —a(c+ vks) = 0,
(1,1,3) —(d — vh1) e + 7k) =0
(1,1,4) = —a(c® = d&* + (k3 — ki) — 2¢d(b + vks)
— 2vko(ac + d(b+ vk3)) + 27k ((c + vk2) (b + vk3) — ad) = 0,
;1) = = 3a(d — vk1) + (¢ + vk2)(b + vks) = 0,
,2) —3a(c+vk2) + (d — vk1)(b + vks) = 0,
1) — a(d — k) + (e + 1) (b + 7hs) = O, .
,2) —alc+ vkz) + (d — vk1) (b + vks) = 0,
,3) = (d — k1) = (c+7k2)* =0,
,4) — — 2a(d — vky)(c + vko)
+ (¢ + vka +d — vk1)(c + vko — d + k1) (b + vk3) = 0,
(1,3,4) —2a(d — vk1)(b + vk3)
+ (e 4 vka) (= (b + vks)* + (* + R*%)) = 0,
(2,3,4) — — 2a(c + vka) (b + vks)
+ (d — vk1) (= (b + vk3)* + (a* + R*4%)) = 0.

Here the symbol "(, 3,v) —” marks the substitution of (eq,eg,ey) for (X,Y,Z)
respectively.

Now, the goal is to find the values of a, b, ¢, d, ki1, ko, k3 and v # 0 which satisfy
the system of equations (2.27).

Proposition 2.2.13. The unique solution of the system of algebraic equations (2.27)
1s given by the formula

d = ki, c = —~ko, v#0, a, b, k1, ko, ks, arbitrary. (2.28)

The corresponding spaces belong to the case i) of the Classification Theorem 2.1.2.
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Proof. From the subsystem of (2.27) formed by the equations (1,1, 3) and (1,2, 3)
we obtain (d — «vk;) = (¢ + vk2) = 0. Then, the remaining equations (2.27) are
automatically satisfied.

Moreover, according to (2.26), the corresponding spaces have the Ricci eigen-
values p; = po = py = —%2, p3 = 0 and the curvature tensor (2.24) takes on the
form 5 5 2

R(er, e) = %Alz, R(er, eq) = %AM, R(ea, e4) = %AM,
R(er,e3) = Rea,e3) = Rles,eq) = 0.
Then, either each of the spaces is flat (for a = 0) or the space of the curvature
operators is span(Aja, A4, Aog). Moreover, from (2.23) we get V.e3 = 0 for all
1 =1,...,4 and e3 is a parallel vector field. Using a complete analogue of the proof
in Case A of Proposition 2.2.6, we conclude that the corresponding spaces belong
to the case i) of our Classification Theorem 2.1.2.

Non-trivial semi-direct products F(1,1) x R

Let ¢(1,1) be the Lie algebra of F(1,1) with a scalar product ( , );. Then, there
is an orthonormal basis { f1, fa, f3} of e(1, 1) such that

Lfo, f3] = v fos [f3, fil = vf1, [f1, fo] =0 (2.29)

where v # 0 is a real number. The algebra of all derivations D of e(1,1) is

0 0
a 0 | :a,b,ceR},
c 0

when represented in the matrix form.

According to the general scheme, we consider the algebra g = ¢(1,1) + R, where
the multiplication table is given by (2.29) and, according to the general formula
(2.19), also by

SO R

Lfa fil = afy, [fa, fo] = afz, [fa, f3] = bf1 +cfe,

(fiy fa) = ki, 1 =1,2,3. (2.30)

3
Here v # 0, a,b,c, ki, ko, ks are arbitrary parameters where Y k? < 1, and we ex-
i=1
clude the case a = b= c = 0.

This gives rise to a simply connected group space (G = E(1,1) x R, g).
Now we replace the basis {f;} by the new basis {e;}, as in the formula (2.3).
Then we get an orthonormal basis for which

e, €3] = e, [es, e1] = yer, [e1,e2] =0,
leasen] = § ((a = kzy)er) , [es,ea] = 5 ((a + kzv)ea) (2.31)
lea, €3] = £ ((b+ Fry)er + (¢ — kay)es) .
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Now we are going to calculate, in the new basis, the expression for the Levi-
Civita connection, the curvature tensor, the Ricci matrix, and the condition for the
Ricci tensor to be cyclic parallel.

By an easy calculation we get

Lemma 2.2.14.
Ve €1 = ves + (a—vks) W” ey, Ve 60 = —yes + (a+7k3)e4,

Veiei = O,Z = 3,4, Velez =0= V62€1,

Vele?, —ve1 + (b+’yk1 €4, v63€1 (b—;}y%kl)&;,
Ve e = (b+’7k‘1)e + (= a+’7k3 €1, Vo1 = _(b-;’;’%kl)e?” (2'32)
ve2€3 = veq + (e—yka) 7k2 —5n €4, V63€2 = %64,
V5264 — _(6_2}%]%)63 _ (a+;k3)62’ ve462 _ (0—2}/%192)63’
V63€4 — _(bg’;{k‘l)el _ (c;’]y%kz es, ve4€3 o (b+2']y%k1) + (c—k2) 'ykg)

Similarly to Lemma 2.2.3 we can now derive

Lemma 2.2.15. The components of the curvature operator are

(2.33)

where the coeficients ajim = g(R(e;, €j)er, em) satisfy the standard symmetries with
respect to their indices and

B o S i ) _ (c=vka)(a—ryks) _ —(e—yks)
1212 = R2 y Q1213 = T 5pz 5, Q1214 = — a5
_ —(b+yk1)(atvks) _ —(btrka) _ ARy’ —(btvk)?
Q1223 = — 5z Qu224 = — 5, (313 = — pz
_ 2la—vks) — (k1) (=ctaks) _ albtaki)
Q314 = —f - O1323= " g 5 Q1334 =—Ff (2.34)
_ 4la—ryks)®—(b+vk1)? _ (btok1)(—ctaks) _ (btyki)(a—vks)
Q1414 = 4iR2 ;o Q424 = T ypz o, Q34 = T pa
_ ARy —(c—vk2)? _ —latks) _ Al=ctqks)
Q9323 = — gz > Qesa = — g, Qa3u = g
4(atyks)? —(c—k2)? _ (c=7k2)(atvks) 3((b+yk1)*+(c—7k2)?)

Q2424 = IR2 y Q2434 = gz, (3434 = IR2

Further, we obtain easily
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Lemma 2.2.16. The matriz of the Ricci tensor of type (1,1) expressed with respect
to the basis {e1, eq, €3,€e4} is of the form

3 (b+vk1)(c—vk2) (b+yk1)(=3atvks)  y(btvki)
11 2R? 2R2 2R
(b+vk1)(c—7k2) Ji; —(c—=vk2)(Batks)  y(=ctvke)
2R2 22 2R?2 2R
(2.35)
(btvk1)(=Batvks)  —(c—vk2)(3atvyks) . 2v%ks3
2R? 2R2 33 R
y(b+vk1) y(—ct+vk2) 272ks 3
2R 2R R 44
where
_ (b+9k1)*—4a(a—~ks) _ (c—7ko)?—4a(a+ks)
611 - 2R2 9 /622 — 2R2 )
_ aR% %4 (bdk1) 24 (c—vko)? _a(@®+42k2)+(b+vk1) 2+ (c—k2)?
633 - = 2R2 ) 644 - 2R2 .

Now we obtain the following analogue of Lemma 2.2.5:

Lemma 2.2.17. The condition (2.10) for the Ricci tensor of type (0, 2) is equivalent
to the system of algebraic equations
1,1,1) —a(b+vky) =0,
1,1,2) —a(c — vkq) =0,
1,1,3) = —4da® + 4y*(1 — kT — k) + (b+vk1)* + (c — vk2)* = 0,
11,4) — — dyky(a? — 42(1 — K2 — k2)
+ (¢ — yk2)*(—a + vks) + (b + vky)*(a + vks3) = 0, (2.36)
(1,2,4) —=2a(b+ vk1)(c — vk2) =0,
(1,3,4) —(b-+ k) (ala + 4yks) + 392(K: — R2)) =
(2,3,4)
(3,3,1)

(
(
(
(

0,
—(c — vko)(ala — 4vks) + 372 (k3 — R?)) = 0,
—(b+ k1) (a+~vks) =0,

(37 37 2) _)(C - ’7]{52)(@ - 7k3) = 07

(4,4,1) —(b+ vk1)(a + 3vks) = 0,

(47 4, 2) _>(C - 7k2>(_a + 37k3) =0.
Here the symbol "(cv, B,v) —” marks the substitution of (es,eg,e,) for (X,Y,Z)
respectively.

Now, we have

Proposition 2.2.18. The unique solution of the system of algebraic equations (2.36)
is, up to a re-numeration of the triplet {eq,es,e3},

a=\/1—k}—k3 b= —~ki, c=~kq, v#0, ki, ko, ks arbitrary. (2.37)

The corresponding spaces belong to the case i) of the Classification Theorem 2.1.2.
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Proof. Suppose first a # 0. We obtain the formulas (2.37) from (1, 1,1), (1,1, 2) and
(1,1,3). Next we suppose a = 0. Then we obtain from (1, 1,3) that 1 —k? — k2 <0,
which is a contradiction. On the other hand, (2.36) is automatically satisfied by the
solution (2.37).

Moreover, the corresponding spaces have the Ricci eigenvalues p; = W =
p3, P2 = % = py4. In addition, VR = 0, checking by MATHEMATICA 5.0. A

routine computation shows that, in fact, every space is a direct product My x M
of spaces of constant curvatures p; and ps (even for k3 = 0 where p; = py). Hence,
the corresponding spaces are locally symmetric and they belong to the case i) of the
(Classification Theorem 2.1.2.

Non-nilpotent semi-direct products H x R

Let b be the Lie algebra of H (the Heisenberg group) with a scalar product ( , ),.
Then, there is an orthonormal basis { f1, f2, f3} of h such that

[f3: f2] =0, [fs, Al =0, [f1, fa] = /s (2.38)

where v # 0 is a real number. The algebra of all derivations D of b is

a b h
c d f sa,bye,d,h, f €R G,
0 0 a+d

when represented in the matrix form.

According to the general scheme, we consider the algebra g = h + R, where the
multiplication table is given by (2.38) and, according to the general formula (2.19),
also by

[fa, fi] = afi +bfs + hfs,  [fa, fo] = cfr+dfs + [fs

fa sl =(a+d)fs, (fi, fo) =ki, i=1,2,3. (2.39)

3
Here v # 0,a,b,c,d, f,h, k1, ks, k3 are arbitrary parameters where > k? < 1. We
i=1

exclude the nilpotent case a =b=c=d = h = 0. (See [Be]).

This gives rise to a simply connected group space (G = H xR, g).

Now we replace the basis {f;} by the new basis {e;}, as in the formula (2.3).
Then we get an orthonormal basis for which

e, e2] = yes, [e3, ea] = [e3,e1] = 0, [eq, 1] = % (aer + bey + (b + kay)es)

lea, €] = % (cer +dex + (f — k1y)es), [es,e3] = % (a + d)es). (2.40)

Now we are going to calculate, in the new basis, the expression for the Levi-
Civita connection, the curvature tensor, the Ricci matrix, and the condition for the
Ricci tensor to be cyclic parallel.

By an easy calculation we get
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Lemma 2.2.19.

Velel = %64, v62€2 = 64, Vegeg (a;d €4, Ve4e4 0
Vees = Jes+ ( 64, Ve,e1 = —Zes + (Hc) e,
Vees=—2es + (hﬂb) = Vese1, Vees = Zer + (f 7kl)e4 = V., 62,
Ve eqs = —%ep — (b;;)eg — (h;;@eg, Ve, €1 = (b )6 + (hﬂb)eg, (2.41)
Ve 4 = _(b;g)el _ %62 _ (f;£k1)63’ V€0 = ( b+C)e + ( )63,
Ve,eq = _(h-g’;%kﬂel _ (f_z;/zkl)e? _ (a;d) e3, Ve, €3 = _(h-;;'%kz)el _ (f—2’17%k1)62.

Similarly to Lemma 2.2.3 we can now derive

Lemma 2.2.20. The components of the curvature operator are

= aoq12412 + 413413 + Q214414 + Q2493 A03 + Qo494 Aos + ioa34 Asa,

= a3q12412 + 3413413 + 3414414 + Q3493403 + 3494 Aog + 3434 A3y,
(2.42)

where the coeficients ajim = g(R(e;, €j)€r, em) satisfy the standard symmetries with
respect to their indices and

R

R(e1, es)

R(e1, €4)

R(ez, e3) = aasra Aoz + 313413 + qog14 A1y + (oza3 Aog + Qo304 Aog + 334 As4,
R(e2, e4)

R(es; €4)

_ 4ad+39°R’—(b+c)? _ 2a(f—7k1)—(b+c)(h+vka) _ =3y(h+~vks2)
Q1212 iR2 ;01213 = 1R2 y o 01214 = T p s
_ (o) (f—vk1)—2d(h+vk2) _ 3(=f+vk1) _ —(atd)y
Q1223 = 1R2 y o 1224 = T, Q1234 = —op
_ 4a(atd)—R?y*—(htvks)? _ 2(a+d)(b+o)+(=f+vk1)(h+k2)
Q1313 = AR2 ;01323 = 4R2 )
_ —(bto)y _ —d _ A(f=vk1) _a
Q1314 = —g3r > 01324 = 2—1;7; Q1334 = —4r o (1423 = ﬁg, (2-43)
4624 (3b—c) (b+¢)+3(h+vk2)? 4(ac+bd)+3(f—vk1)(h+vk2)
Q1414 = ( )(4R2) ( ) y (1424 = ( ) AR2 ( )
_ (=9 (f—yk)+4(a+d) (h+vk2) _ Ad(a+d)—R*~*—(f—vk1)*
Q1434 = AR2 y (9323 = ARZ 3
_ (b+o)y _ —y(htrke _ =(b=3c)(b+c)+4d>+3(f—vk1)?
Q2324 = 4R 5 (2334 = %, (2424 = ( ( )432 ( ) )
_ 4(a+d)(f—vk1)+(c=b) (h+vk2) _ A(atd)?>—(f—yk1)?—(ht7ke)?
Q2434 = AR2 ’ Q3434 = AR2 .
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Further, we obtain easily

Lemma 2.2.21. The matrixz of the Ricci tensor of type (1,1) expressed with respect
to the basis {e1, ea, €3,€e4} is of the form

(=f+7k1)
bu Pz Pz TR

iz a2 a3 ”(h;—gk’”
(2.44)

B3 Bas3 B33 0

A=SHvk)  y(htyke)
2R 2R 0 Faa
where
_ —da(a+d)—b%+c?—R%2y% —(h+vk2)? _ (=f+vk1)(h+7k2)—a(b+3c)—d(3b+c)
511 - 2R2 ) 512 — 2R2 ;

— f=yk1)=(2a+3d)(ht~k2) _ V’=c?—dd(atd)—R*y*—(f—yk1)*
613 - 2R2 > ﬁ22 - 2R2 )

Bog = (8a+2d) (—f+k1)+b(h+vka) By = —4(a+d)?+R?*y%+(f —vk1) 2+ (h+7k2)?
23 — 2R2 ) 33 — 2R2 )
By = —(b+c)?—4((a+d)? —ad)—(f—k1)*— (h+7ks)?

44 — 2R2 .

Now we obtain the following analogue of Lemma 2.2.5:

Lemma 2.2.22. The condition (2.10) for the Ricci tensor of type (0,2) is equivalent
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to the system of algebraic equations

(17 17 1) _>a(f - ’Vkl) = 0

(1,1,2) = (b+c)(f — vk1) — a(h + vky) = 0,

(1,1,3) —a(b+3¢) + (3b+ c)d = 0,

(1,1,4) —c(bla —3d) — cla+d) — (f —vk1)(h + vk2))

+a(4d® — R*y* + (f — vk1)?) = 0,
(1,2,3) —2a® +b* — ¢ — 2d* = 0,
(1,2,4) — — (b—c)(a —d)(a +d) +4(b+ ¢)(bc — ad) — (b + c) R*+*
+0(f = 7k1)* + e(h +7k2)” + (a+ d)(—f + k) (h + vk2) =
(1,3,4) = (a(b+4c) + d(3b+ 2¢))(—f + vk1)
+ (c(3b + 2¢) — 4a(a — 2d) + d*)(h + vky) = 0,
(2,2,1) —d(f — k1) — (b -+ ) (h+ 7ks) =0,
(2,2,2) —d(h + vks) = 0, (2.45)
(2,2,4) — — b*(a+d) + be(d — 3a) + d(4a® — R*~?)
+ (d(h +vk2) + b(—f + vk1))(h + vk2) = 0,
(2,3,4) —(a® + b(2b + 3¢c) — 4d(2a + d))(f — vk1)
— (a(2b+ 3c) + d(4b + ¢))(h + vk2) = 0,
(3,3,1) =(2a + d)(—f + vk1) + b(h + vk2) = 0,
(3,3,2) —c(—f 4+ k1) + (a +2d)(h + vks) = 0,
(3,3,4) —a(b+c)* +d((b+c)* —4a(a+d) — h*) + (a + d) R*y?
+ h(b+c)(f —vk1) — a(f — vk1)?
+ k2 (0 + ) (f — vk1) — d(vks + 21)) = 0,
(4,4,1) —a(=f + k1) + c(h + vk2) = 0,
(4,4,2) —b(—f + vk1) + d(h + vky) = 0.
Here the symbol "(cv, B,v) —” marks the substitution of (en,eg,e,) for (X,Y,Z)
respectively.

Now, the goal is to find the values of a,b,c,d, f, h, k1, ks, k3 and v # 0 which
satisfy this system of equations and to study each of these cases.

Proposition 2.2.23. The only possible solutions of the system of algebraic equations
(2.45) are, up to a re-numeration of the triplet {e, ea, e3}, the following ones:

I.a=b=c=d=0,v#0, h#0, f,ky, ks, ks arbitrary.

2.a=d=0,b=—c#0, h=—vky, f=1ky, 7v#0, ky, ko, k3 arbitrary.
In these two first cases, the corresponding spaces are Riemannian direct prod-
ucts M3 x R, which are not locally symmetric. Hence, they give the case ii)
of the Classification Theorem 2.1.2.
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3. a=d= Lf, b= —c, h=—vks, f=rki, v#0, ki, ko, ks arbitrary.
In this situation, the corresponding spaces are irreducible Riemannian mani-
folds with all Ricci eigenvalues equal to —%. Hence, the corresponding spaces
belong to the case i) of the Classification Theorem 2.1.2.

2
foa=—d & <TR b=c=5\/-Ad+ R h=—qky, [ =7k, v#0,
k1, ko, ks arbitrary.
For this situation, the corresponding spaces are irreducible Riemannian man-
ifolds, not locally symmetric, with the Ricci eigenvalues p1 = ps = py = —l,

pP3 = 72— Moreover, they give the case iii) of the Classification Theorem 2.1.2
and the Ly condition is not satisfied here.

Proof. Let first b+ 3¢ # 0, then from (1,1,3) we get a = 45}35” and after sub-
stitution into (1,2,3) we obtain (b* — ¢*)(16d*> + (b + 3¢)?) = 0. Hence b* = ¢ and
from (1,2,3) a® = d*. But, if b = +¢, we get from (1,1, 3) a = Fd.

If b+ 3c =0, we get from (1,1,3) that d(3b+c¢) =0, i.e. 8dc = 0. If ¢ = 0, then
b = 0 and we get again a®> —d*> = 0. If d = 0, then from (1,2, 3) we obtain a = 0,
¢ =b=0. In conclusion, we only have to study the cases a = +d, b = Fc.

Case A. a=d, b=—

In this case, the system (2.45) simplifies to

(1,1,1) = d(f — k1) =0,
(1’172) (h+'7k72) =0,
(1,1,4) — d(4d* — v*(1 — k} — k3 — k3) = 0, (2.46)
(3,3,1) — c(h + vks) = 0,
(1’ 172) - C(f '7]{1) = 0.

Now, firstly we suppose that d = 0. Then, if ¢ = 0, we obtain the case 1 of the
Proposition 2.2.23 (note that h # 0 because otherwise we would have the nilpotent
semi-direct product) and, if ¢ # 0, we obtain the case 2 of the Proposition 2.2.23.

In both cases 1 and 2 we obtain (V., R)(e1, ez)er = 53z (h* + 2vkoh+~*(1 -k} —
k2))es # 0 and the corresponding spaces are not locally symmetric. Further, put
X = (ﬂgyﬁ)el + (hzﬁr")eg +e4. Then we check easily that V., X =0for¢=1,2,3,4
and X is (globally) parallel. Hence the action of the holonomy group ¥(e) is trivial
on the 1-dimensional subspace span(X) C T.G. Consequently, according to the de
Rham theorem, we have (G, g) = M3 x R when M? is not locally symmetric (and
hence irreducible). According to Theorem 2.1.1, M3 is naturally reductive and we
obtain the case 1) of our Classification Theorem 2.1.2.

On the other hand, if d # 0, it is clear from (2.46) that f = vk;, h = —vky and

(1,1,4) — d(4d* — v*(1 — ki — k3 — k3)) = 0.

Hence, we obtain the case 3 of Proposition 2.2.23. From Lemma 2.2.21 we see

that we have four equal Ricci eigenvalues —%. Then the corresponding spaces
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are Einstein and by a well-known theorem of G. R. Jensen (see [J]) they are locally
symmetric. Hence, they belong to the case i) of our Classification Theorem 2.1.2.
Case B. a=—d, b=c.
In this case, the system (2.45) is reduced to

17171 - (f_7k1)207
1,1,4) — d(4c® + 4d* — v*(1 — kI — k3 — k3)) = 0,
1,2,4) — c(4c® +4d® — (1 — ki — k3 — k3)) = 0,

(2.47)

Note that if we assume that (—f +~k1) # 0 or (h+ks) # 0, we obtain a particular
subcase of the case 1. Hence, we can assume that f = ~vk; and h = —~vky. Thus,
we obtain only two non-equivalent solutions: either ¢ = d = 0, which is a particular
subcase of the case 1, or the case 4 of Proposition 2.2.23. In the case 4 we have
the Ricci eigenvalues p; = po = py = 7772, p3 = 7—;, and the corresponding spaces
are not locally symmetric due to (V.,R)(e1,e2)es # 0. Now, using (2.42) and
(2.43), we obtain that the space of the curvature operators is spanned by the five
operators Ao, Ay3, A1a, Ass, Aos. Hence the Lie algebra generated by these operators
is 50(4). We see that the action of the holonomy algebra on the tangent space T,G
is irreducible and hence the corresponding Riemannian manifolds are irreducible.

Now, we make the following change of the basis:

e) = %64, ey = e cos(ar) + egsin(a), e5 = —ey sin(a) + ez cos(a), € = ves, (2.48)
where « is an angle satisfying dsin(2a)) + bcos(2a) = 0. (Especially, we should put
a=0ifb=0and a= 3[7” if d = 0). Then the multiplication table for the new basis
{€], €,, e}, ey} (when using (2.40)) becomes exactly the same as in the case iii) of our
Classification Theorem 2.1.2. We only have to change notation. The corresponding
metric is also in accordance with the case 4i7). What remains is to prove that the
condition Ls is not satisfied.

Further, if we put X = ey 4+ veys where v is a nonzero parameter, MATHEMATICA
5.0 shows that the Ledger condition Ls(X) = 0 can be written in the form

¢1(b,d) + ¢2(b, d)v* + ¢3(b, d)v* = 0
and, because v is a free parameter, this implies

d1(b, d) = — 1020 + 364b + 468d — 252bd + (20 — 13b + 30d + 8bd)4d>

2.49
— (61 + 15b — 21d — 14bd)4b* = 0, (2.49)

92 (b, d) =3564 — 1208b + 604d — 396bd — (140 + 17b + 16d — 8bd)4d>

2.50
— (51 + 3b + 7d — 13bd)4b* = 0, (2.50)
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$3(b,d) = — 16 — 14b — 36d — 18bd — (4 + b — d)2d*
+(3+b+d)4b* = 0.

MATHEMATICA 5.0 affirms that these equations have no common solution. Then

the corresponding spaces do not satisfy the Ledger condition Lj for some value v # 0

and thus, they cannot be D’Atri spaces. This concludes the proof of Proposition
2.2.23.

(2.51)

Semi-direct products R? x R

Let v® be the Lie algebra of R?* with a scalar product ( , ),. The algebra of all
derivations D of v3 is gl(3,R). This means that the matrix form of D depends on 9
arbitrary parameters with respect to any fixed orthonormal basis of t*. Moreover, if
D is fixed, then we can make three convenient rotations in the coordinate planes to
obtain a particular orthonormal basis { fi, fo, f3} for which the matrix form of D is
a sum of a diagonal matrix and a skew-symmetric matrix. In other words, we have
the general matrix form

a b ¢
D: b f h |:abc f,h,peR
—c —h p

depending just on 6 parameters. The last statement can be proved by the following
algebraic lemma:

Lemma 2.2.24. Let A, n x n real matriz. There is an orthogonal matriz ) such
that QAQ ' = D+ S where D is a diagonal matriz and S is a skew-symmetric one.
Proof. Let A, = A4 A = A4 and A = A, + A_. Note that A, is a
symmetric matrix and A_ is a skew-symmetric one. Then we know that exist
an orthogonal matrix Q (Q° = Q7!) such that QA Q™' = D and consequently
QAQ ' =D+ QA_Q ' =D+ S. Here S is a skew-symmetric matrix because to

S'=(QAQT)' = (@ H(A)' Q' =Q(-A)Q™ = -QAQ™' = -S.

Moreover, we have

[f1:f2l =0, [f1, fs] = 0, [f2, f5] = 0. (2.52)

According to the general scheme, we consider the algebra g = t® + R, where the
multiplication table is given by (2.52) and,

[fa, il = afi +bfa+cfs,  [fu, fo] = =bfi + ffa+ hfs,

[fa: fs] = —ch = hfatpfs, (i fa) = ki, 1=1,2,3. (2.53)

3
Here a,b,c, f, h,p, ki, ko, k3 are arbitrary parameters where > kZ < 1.
i=1

This gives rise to a simply connected group space (G = R3 R, g).
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Now we replace the basis {f;} by the new basis {e;}, as in the formula (2.3).
Then we get an orthonormal basis for which

[617 62] = 07 [617 63] = 07 [627 63] = 07 [647 61] % (ael + b€2 + 063) )

N 2.54
[64, 62] :% (—bel + fez + h63) s [64, 63] = }lz (—661 - hez + peg) . ( )

Now we are going to calculate, in the new basis, the expression for the Levi-
Civita connection, the curvature tensor, the Ricci matrix, and the condition for the
Ricci tensor to be cyclic parallel.

By an easy calculation we get

Lemma 2.2.25.

Veer = Ses, Vees = Ley, Veyes = Ley, Ve,eq =0,

Veleg =0= V62€1, V61€3 =0= V63€1, V62€3 =0= V63€2,
v6164 = —%61, v64€1 = %62 + %63, V6264 = —%62, (255)
Ve, €2 = —}%61 + }%63, Veses = —%es, Veez3 = —5er — }%62.
Similarly to Lemma 2.2.3 we can now derive

Lemma 2.2.26. The components of the curvature operator are

Re1,e2) = %Al% R(e1, e4) %221414 + b(ﬁ_{za) Aoy + %Asy

R(e1,e3) = g5 A3, Rlez,eq) = %AM + };—221424 + h(%_zf)AM, (2.56)
c(p—a — 2
Rez, e3) = %Az& Res, eq) = %AM + h(%zf)Azzl + B Az

Further, we obtain easily

Lemma 2.2.27. The matriz of the Ricci tensor of type (1,1) expressed with respect
to the basis {e1, eq, €3,e4} is of the form

_a(at+f+p) bla—f) c(a—p) 0
R? R? RZ
bla—f) _ flatf+p) h(f—p) 0
RZ RZ RZ
(2.57)
c(a—p) h(f—p) platf+p) 0
RZ RZ R2
(12 2 2
0 0 0 _ %

Now we obtain the following analogue of Lemma 2.2.5
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Lemma 2.2.28. The condition (2.10) for the Ricci tensor of type (0, 2) is equivalent
to the system of algebraic equations

(1,1,4) = =(f +p)a’ + (f —a)b” + (p — a)c® + a(f* +p*) =0,
(1,2,4) — (a+ f —2p)ch + (a — f)bp = 0,

(1,3,4) = (p—a)ef + (a—2f + p)bh = 0, (2.58)
(2,2,4) = (a = f)V* = (a+p) f* + (p = )R + f(a® +p*) =0,

(2,3,4) — (f +p—2a)bc+ (f — p)ah = 0.

Here the symbol "(a, 3,v) — 7 marks the substitution of (eq,es,e,) for (X,Y,Z)
respectively.

Now, the goal is to find the values of a,b,c, f, h,p, k1, ko, k3 which satisfy this
system of equations and to study each of these cases. Here MATHEMATICA 5.0 offers
just 21 formally different solutions. But, using various numerations and various
signs of the vectors eq, ey, e3, we see easily that most of the solutions are mutually
equivalent, and we can reduce the number of essentially different solutions to five.
Then we get

Proposition 2.2.29. The only possible solutions of the system of algebraic equations
(2.58) are, up to a re-numeration of the triplet {ey, ea, e3}, the following ones:

1) p=f=a, a,b,c h,ky, ko, ks arbitrary.

2) b=c=f=p=0, a,h, ki, ko, ks arbitrary.

3) a=b=c=0,p=f, f hky, ks, ks arbitrary.

4) ¢c=h=p=0,b=f=—a, a#0,ky, ks, ks arbitrary.

5) b=%, c=—h= 4?‘1, f=—a, p=0, a#0,kq, ks, ks arbitrary.

For the solution 1) we obtain from (2.57) that all four Ricci eigenvalues are
equal to —3% . Then the corresponding spaces are Einstein and by [J] they are
locally symmetric. Hence, they belong to the case i) of the Classification Theorem
2.1.2.

For the solution 2) we obtain from (2.57) that the corresponding spaces have
the Ricci eigenvalues p; = py = —%QQ, p2 = p3 = 0. From (2.55) we see that the
distribution span(es, e3) is parallel and hence the holonomy group W(e) acts trivially
on it. From the de Rham theorem we see that each space is a direct product M? xR,
where M? is of constant curvature p;. Hence, the corresponding spaces are locally
symmetric and they belong to the case i) of our Classification Theorem 2.1.2.

For the solution 3) we obtain from (2.57) that the Ricci eigenvalues are p; = 0,
P2 = pP3 = P4 = —QRL; and from (2.56) that the curvature tensor takes on the form

2 2 2
R(ea, e3) = %Azs, R(eq; e4) = %A% Res, eq) = %AM,
'R(el, 62) == R(el, 63) == R(el, 64) = 0.
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We see that each of the spaces is either flat (for f = 0) or it is a direct product
M3 xR where M3 is a space of constant curvature. In the second case, the argument
is exactly the same as in Case A of Proposition 2.2.6. The corresponding spaces
belong to the case i) of our Classification Theorem 2.1.2.

Under the hypothesis of the solutlon 4) we obtain from (2.57) that the Ricci
eigenvalues are p; = py = R2 , P2 = R2 , p3 = 0. Besides, it is easy to check that
(Ve,R)(e1,e2)er # 0 and the curvature tensor (2.56) takes on the form

R(€17 62) - _%AIQ; R(617 63) - O) R(@l, 64) - ;%_22(1414 + 21424)7
R(@Q, 63) = O, R(@Q, 64) _%(21414 + A24) R(€3, 64) =0.

Then, the space of the curvature operators is obviously spanned by the three op-
erators Ao, A4, Agy. In addition, V.es = 0 for all ¢ = 1,...,4. Consequently,
according to Lemma 2.2.7 and the de Rham theorem the corresponding manifolds
are (not locally symmetric) Riemannian direct products M? x R. Moreover, accord-
ing to Theorem 2.1.1, M? is naturally reductive and we obtain the case ii) of our
Classification Theorem 2.1.2.

Finally, we shall study the solution 5). We obtain from (2.57) that we have here
four distinct Ricci eigenvalues

—2a? a?(1 —+/33) a?(1+ /33) —2a?
P=3pe T 3 0 PT T 3p O MT TR

Now, let us introduce a new basis {€}, €}, €5, €, } by

o Rf Rf
el = €4, € = —7" \[(62 —e1),

/ /

€3 = 1 \[(61 + e + 263) €4 = T la \[(261 + 262 + 63)

Here (e}, €}) =

1) 1

sl for i =1,2,3,4, the triplet {¢}, e}, €4} is orthogonal, (e}, e}) =

f’g; \/; and (e}, e)) =0, for i = 1,2. Using the multiplication table (2.54) and the

assumptions of the case 5 of Proposition 2.2.29, we obtain a new multiplication table

[6/1,6’2]:63, [61733] 162’ [62,63] [64761] [64’62] [64763] 0. (2.59)

Now, if we compare this multiplication table and the scalar products (e}, €}) with

the multiplication table and the family of metrics, g(.x), in the case iv) of the
Classification Theorem 2.1.2, we see that this is exactly the subcase where k? = %
and the parameter ¢ in the metric is equal to ’4‘;. Notice that it is the particular
subcase which was omitted in the case 3 of Proposition 2.2.6 for rather formal reason

that it was not generated on a non-solvable group G35 x R.
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2.3 Podesta and Spiro’s Classification Theorem

In [Po-Sp], F. Podesta and A. Spiro published the following classification theorem.

Theorem 2.3.1. Let (M, g) be a 4-dimensional curvature homogeneous Riemannian
manifold of type A, not Finstein, with at most three distinct Ricci principal curva-
tures. Then just one of the following cases occurs:

a) M is locally symmetric;

b) (M,g) is locally isometric to a Riemannian product M?® x R, where M3 is a 5-
dimensional Riemannian space with two distinct Ricci curvatures (py, pa = p1, ps3),
p3 # p1: M3 is the total space of a Riemannian submersion over a surface N
of constant curvature py + ps; the fibres of this submersion are geodesics and the
integrability tensor A of the submersion is given by /2psw, where w is the area
form of N;

c) (M,yg) is locally isometric to the simply connected Lie group (G, g,), whose Lie
algebra g is described by

[e1,€2] = —ea, [e1,e3] = €3, [ea, €3] = ey,

[61764] = [62764] = [63764] =0,

endowed with the left-invariant metric g, (a € R™)

1
Jo = —2w1 @ uw' + w? ®w? + w @ w® + 4a*w* ® w,
a
{w'} being the dual basis of {e;}. The metrics g, have Ricci eigenvalues py = py =
p3 = —2a?, py = —p1 = 2a® and are not isometric to each other for different values
of a. Moreover, the Riemannian manifolds (G, g,) are irreducible and not locally
symmetric.

We are going to compare this Theorem with our Classification Theorem 2.1.2.
The case ¢) of Theorem 2.3.1 is exactly the case iii) of our Classification Theorem
2.1.2. Tt suffices to put a = v/2. Also, applying Theorem 2.1.1 to a direct product
M? xR we can see that the case b) of Theorem 2.3.1 coincides with the case 77) of our
Classification Theorem 2.1.2 (and it is simplified herewith). (See also [Bu-V]). On
the other hand, as we have claimed in [AM], Theorem 2.3.1 is incomplete because
the case v) of our Classification Theorem 2.1.2 is missing there.

When the new family of examples was found, we contacted A. Spiro and F.
Podesta who confirmed us that there was really a gap in the paper [Po-Sp| and they
kindly asked us to publish the following Erratum: the formula in page 236, line 11,
should read correctly

p2— ps P2 = pa
T R (A (e R R
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Several weeks later they sent us a detailed and complete correction of the paper
[Po-Sp| where they recovered the case v) of our Classification Theorem - in a bit
different but still equivalent form. Also, they concluded that it was the only missing
family. We reproduce here (with some cosmetic changes) the detailed erratum done
by F. Podesta and A. Spiro, with their kind consent.

Erratum (February 26, 2005). Let (M, g) be a 4-dimensional Riemannian man-
ifold with constant Ricci principal curvatures p;, i = 1,...,4 such that p; = ps and
P2, p3, pa are all distinct. Let {e;};=1 4 be a fixed set of vector fields, which gives
an orthonormal frame at any point of M such that the Ricci tensor S is diagonal
in such a frame, ie. S(e;,e;) = p;d;;. Finally, we denote by dfj the Christoffel
symbols of the Levi-Civita connection with respect to the frame field {e;};—1 4, i.e.
the smooth functions df; = g(Ve,e;,ex). Notice that df; = —d’,. by orthonormality
of the frame field {e;};—1__4. The gap in the proof of Theorem 2.3.1 concerns the
analysis of Subcase 1.1 of class A (see p. 234 of [Po-Sp]).

Under the hypothesis of Subcase 1.1 of [Po-Sp|, there exists an orthonormal
frame field {e;};=1,. 4 in a neighborhood of any point p € M such that dfj are all
vanishing except for the following functions:

di, = —d}, = —A, 4 =—d :P4—P2A7 B — 2 :_04—p2A7
32 31 21 B i~ s 12 13 01— pa

P2 — P4
d§2 - _d§4 = f» d§3 = —d§4 = - f» (2~60)
P3 — P4

where A, f are smooth functions, A > 0 and f nonzero.
Now, we consider the Jacobi identity

[e1, [es, ea]] + [e3, [ea, €1]] + [e4, [e1, €3]] = 0

and the inner product of both sides with the vector field e3. After that, we write
each Lie bracket by means of the identities

[eia ej] = veiej - vejei = (df] - d?z’)elﬁ

obtaining from the previous claim that

ps—p pa—p
(@~ B+ () — ) = FALZLE (3 202
Pa— P3 P4 — P3

Since p; — p; # 0 for any 4,5 = 2, 3,4, we immediately get the following necessary
relation between the Ricci eigenvalues p;:

P4 — P2

P4 — P3

On the other hand, A, p; and f must satisfy the relations (3.2) of [Po-Sp], i.e.

the expressions which give the components of the Ricci curvature tensor in terms of

=3 or, equivalently, 2p4+ ps —3p3 = 0. (2.61)



Podesta and Spiro’s Classification Theorem 53

the Christoffel symbols dy;. Substituting the expressions (2.60) and (2.61) in those
relations, we get that A, p; and f satisfy the following equations:

pr=py= 2027242 a2 p3:2<p4 '02> A? = 1842,
P41 — P3 Pa— pP3

pr=200" P2 g2 (2.62)
P4 — pP3
From (2.62) it follows immediately that A and f = d3, are constants and, changing
es into —ey, there is no loss of generality if we assume that f > 0. Moreover,
substituting (2.62) into (2.61),, we obtain that

f=+v5A  and hence that  p, = 30A%. (2.63)

According to (2.60), all Christoffel symbols are constant and the vector fields e;,
1 = 1,2,3,4, generate a 4-dimensional Lie algebra g whose Lie brackets can be
easily computed as follows:

le1,e0] = —6Aes, [e1,e3] =2Aey, [e1,e4] =0,

2.64
lea, €3] = —2Ae; — 4AV5ey, lea, 4] =3AV5es, les, e4] = —AV5e,. ( )

We constructed a new family of spaces of class A and, obviously, this is the only
missing family in our Theorem 2 in [Po-Sp].
(End of the Erratum).

: : !/ / / /
Now, let us introduce a new basis {€, €}, €5, €, } by

/ 1 /

N — __ 1
€1 = T35 mmat € 9v21A &3

ey = — (e + 2W05e,), €, = 126A<\/_€1 — 2¢y).
Here (€}, e}) = 84A2, for i = 1,2,3,4, the triplet {e], e}, €4} is orthogonal, (e}, e}) =

im\/ 2 and (¢f,e}) = 0, for i = 1,2. Using the multiplication table (2.64) we

obtain a new multiplication table

e}, ex] = €5, [e5, €] = Fes, [eh, e5] = Zel, [e], e1] = [e], e5] = [e}, e5] = 0. (2.65)

Now, if we compare this multiplication table and the scalar products (e}, €7) with the
multiplication table and the family of metrics, g., in the case v) of the Classification
Theorem 2.1.2, we see that we obtain exactly the same family of spaces via the
substitution ¢ = —2v/21A.

Therefore, the classification by F. Podesta and A. Spiro should be now corrected
as follows:



54 Classification of D’Atri spaces

Theorem 2.3.2. Let (M, g) be a 4-dimensional curvature homogeneous Riemannian
manifold of type A, not Einstein, with at most three distinct Ricci principal curva-
tures. Then just one of the following cases holds: a) (M, g) is locally symmetric,
or one of the cases b), ¢) from Theorem 2.3.1 occurs, or the case d), namely the
family described in the case v) of the Classification Theorem 2.1.2 from Section 3.1
0CCUTs.

Note that, in the case of at most three distinct Ricci eigenvalues, the corrected
result by Podesta and Spiro is stronger than our classification result because the
homogeneity is replaced by the weaker assumption of curvature homogeneity.



Chapter 3

The Jacobi equation over g.o.
spaces

A Riemannian g.o. manifold is a homogeneous Riemannian manifold (M, g) on
which every geodesic is an orbit of a one-parameter group of isometries. It is known
that every simply connected Riemannian g.o. manifold of dimension<5 is naturally
reductive. The first counter-example of a Riemannian g.o. manifold which is not
naturally reductive is Kaplan’s six-dimensional example. On the other hand, A. M.
Naveira and A. Tarrio have developed a method for solving the Jacobi equation in the
manifold Sp(2)/SU(2). This method is based on the fact that the Jacobi operator
has constant osculating rank over naturally reductive spaces. In this chapter, we
prove that the Jacobi operator has constant osculating rank over g.o. spaces and,
as a consequence, we solve the Jacobi equation in the Kaplan example.

To facilitate access to the individual topics, this chapter is rendered as self-
contained as possible. Anyway, we refer to Chapter 1 for more details and the basic
references about the main topics.

3.1 Introduction

It is well-known that a Riemannian homogeneous space (M, g) = G/H with its
origin p = {H} and with an ad(H)-invariant decomposition g = m + b is naturally
reductive (with respect to this decomposition) if and only if the following holds:

For any vector X € m\{0}, the curve y(t) = 7(exp tX)(p) (3.1)
is a geodesic with respect to the Riemannian connection ‘

where exp and 7(h) denote the Lie exponential map of G and the left transformation
of G/H induced by h € G respectively. Moreover, the naturally reductive spaces
have been studied by a number of authors as a natural generalization of Riemannian
symmetric spaces.

25
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Now, natural reductivity is still a special case of a more general property, which
follows easily from (3.1):

Each geodesic of (M, g) = G/H, is an orbit of a

. . (3.2)
one-parameter group of isometries {exp tZ}, Z € g.

Riemannian homogeneous spaces (M, g) = G/H with the property (3.2) will be
called (Riemannian) g.o. spaces.

The extensive study of g.o. spaces only started with A. Kaplan’s paper [Ka.2]
in 1983, because he gave the first counter-example of a Riemannian g.o. manifold
which is not naturally reductive. This is a six-dimensional Riemannian nilmanifold
with a two-dimensional center, one of the so-called “generalized Heisenberg groups”
or “H-type groups”. It is worthwhile to mention that A. Kaplan also proved in
[Ka.2] that any generalized Heisenberg group is a D’Atri space.

The resolution of the Jacobi equation on a Riemannian manifold can be quite
a difficult task. In the Euclidean space the solution is trivial. For the symmet-
ric spaces, the problem is reduced to a system of differential equations with con-
stant coefficients. In [Ch.1] and [Ch.2], I. Chavel obtained a partial solution of
this problem for the naturally reductive manifolds V; = Sp(2)/SU(2) and V, =
SU(5)/(Sp(2) x S'). The method used by I. Chavel, which allows him to solve
the Jacobi equation in some particular directions of the geodesic, is based on the
use of the canonical connection. Nevertheless, his method does not seem to apply
in a simple way to solve the Jacobi equation along a unit geodesic of an arbitrary
direction. For naturally reductive compact homogeneous spaces, W. Ziller [Z] solves
the Jacobi equation working with the canonical connection; but the solution can be
considered of the qualitative type (it does not allow us to obtain in an easy way the
explicit solutions of the Jacobi fields for any particular example nor for an arbitrary
direction of the geodesic). The methods of solving the Jacobi equation used by I.
Chavel and W. Ziller, are special cases of the following procedure, which is valid, in
particular, on any g.o. space and any generalized Heisenberg group. (See [B-Tr-V,

p. 51]).

Lemma 3.1.1. Let M be a Riemannian manifold with Levi-Civita connection V
and v : I — M a geodesic in M parametrized by arc length. We denote by  the
standard unit tangent field on I. Suppose there exists a Vs-parallel skew-symmetric
tensor field T, along v such that the Jacobi operator R., along vy satisfies ViR, 1=
R, =[R,,T,]. Then define a new covariant derivative

V# = V:y + pr,

and put B
R, =Ry+ Tf.

Then R.,, R, and T, are V+-parallel along v and the Jacobi equation along 7y is
V:V.B—-2T.V:B+R,B =0,
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where B is a vector field along 7.

On the other hand, K. Tsukada in [Ts] gives a criterion for the existence of totally
geodesic submanifolds of naturally reductive spaces. This criterion is based on the
curvature tensor and on a finite number of its derivatives with respect to the Levi-
Civita connection. In particular, to prove this result he used two basic formulae
proved exclusively for naturally reductive spaces by K. Tojo in [To]. From these
formulae he obtained that the curvature tensor can be considered as a curve in the
space of curvature tensors on m. Later, using the general theory, he concluded that
the curvature tensor has constant osculating rank, r € N, over naturally reductive
spaces.

Some years later, K. Tsukada’s result was applied by A. M. Naveira and A.
Tarrio in [N-T] to give a method for solving the Jacobi equation Y” +R.(Y) = 0 on
the naturally reductive manifold Sp(2)/SU(2). Given the generality of the method,
the authors conjectured that it could also be applied to solving the Jacobi equation
in several other examples of naturally reductive homogeneous spaces. Indeed, they
were not wrong because in [AM-Ba], we have successfully applied this method on
the manifold U(3)/(U(1) x U(1) x U(1)).

In this chapter, we prove that the A. M. Naveira and A. Tarrio method can be
also applied on g.o. spaces. In particular, we solve the Jacobi equation along a unit
geodesic of arbitrary direction on Kaplan’s example. Moreover, we check that our
result on Kaplan’s example coincide with the result obtained using Lemma 3.1.1
(see [B-Tr-V, Theorem of p. 52]).

We shall start, in Section 3.2, proving our general and main result on g.o. spaces:

“The Jacobi operator on a g.o. space has always constant
osculating rank.”

From now on, we shall write J instead of R for simplicity of notation.

We shall conclude, in Section 3.3, giving an application of the main result. More
specifically, we shall start recalling some known definitions and results regarding
“generalized Heisenberg groups”. Later, we shall give the recursive expression for
the n'* covariant derivative of the Jacobi operator at the origin of an H-type group.
Finally, we shall calculate the constant osculating rank of the Jacobi operator on
Kaplan’s example obtaining that it is 4. More concretely, we have obtained that the
basic relation satisfied between the n'* covariant derivatives for n = 1,...,5 of the
(0,4) - Jacobi operator along the arbitrary geodesic v with initial vector x at the
origin p = 7y of N is

tFol'% + 314l T + 75" =0

and the Jacobi operator can be written as

Ji = co + 1 cos(t) + e sin(t) + cg cos(t/2) + ey sin(t/2),
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where

‘o :%+5%2) +4%4)7 ¢ = %(\702)4—4\704)), Cy = _?1(%1) +4%3)),
=T + T =5+ ).

Then, as a direct consequence, we shall solve the Jacobi equation using the new
method given in [N-T]. In particular, we shall use the results of the previous sections
and computer support, using the software MATHEMATICA 5.0. But we put stress
on the full transparency of this procedure.

3.2 Main result

In this section, we follow the notation of Section 1.2.
Let (G/H, g) be a g.o. space and let Z € g. We denote by Z* the corresponding
fundamental vector field on M; that is

, d
Zy = o (T(exp(t2))(q))
lo
for each ¢ € M. Moreover, a vector Z € g is called a geodesic vector if the curve
T(exp(tZ))(p) is a geodesic.
The following property is direct from Definition 1.2.3 (see [K-V.5]).

Proposition 3.2.1. G/H is a Riemannian g.o. space if and only if the projections
of all geodesic vectors fill in the set T,M\{0}.

In the remainder of this section, we shall generalize to Riemannian g.o. spaces
some important results over naturally reductive spaces proved by K. Tojo and K.
Tsukada in [To] and [Ts|, respectively. Moreover, we shall develop their relation
with the Jacobi operator which will be so useful for checking concrete examples.

Let (M,g) be a Riemannian g.o. space and Z € g be an arbitrary geodesic
vector. We put

oo _1l
=y B xem
=0 '

Over g.o. spaces, V denotes the Levi-Civita connection, so obviously the linear
map Vy is skew-symmetric (i.e. Vxg=0 for all X € m). Therefore the mapping
e”Vx:(m,{,)) — (m,{,))isanisometry and we can obtain the following lemmas.

Lemma 3.2.2. The parallel translation along the geodesic
Ya(t) = T(exp(tZ))(p) with 7:(0) =p, 7,(0) =z = Z}

15 given by
T(exp(tZ)).e Ve : T,M(=m) — T, ) M.
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Proof. Since (M, g) is a g.o. space, we can take

Y(t) = r(exp(tZ)). (e (y))

as a vector field along the geodesic v,(t) = 7(exp(tZ))(p) such that Y (0) =y € m.
From Proposition 1.2 of Chapter VI of [Ko-NJ, we have

V0 (T(eD(E2)).(0) = V.o (r(exp(t2)). (1)
= 1(exp(tZ)).(Vv)
for all v € m. Then we have
VoY () = Voo (r(expli ). (7 (1)
= 712 (Va0 (e () + rlexp(t2). ()

= 7(exp(tZ)). (vwo EREvt (y) + 3 Et-Dvt ))
1=0 1=1
=0.
This proves the lemma.

Let R be the curvature tensor defined by
R(Uu V) - [an vV] - V[U,V]a

where U and V' are vector fields on M and let P, , denote the parallel transport
with respect to V along the geodesic 7,(t) = 7(exp(tZ))(p) from p to v.(ty). We
now define a (1, 3)—tensor R, (t) on T, M and its n'" covariant derivative along ()
as follows:

R (t)(u,v)w = Pt o R, () (Protty Pipv) Ppw

tx

RZ) (t) (U,, U)w = Pt;1 o R;:):(t) (Ptxua PtxU)Rfrw
=P o (V5. (yR)(Prwtt, Prpv) Py
for u, v, w € T,M. Note that RY (t) = R.(t).

Lemma 3.2.3. The (1,3)-tensor R (t) on m obtained by the parallel translation of
the n'™ covariant derivative of the curvature tensor along v, (t) is given by

RU(t) = eV - RY (3.3)

where x = Z, RZ) denotes the n'™ covariant derivative of the curvature tensor
along v, (t) at the origin p and eV*= - denotes the action of eVt= on the space R(m)
of curvature tensors on m.
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Proof. We denote briefly dg; = 7(exp(tZ)).. From Lemma 3.2.2 and due to eV** is
an isometry, we have
(RO (0w, &) = (PG o R () (P, Puv) P, €)
= (¥ o (dg) M o R (dgr)e™ (), (dgi)e™ ¥ (v)) (dgr)e ™ (w), €)
((dgi)™" o R ) (dge)e™ = (w), (dge)e™ = (v)) (dge)e™ 7" (w), ¥~ (€) )
((dg)™"o 7(t)«dgt)e%(u),<dgt>efvm< 0)(dgi)e” V" (w), (dge) ™" o (dgr) 0 ¥ (€))
= g(R) ) ((dge)e™ " (w), (dgi)e™ " (v))(dge)e™ " (w), (dgi)e™ " (€))
2 oR)((dge)e™ " (w), (dgi)e™ " (0)) (dge)e™ = (w), (dgi)e™"" (€))
Lg% (R (dg)e ™ (w), (dgr)e™ = (v)) (dgi)e ™" (w), (dgr)e™*(€))
(V2510 (o RV (), e ()™ (w), (dge)e™ ¥ (€))
9((dg) R} (e W) e~V (v))e Vm( ), (dgi)e™" (€))
= (R R Tt ©)
(VR (e Y (). eV (v)e Vm<w>,5>

(
= g(
= g(
= g((dyg
(

(V
(V
(dgt)
(dgt) R,
We now recall the fundamental fact about a curve in the m - dimensional Euclid-

ean space R™. Let ¢ : I — R™ be a curve defined on an open interval I of R into
R™. We say that ¢ has constant osculating rank r if, for all ¢ € I, its higher order

derivatives ¢ (t), ..., ¢")(t) are linearly independent and cV(t), ..., '+ (¢) are lin-
early dependent in R™. It is a fundamental fact that if ¢ has constant osculating
rank r, there are smooth functions aq, ..., a, : I — R such that

c(t) = c(0) + ar ()P (0) + -+ -+ a,(t)c”(0)  forall ¢t €.

Let us return to a g.o. space M. Let U(t), V(t), W(t) vector fields along the
geodesic 7, (t) such that U(0) = u, V(0) = v, W(0) = w are unit vectors in m. Since
eVt is a 1-parameter subgroup of the group of linear isometries of R(m), applying
Proposition 4.9 of [D], it follows that R(t), or more explicitly

Ro(t)(u,v)w = eV* - R,(e¥"u, eV -rv)e¥ 1w,
is a curve in R(m) with constant osculating rank r. Therefore we have
Ro(t) = Re(0) + a1 ()RY(0) + - - - + a, ()R (0) forall tel,  (3.4)

where Rg)(O)(u, v)w = (VER)(u,v)w. As a direct consequence, we obtain

Theorem 3.2.4. Let (M, g) be a Riemannian g.o. space. Then there is always a
finite real number r such that the curvature operator has constant osculating rank r.
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A useful technique to describe the curvature along a geodesic v in a Riemannian
manifold (M, g), with Riemannian curvature tensor R, is the use of the Jacobi
operator J = R, = R(-,7%)7y. J determines a self-adjoint tensor field along .

In particular, from Lemma 3.2.3 the Jacobi operator on m and its n'* covariant
derivative along the geodesic 7, (t) is given by

T () = R (1) (u,z)x = P50 RY (P, Prstt) Prst
= P o (VR (Pratt, 3o (1)) (1)

(3.5)
= P,' o T (Pu)
= T g e (W)
for u € m. Obviously, if £ = 0 we have
T (0)(u) = T (u) = (ViR)(u, x)z. (3.6)
Moreover, it is obvious that the property (3.3) can also be written as
RU(t) = eV (Vevu@mRE). (3.7)
Therefore, (3.5) becomes
T (1) (1) = €7 (Vervin () Ty ™) (€77 () (38)
for u € m and if £ = 0 we have
T () = T2 (0)(u) = (Vo Ty~ V)(u). (3.9)

The following result is useful for checking concrete examples as in the next sec-
tion.

Lemma 3.2.5. The Jacobi operator jg)(t) on m obtained by the parallel transla-
tion of the n'™ covariant derivative of the Jacobi operator along v,(t) satisfies the
following identity

TP O (1) = €7V o510 () (T~ (€Y (1)) = €7 T (Vo via oy (€777 ()

for w € m where x = 4,(0) = Z, jpn) denotes the n'" covariant derivative of the
Jacobi operator along v,(t) at the origin p and e¥*= - denotes the action of eVt on
the space R(m) of curvature tensors on m. Moreover, in the particular case t = 0,
using (3.6) the identity becomes

TP 0)(w) = Va (T P(0)(w) = TV (0)(Vau)

— Vz((v;_lR)(u, ,CC)[L’) — (v;—lR)(vxu’ ZL’)JI (310)
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Proof. We denote briefly dg, = 7(exp(tZ)).. From Lemma 3.2.2, (3.5), the condi-
tion Vs, %, (t) = 0 and due to eV** being an isometry, we have

(TPOW),€) = (Pa' e T (Puu),€) = (Pt o (V1) R) (Pt 3 (1)1 (),€)
= (PL" 0 Ve (VL ) R) (Pt 32 (8)) 3 (1)), € )
— (Pt o (VI RN (T3, 9(Prat), 3o (8)) A (1)), €)
= (P30 Vi, (7" V(Pa), €) = (Pt 0 7"V (Vi) (Puo) €)
= (¥ 0 (dgi) ™" © Vggpeee (o) (T (dgr)e ™ (), €)
— (¥ 0 (dge) ™ 0 TV (g pe-vis () ((dge)e™ 4 (). €)

= ((d9) ™" © V (ggyevea () (T ((dgr)e™ (), e¥4¢ )
B <(dgt)_1 o jn_l)(v(dgt)e—vm (I)((dgt)e_Vtz (u))), eV7ﬂ€>
= 9(V(agne Vea (o) (T ((dgr)e™ V= (), (dge)e¥ )
_ g(jn—l) (v(dgt)e_vtw (I)((dgt)e—Vm (U))), (dgt)evftzé-)
= 9((dg)Ve-viu (o) (T ™V (€Y (), (dgr)e ~€)
o g((dgt)jpn_l)(vefvtx (z) (e_vm (u)>)7 (dgt)ev_tzé-)
= <Vefvtr (T (e Ve (U)))aev’“é’> — <Jp"_1)(vefvm(x) (e Ver (u)))’evftz€>
= (Vv o) (T eV (W) = ¥ T (T (€77 (1), )

3.3 Application of the main result

The aim of this section is to calculate the constant osculating rank of the Jacobi
operator on Kaplan’s example and, as a direct consequence, to solve the Jacobi
equation using the new method given in [N-T]|. Thus, we find the real value r of
Theorem 3.2.4 and we show how the A. M. Naveira and A. Tarrio method can be
applied in a concrete and well-known g.o. space.

More specifically, we solve the Jacobi equation along a unit geodesic of arbitrary
direction on Kaplan’s example. Moreover, we check that our result on Kaplan’s
example coincide with the result obtained using Lemma 3.1.1 by J. Berndt, F.
Tricerri and L. Vanhecke in [B-Tr-V, p. 52].

Furthermore, due to Kaplan’s example is a well-known “H-type group”, we shall
start recalling some known definitions and results regarding “generalized Heisenberg
groups”. In addition, we shall give the recursive expression for the n'* covariant
derivative of the Jacobi operator at the origin of an H-type group.

This first section 3.3.1 and the computer support, using the software MATHE-
MATICA 5.0 in a full transparency way, will be so useful in Section 3.3.2 to obtain
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our objective.

3.3.1 Preliminaries about H-type groups

Here, we shall recall some basic definitions and results regarding “generalized
Heisenberg groups” and we shall prove some new results that will be very useful in
Section 3.3.2.

Definition 3.3.1. Let n be a 2-step milpotent Lie algebra with an inner product
(, ). Letj be the center of n and let v be its orthogonal complement. For each
vector A € 3, the operator j(A) : v — v is defined by the relation

GAX,Y) = (A, [X,Y]) forall XY €. (3.11)

The algebra n is called a generalized Heisenberg algebra (H-type algebra) if, for each
A € 3, the operator j(A) satisfies the identity

J(A)? = —|APId, (3.12)

where | |? denotes the quadratic form of the inner product ( , ). A connected, simply
connected Lie group whose Lie algebra is an H-type algebra is diffeomorphic to R™
and it is called an H-type group. It is endowed with a left-invariant metric.

In particular, the Lie algebra structure on n is defined by extending the skew-
symmetric bilinear map [, ] : v X v — 3 to a bracket

[A+X,B+Y]=[X,Y]

where A, B € 3 and X,Y € v.
The following Lemma collects some basic relations on H-type algebras. (See

[Ka.1], [B-Tr-V, p. 24]).

Lemma 3.3.2. Let n = v @ 3 be an H-type algebra. Then, the following relations
are satisfied:

7 (A)X] = [A[|X], (3.13)
(1(A)X,j(B)X) = [X[*(A, B), (3.14)
(1(A)X,j(A)Y) = [AP(X,Y), (3.15)
(J(AX,)Y) +(X,j(A)Y) =0, (3.16)

X, 5(A)X] = AIXP?, (3.17)

where A, B € 3 and X,Y € v.

Proof. Putting Y = j(A)X in (3.11) and using (3.12) we obtain (3.13). Polariz-
ing (3.13) yields the relations (3.14) and (3.15). Considering that Y is j(A)Y in
(3.15) and using (3.12) we obtain (3.16). Finally, we shall obtain (3.17). For each
A € 3 and X € v given, we have from (3.11) and (3.14) that (B, [X,j(A)X]) =
(1(B)X,j(A)X) = | X|*(B, A) = (B, A|X|?) for all B € ;.



64 The Jacobi equation over g.o. spaces

H-type groups have been intrinsically described in [Ka.l] and [B-Tr-V, p. 28].
We shall recall some of these basic results with the aim of calculating what the
expression of the Jacobi operator and its derivatives is over these kinds of spaces.

The Riemannian connection for any left-invariant metric on a Lie group satisfies

2<VXY; Z> = <[X’ Y]7Z> - <[Y7 Z]’X> + <[Zv X]7Y>

where X, Y, Z are arbitrary elements in the corresponding Lie algebra. In the case
of an H-type group, (3.16) shows that the connection is given by

VxY = $[X,Y],
VaX =VxA=-1j(A)X, (3.18)
VaB =0,

where A, B € 3 and X,Y € v. A straightforward computation now shows that the
Riemannian curvature tensor is given by

R(X,Y)Z = ;(2j([X, Y])Z — j([Y. Z]) X — j([Z. X])Y),

R(X,Y)A = {([Y.j(A)X] - [X,j(A)Y]),

R(Xv A)Y = _%;[Xaj(A)YL (3 19)
R(A,B)X = ;(j(A)j(B)X — j(B)j(A)X),

R(A,B)C =0,

where A, B,C € 3 and X,Y,Z € v.

With respect to the geodesics, ¢ — ~(t), through the origin p of the H-type
group N, we shall remember that they are described by means of the vector-valued
functions t — X (t) € v,t — A(t) € 3 as follows, v(t) = exp(X(¢)+ A(t)). Moreover,
X (0) =0, A(0) =0 and the unit tangent vector of v at the origin p is given by

— X+ Ay where fy denotes (df /dt),—o of any real or vector-valued function f(t).
(See [Ka.1l], [Ka.2], [B-Tr-V, p. 30] and [Tr-V] for more detailed results on geodesics
over H-type spaces).

Now we define the mappings ¢, , 13 — 3, V4 13 — 0, (, « 0 — 3 and

Vi,x, - 0 — b in arecurrent way for each n € N by

Clon (B) 4IXol B,

Vo (B) =54(B)J (Ag)Xo — ij(Ao)?(g)Xo, (3.20)
(o X)(Y) [Xo J(AO)Y] - l[Y J(Ao) Xo],

Vo, (Y) 4|A 2y + 35([Y, X)) Xo,
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Cony (B) =5([X0, 7y oy (B)] + (o 5, (1(B) X)),
Vouny (B) =5V, (G(B)Xo) = G(Ao)v,_, o) (B) = 5 a) (B)) X0),
Gy (V) =5 (1X0, Yy oy ]+ G, G(A0)Y) = €0 (X0, YD), (3.21)
Voo Y) =3 (v (1(A0)Y) = j(Ag)v, o, (Y)
— (G, YD) Xo = vy (X0, YD),

where B € 3 and Y € v.

Proposition 3.3.3. The n-derivative of the Jacobi operator at the origin p of the
H-type group N is given by

T2 (0)(B) = V2 R(B, %00 = (o (B) + 1, 0 (B),

") ” (3.22)
Tsy (0)(Y) = VER(Y, 40)F0 = Gy (Y) + 7, (Y).

where B € 3 andY € v.
Proof. For n = 0, using (3.19), (3.17), (3.12) and (3.20) we get that

J0(0)(B) =R(B, Xo)Xo + R(B, Xo)A¢ + R(B, Ag) Xo + R(B, Ay) Ag
’XOIQB + QJ(B) (AO)XO — 1](140) (B)Xo
=Cooa) (B) + V.0 (B),

Jo(0)(Y) =R(Y, X0) Xo + R(Y, Xo) Ao + R(Y, Ag) X + R(Y, Ag) Ay
Zi[XoJ(Ao)Y] - %[ij(AO)XO] + i|A0’2Y +25([v, Xo])Xo
:Cm,x) (Y) + Y00,x) (Y>

Finally, assuming that (3.22) is true for n — 1, we shall prove the result for n using

(3.10), (3.18) and (3.21).

T2 (0)(B) =V, (VEIR) (B, 40)%0) — (VIR (Vs, B, 50)0
VXO((VQL(TLRJ( ,Y0)Y0) + VAO((V:;1R>(3770)70)
+ %(Vﬂo_lR)(]( )Xo,’Yo)’Yo
(
(

Vo Ciny(B) + vy 4 (B) + Vi (Cyay (B) + v, 4y (B))
Conrny (H(B)X0) + v,y ((B) X))

() (BN Xo + 5[X0, v,y 1y (B)] = 35(A0) (v, (B))
+ 3, (B)X0) + 37, (§(B) Xo)
=Cuny(B) + v, 4 (B),

0

+

1
2
l
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TP O)(Y) =V5, (VEIR) (Y. 40)%0) — (VER)(Vao Y, 50)H0
=V %, (V5 R, %0)F0) + V4, (V5 R)(Y, F0)%0)
- %(V 40 IR ([Xo, YT, %0) 30 + ‘(VT'LAR)( 7(A40)Y, 40) 0
=V, Gy (V) Ve (V) + Vi Gy (V) 1 (V)

= 5 (Ko YD 4 (10, V)

+§<qn1x)<y< 0OY) + v, (i(A0)Y))
— 315Gy (V)Xo + X0, v,y (V)] = 33(A0) (1, (V)

—% o (X0, V) — 5 Virrn (X0, Y1)

+%<(n_1,x)( (AO) ) 2 (n 1x)( (AO) )
:C(mx)(y) + V(n,x)(Y)'

3.3.2 Kaplan’s example

Let n be a vector space of dimension 6 equipped with a scalar product and let
{E1, Ey, E3, Ey, E5, Eg} form an orthonormal basis. The elements E5 and Fg span
the center 3 of the Lie algebra n. The structure of a Lie algebra on n is given by the
following relations:

= E57 [E27 E3] = E67

[ ]

[ ]

%EbEﬂ = Es, [Ey, Ey) =—FE5, [Es Ey =0, (3.23)
[ ]

[ ]

Ey, E5] =0, for k=1,..4,
Ey, Esl =0, for k=1,...4,
Es, Eg| =0
Moreover, from (3.11) we easily obtain that
J(Es)Ey = B3, j(Es)Ey=—FEy,  j(Es)E;=—FEy, j(Es)Ey = Ex, (3.24)

J(Ee)Ey = By, j(Ee)Er = Es, j(Es)Es = —FEs, j(Es)Ey = —F.

The condition (3.12) for the operators j(A) can be easily verified from (3.24). Thus,
the relation (3.23) defines an H-type algebra.

Moreover, Z. Dusek in [Du] expresses the H-type group N corresponding to n as
a homogeneous space G/H where H = SU(2) and G = N x H. Here the group G
is not the full isometry group of N, but the group N is a g.o. space with respect to
this group. As a consequence, we can apply Theorem 3.2.4 to conclude that

Proposition 3.3.4. The osculating rank r of the Jacobi operator J is constant in
the Kaplan example.
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Now we want to calculate what the value of r € N is. We shall therefore start by
calculating what relation is satisfied between the covariant derivatives of the Jacobi
operator along an arbitrary geodesic v parameterized by arclength with initial vector
x at the origin p of N. In the following we always suppose that x € n is an arbitrary
unit vector, that is, z = S0 @;E;, S0 (v;)% = 1. Thus, following the notation of
Section 3.3.1, X, = 24_1 2;F; and Ay = Zg 5 ToEy. Furthermore, we denote by
{Q:}%_, the orthonormal frame field along y obtained by parallel translation of the
basis {E;} along 7.

Under this assumptions and using (3.20), (3.23) and (3.24), we obtain the fol-
lowing basic result:

Lemma 3.3.5. The operator [XO, Y] where Y € v, on Kaplan’s example is given by
[Xm Q1] = —23Q5 — 14Qs, [Xm Q2] = 14Q5 — 23Qs,

. . (3.25)
(X0, Q3] = 21Q5 + 22Qs, [ X0, Qu] = —22Q5 + 21Qs.

The opemtarj(Ag)(Y) where Y € v, on Kaplan’s example is given by

F(AN(Q1) = 25Qs + 26Q4, 7(A0)(Q2) = 26Q3 — 25Qu, (3.26)
j(Ao)(QS) = —15Q1 — 6Q)2, j(Ao)(Q4) = —26Q1 + 25Q)2.

The opemtorj(B)(Xo) where B € 3, on Kaplan’s example is given by

j(Q5)(X0) = —x3Q1 + 24Q2 + 113 — 12Q4, (3.27)
j(QG)(XO) = —24Q1 — 13Q2 + 12Q3 + 11Q4.

: , .
The mappings C, <, Vio.xys So.ay: Vioay 0T Kaplan's example are given by

C(o,x)(Q1> :i«_ml% — 3w2%6) Q5 + (3225 — 2126)Qs),

Q(o,x)(Q2) :i((—ﬁzﬂ% + 3961%)@ ( x5 — 962%‘)@6)

C(o,x)(QiS) :%«_%% — 3x426)Q5 + (3xaxs — 2376)Qs),

C(O,X)(Q4> :i((—x4x5 + 32326) Q5 + (—3x375 — 2476)Qs),

Vio.x) (@1) Zi((—i%(:z:% +23) + 22 4+ 25) Q1 + 3(v123 + T274) Q3 + 3(v124 — 1223)Q4),
V(O,X)(Q2> :%«_3@% +23) + 23 + 25) Q2 + 3(wox3 — 1174) Q3 + 3(T173 + 1274)Q4),
Vix) (@3) =1(3(w123 + 2224)Q1 + 3(w2x3 — 1124) Q2 + (—3(2] + 23) + 3 + 23)Q3),
Vix,(Qa) =5 (3(m174 — 2223) Q1 + 3(215 + 274) Q2 + (—=3(2% + 23) + 22 + 22)Qy),

o (Qa) =1(al + 23 + 25 + 23)Qa, a=5,6,
Vo (Qs) =3 (=215 — 31926) Q1 + (31126 — 2925) Q2
+ (=325 — 32476) Q3 + (—2425 + 32376)Q4a),
V(O,A)(QG) :i((3$2$5 — 21%6)Q1 + (—3x125 — T226) Q2

+ (32475 — 2376) Q3 + (—32375 — T476)Qa).
(3.28)
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Moreover, by a lengthy but elementary calculation using Proposition 3.3.3, (3.21),
(3.23), (3.24), Lemma 3.3.5 and the linearity of all involve operators, we get for each
n € {0,1,2,3,4,5}, the n'* covariant derivative of the (0,4) - Jacobi operator at the
origin p for Kaplan’s example, N. This is given by the matrix

Jo) = (J0)  for i,j=1,..,6,
where

T2(0) =(T(Q:), Q;)(0) = (T (0)(Qs), Q;)(0)

From now on, we will write the expression without (0) at the end when no confusion
can arise. More concretely,

TH0) = (G (Qu): Q) T (0) = (v, (Qu). Q).

:7;)(0) = <C(n,X)<Qi>’ Q[3>7 Z?)(O) = <V(n,X)(Qi)a Qj>’
fore,7=1,....,4 and o, 8 = 5,6.

The explicit expressions of jf;(O) for n =0, ...,5 can be seen in Section 3.3.3.

Now, we easily obtain from the explicit expressions of J/3(0) for n = 1,3,5 the
following result that is the most important intermediate one.

(3.29)

Lemma 3.3.6. The relation satisfied between the n'® covariant derivatives for n =
1,3,5 of the (0,4) - Jacobi operator along the arbitrary geodesic y with initial vector
x at the origin p = 7o of Kaplan’s example, N, is

Haol' Ty’ + 2140l T5) + 7 = 0. (3.30)

Proof. It is a straightforward computation, using (3.46), (3.48) and (3.50), to check
that

1130l " T5(0) + 313 *T5(0) + T5(0) = 0, 4,5 = 1,..., 6.
Thus, we obtain (3.30).

The relation (3.30) contains the most basic and the most important information
of the Jacobi operator at the origin of N. Now, we shall use it to obtain two new
intermediates results which will be so useful to find the general form of the Jacobi
operator along a geodesic v in N.

Lemma 3.3.7. The relations satisfied between the n'* covariant derivatives of the
(0,4) - Jacobi operator along the arbitrary geodesic v with initial vector x at the
origin p =y of N are

Lot + 330y ™ + I =0 for k=0,1,2,... (3.31)
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Proof. For i = 0, we directly get (3.30). Now, let us assume that (3.31) is true for
k =i and we shall prove the result for k£ =i+ 1 using (3.9)

j1+6 jl+5 . < |")/[)| Z+1 |")/0| Z+3>
= — H30'Va s T = 2302 VL Ty

z z 4)

:—z’%| +2 5|7| .

Proposition 3.3.8. The relation satisfied between the n' covariant derivatives for
n =1,3,5 of the (0,4) - Jacobi operator along the arbitrary geodesic v with initial
vector x of Kaplan’s example, N, is

Yo' 7P + 21427 + 7 =0, (3.32)
Proof. Using the expansion in Taylor’s series on the Jacobi operator 7;, it is clear
that .
n - 2 - k n)
Y My

for n = 1,3,5. Therefore, using the relation (3.31) we conclude
k

. 1 . 3 5 =t Wias) k+3) k+5)
ol 7 + 315622 + 37 = 3 = (M5l + 310 P70 + 5) = 0
k=0

On the other hand, from Theorem 3.2.4 and (3.4) we know that a finite real
number 7 and smooth functions aq, ..., a, : I — R exist such that the Jacobi operator
is given by the following relation

Ji=Jo+a®)T) + - +a,0) Ty (3.33)
More specifically, on Kaplan’s example this relation is the following

Theorem 3.3.9. Let N be Kaplan’s example. Then the Jacobi operator along the
geodesic vy has constant osculating rank 4 and it can be written as

Jo=To+ (T +ax(t) 75 + ax()T;) + aa() Ty (3.34)
where
ar(t) = 3(8sin(t/2) —sin(t)), as(t) =5+ %(cos( ) — 16 cos(t/2)),
1 (3.35)
az(t) = 3(8sin(t/2) —4sin(t)), aa(t) =4+ 3(cos(t) — 4cos(t/2)).
Proof. From Proposition 3.3.8 and due to |j9| = 1, we only have to solve the

following homogeneous lineal ordinary differential equation of order 5:

1+ 57+ T =0
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Following the general theory about ordinary differential equations we have that
rd+ %7“3 + %17“ is its characteristic polinomy whose roots are {0, £5, #2}. Thus, the
Jacobi operator is given by

Ji = co + 1 cos(t) + cosin(t) + c3 cos(t/2) + ¢4 sin(t/2), (3.36)

where ¢;, [ = 1, ..., 4 are arbitrary parameters. Now, it remains only to find the value
of ¢;. From (3.36) it is easy to obtain the relations

Jo =co + 1 + ¢, jl) o
=cCy+ DR
j02)=—(61+%3), 0 2

4) _ c3
Jo =a+ 3,

Then, we have

60:%+5%2)+4%4)’ 01:%(%2)+4%4)), 62:%1<k701)+4\703))7
C3 = _Tlﬁ(jOQ) + 7)), o= %(jol) + 7).

We conclude the proof substituting these values in (3.36).

Finally in this section, as a direct consequence of Theorem 3.3.9 we shall solve
the Jacobi equation V)" + J;Y; = 0 along the geodesic v(t) and with respect to the
Levi-Civita connection V on the Kaplan example N. Let A; be the Jacobi tensor
field along the geodesic v with initial values Ay = 0, A(l]) = Id where we consider
the covariant differentiation with respect to 7/ and Id is the identity transformation
of T,,M. Remember that {Q;}}_, denotes the orthonormal frame field along ~
obtained by V-parallel translation of the basis {E;} along 7. Thus Y; = 4,Q; and
Jacobi’s equation is simplified to A? )+ J:A; = 0. To conclude, we shall show what
the Jacobi equation solution is in the following Proposition. To prove it we follow
the same steps that A.M. Naveira and A. Tarrio took in [N-T]. Anyway, we shall
give the details of the proof to make our exposition self-contained.

Proposition 3.3.10. On the manifold N, the Jacobi tensor field Ay along the geo-
desic v with initial values Ag = 0, Aé) = Id s given by

A= Bil0)k (3.37)
k=0

where ap(t) = ay(t) = Bo(t) =0, F1(t) = Id and
B(t) = an () + By (), () = () = Fiba () for k2.

Moreover, the coefficients B(0) are functions only of Jo, jol), 502), .703) and j04).
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Proof. If we successively derive AY = — ATy, it has
AV = a; (DA + Bi(H)A),
where
Bi(t) = aia(t) + B (1), i) = i1 (t) = Tifia(t) for i>2.
Thus, if t = 0 it has A) = G,(0) = 0, A) = B,(0) = Id, A) = B,(0) = 0,
Ag) = (3(0) = —Jo, and, in general,
A = i1 (0) + B/_,(0) = 8;(0).

Now the result follows using the expansion in Taylor’s series of A; and Theorem
3.3.9.

In the remainder of the section, we shall assume that the unit vector 4y = Xo =
Zle z;F; (or, equivalently, that 5 = 2 = 0). Moreover, we shall see that the
Jacobi field Y (t) on Kaplan’s example calculated using Proposition 3.3.10, coincides
with the Jacobi field calculated using [B-Tr-V, Theorem of p. 52].

We obtain the following result from Proposition 3.3.10 and a straightforward
computation using Theorem 3.3.9.

Lemma 3.3.11. The general expression for each Jacobi vector field Y;(t) along the
arbitrary geodesic vy is given by

i—1 6
Yi(t) = FyQi+ FuQi+ > FaQu, i=1,...,6 (3.38)
j=1

k=i+1

where, form € {1,...,6}
Fon == Joun's = 2700, 51 + (DoTohim = 375,,)55

+ (2(701)\70)@‘771 + 4(j0~7()1))im - 47()33,1)%_6'

+ (~ (0o To)im + 3T To)im + 10T Ty Y + 10(T6 T Vi = 5T, )

+ (=2(T5 ToTo)im = Ao To)im + HT5 To)im — 6(ToTo T Yim

+18(T2 T im + 30(T T2 )im + 20T Yim + ST + 273 )E 4 O(#).

Moreover, using (3.45), (3.46), (3.47), (3.48), (3.49) and (3.38) we obtain

Lemma 3.3.12. The Jacobi field Yi(t) along the geodesic v with 4, = Xq is given

by
Yi(t) =tQ1 + S(t)((25 + 29)Q1 — (2125 + 2224) Qs + (2225 — £124) Q) (3-39)
+ T () (3% (23Q5 + 14Qs)),
where 1.3 1,5 1,7 9
S(t) = §t° — 55t° + gagt’ + O(Y), (3.40)

T(t)=-5t*+ 4—;;0# — —53;60156 +O(t").
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Now, following the notation of Lemma 3.1.1, we denote by {P,}%_; the orthonor-
mal frame field obtained by V-parallel translation of the basis { £;} along . Thus,
from Theorem of [B-Tr-V, p. 52] we have along the geodesic v with 4, = X, that
the Jacobi field

(3.23)

le(t) = Bpl (t) = tpl + %t2[P1,"}/0] tPl + %t2($3P5 + 1‘4P6). (341)

The following result is analogous to Lemma 5 of [Ch.2] and establishes the re-
lation between the parallel orthonormal frame fields {Q;}¢_, and {P;}%_, along the
arbitrary geodesic .

Lemma 3.3.13. Under the assumptions of Lemma 3.1.1, the relation
6
Qi(t) = ay(t)Py(t) for i=1,..,6
j=1

implies that the matriz (a;;(0)) = Id and

6
ay(t) =Y an(t)(T,P(t)); for i,j=1,..6.
k=1

Proof. Note that V; = V; — T, implies that V4 X = Vs X — T, X, where X is any
vector field along . Then for each i =1, ..., 6,

= ZZVM (t)P;(t) + é a;;(t)V4P;(t)

= iaij (1) F;(t) + iazj ()(V3P5(t) = T, P5(t))
= 2; a;; (1) P;(t) — z; ai;(t) g(TvPJ(tDkPk(t)
= é (aij (t) = gaik(t)(Tka(t))J> Pi(t)

which implies the lemma by the linear independence of {P;(t)}9_; for all ¢.

Finally, we shall use Lemma 3.3.13 to compare (3.39) with (3.41). Thus, we shall
first calculate the matrix (a;;(t)) assuming that x5 = x4 = 0. From now on, if there
is no confusion we shall denote it by (a;;).
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Lemma 3.3.14. The matriz (a;;) such that Q; = 2521 a;;Pj, i =1,...,6 along the

geodesic v with 4 = X is given by

2 2 2 2
a1 = Q9 = ‘Tl + Iz + COS(t/Q)(SCg + ZE4)7 12 = A1 — Q34 — Q43 — Az — Qg5 — O,

a13 = Qg4 = a31 = ago = (1 — cos(t/2))(x123 + xay), a16 = —a95 = a5 = sin(t/2)xy,
ass = ags = cos(t/2), ayy = —agz = —agzy = agy = (—1 + cos(t/2))(xexs — x124),
azs = auq = cos(t/2)(x] + x3) + a5 + 25, a5 = ax = —az; = sin(t/2)xs,
ass = g6 = —as3 = —sin(t/2)xy, ase = —ay5 = as4 = —sin(t/2)zs.

Proof. The details of this proof can be seen in Section 3.3.4.
Second, we substitute @; by Z?:l a;;Pj, 1 =1,...,6 in (3.39) obtaining that

Yi(t) =(t(af +a3) + (t = f(1)) (23 + 21)) P + f(t) (2123 + 2024) Py
— f(t) (w223 — x14) Py + %tzg(t)(xgpg, + x4 Fp)
=tP, — f(t)((22 + 23) P, — (2103 + 20m4) Py + (1923 — 1174) Py)
+ %tQQ(t)(m3P5 + x4 F),

(3.42)

where

F(t) =t(1 — cos(t/2)) — cos(t/2)S(t) + 2 sin(t/2)T(t),
g(t) :% sin(t/2) + cos(t/2)T(t) + t% sin(t/2)S(t).

Then, (3.41) is equal to (3.42) if and only if f(¢) = 0, g(¢) = 1 or, equivalently, if
S(t) = 2t(—2+ 2cos(t/2) + tsin(t/2)), T(t) =cos(t/2) — 2sin(¢/2).  (3.43)
Finally, it is easy to check that (3.43) is true because their Taylor’s series de-

velopment at ¢ = 0 coincide with (3.40). Thus, the expressions for the Jacobi field

Yi(t) along the geodesic v with 4y = Xy given in (3.39) and (3.41) are equivalent.
As a final conclusion, note that the method used by J. Berndt, F. Tricerri and

L. Vanhecke in [B-Tr-V, p.52] is exact and the method that we used to obtain

Proposition 3.3.10 gives approximations to the result as good as the number of terms

of the series (3.37) that we were able to calculate. However, with the first method it

is not always possible to obtain general explicit results as on H-type groups (recall
the results gives by I. Chavel in [Ch.1], [Ch.2] and W. Ziller in [Z]), while the new

method, propose in [N-T] on naturally reductive spaces and now extending on every
g.0. space, can be always applied with easy and straightforward computations.

3.3.3 Appendix A

In this section, we present the explicit expressions of the n* covariant derivative
of the (0,4) - Jacobi operator along an arbitrary geodesic v with initial vector z at
the origin p of Kaplan’s example N for n = 0,...,5. Here, we suppose that z € n
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is an arbitrary unit vector, that is, x = 3.0 2'F;, 3.0 (2%)? = 1. Furthermore,
we denote by {Q;}5_, the orthonormal frame field along v obtained by parallel
translation of the basis {E;} along . Moreover, remember that

TD0) = (¢ 0 (Qa). Qs) Ti(0) = (v, . (Qu), Qy),

n) (3.44)
Zﬁ (0) = <C(n,x)<Qi>7QB>7 '-7z (0) < (n,x)<Qi)7 Qj)?

fori,j=1,...,4 and o, 3 = 5, 6.
Thus, using (3.44), Lemma 3.3.5 and (3.21), for n = 0 we have joo) = (7500)) ,
1,7 =1,...,6, where
In(0) = I (0) = };(_337:%, —3a + a3+ 73),  Jp(0) = Tn(0) = T5(0) =
Ti5(0) = Tpy(0) = §(w1x3 + wowa),  T4(0) = —Tp3(0) = 3 (—wows + 1’1$4)
15(0) =3 (—z125 — 3waw6), J14(0) = $(3waws — 2125), T3s(0) = F(—z2ws + 3x174),
Ta6(0) =2(=3w125 — wa16), T35(0) = }1( T3T5 — 3xaxs), JTas(0) = 2(3wazs — m376),
TI35(0) = T (0) = %;(_3%% =325+ a3 +a3), Jis(0) = i( T425 + 323T6),
Tis(0) = (32325 — 2476),  T55(0) = Tgs(0) = § (21 + 23 + 25 + 7).

(3.45)

For n = 1 we have jol) = (J5(0)), 4,5 =1,...,6, where

( 2125 — 31276 (§ (Q5) X0, Q1) + (37225 — 2126)(j(Q6) X0, Q1))

TH0) =y, (@), Q1)

2 (A0 Q1) = (A0, ) (Q1) = 1( ) (@) Ko = v,y (Ko, @]), Q1)

hema 1(< Y0o,x) (335623 + 16Q4), Q1)
—(J (AO)( ((=3(23 + 23) + 23 + 23)Q1 + (2123 + 2224) Q3 + (2124 — 2225)Qu)), Q1)
— (j(3 (=125 — 3w226) Q5 + (33275 — 2126)Qs)) Xo, Q1)
<V(o (—23Q5 — 14Qs), Q1))

= %(xf)(’/ 0.0 (@3), Q1) + x6(V ., (Qa), Q1)

— 1((=3(af + 27) + 23 + 23) (7 (Ao)(Q1), Q1)

+ (213 + 2274) ((A0) (Qs), Q1) + 3(w124 — 223) ((A0) (Q4), Q1))

(=
<V(0A)(Q5) Q1> +x4< (0A)(Q6) Ql))
(3.46)
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For n = 2 we have jo2) = (J2(0)), i,j =1,...,6, where

j121(0) :%

J12(0)
Ji3(0)

J11(0)
Ji5(0) =

Ji5(0) =

+2((w5 + 23)” + 2(zaz5 — 2376)%)),

=1(wsw6(—223 + 27) + 2w324(23 — 2F) + 112223 + 27)),
=1 (dasw6(xoms + mr24) — r23(227 4 203 + 223 + 227 + 77 + Hag)

— Tox4(227 + 225 + 223 + 227 + T + 377)),

— z124(227 4 225 + 202 + 227 + 5ak 4 7)),
t(z125(—33] — 3x3 — 323 — 32} + x3 + 23)

+ zox6(52] + 53 + 53 + 5] + 18 + 1)),
t(z126(—32] — 3x3 — 3x} — 32} + x + x7)
— 29w5(5x] + 55 + 5aj + b} + 27 + x7)),

rem 235 (s (3 (13 + 22m4)) + 26(3 (w1274 — T273))
+ F(z123 4 wox4) (—5) + S (2124 — T2w3)(—T6)

— }1(( x1x5 — 3x2x¢)(—x3) + (3xows — x126) (—24))

+ 23(5 (—2135 — 329w6)) + 24(5 (37225 — 7176)))

= (@1 (w325 + 24w6) + 3w2 (w475 — T376)),
T5(0) = z1(—x425 + 1376) + To(T375 + 2476),
Ti5(0) = Yas(—af — 323 + 25 + 327) + w6(2a125 — 22314)),
Tu(0) = Hag(—af — 323 + 325 + x7) + @5(—2w120 — 23324)),
Ti5(0) = L(a5(227 + 223 + 223 + 227 — 22 + 23) — 2x47526),
Ti6(0) = (g (227 + 223 + 223 + 227 + 23 — 23) — 2233576),
T3 (0) = 1(=3z; (xga:g, + x4x6) + 2o (—2475 + 3756)),
T (0) = }L(asg( 322 952 + 22 4 322) + 25(22175 + 2w374)),
T51(0) = Y(a5(327 + 25 — 323 — 2]) + x6(2x1x2 — 2x314)),
Tp5(0) = +(wg(—227 — 225 — 223 — 227 + :175 — 22) — 2237576,
T6(0) = 2(x5(227 + 203 + 203 + 223 + w2 — 22) + 2247576,
T35(0) = L(z1(—zsz5 + 3maw6) + 2o (=345 — T326)),
T34 (0) = x1(—2425 — 2376) + 2o (2375 — T4T6),
T35(0) = (=21 (227 + 225 + 223 + 227 — 23 + 23) + 220757),
T56(0) = (—xo(227 + 2235 + 223 + 227 + 22 — 1) + 221257),
T4 0) = %(m1(3x3x5 — 24%6) + Ta(T4x5 + 3T376)),
Ti5(0) = L(zo(227 + 223 + 223 + 227 — 27 + 17) + 2217526),
Ti6(0) = (—21(227 + 225 + 223 + 227 + 2% — 1) — 2202576),
jsls(()) = j516(0) = \7616(0) =

(23222 + 227 — o2 — 22) + 232203 + 227 — 322 — 322)

=t (dzsw6(2133 — Tomy) + Tow3 (227 + 223 + 223 + 2] + 3a2 + Taj)

(3.47)
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T (0) =2 (23223 + 227 — 3 — x3) + 27 (225 + 225 — 323 — 3a¢)
+2((23 + 21)? + 2(zaws — 2325)°)),

T35 (0) =1 (4aswg(2123 — wox4) + m124(227 + 205 + 235 + 22% + 323 + Tag)
— Tox3(227 4 225 + 202 + 223 + 5ai 4 x2)),

T34 (0) =2 (—dasz6(zoms + 1224) — x1x3(2x1 + 225 + 273 + 227 + Ta2 + 37)
— @owy (223 + 225 + 223 + 227 + 2% + 51d)),

~725( ) = ( m1$6(5$1 +5w2+5m3+5x4+x5 +$6)
— Tox5 (327 + 375 + 313 + 327 — x? z3)),

T (0) = (IE1$5(5$1 + 5a3 + 5x2 + 522 + w2 + 22)
+ wowg(—327 — 3x2 — 323 — 325 + 22 + 22)),

Ti5(0) =2(23(227 + 223 — 3 — 23) + x3(22] + 223 — 323 — 3x7)
+2((22 + 23)% + 2(ww5 — 2176)?)),

T3(0) =5 (2x526(—af + 23) + x3a4(23 + 25) + 20179(23 — 7)),

Jz(0) = S (z3w5(— 323 — 35 — 3w3 — 325 + xi + 23)
+ z426(527 4 53 + 5x3 + 53 + 22 + 22)),

Ta(0) = (xgxﬁ( 372 — 375 — 323 — 315 + a2 + 23)
— wqw5(52% + 5a3 + baj + ba + 12 + 27)),

T5(0) =2 (23227 + 223 — 3z7 — 3ag) + 23 (227 + 225 — 22 — )
4+ 2((23 + 23)* + 2(2026 — x1x5)2)),

T (0) = 3(— w36(5as + 5as + 5a3 + bad + 91:5 + 22)
+ z475(—327 — 35 — 323 — 323 + 12 + 72)),

Tis(0) =2 (zszs5 (527 + 5z + baj + baj + a3 + x7)
+ w4w6(—32] — 33 — 323 — 327 + 12 + 27)),

Jo5(0) =T (2] + 25 + 25 + 23) (227 + 225 + 2a5 + 205 — 25 + ),

To5(0) =3(2f + 23 + 23 + 23)z56,

Je6(0) =T (1 + 23 + 25 + 23) (227 + 223 + 2w + 225 + 23 — 7).

For n = 3 we have %3) = (J2(0)), i,j =1,...,6, where

T3 (0) =% (21 (w325 + wam) (— T} — Tal — Tw§ — Taf — a3 — x7)
+ 2a(2376 — 2475) (925 + 923 + 923 + 927 + 1522 + 1527)),
T5(0) —(ml(x4x5 — T3%6) — To(T375 + 1476) ) (20 + 25 + x§ + 23+ 22 + 2d),
J5(0) = (:L'5(7£C1 + 162225 + 9:1:2 + 27575 — 7a:§ — 22327 — 163:'3:04 9}
+ viri 4+ 15030k — v202 — 152322 + 2328 + 15$2x6 rirs — 152328)
+ w6(—203my — 20571 — 2212973 + 205 w374 + 2257374 + 27574

— 221 @01} + 2037 — 14 woms + 1dasaa; — 14212007 + 14232477)),
(3.48)
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J1(0)

j135(0) =

»7136(0) =

j232(0) =

«7233(0) =

-72321(0) =

J25(0)

j2?%(0) =

j333(0) =

‘7332(0) -
=L (z1(8z] + 162775 + 825 + 16775 + 162575 + 83 + 162775 + 162575

J35(0)

j336(0) =

= (wg(7] + 163723 + 92y — 227a] — 9z + 22327 — 16x32] — T

+ 23x; + 152507 — 1523502 — xias + xtaf + 15asa; — 15a3xg — xjag)

+ x5(2xi’x2 + 2331953 + 2x1x2x§ + 21‘%3;33:4 + 2x§x3$4 + 2:C§a:4

+ 22120075 + 20375 + 14310007 + 14230402 + 14212007 + 1da37477)),

L (w3(—8x] — 16xia3 — 8ay — 1627w; — 162323 — 8x5 — 16xix] — 16232
— 162375 — 8z — vias — 2572 — ¥3x: — riai + x5 — 152728 — 152578

— 152322 — 152302 — 23) + 242526 (727 + T2 + 703 + T3 + 22 + 22)),
L(z4(—8af — 16x723 — 83 — 162725 — 1623x; — 8a§ — 1627a] — 16252]
— 16222% — 82 — 150202 — 152322 — 152322 — 150302 — 28 — 2322 — v3al
— r3T8 — Thxe + Tg) + 2x3w506(TwT + s 4+ T2l + Tas + 22 + 27)),

(21 (w325 + 2426) (927 4 923 + 923 + 927 + 1523 + 1527)

+ o (2326 — T475) (=TT — T23 — Tws — T — 72 — 78)),

~(w6(97] + 162723 + Tay + 2ata] — Ty — 205x] — 16232] — 9z

+ 152322 + asws — whxi — 152522 + 1525 2] + ajaf — x325 — 15232F)

+ :175(—233:;’:172 — 23:1553 — 2x1x2x§ — 25B%l’3l’4 — 2$§IB31‘4 + 2a:§:r4

— 2012015 — X375 — 1413977 — 14x3w427 — 147120007 — 1da37477)),
L(w5(—927] — 162723 — Taj + 22523 + 925 — 2a7x] + 16232] + T

— 150722 — w3w? + 152222 + 2322 — 15272 — wixl + 150508 + v50)

+ w6(—205wy — 20571 — 2212973 + 207 w374 + 2257374 + 27574

— 221 T0x] + 2237 — 1da T0xs + 14a32477 — 142127077 + 14232427)),

= (w4 (827 + 167723 + 8y + 162723 + 163575 + 8x5 + 1627x] + 162357]

2 2 4, 2.2, 2.2 22 22 4 2 2 2 2
+ 162575 + 8x, + 2175 + T35 + w3w5 + wyws — X5 + 15w Ty + 157575

+ 152202 + 150202 + 25) + 2x3w5w6(722 + 7wl + Tl 4+ 723 + 22 + 22)),

L (w3(—8x] — 16x7a3 — 8zy — 1627x; — 162323 — 8x5 — 16xix] — 16252]
— 16237; — 8z — 15272} — 15a522 — 15x302 — 150507 — oy — xjaf — 1578
— 2378 — 237E + 7)) — 2waxs76(T23 + T2l + Twh + Tas + 22 + 1)),
t(w3(w1m5 + Tow6) (T2 + T3 + T3 + T + 2 + x7)

+ 24(2176 — T975) (=927 — 915 — 925 — 927 — 1522 — 1527)),

(@1 (245 + T326) — (w325 — Ta6)) (27 + @5 + 25 + 2] + 25 + 17),

16

+ 162323 + 8z + 2322 + 23wk + vial + 2502 — xi + 15070k 4+ 152522

+ 150202 + 150502 + 2§) — 2x9xs26(T23 + T2 + Tws + T3 + 22 + 22)),
1—16(x2(8x411 + 162725 + 825 + 162703 + 162575 + 83 + 162775 + 162575

+ 162327 + 82 + 1527; + 152507 + 152577 + 152372 + x5 + 272 + v5r;

+ wixs 4 virs — wg) — 222576 (725 + Tws + Tws 4+ T25 + 22 + 22)),
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Tii(0) =% (zs(z125 + aw6) (—927 — 923 — 925 — 923 — 1523 — 1577)
+ z4(x16 — x2x5)(7xf + Tx3 + 7x§ —|— Tx; + 22+ 27)),
Tis(0) =15 (zo(—8a] — 162723 — 8z3 — 162723 — 16x2x3 813 — 162322 — 160222
— 162373 — 8z — xjas — 2572 — ¥37: — wiws + x5 — 15070] — 15x2x6
— 152323 — 15x4x6 xg) — 2x12576(T2] + T23 + Taj + T} —i— x3 + 17)),
Tis(0) =15 (z1(8z1 + 162725 + 83 + 16x7a3 + 162323 + 825 + 16z7x] + 16x2x4
+ 16x3m4 + 824 + 157722 + 152522 + 152572 + 150522 + x5 + zi7] + T
+ 2hxs + whwh — xg) + 220w576(725 + Ty + T3 + T2 + 22 + 73)),

«7535< )= ~756( )= \766(0) =
For n = 4 we have %4) = (..7;;(0)) , 1,7 =1,...,6, where

T (0) =15 (a7 (—8afaf — 16303 8xix; — 162 + Triw: — x322 — 1Taias + o5 + iz
— 172322 — 1:4:1:6 + 22202 + ) + 3(—8xiri — 16735 — 8x2:c4 162
+ 92322 + 2322 — 152322 4+ 1508 + 9z52s — 150302 + vial + 302223 + 1527)
+ 2323 (—1623 — 1627 + 1623 + 1627) + 25(—8x3 — Sr3x: — 247527
— 162222 — 1625) + 22(—8x] — 24a22? — 16x: — Szl — 162222)
+ wiri(—3227 — 3205 — 2423 — 2427 — 3222 — 3277)
+ 23247576 (3207 + 3275 + 3223 + 3275 + 3272 + 3227)),
Ji2(0) =g (w122(3 + 2g)(—a] — 23 — @5 — @] — 7o} — Tg)
+ 234 (=825 + 8w + 8(wg — a3) (27 + 23 + 23 + 7))
+ w516(85 — 8z + 8(23 — a3) (2% + 25 + 22 + 17))),
Ti5(0) = (z123(8(2F + 23)* + (23 + 27) (1627 + 1623 + 823 + 827)
—1— r2(152% + 1525 + 1523 + 1527 + 22 + 927)
+ 22(312% + 31a5 + 313 + 31a] + 92z + 1723))
+ Tox4 (8(2? + 23)* 4 (23 + 22) (1627 + 1623 + 832 + 827)
+ 22(3327 + 33z5 + 3323 + 3377 + 3122 + 2317)
+ 2g(172] + 1725 + 1723 + 1725 + 2322 + 152¢))
— 162576 (0174 + To23) (23 + 25 + 73 + 2] + 22 + 23))),
J14(0) =15 (z2ws(—8(F + 23)” + (w5 + 2)(—1627 — 1625 — 825 — 8z7)
+ w3 (—172% — 1725 — 1725 — 1725 — 1527 — 2323)
+ 22(—332% — 3322 — 3322 — 3322 — 2322 — 3122))
+ 2124 (8(2% + 23)* + (23 + 23) (1627 + 1625 + 83 + 827)
+ 22(3127 + 3123 + 3123 + 3127 + 1722 + 923)
(3.49)
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J15(0)

J1(0)

J(0) =

J23(0) =

j244(0) =

J25(0)

+ 22(152% 4 1523 + 1522 + 1522 + 922 4 22))
+ 16x526((—x123 + x2x4)(xf + x% + x§ + xi + xg + x%))),

= (w15 (@] + 23 + 23 + 27) (1527 + 1525 + 1523 + 15273 + 22 + )

+ (22 + 22) (23 + 25 + 75 + 75 — 22 — 22))
— 2ow6((x] + 23 + 23 + 23) (1725 + 1725 + 1725 + 1727 + 1522 + 1527)
+ (2% + 23) (1527 + 1523 + 1525 + 1525 + 27 + 7)),

= (zwe((2] + 23 + 23 + 23) (152 + 1523 + 1523 + 1527 + a2 + x7)

+ (2 + 23) (2] + 25 + 25 + 2f — 22 — 7))
+ 2ows (23 + 25 + 23 + 23) (1722 + 1725 + 1725 + 1727 + 1522 + 1523)
+ (7% + x%)(l&r% + 1523 + 15x§ + 1525 + mg + z2)),

L (2} (—8xiz] — 1623 — 8atx] — 167 + 9zjal — 15232] + xjzs + 1573
—I— 92222 + 2322 — 150327 + 303:5336 + 1523) + r3(— 83529:3 1625 — 8x323
— 162 + Tajas — 172502 — x37s + o3 + Taswg — waxg — 1Txjag + 237]
+ xg) + 2113 (— 1625 — 1627 + 1627 + 1627) + 25(—8z; — 24a37: — 1623
— 8x2x2 — 162222) + 23(—8x] — 8x3a2 — 24x32? — 162202 — 1627)

+ w325 (3227 — 3205 — 2423 — 24xF — 3222 — 3277)

— @3w40576(3207 + 3225 + 3223 + 3227 + 3212 + 3227)),
~(woxs(8(a} + 23)” + (x5 + 27) (1637 + 1623 + 8z + 8z7)

—l— 22(3123 + 3123 + 3123 + 312 + 1722 + 977)

+ 22(1522 + 15235 4 1522 + 1522 + 922 + 22))

+ z124(—=8(23 + 23)* + (23 + 27)(— 1627 — 1625 — 823 — 827)

+ 22 (—1723 — 1725 — 1723 — 172] — 1522 — 2327)

+ 22(—3327 — 3322 — 3323 — 3327 — 2322 — 3122))

+ 162536((—1103 + om4) (27 + 25 + 23 + 1627 + 1622 + 1623))),

L(z25(8(2] + 23)% + (25 + 27) (1627 + 1623 + 823 + 8x7)

+ 22(3327 + 3325 + 3323 + 3325 + 3122 + 2377)

+ 23 (1722 + 1725 + 1705 + 1725 + 2322 + 1527))

+ Tox4(8(2F + 23)* + (23 + 23) (1627 + 16235 + 83 + 877)

+ 22(152% 4 1523 + 1522 + 1522 + 22 + 922)

+ 22(312% + 3125 + 3123 + 31a; + 927 + 1727))

16z526((v124 + 22w3) (2] + 25 + 25 + 25 + 25 + 27))),

=L (wors((2? + 22 + 23 + 23) (1522 + 1522 + 1522 + 1522 + 22 + 22)

+ (22 + 23) (23 + 25 + 25 + 75 — 72 — 77))
+ ziz6((2] + 25 + 25 + 23) (1723 + 1725 + 1723 + 1725 + 1522 + 1527)
+ (22 + 23) (1527 + 1523 + 1523 + 1527 + 22 + 17)),
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To6(0) = (vaw6((2] + 23 + 23 + 27) (1527 + 1525 + 1523 + 1527 + a7 + x7)
+ (23 + ) (2] + @3 + 25 + 2] — a3 — a7))
— zxs((23 + 25 + 23 + 23) (1725 + 1725 + 1723 + 1725 + 1522 + 1527)
+ (22 + x3) (1527 + 1523 + 1523 + 1527 + 22 + 13)),

Ts5(0) =15 (23(—1627 — 1635 — 8ziai — 8a3al — afas — 1Tajal 4+ Tajal + a5 — 172325
— 2378 + Taswd + 2xiad + xg) + 25(— 1637 — 1675 — Sx2a] — Sx573
+ 2372 — 152502 + 92522 + 1508 — 15072 + x57f + 9xjxg + 30720; + 1575)
+ 2323 (—1627 — 1675 + 1622 + 1627) + 23 (—8z] — 82372 — 24zix;
— 162222 — 1625) + 23(—8xy — 24a522 — 167: — Swizxl — 162222)
+ wir3(—24a7 — 24x5 — 3223 — o7 — 3222 — 3277)
+ 21297576 (3277 + 3275 + 3223 + 3275 + 3272 + 3227)),

J54(0) =g (wswa(ws + ) (—a] — 25 — 25 — 2§ — Taf — Tag)
+ 2129 (=825 + 8wg + 8(wg — a3) (27 + 23 + 23 + 7))
+ z576(87] — 825 + 8(2F — 23) (23 + 25 + 22 + 12))),

Ti5(0) = (v325((2] + 23 + 23 + 27) (1527 + 1525 + 1523 + 1527 + 27 + x7)
+ (23 + ) (2] + @3 + 23 + 2] — a3 — a7))
— zyx6((2] + 25 + 23 + 23) (1725 + 1725 + 1723 + 1725 + 1522 + 1527)
+ (22 + x3) (1527 + 1525 + 1523 + 1527 + 22 + 73)),

Ts56(0) =55 (w3w6((2] + 23 + 23 + x7) (1527 + 1523 + 1523 + 1527 + 23 + )
+ (@2 + xg)(z] + 25 + 235 + 2] — 22 — 27))
+ zyws((23 4+ 25 + 23 + 23) (1722 + 1725 + 1723 + 1725 + 1522 + 1527)
+ (22 + x3) (1527 + 1525 + 1523 + 1527 + 22 + 1)),

Tii(0) =< (23(—162] — 1673 — 8zja; — 8aja] — 15xias + wjxs + 9zjas + 1525 + xiag
— 152322 + 92327 + 302z + 1558) + 25 (— 1627 — 1675 — Swir; — 5]
— 1722 — 2302 + Tojal + v — viah — 1To3a] + Trixg + 2v2a] + x5)
+ 2323 (—1627 — 1625 + 1622 + 1627) + 27(—8z] — 24z722 — 1673
— 8xia; — 1622x7) + x3(—8xy — Sx5x: — 24w — 16x22% — 16773)
+ 22w5(—242% — 24x3 — 3203 — 3205 — 3202 — 3227)
+ 21097576 (3207 + 3223 + 3223 4 3275 + 3222 + 3222)),

Ti5(0) =55 (w4w5((2] + 23 + 25 + x7) (1527 + 1523 + 1523 + 1527 + 3 + )
+ (22 + xg) (2] + 25 + 23 + 2] — 22 — 7))
+ w3z6( (23 4+ 23 + 23 + 23) (1722 + 1725 + 1722 + 1725 + 1522 + 1527)
+ (22 + x3) (1527 + 1525 + 1523 + 1527 + 22 + 13)),

Ti6(0) =55 (zawe((2] + 23 + 23 + x7) (152} + 1523 + 1523 + 152 + 3 + a7
+ (23 + ) (2] + a3 + a3 + 2] — af — a7))
— x3x5((2] + 23 + 23 + 23) (1725 + 1725 + 1725 + 1727 + 1523 + 1523)
+ (22 + x3) (1527 + 1525 + 1523 + 152] + a2 + 7)),
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Jz5(0)

Jz6(0)
Je(0)

—116(:1:% + x5 + 23 + 23) (82 + 873 + 875 + 8z — :)35 + g + 162305 + v2a2

+ zixi + 15058 + 150508 + x2(16x3 + 1627 + 22 + 1527)
+ 23 (1625 + 1625 + 16275 + 23 + 1527)),

=5H (@} 4 23 + af + aF)wswe (T} + Tad + T3 + 7@21 + x% + x2),
= (2] + 25 + a:g + xi)(&ﬁ + 875 + 873 + 8z + w5 — xg + 162327 + 150507

+ 15252: + w3as + wiwg + x5(1625 + 1625 + 1522 + x3)
+ 23(1625 + 1623 + 1625 + 1522 + x2)).

For n =5 we have J;) = (J3(0)), 4,5 = 1, ..., 6, where

J1(0) =

J12(0)

J13(0)

J1x(0)

Ji5(0) =

o]+ ad 4+ af + 2f + a3+ 2g) (2] + 25 + 25 + 2] + 22 + 27) (21 (w325
+ z4x6) + 332 (245 — 376)) + 2 (21 (w325 + Ta26)(— T2} — T2l — T — Ta}
— 22 — x3) + T2(w336 — T4w5) (977 + 975 + 975 + 927 + 1522 + 1527))),

==1a] + a3+ 2f + of + 2 + 2g) (2] + 25 + 25 + 2f + 22 + 23) (21 (— 3475

+ w326) + To(r375 + 2476)) + 5((21 (245 — x376) — To2(T375 + x4x6))(:v%
+ s a4 s a4 ),

=] + 2+ 2f + o] + 23 + 2g) (2] + 25 + 25 + o] + 22 + 37) ((w5(—2?

— 375 + 23 + 377) + 16(21119 — 22374))) + (x5(7x1 + 16x1x2 + 973

+ 29523:3 — a3 — 29513:4 162305 — 925 + v3iw2 + 150322 — x522 — 152522
+ wiad 4+ 1505wk — v3xd — 152528) + w6(—223 29 — 20371 — 2017073

+ 2x1x3x4 + 2x2x3x4 + 2x3x4 — 2x1x2x4 + 2x3xi — 14x1x2x§ + 14x3x4x§
— 14212972 + 142374732)))),

==L(a} + 25 + af + 2] + 22 + 23) (2} + 235 + 2F + 2] + 22 + 27) (ve(—2]

+ =325 + 373 + 23) + v5(—27179 — 2953564)) (x6(7x1 + 167723 + 925
— 2:1:1:1:3 — 9z + 2327 — 167525 — Ta) + x5xf + 152507 — 1523502 — xias
+ 237g + 152558 — 15252 — 2578) + 25(227 00 + 22175 + 2217975
+ 2:613:3:64 + 2x2x3x4 + 21‘3:64 + 2x1x2x4 + 2x3:c4 + 14:1:15629(:5 + 14x3x4x§
+ 14x1x2$§ + 14:53934:17%)))
To (01 + a3 + a5 + af + a3 + 25) (2 + 23 + 23 + 2 + 23 + 2g) (w3(22]
+ 225 + 235 + 23] — 23 + ag) — 2347526) + 5 (w3(—8x] — 162723 — 825
— 162322 — 16x2x3 8x3 — 162727 — 167505 — 162325 — 8xf — 2322
— 2572 — x3x: — xial + x5 — 152iaf — 15a50f — 152508 — 15a52f — x3)
+ 2wgwsze(T2% + Ty + Tas + T2 + 2 + 1)),

(3.50)
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J5(0) :I—é(:vf + oot o+ ad+2d)((2F + 2d 2+ 2t 4k 4 ol (v (207

+ 223 + 23 + 23] + 43 — x5) — 2w37576) + 5 (va(—8x] — 162723 — 825
— 162223 — 160202 — 83 — 162222 — 162522 — 1603207 — 8z — 152222
— 150302 — 152222 — 152322 — o3 — 2iwh — v50s — 2378 — Ti78 + T3)
+ 23x5w6(T27 + Tas + Ta3 + T2 + 12 + 23))),

T(0) :%1(1'% + 3+ 23+ a; + 22+ x3) (2] + 25 + 25 + 25 + 27 + 28) (=371 (7375

+ 2476) + To(—xaT5 + T3%6)) + 2 (21 (2375 + T426) (977 + 95 + 923 + 92
+ 1522 + 1528) + w9(v376 — T475) (=725 — T3 — Tos — Ta; — 2 — 27))),

T (0) :I—é(ajf + i w4 od o+ a?) (0 + o)+ 2+ 2+ 2k 4 2l (wg(—323

— x5 + x5 + 327) + 25 (20130 + 22324)) + 2(26(92] + 162723 + T2

+ 20202 — Tas — 2w3at — 162325 — 9) + 1520322 + 2302 — wix?

— 152202 + 152203 + 2302 — 2322 — 152222) + 25(—22320 — 2225

— 2x1x2x§ — Qx%x3x4 — 2x§x3x4 + 2x§x4 — 2x1x2xi — x;;xi — 14a:1x2x§

— 14LL‘3$4$§ — 145171552332 - 141}3%433%))),

Ty (0) =5 (2} + a3 + 25 + o] + a2 + 23) (2] + 23 + 23 + 2F + 27 + 3) (x5 (32T+

x5 — 3x; — x7) + w6(2a122 — 22324)) + 2(25(—92] — 162723 — Taj + 2x523
+ 925 — 22222 + 162322 + 7oy — 1520322 — wie? 4+ 150202 + 2322 — 152322
— w3xk 4+ 150i0k + 25ad) + we(—203wy — 2057y — 2212073 + 207 w374

+ 2x§m3x4 + 2a:§x4 — 2x1x2xi + 2x3xi — 14x1x2x§ + 14x3x4x§ — 14x1x2x§
+ 14x37473))),

T55(0) =52 (23 + 23 + x5 + 27 + 22 + x3) (2] + 25 + 23 + 23 + 22 + 23) (z4(—227

— 2x5 — 203 — 23] + x7 — x3) — 2037576) + 2 (w4 (8] + 162773 + 85
+ 162323 + 162573 + 873 + 1627 0] + 162527 + 1623575 + 82 + 2272
+ 2572 + 237% + xial — x5 + 1523 0f + 15552 + 152575 + 152578 + 773)

Js(0) :I—ﬁl(aﬁ + w4 od o+ a?) (0 + 2l 2+ 2+ 2k 4 2l (ws(207

2 2 2., .2 _ 2 5 4 2,2 4
+ 25 + 225 + 2wy + 15 — 1) + 2047576) + 3 (v3(—8x] — 162775 — 815
— 162223 — 162202 — 83 — 162222 — 162322 — 160202 — 8z — 152222
— 150302 — 152222 — 152222 — of — 3wl — v20s — 2328 — w32l + 73)

T3(0) :%1(56% + a3+ a3+ i+ a2+ 22) (2] + 25 + 23 + 25 + 2k + 28) (v (—237s

+ 3x4x6) + o(—3x475 — T376)) + %(xg(xlm + wox6) (722 + T + Tk + 723
+ 22 + 28) + 24(2176 — Tow5) (=977 — 935 — 973 — 927 — 1522 — 1527))),

T (0) =(27 + a3 + a3 + a7 + 22 + 23)*(— 21 (245 + T376) + T2 (2325 — T476)),
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T5(0) =15 (a7 + 23 + 23 + 2§ + aF + 23) (] + 25 + 23 + 2] + 23 + 25) (—21 (227
+ 223 + 203 + 207 — x7 + x7) + 220w536) + 2 (31 (8] + 162725 + 8
+ 162323 + 162573 + 823 + 162707 + 162527 + 1623525 + 82 + 2272
+ 2572 + 3wE + wial — x5 + 1523 0f + 15552] + 152578 + 152578 + 3)
— 2moxsw6(T2% + Tas + Tas + T2y + 27 + 27))),

T56(0) =75 (a7 + 23 + a3 + 2] + a3 + 2g) ((¢] + 23 + 23 + 2] + 23 + 25) (—22(227
+ 223 + 203 + 20 + 27 — 1) + 2017576) + 2 (22(87 + 162725 + 85
+ 162323 + 162525 + 8x3 + 16272] + 162527 + 162577 + 87y + 152777
+ 152577 + 152577 + 152578 + 25 + a7af + vowg + 2378 + 1508 — 75)
— 2w @576(T0% + Ty + 723 + 725 + 22 +23))),

Tu(0) =2 (2] + 25 + 25 + of + 22 + 23) (2] + 23 + 25 + 2] + 22 + 27) (21 (3wszs
— x426) + To(T4x5 + 32376)) + %(:1:3(331:55 + Tox6) (927 — 9235 — 923 — 93
— 1522 — 1523) + w4(2176 — Tow5) (725 + T3 + T3 + T2 + 22 + 77))),

Ti5(0) =15 (a7 + 23 + a3 + 2§ + a3 + 2g) (a7 + 23 + 23 + 2] + 23 + 25) (v2(227
+ 225 + 203 + 205 — x7 + 1) + 2017576) + 2 (22(—82] — 162725 — 85
— 162723 — 162505 — 8v3 — 162377 — 162527 — 162375 — 8] — 2507
— ala? — wie? — 220+ ad — 152322 — 1500k — 152222 — 152722 — o)
— 2w w5z (725 + Tas + Tos + T2 + 22 + 23))),

Ti6(0) =3 (23 + 23 + @3 + 2] + 22 + 23) (2] + 25 + 23 + 25 + 27 + 23) (—21 (227
+ 205 + 203 + 22 + 22 — x3) — 2waw5w6) + 2 (21 (8] + 162775 + 85
+ 162723 + 162575 + 83 + 160707 + 162507 + 1623527 + 8] + 152202
+ 15x5x; + 1525ws + 152507 + a5 + ataf + vowg + x3xg + xjag — T)
+ 2momsx6(T2% + Ty + Tas + T2 + 22 + 23))),

j555(0) = \7556(0) = \7656(0) = 0.

3.3.4 Appendix B

In this appendix, we shall prove the Lemma 3.3.14.

Let v be a geodesic of Kaplan’s example N such that 4y = Z?Zl x; E; (or, equiv-
alently, that x5 = x¢ = 0). Moreover, following the notation of Lemma 3.1.1, we
denote by {P;}_, the orthonormal frame field obtained by Vs-parallel translation
of the basis {F;} along ~.

Thus, from [B-Tr-V, p. 45] we know that

TP = 5[Pido], i =1,2,3,4, TyPa = 35(P)(f0), @ =5,6.
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More specifically, under our assumptions and using (3.23) and (3.24) we have

TP, = %(x3P5 +a4F5), TyP= %(ngG — x4 P5),
TP = %1($1P5 +1.5%), T,P = %(IQP5 — 11 Fg),
T,Ps = 5(x1P; — 29 Py — 23P) + 14 Ps),

T,Ps = %(:131P4 + 2o Py — w3 Py — x4 Py).

(3.51)

Now, from Lemma 3.3.13 and using (3.51) we obtain for each ¢ € {1,2,3,4,5,6},
the following homogeneous system of ordinary differential equations, a, = M - a;,
with initial condition a;(0) =1, a;;(0) =0, j # i

aél 0 0 0 0 —%1'3 —%ZE4 Qi1

Al 0 0 0 0 %x4 —%93'3 ;o

/ 1 1

;g . 0 0 0 0 5.1'1 51‘2 ;3 3.52
! - 0 0 0 0 L = ; (3.52)
gy —3%T2 3T 7

/ 1 1 1 1

A5 5%T3 —3Ts —3T1 5T2 0 0 ;s

/ 1 1 1 1

Qg 5Ty T3 —5Ty —5T 0 0 Qig

Finally, we shall solve (3.52) following the general theory of ordinary differential
equations. The eigenvalues associated to matrix M are {0, —%z, %z}, all of them with
multiplicity 2. A basis {vy,vo} of ker M? and a basis {wy, ws} of ker(M — £1d)? are
given by

__ (x1x3+T2T ToT3—T1T [ T1T4—T2T r1T3+T20T
U1—<13 2T4 2T3 147170’07())7 Ug—(14 237 123 2470717070)7

ety ) wptal @5 te] @5 te]
2, .2
_ (x3 —x4 —T1 — _ ru(mizstrozs) (woxz—ziz4) —v(T74T3) 1
wl_(xzu zo 0 Ty ) 7x270>7 w2_( To ) T2 ) T ) 71,271)'
Moreover,
eMy; = v +tM vy = vy, Moy =09 + M - vy = vy
1 1 1 ) )

ot .
™M, = e2 (wy + (M — 51d) - wy) = e5tu)17

at ot
e™Mwy = e2 (wy + t(M — L1d) - ws) = €2 wy.
Thus, the general solution of the system (3.52) is

a; = C’iletle —|—CigetMU2+C'i3Re(eth1)+C’Z-4Im(eth1)—|—C’Z-5Re(eth2)—I—Ciﬁlm(ethg)
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or, more explicitly, it is

air () =B85 Cyy 4 =320l + 23 (cos(t/2) Cig + sin(t/2)Cla)

+ TR (cos(t/2) Ci — sin(t/2)Cis),
aig(t) :MC’H + WOZ‘Q - i—;(COS(t/2)CZ‘3 + Sln(t/2)014)

x§+xi x%eri
+ #2EE (cos(t/2) Cie — sin(t/2)Cis),
aig(t) :Oil - i—;(cos(t/2)C’Z3 + SlH(t/2)CZ4) (353)

+ 12 (sin(t/2)Cls — cos(t/2)Cio),
a;s(t) =Cio + cos(t/2)Cis + sin(t/2)Cia,
a;s(t) :xiz(sin(t/Q)C’ig, — cos(t/2)Ci) + 72 (cos(t/2)Cis + sin(t/2)Cis),
a;6(t) =cos(t/2)Cis + sin(t/2)Ci.

where Cj1, Cio, Ci3, Ciy, Ci5, Cig are arbitrary parameters.

Now, it only remains to know the value of the constants Cj, k = 1, ..., 6, for each
i € {1,..,6}. For that, we solve the system a;(0) = 1, a;;(0) = 0, j # 1, for each
i€ {l,..,6} and, easily, we obtain

Cn = a3 + 191y, Clo = 2104 — 2273, Cl3 = ToT3 — T 17y,
Cuu=0Ci5=0, Ci=ay,

Oy = wox3 — 1174, Cop = 1103 + 2274, Coz = —T103 — TaTy,
Oy = Oy =0, Cy = x3,

Cyi = a3 +a], Cip=0Cs5==C0C=C5=0 Cy5=—,
041 = 044 = 045 = O, 042 = .77% -+ iL‘Z, 043 = .%'% + l’g, C46 = —I,
Cs1 = Cs0 = C53 = C55 = C56 =0, Csy = —13,
Ce1 = Csp = Cg3 = Ce6 =0, Cgq =11, Cg5=1.

(3.54)

Therefore, we obtain a;;, 7 =1, ...,6, of Lemma 3.3.14 if we substitute the value
of Cir, k=1,...,6, given in (3.54) in (3.53) for each i € {1,...,6}.
This concludes the proof.
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Chapter 4

Locally homogeneous affine
connections on 2-dimensional
manifolds

Homogeneity is one of the fundamental notions in geometry although its meaning
must be always specified for the concrete situations. In this chapter we consider
the homogeneity of manifolds equipped with affine connections. This homogeneity
means that, for every two points of a manifold, there is an affine diffeomorphism
which sends one point into another. We shall treat a local version of the homogeneity,
that is, we admit that the affine diffeomorphisms are given only locally, i. e., from
a neighborhood onto a neighborhood.

Locally homogeneous Riemannian structures were first studied by I. M. Singer
in [Si]. Many years later, B. Opozda worked out an affine version of Singer’s theory
in [Op.1] and [Op.2].

Two-dimensional locally homogeneous Riemannian manifolds are those with con-
stant curvature. In contrast to this situation there are many locally homogeneous
affine structures on 2-dimensional manifolds. In this chapter we classify (locally) all
locally homogeneous affine connections with arbitrary torsion on two-dimensional
manifolds. Therefore, we generalize the result given by B. Opozda for torsion-less
case in [Op.3].

The results of this chapter will be published in [AM-K.2].

4.1 Introduction and main results about the clas-

sification problem
The field of affine differential geometry is well-established and still in quick devel-
opment (see e.g. [N-S]). Also, many basic facts about affine transformation groups

and affine Killing vector fields are known from the literature (see [Ko-N, vol.I] and
[Ko]). Yet, it is remarkable that a seemingly easy problem to classify all locally ho-

89
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mogeneous torsion-less connections in the plane domains was solved only recently
in [Op.3] (direct method) and in [K-Op-V1.4] (group-theoretical method). Unfor-
tunately, no relation between both classifications was given. See also the previous
partial results in [K-Op-V1.1] and [K-Op-V1.2]. For dimension three, to make a
classification seems to be a hard problem.

The original result by B. Opozda [Op.3] was the following:

Theorem 4.1.1. Let V be a torsion-less locally homogeneous affine connection on a
2-dimensional manifold M. Then, either V is a Levi-Civita connection of constant
curvature or, in a neighborhood U of each point m € M, there is a system (u,v) of
local coordinates and constants p,q,c,d,e, f such that V is expressed in U by one of
the following formulas:

Type A
Vauau = pau + qava Vaqﬁv = Cau + dav; V&Jav = eau + fav

Type B
pa +q0y O +dOy eOy+ [0y
V()uau = u“q ) Vi)uav = 2 2 ) vaua'u = f_1 .

(Here the “Levi-Civita connection” involves also the Lorentzian case. For an
application of this result see [K-Op-V1.3]).

In the next section we are going to classify all locally homogeneous affine connec-
tions with arbitrary torsion in the plane domains from the group-theoretical point
of view. This means that we always start with a specific transitive Lie algebra g of
vector fields from the list of P. J. Olver [O] (see Section 4.4) and we are looking for
all affine connections with arbitrary torsion for which, in the same domain and with
respect to the same local coordinates, g is the full algebra of affine Killing vector
fields. Such connections are called corresponding to g. It happens quite often that
the given Lie algebra of vector fields does not admit any invariant affine connection
or it only admits torsion-less invariant affine connections.

Finally, we prove some simple algebraic lemmas which enable to decide very
easily if a connection corresponding to a Lie algebra g has, in some local coordinate
system (u/,v"), Christoffel symbols of type A, or of type B, respectively. In such a
case we say shortly that such a connection is of type A, or of type B, respectively.
Due to our lemmas, the whole procedure depends only on the structure of the algebra
g.

We try to organize our computation in (possibly) most systematic way so that
the whole procedure is not excessively long. Also, because this topic is an ideal
subject for a computer-aided research, we are using the software MATHEMATICA 5.2,
throughout this work. But we put stress on the full transparency of this procedure.

Now, we shall formulate the stronger Classification Theorem for connections
with torsion. Based on our computations, we illustrate here the essential relationship
between the classifications given in [K-Op-V1.4] and [Op.3]. Moreover we prove that,
for some Lie algebras g, all connections corresponding to such a g are simultaneously
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of type A and of type B. These facts can be easily checked in the table that we use
to summarize our results.

Theorem 4.1.2 (Classification Theorem). Let V be a locally homogeneous affine
connection with arbitrary torsion on a 2-dimensional manifold M. Then, either
V s locally a Levi-Civita connection of the unit sphere or, in a neighborhood U
of each point m € M, there is a system (u,v) of local coordinates and constants
D, q,c,d, e, f,r, s such that V is expressed in U by one of the following formulas:

Type A
Vauau = pau + qavy Vauav - Cau + d8117

Vo,0, =10y + 50,, V0, = €0, + fO,.

Type B

__ POu+q0y __ cOy+doy
Vauau - I%: v(?uav — CTa

— au+ 81; - e(’?u—i- 61)
vavau - La Vavav - Tf7

u

where not all p,q,c,d,e, f,r,s are zero.

Proof. Let us start with the presentation of the following table. This is a refinement
of the tables 1 and 6 from [O] (see Section 4.4) completed by additional information.
In each case, or subcase, we get a Lie algebra of vector fields given by its generators.
We are looking for all locally homogeneous connections which (in the same local
coordinates) are corresponding to a Lie algebra in question. Moreover, T denotes
the torsion tensor, “VCS” means that all Christoffel symbols vanish with respect
to the given coordinates (u,v) and the label “flat” means that the Ricci tensor
vanishes. In the column 7" # 0, if we write “in general”, we mean that the torsion
tensor is different from zero except some special cases. Some additional properties
of the Ricci tensor will be studied separately, later.

Properties of connections associated with the (refined) Olver list.

’ Case H Generators ‘ Remarks Type A ‘ Type B ‘ T+0 ‘
Oy,
1.1 V0 — Uy, No Yes In general
020, — 2uvd,.
V is the
Levi-Civita
Oy, connection of
1.2 V0 — Uy, a Lorentzian No Yes Never
020, — (2uv + 1)0,. | metric with
constant

curvature.
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’ Case H Generators ‘ Remarks ‘ Type A ‘ Type B ‘ T#0 ‘
ava
1.3 vy, Uy, Yes Yes Never
020, — uvdy. (Flat)
a’ua
1.4 00y, V20,, No corresponding invariant
Oy, U0y, u?0,. affine connection.
O, The functions 71 (v),..., nx(v) satisfy a k"
1.5 M (V) ..., Nk (v) Oy, | order constant coefficient homogeneous linear
keZ, k>1. ordinary differential equation DJu] = 0.
1.5 a) Oy, Oy. k=1 Yes No In general
1.5 b) Oy, €0y k=1 No Yes In general
1.5 ¢) Ou, Oy, k=2 Yes Yes In general
e?0,.
1.5 d) Ou, Oy, k=2 Yes No In general
V0,
Oy, €*Y0y,
1.5 e) ePvo,, a # 3, This case becomes equivalent to
a, B #0. the case 1.6 €’)
Oy, €*Y0y,
1.5 f) ve*’ 0y, This case becomes equivalent to
a #0. the case 1.6 {7)
Y cos () Oy,
1.5 g) sm(ﬂv) s This case becomes equivalent to
Oy, B #0. the case 1.6 g’)
m (v)auv ey
1.5 h) Mk (V) Oy Oy, No corresponding invariant
k> 2. affine connection.
Oy, Uy, The functions 71 (v),..., ni(v) satisfy a k"
1.6 11 (v)0y, ..., Nk(v) Oy, | order constant coefficient homogeneous linear
keZ, k>1. ordinary differential equation D[u] = 0.
1.6 a°) Ou, Oy k=1 Yes No In general
U0y,
1.6 b*) Oy, €Y0y k=1 Yes Yes In general
U0y,
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’ Case H Generators ‘ Remarks ‘ Type A ‘ Type B ‘ T#0 ‘
1.6 ¢) Ou, Oy, k=2 Yes Yes In general
€0y, udy,.
1.6 d’) Ou, Oy, k=2 Yes No In general
VO, UOy.
Oy, €YDy,
1.6 €°) ePvo,, ud,, k=2 Yes Yes In general
a# B, a,p#0.
Oy, €0y,
1.6 ) Ve 0y, UOy, k=2 Yes Yes In general
a #0.
e’ cos(Bv) 0y,
1.6 g°) eV sin(fv)0y, k=2 Yes No In general
Oy, uOy, B # 0.
Ul(U)au, seey
1.6 ) M (V) Oy, Oy, No corresponding invariant
w0y, k > 2. affine connection.
k=1, a=0 Yes Yes In general
k=1,
a=1/2,2
or Yes Yes Never
Oy, Oy, k=2, a=2| (Flat)
1.7 V0y + Oy, k=1,
0Oy, .oy V1O, | @ #0,1/2,2
kelZ, k>1. or Yes Yes Never
k=2, a#2| (VCS)
k>2 No corresponding invariant
affine connection.
Oy, Oy k=1 Yes Yes Never
1.8 00y + (ku + )0y, (VCS)
00y, ..., VP10,
kelZ, k>1. k>2 No corresponding invariant
affine connection.
Oy, Oy, k=1,2 Yes Yes Never
1.9 V0, Uy, (VCS)
Oy, .., VFT1O,,
kelZ,k>1. k>2 No corresponding invariant
affine connection.
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’ Case H Generators ‘ Remarks ‘ Type A ‘ Type B ‘ T+# 0 ‘
Dy, Oy, V0y, ..., VF 10,
200, + (k — 1)udy, No corresponding invariant
1.10 020, + (k — 1uvdy, affine connection.
kelZ, k>1.
Oy, Ouy VOy, ..., VP10,
0y, Uy, No corresponding invariant
1.11 020, + (k — 1)uvd,, affine connection.
keZ,k>1.
Oy, O,
2.1 a(v0y + udy) Yes Yes Never
+udy — V0. (VCS)
V is the
Oy, Levi-Civita
2.2 VOy + UOy, Connection No Yes Never
(v? — u?)0, + 2uvd,,. of the hyper-
bolic plane.
V is the
w0y — vy, Levi-Civita
2.3 || (1+v%®—u?)d, + 2uvd,, | Connection No No Never
2uvdy + (1 — v +u?)d,. | of the sphere.
Oy, Ou,
2.4 vy + UOy, Yes Yes Never
w0y — v0,. (VCS)
Oy, Ou,
2.5 VO — UOy, Yes Yes Never
U0y, VO (VCS)
Oy, Ou,
2.6 vy, Uy, Yes Yes Never
UOy, V0. (VCS)
Op, Oy, V0y + udy, U0y — VO,
2.7 (v — u?)0y + 2uv0y, No corresponding invariant
2uvd, + (u? — v?)d,. affine connection.
Oy, Oy, U0y, UOy, Uy, VO,
2.8 020y + uvdy, No corresponding invariant
wvdy + u?0,. affine connection.

It is sufficient to check that this table is correct and this will prove our Theorem.
Our check will be done step by step.

Remark 4.1.3. As concerns the remark in Case 1.2, recall that, if a pseudo-
Riemannian metric g has the constant positive curvature 1, then the reversed metric
—g has the constant negative curvature —1. See, for instance [O’N, p. 92].
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4.2 Checking the table step by step

4.2.1 Preliminaries

Let V be an affine connection on a manifold M. It is locally homogeneous, if for
each two points x,y € M there exists a neighborhood U of z, a neighborhood V of
y and an affine transformation ¢ : 4 — V such that ¢(z) = y. It means that ¢ is a
(local) diffeomorphism such that

V, 0¥ =¢.(VxY)

W*X

holds for every vector fields X, Y defined in U.
Now, let us recall the following criterion describing affine Killing vector fields.
An affine Killing vector field X is characterized by the equation:

(X, VyZ] — Vy[X, Z] = Vixy|Z = 0 (4.1)

which has to be satisfied for arbitrary vector fields Y, Z (see Proposition 2.2 in
Chapter VI of [Ko-NJ). The following assertion is standard:

Proposition 4.2.1. A smooth connection V on M is locally homogeneous if and
only if it admits, in a neighborhood of each point p € M, at least two linearly
independent affine Killing vector fields.

From now on, we assume that M is 2-dimensional. We choose a fixed coordinate
domain U(u,v) C M and we express a vector field X in the form X = a(u,v)d, +
b(u,v)d,. Then, for a connection V with arbitrary torsion in U(u,v), we put

Vo,0u = A(u,v)0, + B(u,v)0,, Vs,0, =C(u,v)d, + D(u,v)0,,

4.2
Vo,0u = E(u,v)0, + F(u,v)0,, V,0, = G(u,v)0, + H(u,v)0,. (42)

In the following, we will often denote the functions a(u,v), b(u,v), A(u,v),
B(u,v), C(u,v), D(u,v), E(u,v), F(u,v), G(u,v), H(u,v) by a, b, A, B, C, D,
E, F, G, H respectively, if there is no risk of confusion.

Writing the formula (4.1) in local coordinates, we find that any affine Killing
vector field X must satisfy eight basic equations. We shall write these equations in
the simplified notation:

1) Gy + Aay, — Ba, + (C + E)b, + Aya + Ab =0,

2)  buy + 2Bay + (F + D — A)b, — Bb, + Bya+ B,b =0,

3)  auy + (A — D)ay + Gb, + Cb, + Cya+ Cyb = 0,

4) by, + Da, + Ba, + (H — C)b, + Dya+ D,b = 0, @3
5) Gy + (A~ F)a, + Gb, + Eb, + E,a+ Eb =0, '
6) buw + Fa,+ Ba, + (H — E)b, + F,a+ F,b =0,

7)) apy — Gay + (C + E — H)a, + 2Gb, + Gua + Gyb =0,

8) by + (D + F)a, — Gb, + Hb, + Hya + H,b = 0.
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Moreover, after some direct calculations, we obtain the following formulas for
the Ricci tensor:

X

ic(Dy,0y) = By — F,, + B(H — E) + F(A— D),
ic(0y,0,) = D, — H, + CF — BG,
ic(0y,0y) = B, — A, + CF — BG,
ic(0y,0y) =G, — Cy, + C(H— E)+ G(A— D).

oy

(4.4)

T X

Now, we shall establish two lemmas as a basic tool.

We know that if a connection is of type A, then it has constant Christoffel
symbols in some local coordinates (u,v) and hence, by (4.3), it admits the pair of
Killing vector fields {9,, 0, }. Thus we have two linearly independent Killing vector
fields X, Y such that [X,Y] = 0.

Further, if a connection is of type B, all Christoffel symbols are of the form
constant in) some local coordinates (u, v), and it follows easily from the formula (4.3)
that the connection admits a pair of Killing vector fields {0,, ud, + v9,}. Hence we
have two linearly independent Killing vector fields X, Y such that [X,Y] = X.

Now, we want to prove also the converse statements, and we summarize all in
our lemmas.

Lemma 4.2.2. For any Lie algebra g of vector fields (from the refined Olver list) de-
fined on a simply connected domain U(u,v) of the plane, the following two assertions
are equivalent:

(i) Ing, there are two linearly independent vector fields X, Y such that [X,Y] = 0.
(13) All connections corresponding to g are of type A.

Proof. For the implication (i7) — (7) see above. It remains to show the implication
(1) — (it). From a well-known result about commuting vector fields, which is valid
in every dimension, we deduce that there is a local coordinate system (z,y) on
the given domain such that X = 0,, Y = 0,. Formula (4.3) (written in the new
coordinates) shows that all Christoffel symbols are constant.

Lemma 4.2.3. For any Lie algebra g of vector fields (from the refined Olver list) de-
fined on a simply connected domain U(u,v) of the plane, the following two assertions
are equivalent:

(1) In g, there are two linearly independent vector fields X, Y such that [X,Y] =
X.

(13) All connections corresponding to g are of type B.
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Proof. For the implication (i7) — (i) see above. It remains to show the implication
(i) — (ii). Let U(u,v) C R? be a local coordinate system and X = p(u,v)d, +
q(u,v)0y, Y = r(u,v)0, + s(u,v)0, be two linearly independent vector fields such
that [X,Y] = X. From now on, we will denote the functions p(u,v), q(u,v), r(u,v),
s(u,v) by p, q, r, s respectively. Then, if we put A = z , the matrix A is

Al:ﬁ(—sq _pT)

Moreover, the condition [X, Y] = X is satisfied if and only if

nonsingular and

Pry — TPy — SDy + qTy = D,

(4.5)
DSy — Tqu — Sqy + @Sy = q.

Now, we are going to prove that there exists a convenient local coordinate system,
(x,y), in which the vector fields X, Y, are of the form 9,, ©0,+y0,, respectively. Put
z = f(u,v), y = g(u,v). Then 0, = f,0, + 9.0y, Oy = fu0r + ¢,0,. Consequently,
in the new coordinate system

Y = (rfu+ 5fu)0: + (r9u + 59,)0,.

Hence, X = 0, and Y = 20, + y9, if and only if the following system of partial
differential equations for f and g is satisfied:

pfu"’va:Oa pgu+qgv:17 rfu_‘_sfv:fa Tqu + 59y = g.

Now, using the Cramer’s rule, we obtain the explicit expression of this system in
the form

£, = —af __»rf g = 599 _ —rtpg
Y ops—qr’ Y ps—qr’ 7Y ps—qr’ 77 ps—qr’

Finally, using both equations of (4.5) and the above relations pf, + ¢f, = 0,
Pgu + qg9, = 1, is easy to prove that the integrability conditions, (fu), = (fo)u
and (gy)y = (gu)u, are satisfied. Hence, in our simply connected domain, the above
system of partial differential equations is completely integrable. Substituting X = 9,
and Y = 20,+y0,, respectively, into the system (4.3) (written in the new coordinates
x, y), we find easily that all corresponding connections are of type B.

From now on, we shall generalize and improve the results given in [K-Op-V1.4],
using among others tools our lemmas 4.2.2 and 4.2.3.
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4.2.2 Lie algebras containing all translations

We shall first study Case 1.4, the cases 1.7-1.11, Case 2.1 and the cases 2.4-2.8
from refined Olver’s list. Here we generalize the results of Sections 2, 3 and the parts
1), 2) of Theorem 6.1 of [K-Op-V1.4] where the torsion was supposed to be zero. In
the following we assume that our connections have eight Christoffel symbols given
by the formula (4.2). The calculations done by MATHEMATICA 5.2 are very similar
to those made by Maple V Release 4 in [K-Op-V1.4]|. Anyway, we shall show the
details of the proofs to make our exposition self-contained.

Firstly, we need some technical lemmas.

Lemma 4.2.4. If the connection ¥V admits the Killing vector fields 0,, 0y, (pu +
qu)0y + (ru + sv)0,, where p,q,r,s are constants such that

ps —qr # 0, 2p2 + 2% + 9qr — bps # 0, (4.6)

then all Christoffel symbols A, B, ..., H with respect to the coordinates u,v are zero,
i.e., V 1s locally flat.

Proof. First, due to the Killing vector fields 9,, d, are admitted, it is obvious
from (4.3) that all Christoffel symbols A, B, ..., H are constants. Substituting now
pu+ qu and ru+ sv for a(u,v) and b(u, v), respectively, into (4.3), we obtain the fol-
lowing system of 8 linear homogeneous algebraic equations for 8 unknown constants
A, B, ..., H, namely

1) pA—gB+rC+rE =0,

2) —rA+(2p—s)B+rD+rF =0,

3) qA+sC —qD +1rG =0,

4) ¢qB—rC+pD+rH =0, (47)
5) qA+sE —qF +rG =0, ‘
6) gB—rE+pF+rH =0,

7) qC+qE+ (2s—p)G —qH =0,

8) gD+ qF —rG+sH =0.

The determinant of this system can be expressed in the form
—(2p” + 25> + 9qr — 5ps)(ps — qr)*,
which concludes the proof.

Lemma 4.2.5. If V is locally flat and (u,v) is a coordinate system in which the
Christoffel symbols of V wvanish, then the connection does not admit a Killing vec-
tor field of the form Z = a(u,v)0, + b(u,v)0, where a(u,v) or b(u,v) is a proper
quadratic polynomial of u,v.
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Proof. Because all coefficients A, ..., H are zero, we see at once from (4.3) a con-
tradiction.

Now we proves the first classification results.

Lemma 4.2.6. The following Lie algebras from refined Olver’s list characterize, as
algebras of affine Killing vector fields, connections with vanishing Christoffel sym-
bols:

Case 1.7 for a #0,1/2,2 and k = 1,2,

Case 1.7 fora =0, or a« =1/2, and k = 2,

Case 1.8 for k =1,

Case 1.9 for k=1,2,

the cases 2.1, 2.4, 2.5 and 2.6.

Proof. Since all these algebras contain the operators d,, d,, it follows easily from
(4.3) that the algebras quoted above consist of affine Killing vector fields of the
connection with constant Christoffel symbols. Thus, it remains to show that each
of these algebras enforces the vanishing of all Christoffel symbols.

The case 1.8 for k = 1 involves the operator (u + v)d, + v0,, i.e., one with
p=q=s=1,r =0, which satisfies the inequalities (4.6) from Lemma 4.2.4.

The case 1.9 always involves the operator ud, + vd,, which also satisfies the
conditions (4.6). But if £ > 2 from Lemma 4.2.5 we obtain a contradiction.

The case 2.1 involves the operator with p = a, ¢ = —1, r =1, s = a. We see
again that (4.6) is satisfied. The cases 2.4, 2.5 and 2.6 are now obvious.

It remains to discuss the case 1.7, in which we have an additional operator with
p=a q=0r=0and s = 1. Here the values p,q,r,s satisfy (4.6) except
the cases @ = 0, & = 2 and o = 1/2. Moreover, if o ¢ {0,1/2,2} and k > 2
from Lemma 4.2.5 we obtain a contradiction. Thus, for ao ¢ {0,1/2,2} we get our
assertion. Let be now o« = 0, or & = 1/2, and k = 2. Then we have the second
additional operator vd,, i.e. one with p =r =s =10, ¢ = 1. From (4.7) we obtain
A= B =D =F =0 and, because o # 2, applying (4.7) for the first operator we
get finally C=F =G = H =0.

This completes the proof

Lemma 4.2.7. The following Lie algebras of vector fields do not admit any invariant
affine connection:

Case 1.4,

Case 1.7 for k > 2,

Case 1.8 for k > 2,

Case 1.9 for k > 2,

the cases 1.10, 1.11 and the cases 2.7, 2.8.

Proof. If there is such a connection, its Christoffel symbols must be again constant.
For the case 1.7 with a # 2 the result follows from Lemma 4.2.6 and Lemma 4.2.5.
If @ = 2 in the case 1.7, we substitute p =2, ¢ = r = 0 and s = 1 into the system
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(4.7). We obtain A=B=C=D=F=F = H =0. Now the operator v?9, has
to be added. We put a(u,v) = v?, b(u,v) = 0 in (4.3) and the 7th equation gives a
contradiction.

For the case 1.8 with k > 2 we put a(u,v) = ku + v*, b(u,v) = v in (4.3). We
obtain that A= B =C =D = F = F = H = 0 and consequently, the following
contradiction from the 7th equation of (4.3):

(k* — k)" 2+ (2— k)G =0.

For the remaining cases, the result follows from Lemma 4.2.6, Lemma 4.2.4 and
Lemma 4.2.5.

Proposition 4.2.8. The Lie algebras from Case 1.7 produce just the following locally
homogeneous connections:

a) « = 0 and k = 1. Then the Christoffel symbols are constant parameters given
by B=C =F =G =H =0, D,F and A arbitrary. Here, the torsion tensor
is not zero if and only if D # F and the Ricci tensor, Ric, is zero if and only if
Ric(0y,0,) = F(A — D) is zero.

b) a« =1/2 and k = 1. Then the Christoffel symbols are constant parameters given
byA=C=D=FE=F=G=H =0 and B arbitrary. Here the torsion tensor
and the Ricci tensor are always zero.

c) o« =2 and k = 1,2. Then the Christoffel symbols are constant parameters given
byA=B=C=D=FE=F=H =0 and G arbitrary. Here the torsion tensor
and the Ricci tensor are always zero.

d) The VCS connections described in Lemma 4.2.6.

Proof. The locally homogeneous connections given in the cases a), b) and c) are
obvious from the equation (4.7) where we put p = «, ¢ =r =0, s = 1 in each case,
and p=7r =5 =0, g =1 in the last subcase a = 2, k = 2. The statements about
the torsion tensor and the Ricci tensor follow directly after substituting the above
Christoffel symbols in the definition and in the system (4.4), respectively.

Now, we shall investigate, in each case, if the corresponding connections are of

type A, or of type B, respectively.

Proposition 4.2.9. The connections with VCS (like those from Lemma 4.2.6) are
of both types A and B.

Proof. Obviously, every connection with vanishing Christoffel symbols is of type A.
On the other hand, we can use the transformation of the coordinates u’ = e*, v/ = v
in the formula (4.2) and we obtain the expression belonging to type B. That is

Va“/au/ = ;_}a’ll/7 vﬁu/av’ = Vav/au’ = vav/av’ = 0. (48>
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Proposition 4.2.10. The connections described in Proposition 4.2.8 are of both
types A and B.

Proof. First, all connections described in Proposition 4.2.8 are of type A. Further,
it is easy to check that the assumption (i) of Lemma 4.2.3 is satisfied for each algebra
described in Case 1.7 of the refined Olver list. Thus, all corresponding connections
are of type B. For the explicit illustration, we give more details to the subcase b) of
Proposition 4.2.8.

We know that the Lie algebra of vector fields given in the case 1.7 for « = 1/2
and k =1 it is generated by {0,,v0, + %u@u, Oy}, and it admits an invariant affine
connection whose constant Christoffel symbols are given by A = C =D = E =
F =G = H = 0 and B arbitrary. Applying the change of the coordinates u' = u?,
v = v to the Lie algebra and also to the formula (4.2), and using for (u/,v’) the
original notation (u,v), we obtain the Lie algebra {9,,v0, + ud,, 2y/ud,}, and the
new Christoffel symbols are

Au) = ;—i B(u) = % C(u) = D(u) = E(u) = F(u) = G(u) = H(u) = 0.

where B is the old constant Christoffel symbol.

Moreover, for the subcase a), or c), of Proposition 4.2.8, the proper change of
coordinates making the Christoffel symbols to be of type B is v/ = e*, v/ = v, or
u' = /u, v' = v, respectively.

4.2.3 Lie algebras of the cases 1.5 and 1.6

In these cases we have the Killing vector field d,. Thus it is obvious from (4.3)
that all Christoffel symbols A, ..., H are functions of the variable u only. Looking at
the generators in the cases 1.5, 1.6, we are lead to the investigation of the situation
when we have additional Killing vector fields of the form f(v)d,, where f(v) is a
function. So, we substitute a(u,v) = f(v) and b(u,v) = 0 into the system (4.3).
After doing that, we obtain the system

1) Au) = B(u)(f'(v)/f(v)) =

2) B() =0,

3) C'(u) + (A(w) = D)/ (0)/f(0) =0,

D Dw)+ B/ (0)/f(0) =0, (19)
5) E'(u) + (A(w) - P)(f'(v)/f(v)) =0,

6) F'(w) + Bu)(f()/f(2)) =0,

) G+ (Cu) + Elw) — H)(f'©0)/ 1) + ")/ F©) =

(C
8) H'(u)+ (D(u) + F(u)(f'(v)/ f(v)) =

Now we are going to study this system of linear ordinary differential equations
extending the method used in Section 4 of [K-Op-V1.4]. Moreover, we are going to
correct the gap that occurred in the classification.
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Let V be a locally homogeneous connection with a fixed Killing vector field of
the form f(v)d,. Then we can just consider the following cases:

Case I. f'(v) =0.

Then the corresponding Killing vector field is a constant multiple of 9,. Then all
corresponding Christoffel symbols are constant. We obtain Case 1.5 a) of the refined
Olver list. Assuming now that the Lie algebra of Killing vector fields also contains
ud,, we obtain Case 1.6 a’). Then, we substitute a(u,v) = u and b(u,v) = 0 into
the system (4.3). After a routine calculation we obtain A=B =D =F =G =0.

Case II. f'(v) # 0 everywhere.

Even here, B(u) must be constant, B(u) = B, according to the equation 2) of
(4.9).

Case I1.1. B # 0.

From the equation 1) we see that f’(v)/f(v) is a non-zero constant (due to the
separation of variables), i.e., f(v) = e!* where [ € R*. Using the transformation of
the coordinate v : v = [v (which does not change the form of the algebras of the
cases 1.5 and 1.6) we can assume that [ = 1 and f(v) = e”. Thus, we have Case 1.5
b) of the refined Olver list. Integrating now the system (4.9), we obtain the solution

Au) = Cu+Cy, B(u) =C;, H(u) = Ciu® — (Cs + Cs)u + C,
C(u) = — Ciu* + (Cy — Co)u+ Cy,  D(u) = —Chu+ Cs,
E(u) = — Ciu* 4+ (Cs — Cy)u+ Cs,  F(u) = —Chu + Cs,
G(u) = Cru’ + (Cy = C3 — C5)U2 + (C7 — Cy — Cs — )u + Cs,

(4.10)

where (1, ..., Cy are constant parameters and C; # 0.

Assume now that the Lie algebra of Killing vector fields also contain ud,, as
required in Case 1.6 b’). Then we solve the system (4.3) assuming that the Christoffel
symbols are given by (4.10), a(u,v) = u and b(u,v) = 0. This gives necessarily
C7 = 0, which is a contradiction.

Case I1.2. B =0.

Then, by 1), 4) and 6) of (4.9), A, D and F are constants.

Case I1.2.1. f’(v)/f(v) is a nonzero constant.

Then, we can assume again that f(v) = e” and we have Case 1.5 b) of the refined
Olver list again. Moreover, we obtain the formula (4.10) with C; = 0.

Assume now that the Lie algebra of Killing vector fields also contains u0, as
required in Case 1.6 b’). Then we solve the system (4.3) assuming that a(u,v) = u,
b(u,v) = 0 and the Christoffel symbols are given by (4.10) with C; = 0. This gives

A=B=D=F=0, Cu)=0Cy, FEu)=Cg,

Hu)=Cq: Gu)=(C;—Cs—Cy — 1)u, (4.11)

where Cy, (g, C7 are constant parameters.
Case 11.2.2. f'(v)/f(v) is not a constant.
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Then, under our assumptions that B = 0 and A, D, F' are constants, we get
from (4.9)

A=B=D=F=0, Cu)=2¢, FE(u)=2c,
H(u) = 2¢3, G(u) = cqu+ cs,

where ¢1, ¢, ¢3, ¢4, c5 are constants. Moreover the 7th equation of (4.9) takes on
the form

(4.12)

" (0) +2(c1 + o — e3) f'(v) + caf (v) = 0. (4.13)
We see that, for any choice of the parameters in (4.12), the corresponding equation
(4.13) is uniquely determined, and the solutions f(v) form a uniquely determined
two-dimensional vector space. We are now in the case k = 2. The generators of this
vector space are the following pairs of functions, which depend on the sign of the
discriminant cg — ¢4, Where ¢g = c3 —c1 — . If cg — ¢4 > 0, then there is a constant
ce > 0 such that ¢2 = 2 — ¢, and we get a pair of generators {el®0F¢)? elco—co)vl,
If ¢ — ¢y = 0, then we have a pair of generators {e®? ve®v}. If ¢3 — ¢4 < 0, then
there is a constant ¢ > 0 such that ¢ = ¢4 — ¢ and the pair of generators is
{e“v cos(csv), €9V sin(c5v) |

Case 11.2.2.1. ¢4 = 0.

In the special case ¢; = 0 there is a constant solution of (4.13), and we have
the Killing vector field d,. If, in (4.13), the coefficient ¢; + ¢; — ¢3 is non-zero,
then the additional basic solution of (4.13) is f(v) = €, and from (4.9) we obtain
3 = %+cl +cy. We have Case 1.5 ¢). If ¢; + ¢ — 3 = 0, then the additional solution
is f(v) = v and we have Case 1.5 d).

Assume now that the Lie algebra of Killing vector fields also contain ud, as
required in the cases 1.6 ¢’) and 1.6 d’). Then by solving the system (4.3), under
our assumptions, we obtain easily that c; = 0 in both cases.

Case 11.2.2.2. ¢4 # 0.

Thus, we have the cases 1.5 e), 1.5 f) and 1.5 g) of the refined Olver list. Here,
we change the coordinate system in the following way: «' = u + <, v = v. Then,

Cq
in the new coordinate system, which we denote again by (u,v), we have still the
same generators Oy, 71(v)0y, N2(v)d,. Moreover, the Christoffel symbols (4.12) get
the new form

A=B=D=F=0, C(u)=2c, FE(u)=2c,
H(u) =2¢3, G(u) = cqu,

where ¢1, ¢, c3, ¢4 # 0 are constants. Now, it is easy to check from (4.3) that the
connection given by (4.14) has an additional Killing vector field ud,. This means, the
cases 1.5 e), f), g) and 1.6 €’), {'), g’) from refined Olver’s list coincide, respectively.
Now, we substitute the Christoffel symbols (4.14) and, separately, the vector
fields €29, €?'0,, a # B, o, # 0, in (4.9). We obtain by easy calculations that

the corresponding Christoffel symbols to Case 1.6 €’) are
A=B=D=F=0, Cu)=—-a—F+2(c; —ca),

E(u) =2cy, H(u)=2c3, G(u)=afu,

(4.14)

(4.15)
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where ¢y, c3, a # 0, § # 0 are constants and o # .
Now, we proceed as before but with the vector fields e**9,,, ve**d,, a # 0. Here,
the corresponding Christoffel symbols to Case 1.6 f’) are

A=B=D=F=0, Cu)=2(c3 —c2 — ),

E(u) =2cy, H(u) =2c3, G(u)=a’u, (4.16)

where ¢y, c3, a # 0 are constants.
Finally, with the same method but with the vector fields cos(Bv)e*’d,, sin(fv)e*’0,,,
B # 0, we obtain that the corresponding Christoffel symbols to Case 1.6 g’) are

A=B=D=F=0, C(u)

=2(c3 — 2 — @),
E(u) =2cs, H(u) =2c3, G(u)= (4.17)

(o + %),

where ¢y, c3, a, 3 # 0 are constants.
Now we summarize the obtained results.

Theorem 4.2.11. Let V be a locally homogeneous connection whose corresponding
algebra of Killing vector fields belongs to Case 1.5 (and not to Case 1.6). Then
k=1, or k=2, and we have:

(1) Fork =1 there are two non-equivalent algebras of Killing vector fields, namely
those spanned by the following pairs:

a) {0y, 0u}. Here all Christoffel symbols are arbitrary constants. Moreover,
the torsion tensor, T, is not zero if and only if C # E or D # F.

b) {0y,€"0y}. Here the Christoffel symbols can be expressed by the formula
(4.10) admitting also the case Cy = 0. Moreover T # 0 if and only if
03 7£ 05 or 04 7é 06'

(i) For k = 2 there are two non-equivalent algebras of Killing vector fields, namely
those spanned by the following triplets:

c) {0y, Oy, €0, }. Here, the corresponding Christoffel symbols are given by
(4.12) with ¢4 = 0 and c3 = § 4 ¢1 + c. Moreover T # 0 if and only if
C1 7é Cy.

d) {0y, 0y,v0,}. Here, the corresponding Christoffel symbols are given by
(4.12) with ¢4 = 0 and c3 = ¢ + co. Moreover T # 0 if and only if
C1 7é Co.

For k > 2, an invariant affine connection V does not exist.

Theorem 4.2.12. Let V be a locally homogeneous connection whose corresponding
algebra of Killing vector fields belong to Case 1.6. Then k =1, or k = 2, and we
have:
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(1) Fork =1 there are two non-equivalent algebras of Killing vector fields, namely
those spanned by the following triplets:

a’) {0y, u0y, 0y }. Here the Christoffel symbols are constant parameters given
by A=B=D=F=G=0,C, E and H arbitrary. Moreover, the
torsion tensor, T, is not zero if and only if C # E.

b’) {0y, udy,e"0,}. Here the Christoffel symbols are given by (4.11). More-
over T # 0 if and only if Cy # Cs.

(1) For k = 2 there are five non-equivalent algebras of Killing vector fields, namely
those spanned by the following quadruplets:

¢’) {0y, udy, Oy, €0, }. Here, the corresponding Christoffel symbols are given
by (4.12) with ¢4 = ¢; =0 and c3 = % + ¢ + cg. Moreover T # 0 if and
only if c1 # cs.

d’) {0y, u0y, Oy, v0y}. Here, the corresponding Christoffel symbols are given
by (4.12) with ¢y = c5 =0 and c¢3 = ¢1 + ¢o. Moreover T' # 0 if and only
Zf C1 7é Co.

e’) {0y, udy, €0y, 70y, }, a # B3, o, B # 0. Here, the corresponding Christof-
fel symbols are given by (4.15). Moreover, T # 0 if and only if 2c3 —
deg —a— B #0.

1) {0y, udy, e*V 0y, ve* 0y, }, a # 0. Here, the corresponding Christoffel sym-
bols are given by (4.16). Moreover, T # 0 if and only if c5 — 2co — av # 0.

g’) {0y, u0y, cos(fv)e* 0y, sin(Bv) ey, }, a, B # 0. Here, the corresponding
Christoffel symbols are given by (4.17). Moreover, T # 0 if and only if
cg —2co —a#0.

For k > 2, an invariant affine connection V does not exist.

Now, we shall investigate, in each case, if the corresponding connections are of
type A, or of type B, respectively.

Proposition 4.2.13. The connections corresponding to the Lie algebras from the
cases 1.5 a), 1.5 d), 1.6 a’), 1.6 d’) and 1.6 ¢g’) are of type A but not of type B.

Proof. Obviously, in the cases 1.5 a), 1.5 d), 1.6 a’) and 1.6 d’) we have constant
Christoffel symbols.

For Case 1.6 g’), it is easy to check that the assumption (i) of Lemma 4.2.2
is satisfied. Thus the corresponding connections are of type A. For the explicit
illustration, we only need to use the change of the coordinates v’ = Inu, v/ = v.
Then the Christoffel symbols become of type A.

On the other hand, a direct computation shows that none of the Lie algebras
above admits a subalgebra span(X,Y’) such that [X,Y] = X. Thus, by Lema 4.2.3,
the corresponding connections are not of type B.
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Proposition 4.2.14. The connections corresponding to the Lie algebra from Case
1.5°b) are of type B but not of type A.

Proof. It is easy to check that the assumption (i) of Lemma 4.2.3 is satisfied. Thus
the corresponding connections are of type B. For the explicit illustration, we only
need to use the change of the coordinates v’ = e, v/ = ue™". Then the Christoffel
symbols become of type B.

On the other hand, it is obvious from Lema 4.2.2 that the corresponding con-
nections are not of type A.

Proposition 4.2.15. The connections corresponding to the Lie algebras from the
cases 1.5 ¢), 1.6 b°), 1.6 ¢’), 1.6 €’) and 1.6 f’) are of both types A and B.

Proof. Obviously, the corresponding connections V to the Lie algebras of the cases
1.5 ¢) and 1.6 ¢’) have constant Christoffel symbols.

For the cases 1.6 b’), 1.6 ¢’) and 1.6 '), it is easy to check that the assumption
(7) of Lemma 4.2.2 is satisfied. Thus the corresponding connections are of type A.
For the explicit illustration, we only need to use, in these three cases, the change of
the coordinates u’' = Inu, v" = v. Then the Christoffel symbols become of type A.

On the other hand, it is easy to check that the assumption (i) of Lemma 4.2.3 is
satisfied for each Lie algebra. Thus the corresponding connections are also of type
B. For the explicit illustration, in the cases 1.5 ¢), 1.6 b’) and 1.6 ¢’), we only need
to use the change of the coordinates v’ = e™", v/ = ue™", and in the cases 1.6 €’)
and 1.6 {7), the change of the coordinates u' = e~ v/ = ue™*", a # 0. Then the
Christoffel symbols become of type B.

4.2.4 Other cases

We are now left with the cases 1.1-1.3 and 2.2, 2.3 from refined Olver’s list. First
we generalize the results of Section 5, the part 6) of Theorem 6.1 and the parts 2),
3), 4) of Theorem 6.4 of [K-Op-V1.4] where the torsion was supposed to be zero.
Now we assume that our connections have eight Christoffel symbols given by the
formula (4.2). The calculations are again very similar but, as before, we shall show
the details of the proofs to make our exposition self-contained.

Proposition 4.2.16. The Lie algebras from the cases 1.1, 1.2, 1.3, 2.2 and 2.3 of
the refined Olver list produce just the following homogeneous connections:

a) For Case 1.1, the Christoffel symbols are given by

A(u) = ;—1, B(u) =0, C(u)=cu, D(u)= QL,
u 1 u (4.18)
E(u) =eu, F(u)= 20 Gu) = gu®, H(u)= (c+e)u,

with three arbitrary parameters c,e,g. Here the torsion tensor, T', is not zero
if and only if ¢ # e and the Ricci tensor, Ric, is zero if and only if g = —2¢2,
c= —2e.
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b) For Case 1.2, the Christoffel symbols are given by
A(u) = B(u) = D(u) = F(u) =0, C(u) = E(u) = —2u,

G(u) = 4u*, H(u) = 2u.
Here, T'= 0 and Ric # 0. Moreover, this connection is the Leuvi-Civita con-
nection of the Lorentzian metric Ric = —4dudv + 4u?dv?® of constant positive

curvature 1, or, equivalently, of the Lorentzian metric —Ric of constant nega-
tive curvature —1.

(4.19)

c) For Case 1.3, the Christoffel symbols are given by
A(u) = B(u) =C(u) = E(u) = G(u) = H(u) = 0,

1 4.20
D(u) = F(u) = —. (4.20)
u
Here, T'=0 and Ric = 0.
d) For Case 2.2, the Christoffel symbols are given by
—1
(1) = D(w) = F(u) = ~Glu) = — o)

B(u) = C(u) = E(u) = H(u) = 0.

Here T =0, and (—Ric) = (du®+dv?) /u* is a Riemannian metric of constant
negative curvature —1. Then V 1is locally the Levi-Civita connection of the
standard hyperbolic plane.

e) For Case 2.3, the Christoffel symbols are given by
A= —Pu, B = py, C= —pvy D= —py, = —py, F'= —py,

4.22
G = pu, H=—p,, where p=log(l+u®+v?). (422)

Here, T = 0 and Ric = 4(du® + dv?)/(1 + u* + v*)? is a Riemannian metric
of constant positive curvature 1. Then V is locally the Levi-Civita connection
of the unit sphere.

Proof. The cases 1.1-1.3 should involve the Killing vector fields 0,, ud, — v0,.
Hence, the Christoffel symbols of V depend only on v and they satisfy the system
of equations:

’ (4.23)
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The general solution is of the form

d

u (4.24)
h

Now, in Case 1.1, we have the third Killing vector field for which a(u,v) = —2uwv,
b(u,v) = v?. Making corresponding substitutions in (4.3), we get the following

relations among constant:
q=0, p=-1/2, d=f=1/2, h=c+e. (4.25)

Hence we get the final solution (4.18).

In Case 1.2 we have to put a(u,v) = —(2uv+1), b(u,v) = v*. An easy calculation
shows that here p=g¢=d=f=0,c=e=-2,g=4, h =2. We get (4.19).

In Case 1.3 we have two additional Killing vector fields, e.g. u0, and —uvd, +
v20,. An easy calculation yields d = f = 1 and the other constants zero. We have
(4.20).

The remaining cases are 2.2 and 2.3.

In Case 2.2, we have again the Killing vector field 9, and hence all Christoffel
symbols are functions of the variable u only. Further, the occurrence of the Killing
vector field ud, + vd, enforces equations analogous to (4.23), namely

O(u) +ud'(u) =0 for &= A(u), B(u),..., H(u). (4.26)
Hence we get:

A=t Bw=t coy=1 D=7, (127)

Bw) =%, Fu)= g Gw="2 Huw-="

The last Killing vector field is characterized by a(u,v) = 2uv, b(u,v) = v* — u?.
Substituting from this and (4.27) in (4.3), we get a system of linear equations for
the constants p, g, c,..., h and hence

g=c=e=h=0, p=d=f=-1, g=1. (4.28)

We get the final formula (4.21).

It remains the most complicated Case 2.3. Here we have three Killing vector fields
and we write the equation (4.3) for each of these Killing vector fields separately. As
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a result, we obtain a system of 24 (proper) partial differential equations, namely

(1 —u?
(1 —u?
(1 —u?
(1 —u?
(1 —u?
(1 —u?
(1 —u?
(

1 —u?

(

(

(14 u?
(1+u
(
(
(

1+u

uA, —vA,+ B+ C+ E =0,
uB, —vB,— A+ D+ F =0,
uCy —vC, — A+ D+ G =0,
uD, —vD,—B—-C+H =0,

ukb, —vE, — A+ F+ G =0, (4.29)
uF, —vF,— B—E+ H =0,
uGy, —vG, —C—E+H=0,
v, —vH,—D—-F—-G=0,
+v?) Ay + 2uvA, 4+ 20A — 2uB — 2uC — 2uE = 0,
+v*) B, + 2uvB, + 2uA + 20B — 2uD — 2uF — 2 =0,
+0v?)Cy + 2uvCy + 2uA 4 20C — 2uD — 2uG + 2 = 0,
+v*) D, + 2uv D, + 2uB + 2uC 4 2vD — 2uH + 2 = 0, (4.30)
+v*)E, + 2uvE, + 2uA + 20E — 2uF — 2uG +2 =0, '
+v?)F, 4 2uvF, + 2uB + 2uFE + 20F — 2uH = 0,
+0*)Gy + 2uvG,y, + 2uC + 2uE + 206G — 2uH = 0,
+v*)H, + 2uvH, + 2uD + 2uF + 2uG + 2vH + 2 = 0,
—v?) Ay + 2uvA, + 2uA + 20B + 20C + 20E + 2 = 0,
—112) + 2uvB, — 20A + 2uB + 2vD + 2vF + 2 = 0,
—0*)C, + 2uvC,y — 20A + 2uC + 2vD + 2vG = 0,
—v*)D,, + 2uvD, — 2vB — 2vC + 2uD + 2vH +2 =0, (431)
—v?)Ey, + 2uvE, — 20A + 2uE + 20F + 20G = 0, '
—v?)F, + 2uvF, — 2vB — 20E + 2uF + 2v0H + 2 = 0,
— )G, + 2uvG, — 20C — 20F + 2uG + 2vH — 2 = 0,

—v*)H, + 2uvH, — 2vD — 20F — 20G + 2uH = 0.

We shall solve first the system (4.29)-(4.31) as a system of linear algebraic equations
for the unknowns A, B, ..., H and their first partial derivatives. We obtain a unique

solution

A= e A= T A= mrttam
2_,,2

B = imbre Bu= i Bo = (e

_ _n2
C = 7%, Cu= qritiap, Co= Lt (4.32)

_ 2

D = 38y, Dy = {fimrids Do = g,

_ 2
E = v, By = qrsttep, Bo = Tt
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_ __ —2u _ —2(1—ul+0?) _ duv
F= 1+u2402> by = (14u2+402)2 > by = (14+u2+4v2)2>
— 1“—+“) — _ —dw
G - 1+7J,2+’U2’ G (1+7.L2+’U ) G'U - (1+u2+v2)2’
_ —2v _ 4uv _ —2(14u?—v?)
H = 14+u2+v2? H, = (14u?+v2)2 H, = (1+u2+402)2

But hence we easily see that the expressions for A, B, ..., H are unique solutions of
(4.29)-(4.31) as a system of PDE. We can write briefly (4.22).

Finally, the statements about the properties of each connection are straightfor-
ward computations using definitions and the system (4.4).

This finishes the proof.

Now, we shall investigate, in each case, if the corresponding connections are of
type A or of type B, respectively.

Proposition 4.2.17. The connections corresponding to the Lie algebras from the
cases 1.1, 1.2 and 2.2 are of type B but not of type A.

Proof. The Lie algebras described in the cases 1.1, 1.2 and 2.2 of the refined Olver
list are isomorphic to s[(2), which is a simple Lie algebra. It does not admit any
subalgebra span(X, Y') such that [ X, Y] = 0. Thus, by Lema 4.2.2, the corresponding
connections are not of type A.

Obviously, the connection given by the formula (4.21) (Case 2.2) is of type B.
Further it is easy to check that the assumption (7) of Lemma 4.2.3 is satisfied for the
algebra s[(2) occurring in the cases 1.1 and 1.2 of the refined Olver list. Thus the
corresponding connections are of type B. In particular, for the explicit illustration,
we only need to use in both cases 1.1 and 1.2 the change of the coordinates v’ = %,

v' = v. Then the Christoffel symbols become of type B.

Proposition 4.2.18. The connection corresponding to the Lie algebra from Case
1.3 (and given by (4.20)) is of both types A and B.

Proof. Obviously, the connection V given by the formula (4.20) is of type B. Because
T = 0 and Ric = 0, it is known that, in some local coordinates, all Christoffel
symbols vanish.

Proposition 4.2.19. The connection corresponding to the Lie algebra from Case
2.3 1is not of type A and also not of type B.

Proof. The Lie algebra described in Case 1.3 of the refined Olver list is isomorphic to
s0(3). Hence it does not admit any subalgebra span(X,Y’) such that [X,Y] =0, or
such that [X, Y] = X. By the lemmas 4.2.2 and 4.2.3, the corresponding connections
are neither of type A, nor of type B.

4.3 Results about flat connections

Let (M"™,V) be an affine manifold. We say that the affine connection V is flat
if and only if the curvature tensor R vanishes on M. Moreover, the following result
it is well-known. (See [Gol, p. 49]).
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Theorem 4.3.1. Let (M™,V) be an affine manifold. Then, the curvature tensor
and the torsion tensor vanish on M if and only if around each point there exists a
local coordinate system such that all Christoffel symbols vanish.

Thus, if Ric = 0 and T = 0 on (M?,V), all Christoffel symbols can be made
constant and the corresponding affine manifolds are of type A. Now, we shall give an
example which shows that the last result can not be extended to the flat connections
with torsion.

Example 4.3.2. In the particular case a) of Proposition 4.2.16 (Case 1.1) we see
that the conditions Ric = 0 and T # 0 give a one-parameter family of connections
given by

g=—2¢* c=—-2, e#0. (4.33)

We are going to prove that the connections of this family (which are flat and with
nonzero torsion) are not of type A. It is sufficient to show that these connections
are still corresponding to the Lie algebra from Case 1.1, or, equivalently, that this
algebra is the full Killing algebra for this family of connections.

Under the assumptions (4.33), the system of partial differential equations (4.3)
is reduced to

—_

a [0 —

Oy, — 35 — €Uby + 55 = 0,
3by

buu + 2:_07

Ay — 5 — 2¢2ub, — 2eub, — 2ea = 0,

w N

e~

u a
buv+2_z+eUbu_ﬁ:07
u (4.34)

Ao — “7“ — 2¢%u3b, + eub, + ea = 0,

Ay . —
bw—l—%—Qeubu—ﬁ—O,

Ay + 26*0a,, — 4€*u’b, — 6e*u’a = 0,

byy + 2 + 2¢2u3b, — eub, — ea = 0.

(=)

~ t
s N N T S N N

co

Now we shall solve this system.

First, we subtract the equations 4) and 6) and we obtain that b, = 0. Conse-
quently, by, = by, = 0.

Secondly, we subtract the equations 3) and 5) and we obtain that b, = =*. Hence
bou = % — % and b,, = =2=. Moreover, the integrability condition by, = by.(= 0)
gives that a, = & = —b,. As a consequence, the first derivatives of a, are a,, =0
and a,, = 7. Then from the equation 7) we obtain a,, = 0.

Hence we see easily that the system of partial differential equations (4.34) can

be reduced to the following four conditions:

)b, =0, @)b,==2 @i)a,=2 )ay,=0. (4.35)

Now, from the conditions iii) and i) we obtain that a(u,v) = uf(v) and b(u,v) =
g(v), where f(v) and g(v) are arbitrary real functions. Thus the conditions ii) and
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iv) become ¢'(v)+ f(v) = 0 and uf”(v) = 0, respectively. Hence f(v) = c;v+ ¢y and
g(v) = —%v2 — coU + c3, where ¢y, c9, c3 are arbitrary constant parameters. Using
the original functions a(u,v), b(u,v), we see that (4.34) is satisfied.

As a conclusion, the locally homogeneous connection (4.18) for 7" # 0 and Ric =

0 admits the following family of Killing vector fields:
X = a(u,v)0, + b(u,v)0, = (crvu + cou)0, + (—%v2 — U + ¢3) 0y,

where ¢, ¢o, c3 are arbitrary constant parameters. Obviously X is a linear combi-
nation of the generators of Case 1.1. Then a new Killing vector field does not occur
and our l-parameter family of flat locally homogeneous connections with non-zero
torsion is still corresponding to Case 1.1 and hence it is not of type A.

Finally, we shall study the case T' # 0, VI = 0 and Ric = 0 on 2-dimensional
affine manifolds.

Using the notation of Section 4.2.1 and by a straightforward computation, we
obtain the following formulas for vanishing of the covariant derivative of the torsion
tensor:

DE — FC =0,
(C— E)B+ A(F — D) =0, (4.36)
(C — E)H + G(F — D) = 0.

Theorem 4.3.3. Let V be a locally homogeneous flat affine connection on a 2-
dimensional manifold M such that T # 0 and VT = 0. Then, V is of type A.

Proof. The only cases from the refined Olver list such that the torsion tensor T’
could be nonzero and the connections corresponding to the Lie algebra are not of
type A, are the cases 1.1 and 1.5 b).

In the particular case a) of Theorem 4.2.16 (Case 1.1 of the refined Olver list), the
conditions 7" = 0 and VT' = 0 are equivalent. This is a straightforward computation
using (4.18) and (4.36). Thus, this case is in contradiction with the assumptions of
Theorem 4.3.3 and we can omit it.

Now, it remains to start from Case 1.5 b) of the refined Olver list. According to
Theorem 4.2.11, part (i) b), all such connections are described by the formula (4.10).
Because we shall put additional geometric conditions on these connections, we must
admit also occurrence of non-corresponding connections to Case 1.5 b) given by
the formula (4.10). In particular, we must admit the possibility C; = 0. What
we are going to show is that the connections satisfying assumptions of Theorem
4.3.3 are corresponding either to Case 1.5 ¢) or to Case 1.6 €’). In both cases, the
corresponding Lie algebras give connections of type A.

First, we shall found the family of connections such that T" # 0, VI' = 0 and
Ric = 0. From Theorem 4.2.11 b) we know that T # 0 if and only if C5 # C5 or
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Cy # Cg. From (4.10) and (4.36) we know that VT = 0 if and only if

— C,C5 =0,
C’( 03+C'5)+01(C4—C’6) =0,

2

1

) Cs
)
)
)

4.37
217 (03 - C5 + Q(Cgcﬁ - 0405)) ( )
w (04 — 06)07 - (05 + 05)08 = O
From (4.10) and (4.4) we know that Ric = 0 if and only if
0)(Cy — C3)C5 + C1(1 — Cs + C7) = 0,
UZ)C;), + 05 + 0405 0108 == 0, (4 38)
UZZ) 02 + C5 + 0405 — 0108 = O, .
UZZZ) 1— 04 06 — 0406 + C7 + 0407 + 0208 - 0308 =0.

Substituting ¢) in ¢i7) we obtain C3 = C5. Then, the condition VI' = 0 and the
equation i) give Cy # Cg and C3 = C5 = 0. Consequently, from i), iv) and vii) we
obtain C) = Cy = C7 = 0. Now, the equation viii) gives Cy = —1 (or, equivalently,
Cs = —1). Therefore, we obtain the following subfamily of connections:

A(u) = B(u) = D(u) = F(u) = H(u) =0,

Clu)=—1, EBEu)=Cs Gu)=—Csu+ Cs, (4.39)

where Cg, Cy are constant parameters and Cg # —1.

If now Cg = 0, it is clear that the Christoffel symbols are the same as in the
formula (4.12), with the additional conditions ¢4 = ¢5 = ¢ = 0, ¢; = —1/2, which
is a special subcase of the case (ii) ¢) in Theorem 4.2.11, i.e., a special subcase of
Case 1.5 ¢) of the refined Olver list. These connections are of type A.

Finally, if Cg4 # 0 we change the coordinate system in the following way: «' =
uU— %, v = v. Then, in the new coordinate system, which we denote again by (u, v),
we have still the same generators {0y, €"0, }. Moreover, the Christoffel symbols (4.39)
get the new form

A(u) = B(u) = D(u) = F(u) = H(u) =0,

Clu)——1, E(w)=Cs, Glu) = —Co (4.40)

where Cg € R\ {0,—1}. Now, it is easy to check from (4.3) that the connection
given by (4.40) has two additional Killing vector fields ud, and e=*“69,. Thus we
found the equivalence with Case 1.6 €’) of the refined Olver list. This concludes the
proof.

4.4 Olver’s tables

According to [O], taking into account the comments in page 61, the classification
of all transitive Lie algebras of vector fields in R? is given by Table 1 and Table
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6 ([O], pages 472 and 475, respectively). (This result belongs originally to Sophus

Lie). We present the Olver’s tables with a slight modification, denoting them as
Table 1 and Table 2.

Generators Dim Structure
1.1 0, v0, — udy, v*0, — 2uvd, 3 sl(2)
1.2 8,, v, — ud,, v*9, — (2uv + 1), 3 s[(2)
1.3 0, v0,, ud,, v*0, — uvd, 4 gl(2)
1.4 0y, v0,, V20, Oy, ud,, u?d, 6 sl(2) ®sl(2)
1.5 8v, 771(?))81“ ey nk(v)ﬁu k+1 R x Rk
1.6 0y, udy, N (V)0y, ..., Mi(v)0y E+2 R2xRF
1.7 0y, v0, + qudy,, Oy, V0, ..., VF710, E+2 a(l) x R
1.8 0, v0, + (ku +v*)d,, 0y, VO, ..., v*710, k+2 a(l) x RF
1.9 9,, v0,, ud,, 0y, V0, ..., vF719, kE+3 1) x R
1.10 8y, 209, + (k — 1)ud,, v?0, + (k — 1)uvd,,

Oy, V0, ..., V*710, k+3 sl(2) x RF
1.11 0y, v0y, v20, + (k — 1)uvd,, ud,,

Oy, V0, ..., VF710, k+4 gl(2) x R

TABLE 1. Transitive, Imprimitive Lie Algebras of Vector Fields in R?.

Remark 4.4.1 (from p.472 of [O]). Here ¢(1) = a(1) @ R.

In Cases 1.5 and 1.6, the functions n;(v), ..., nx(v) satisfy a k™ order constant
coefficient homogeneous linear ordinary differential equation D]u] = 0.

In Cases 1.5-1.11 we require k > 1. Note, though, that if we set k = 0 in
Case 1.10, and replace v by u?, we obtain Case 1.1. Similarly, if we set k = 0 in
Case 1.11, we obtain Case 1.3. Cases 1.7 and 1.8 for k = 0 are equivalent to the
Lie algebra span{d,,e"0,} of type 1.5. Case 1.9 for k = 0 is equivalent to the Lie
algebra span{0,, Oy, ud,} of type 1.6.

Generators Dim Structure
2.1 0y, Oy, a(v0, + udy) + ud, — v0, 3 R x R?
2.2 0y, v0, + udy, (v —u?)d, + 2uvd, 3 sl(2)
2.3 ud, —v0y, (1+v*—u?)d, + 2uvd,,

2uvd, + (1 — v? +u?)9, 3 s0(3)
2.4 0, Oy, V0, +ud,, ud, — V0, 4 R?>’xR?
2.5 Oy, Oy, V0y — udy, ud,, V0, 5 sa(2)
2.6 0y, Oy, 00y, U0y, VO,, udy, 6 a(2)

2.7 0y, Oy, V0, + u0,, ud, — v,

(v2 — u?)d, + 2uvdy,, 2uvd, + (u* — v*)9, 6  s0(3,1)
2.8 0y, Oy, 00y, u0,, V0, U0y,

020, + wd,, wvd, + u?0, 8 sl(3)

TABLE 2. Primitive Lie Algebras of Vector Fields in R?.



Resumen

Hoy en dia, el concepto de homogeneidad es una nocién fundamental en geometria
aunque su significado debe ser especificado para cada situacién en concreto.

A lo largo de esta memoria, se consideran dos tipos bien diferenciados de ho-
mogeneidad: la de las variedades riemannianas (M, g) y la de las variedades afines
(M, V). El primer tipo de homogeneidad se define como aquel que tiene la propiedad
de que el grupo de isometrias [(M) actia transitivamente sobre M. La Parte I,
recoge todos los resultados que hemos obtenido en esta direcciéon. Sin embargo, en
la Parte II se presentan los resultados obtenidos sobre conexiones afines homogéneas.
Una conexion afin se dice homogénea si para cada par de puntos de la variedad M
existe un difeomorfismo afin que envia un punto en otro. En este caso, también se
considera una version local de homogeneidad. Asi, se admite que los difeomorfismos
afines sean definidos sélo localmente, es decir; de un entorno en otro.

Maés especificamente, la Parte I de esta tesis estda dedicada a resolver el pro-
blema de comprobar si las familias de dimension seis y doce de las variedades ban-
dera 3-paramétricas, (M° = SU(3)/SU(1) xSU(1) x SU(1), Giey,e0,c5)), (M =
Sp(3)/SU(2) x SU(2) x SU(2), g(ey,e2,c5)), construidas por N. R. Wallach en [W] son
espacios de D’Atri. Por tanto, se mejoran los resultados presentados en [AM-N].
Maés aun, en el segundo Capitulo, se obtiene la clasificacion completa de los espacios
homogéneos de tipo A cuatro dimensionales que permite probar correctamente que
todo espacio de D’Atri homogéneo de dimensién cuatro es naturalmente reductivo.
Finalmente, en el tercer Capitulo se prueba que en cualquier g.o. espacio el operador
de Jacobi a lo largo de una geodésica tiene rango osculador constante y, como conse-
cuencia, se presenta un método para resolver la ecuacion de Jacobi sobre cualquier
g.0. espacio. Este método extiende de una manera natural el método propuesto,
sOlamente para espacios naturalmente reductivos, por A. M. Naveira y A. Tarrio en
[N-T.

La Parte IT se destina a clasificar (localmente) todas las conexiones afines lo-
calmente homogéneas con torsién arbitraria sobre variedades 2-dimensionales. Por
tanto, se generaliza el resultado dado por B. Opozda para el caso sin torsién en
[Op.3]. Para finalizar el cuarto Capitulo, se prueban algunos resultados interesantes
sobre conexiones llanas con torsion.

En general, el estudio de estos problemas requiere a veces, un gran nimero de
calculos simbdlicos aunque sencillos. En dichas ocasiones, realizarlos correctamente
a mano es una tarea ardua que requiere mucho tiempo. Por ello, se intenta or-
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ganizar todos estos cédlculos de la manera mas sistematica posible de forma que el
procedimiento no resulte excesivamente largo. Este tipo de investigacién es ideal
para utilizar la ayuda del ordenador; asi, cuando resulte conveniente, utilizaremos
la ayuda del software MATHEMATICA® para desarrollar con total transparencia el
método de resolucién que mas se adecua a cada uno de los problemas a resolver.

Parte I. Variedades riemannianas homogéneas

El Capitulo 1 de esta tesis denominado “Preliminares” esta dedicado a realizar un
breve revisién de algunos tipos especiales de variedades riemannianas homogéneas
que son de especial relevancia a lo largo de todo este estudio. En particular, se
recoge todo el material necesario, aunque sin demostraciones, para comprender el
siguiente diagrama:

/ Curvature Homogeneous Riemannian manlfeb

4. 0.

Naturally reductive

o

Ademas, el objetivo de la ultima secciéon de este Capitulo, la Seccién 1.4, es
mostrar como la utilizacién del software MATHEMATICA 5.2 puede resultar muy
util. Para ello, se termina (ya que ahora es posible realizarlo en un tiempo factible)
el estudio comenzado por J. E. D’Atri y H. K. Nickerson en [D’A-N.2| relativo a la
familia seis dimensional de variedades bandera 3-paramétrica en el espacio complejo,
(M, gey,e0,05)). Més concretamente, J. E. D’Atri y H. K. Nickerson probaron que, si
al menos dos de los pardametros ¢y, cs, c3 son iguales, la primera condicién de Ledger
L3 era satisfecha en la correspondiente variedad bandera. Ademas, para el caso
concreto ¢; = ¢ = 1, ¢3 = 2 afirmaron (sin mostrar ningin argumento) que la
segunda condicion de Ledger Ls no se satisfacia. Ahora, se rehace su estudio y se
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concluye éste, probando que la condicion Ly se satisface si y s6lo si ¢ = ¢y = ¢3. Lo
que equivale a afirmar

“cada miembro de la familia 3-paramétrica de variedades bandera (MG,g(Cl,C%Cs)) es
un espacio de D’Atri si y solo si, es un espacio naturalmente reductivo”.

Ademas, siguiendo el mismo método se amplia nuestro estudio a la familia 3-
paramétrica de variedades bandera de dimension doce en el espacio cuaternionico,
(M, g(c1.2.¢4)), concluyendo andlogamente que

“cada miembro de la familia 3-paramétrica de variedades bandera (M2, gc, ey cs))
es un espacio de D’Atri si y solo si, es un espacio naturalmente reductivo”.

Es interesante recordar que la propiedad de ser un espacio de D’Atri (es decir;
un espacio cuyas simetrias conservan el volumen) es equivalente a que se satisfagan
un numero infinito de identidades curvatura, denominadas condiciones de Ledger
de orden impar, Loyy1, £ > 1. En particular, una variedad riemanniana (M, g) que
satisface la primera condicién de Ledger L3 se denomina de tipo A.

La clasificacién de los espacios de D’Atri de dimensiéon tres es bien conocida;
todos ellos son naturalmente reductivos, véase [K]. Sin embargo, el primer intento
de clasificar los espacios de D’Atri homogéneos de dimensién cuatro fué realizado por
F. Podesta, A. Spiro, P. Bueken y L. Vanhecke en [Po-Sp| y [Bu-V], los cuales son
mutuamente complementarios. Estos autores comenzaron clasificando los espacios
de tipo A, pero la clasificacion dada en [Po-Sp], asumiendo como mucho que tres
de los valores propios del tensor de Ricci son distintos y el espacio es “curvature
homogeneous”, es incompleta, como se ha probado en [AM]. Ademas, la familia
2-paramétrica de espacios con cuatro valores propios del tensor de Ricci distintos
dada en [Bu-V], que complementa la anterior clasificacién sélo en el caso homogéneo,
presenta los resultados de una manera no explicita y sin ninguna interpretacion
geométrica.

Por ello, el segundo Capitulo de esta tesis esta dedicado a obtener de una forma
simple y explicita la clasificacién completa de los espacios homogéneos de tipo A.
En particular, se ha obtenido el resultado siguiente, denominado “Theorem 2.1.2”
a lo largo de toda la memoria.

Teorema de Clasificacién. Sea (M, g) una variedad riemanniana homogénea de
dimension cuatro de tipo A. Entonces, solo pueden darse uno de los cinco casos
siguientes:

i) M es localmente simétrica;

ii) (M, g) es localmente isométrica a un producto riemanniano M3 xR, donde M3
es un espacio riemanniano naturalmente reductivo tres dimensional con dos
curvaturas de Ricci distintas (p1, pa = p1,ps3), ps # p1- Asi, M es localmente
isométrica a un espacio homogéneo naturalmente reductivo.
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iii) (M, g) es localmente isométrica a un grupo de Lie simplemente conexo (G, g.),
cuya dalgebra de Lie g se describe por

[62761] = €y, [6’1763] = €3, [62,6’3] = €4,
[61764] — [62764] — [63764] - 07
y que estd equipada con la métrica invariante a izquierda dada por

4
gV:¥w1®w1+w2®w2+w3®w3+'y2w4®w4,

donde v € RY y {w'} es la base dual de {e;}. En particular, los valores

propios del tensor de Ricci asociados a las métricas g, son p1 = pas = p3 =

2 2 . L. . .
——, ps = 5, los cuales no son isométricos entre si para cualquier valor de

v. Ademds, las variedades riemannianas (G, g,) son irreducibles y no son
localmente simétricas. Mds ain, no son espacios de D’Atri.

iv) (M,g) es una variedad localmente isométrica a un grupo de Lie simplemente
conezo (G, gr), cuya dlgebra de Lie g se describe por

le1,e0) = e3,  [es,e1] = %6% [e2, €3] = %617

le1,e4) =0, [ea,eq) =0, [es,eq] =0,

donde Ay =3 —3k* + V14 2k —3k* >0, k €]0,1[\{/ 2}, v estd equipada

con la métrica invariante a izquierda
1
Giek) = g(wl @ w' +w? @ w? + w? @ w? + kw? @ w + w* @ w?),

donde {w'} es la base dual de {e;} y c € RY es otro pardmetro. Las métricas
9(e,k) tienen los cuatro valores propios del tensor de Ricci distintos, que estdn
dados por:

pr=5(2 — 6k — V1 +2k2 = 3k%),  pp = S(2— 6K> + V1 + 2k% — 3k%),
C(3 -3k — VO —2k2 £ 57kY),  ps = %(3— 3K* + V9 — 22 + 57kY).

P3 =

Ademds, las variedades riemannianas (G, gi.r)) son irreducibles y no son lo-
calmente simétricas. Mds aun, no son espacios de D’Atri.

v) (M, g) es localmente isométrica a un grupo de Lie simplemente conexo (G, g.),
cuya dalgebra de Lie g se describe por

[61762] = é€s, [63761] = 562, [62,63] = %ela

le1,e4) =0, [ea,eq) =0, [es,eq] =0,
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y estd equipada con la métrica invariante a izquierda

1
9c=C—z(wl®w1+w2®w2+w3®w3+\/%w3®w4+w4®w4),

donde ¢ € R y {w'} es la base dual de {e;}. En particular, los valores
2

. . : L . e
pfr’opzos2 del tensozr de Ricci asociados a las métricas g. son py = p3 = 5T,
P2 = %; pa = 51%1, los cuales no son isométricos entre si para cualquier valor

de c. Ademds, las variedades riemannianas (G, g.) son irreducibles y no son
localmente simétricas. Mds aiun, no son espacios de D’ Atri.

Como consecuencia, también se prueba correctamente que

“todos los espacios de D’Atri homogéneos de dimension cuatro son, localmente,
espacios naturalmente reductivos.”

El dltimo apartado de este Capitulo (Seccién 2.3) se concentra en presentar la
correccién del teorema de clasificacion de F. Podesta y A. Spiro dado en [Po-Sp].
Finalmente, cabe para ello resaltar que bajo la suposicién de que como mucho tres de
los valores propios del tensor de Ricci sean distintos, esta nueva versién del teorema
de clasificacion es mas fuerte que nuestro “Theorem 2.1.2” ya que la condicion de
homogeneidad es reemplazada por la condiciéon de “curvature homogeneous”.

Hasta ahora, en estos primeros capitulos de la Parte I, se han obtenido propiedades
geométricas de la variedad, utilizando el operador curvatura y sus derivadas a través
de las denominadas condiciones de Ledger de orden impar. Sin embargo, en el tercer
y ultimo Capitulo de esta primera parte, se obtendran propiedades del operador cur-
vatura y sus derivadas, utilizando para ello algunas de las propiedades geométricas
de la variedad.

Una g.0. variedad riemanniana es una variedad riemanniana homogénea (M, g)
en la cual cada geodésica es una érbita de un grupo 1-paramétrico de isometrias.
Ademas, es bien conocido que toda g.o. variedad riemanniana de dimensién<5 es
naturalmente reductiva. El primer contraejemplo de g.o. variedad riemanniana que
no es naturalmente reductiva fue dado por A. Kaplan in [Ka.2]. En concreto, este
espacio es una nilvariedad riemanniana seis dimensional con centro de dimension
dos, uno de los denominados grupos de Heisenberg generalizados o grupos de tipo
H.

Es bien sabido que resolver la ecuacién de Jacobi sobre una variedad riemanniana
puede resultar una tarea ardua. En el espacio euclideo, la solucion es trivial. Para los
espacios simétricos, el problema se reduce a un sistema de ecuaciones diferenciales
ordinarias con coeficientes constantes. Sin embargo, en [Ch.1] y [Ch.2], I. Chavel
obtuvo solamente una solucion parcial de este problema al intentar abordarlo sobre
las variedades naturalmente reductivas con métrica normal Vi = Sp(2)/SU(2) y
Vo = SU(5)/(Sp(2) x SY). El método utilizado por I. Chavel que estd basado en
el uso de la conexion candnica, le permitio resolver la ecuacion de Jacobi solamente
en algunas direcciones particulares de la geodésica. Utilizando también un método
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basado en el uso de la conexién canénica, W. Ziller en [Z] resuelve la ecuacién
de Jacobi sobre espacios homogéneos naturalmente reductivos compactos. Pero la
solucion obtenida por W. Ziller puede ser considerada de tipo cualitativo ya que no
permite obtener facilmente soluciones explicitas de los campos de Jacobi para un
ejemplo concreto o una direccién arbitraria de la geodésica.

El método utilizado por I. Chavel y W. Ziller para resolver la ecuacion de Ja-
cobi es un caso especial del procedimiento siguiente (“Lemma 3.1.1” del Capitulo
3 de la tesis), vélido para cualquier g.o. espacio y cualquier grupo de Heisenberg
generalizado (ver [B-Tr-V, pag. 51]):

Lema. Sea M wuna variedad riemanniana, V la conexion de Levi Civita de M vy
v : I — M wuna geodésica en M parametrizada por la longitud de arco tal que 7y
denota el campo vectorial tangente estindar unitario sobre I. Se supone ademds,
que a lo largo de vy existe un campo tensorial T, antisimétrico y Vs-paralelo tal que
el operador de Jacobi a lo largo de vy, R, satisface VsR, = R, = [R,,T,]. Por
tanto, este define una nueva derivada covariante

V:y = V:y + Tfy,

y poniendo

7@7 =R, + Tj.

Entonces, R.,, R, y T, son Vs-paralelos a lo largo de v y la ecuacién de Jacobi a
lo largo de v es
ViVyB -2I.VsB +R,B =0,

donde B es un campo vectorial a lo largo de la geodésica .

Por otro lado, K. Tsukada en [Ts|] propuso un nuevo criterio para comprobar
la existencia de subvariedades totalmente geodésicas en espacios naturalmente re-
ductivos. Este criterio estd basado en el estudio del tensor curvatura y un nimero
finito de sus derivadas (con respecto a la conexién de Levi-Civita). En particular,
para probar este resultado utilizé dos féormulas probadas, exclusivamente para espa-
cios naturalmente reductivos, por K. Tojo en [To]. Con ellas, K. Tsukada concluyé
que el tensor curvatura puede ser considerado como una curva sobre el espacio de
los tensores curvatura sobre m. Mas ain, como consecuencia pudo asegurar que
en todo espacio naturalmente reductivo el tensor curvatura tiene rango osculador
constante v € N. Es decir; que las derivadas covariantes del tensor curvatura de la
primera a la r-ésima son linealmente independientes y, sin embargo, de la primera
a la (r + 1)-ésima son linealmente dependientes.

Este resultado ha sido utilizado por A. M. Naveira y A. Tarrio en [N-T] para
obtener un nuevo método de resolucién de la ecuacién de Jacobi, Y + R, (Y) =
0, sobre el espacio naturalmente reductivo Sp(2)/SU(2). Dada la generalidad del
método utilizado, los autores conjeturaron que éste método podria ser utilizado
para resolver dicha ecuacién en otros muchos ejemplos de espacios naturalmente
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reductivos. De hecho, su conjetura parece ser acertada ya que este método ha sido
aplicado satisfactoriamente a la variedad bandera U(3)/(U(1) x U(1) x U(1)) en
[AM-Ba].

En el Capitulo 3, se ha probado que el método desarrollado en [N-T] sobre
espacios naturalmente reductivos también puede aplicarse sobre todo g.o. espacio.
Ademas, se resuelve la ecuacién de Jacobi a la largo de una geodésica unitaria de
direccion arbitraria en el ejemplo de Kaplan N.

En particular, en la Seccién 3.2 se prueba nuestro resultado principal (“Theorem
3.2.4” del Capitulo 3):

“El operador de Jacobi en un g.o. espacio siempre tiene
rango osculador constante.”

Después, en la Seccién 3.3, se presenta una aplicacion de este resultado: la re-
solucién de la ecuacién de Jacobi a la largo de una geodésica unitaria de direccion
arbitraria en el ejemplo de Kaplan N. Mas especificamente, se comienza recordando
conceptos y resultados bésicos sobre “grupos de Heisenberg generalizados” 6 “grupos
de tipo H”. Ademas, se obtiene una férmula recursiva para el cdlculo de la n-ésima
derivada covariante del operador de Jacobi en el origen para este tipo de espacios.
Con ella, se calcula el rango osculador constante del operador de Jacobi J (“Lemma
3.3.6” y “Theorem 3.3.9”). En particular, se obtiene que es 4 ya que la relacién béasica
satisfecha entre las cinco primeras derivadas covariantes del operador de Jacobi de
tipo (0,4) a lo largo de una geodésica arbitraria v con vector inicial x en el origen
p =" de N es

ol Ty + 3P Ty + 70 =0

y el operador de Jacobi puede ser escrito de la forma siguiente:
Ji = co + ¢ cos(t) + easin(t) + cg cos(t/2) + ey sin(t/2),
donde,

COZ%+5%2)+4%4)7 01:%<\702)_’_4\704))7 02:%1(%1)+4%3))7
C3 = _Tw(jo2) +Jy), = 3(%1) + ).

Finalmente y como una consecuencia directa, resolvemos la ecuacion de Jacobi en
el ejemplo de Kaplan utilizando el método propuesto en [N-T]. (Véase “Proposition
3.3.10”). Ademas, se comprueba (en un caso especial) que nuestro resultado sobre
el ejemplo de Kaplan coincide con el resultado obtenido por J. Berndt, F. Tricerri
y L. Vanhecke, utilizando el lema anterior ([B-Tr-V, Teorema de la pag. 52]).

Es importante observar que el método utilizado por J. Berndt, F. Tricerri y
L. Vanhecke proporciona resultados exactos mientras que este nuevo, utilizado para
obtener la “Proposition 3.3.10”, da aproximaciones del resultado tanto mejores como
mayor sea el nimero de términos de la serie (3.37) calculados. Sin embargo, con
el primer método no siempre es posible obtener resultados tan exactos y precisos
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como los obtenidos para los grupos de tipo H (recordar los estudios de I. Chavel
en [Ch.1], [Ch.2] y W. Ziller en [Z]) mientras que el nuevo método propuesto sobre
espacios naturalmente reductivos en [N-T], cuya aplicacién ha sido ahora extendida
sobre todo g.o. espacio, puede ser siempre aplicado realizando unos sencillos aunque
laboriosos céalculos metddicos y ademas, su solucién es valida para una direccion
arbitraria.

Parte II. Conexiones afines homogéneas

El campo de la geometria diferencial afin esta bien establecido pero a su vez en
continuo desarrollo (ver, por ejemplo, [N-S]). Ademds, son muchos los resultados
conocidos sobre grupos de transformaciones afines y campos vectoriales de Killing
afines ([Ko-N, vol.I] y [Ko]). Pero es importante remarcar que el problema de clasi-
ficar todas las conexiones localmente homogéneas sin torsion en el plano ha sido
resuelto recientemente por B. Opozda en [Op.3| (utilizando un método directo) y
por O. Kowalski, B. Opozda, Z. V1asek en [K-Op-V1.4] (utilizando la teoria de gru-
pos), pero sin ninguna relacién entre ambas clasificaciones. Resultados parciales
previos a ambas fueron publicados en [K-Op-V1.1] y [K-Op-V1.2].

Las variedades riemannianas localmente homogéneas de dimensién dos son aque-
llas que tienen curvatura constante. Sin embargo, hay muchas estructuras afines
localmente homogéneas sobre variedades de dimensién dos. Por ello, clasificar las
conexiones afines homogéneas sobre el plano no es una tarea sencilla y resolver este
problema en el caso tres dimensional parece ser un duro problema a resolver, todavia
abierto.

Por todo ello, el cuarto Capitulo de esta tesis estd dedicado a clasificar las cone-
xiones afines localmente homogéneas con torsion arbitraria en el plano. El resultado
obtenido, denominado “Theorem 4.1.27, es el siguiente:

Teorema de Clasificaciéon. Sea V una conexion afin localmente homogénea con
torsion arbitraria sobre una variedad de dimension dos M. Entonces, ¢ bien V es,
localmente, la conexion de Levi-Civita sobre la esfera unidad ¢ bien, en un entorno
U de cada punto m € M, hay un sistema de coordenadas locales (u,v) y constantes
p,q,c,d,e, f,r,s tales que V se expresa en U mediante una de las formulas siguien-
tes:

Tipo A
Vo,0u = pOy, + q0,, V,0, = Oy + dO,,

Vo,04 = 10y + 50y, Vo,0, = €0y + fO,.

Tipo B
Vo0 = Pttt 7,0, = ks,

u

Vav au — raul—sav ’ Vav av _ e@u—li;fav7

donde p,q,c,d,e, f,r,s no se anulan simultaneamente.
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Este teorema ha sido obtenido desde el punto de vista de la teoria de grupos.
Ello quiere decir que se comienza fijando una algebra de Lie transitiva g de campos
vectoriales de la lista dada por P. J. Olver [O] (Seccién 4.4) y se buscan todas las
conexiones afines con torsién arbitraria para las cuales, en el mismo dominio y con
respecto al mismo sistema de coordenadas, g es una dlgebra de campos vectoriales
de Killing completa. En dicho caso, también se dice que dichas conexiones son
correspondientes a g. Ademads, ocurre bastante a menudo, que el dlgebra de Lie
de campos vectoriales fijada no admite ninguna conexién afin 6 solamente admite
conexiones afines invariantes sin torsion.

Por otra parte, se prueban unos sencillos lemas, (“Lemma 4.2.2” y “Lemma
4.2.3”), que nos permiten decidir facilmente si una conexién correspondiente al
algebra de Lie g tiene, en algin sistema de coordenadas locales (u',v’), simbolos
de Christoffel de tipo A, o de tipo B, respectivamente. En dicho caso, se dice, para
abreviar, que dicha conexién es de tipo A, o de tipo B, respectivamente. Ademés,
gracias a estos lemas, todo el procedimiento de la clasificaciéon depende solamente
de la estructura del algebra g.

Maés atn, los calculos realizados a lo largo de la Seccidén 4.2 ilustran la relacién
esencial existente entre las clasificaciones dadas en [K-Op-V1.4] y [Op.3], y prue-
ban que todas las conexiones correspondientes a algunas algebras de Lie g son si-
multaneamente de tipo A y de tipo B. Todos estos hechos pueden ser facilmente
comprobados en la tabla de la seccién 4.1, donde se recogen de una forma organi-
zada todos los resultados obtenidos.

En la Seccion 4.3 se obtienen consecuencias interesantes sobre conexiones llanas
con torsién. En particular, se da un ejemplo (“Example 4.3.2”) que muestra que el
conocido resultado “En una variedad afin, el tensor curvatura R y el tensor torsion
T se anulan si y solo si en un entorno de cada punto de la variedad existe un sistema
de coordenadas local tal que todos los simbolos de Christoffel se anulan”, no es cierto
en el caso T' # 0. Ademds, se prueba el resultado siguiente (“Theorem 4.3.3”):

“toda conexion afin localmente homogénea y llana (R = 0) sobre una variedad de
dimension dos tal que T'# 0 y VT =0, es de tipo A.”

Para finalizar, parece interesante mencionar que nuestro teorema de clasificacién
ya ha sido utilizado en [K-VI], dénde O. Kowalski y Z. V1asek resuelven los prin-
cipales problemas de existencia en dimensién dos, relativos a geodésicas afines ho-
mogéneas.
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